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Graphical and Statistical 
Treatment of Standard Formation 

~ater Analyses 
by Brian Hitchon 

Abstract 

I 
I 

The main objective of all graphical and statistical 
techniques for evaluating formation water analyses is 
to obtain information which is not readily apparent 
from the analyses. The specific treatment technique 
depends, to a great extent, on the nature of the required 
information and the size of the data base. For standard 
formation water analyses resulting from petroleum 
exploration culling criteria are necessary to remove 
erroneous analyses, one method being the use of 
log-normal cumulative frequency plots of selected 
ions. Simple graphic procedures, of which many are 
available, are of limited use with large data bases or for 
comparing formation waters with considerable differ- ~ 
ences in salinity. 

Four multivariate statistical methods are applied to 
the same data set and comparisons made between the 
results obtained. Factor analysis is probably the most 
powerful, and intrinsically provides the most informa
tion, allowing the identification of populations by a
mode analysis and of fundamental geochemical rela-

. lions by R~mode analysis. Both· discriminant analysis 
. and cluster analysis can be· used to identify· popula

tions, the advantage of the former being the determi
nation of the major discriminators in pre-selected pro
visional populations and of the latter the statistical 
selection of populations without a priori knowledge. 
Because many geochemical data are log normally dis
tributed, and extreme outliers may exert undue influ
ence in discriminant (and especially cluster) analysis, 
multi-response permutation procedures (MRPP) are 
particularly important in confirming the efficacy of the 
discriminant analysis because there is no underlying 
distributional assumption about the data set. 

Future directions in statistical applications to for
mation water analyses include linking multivariate sta-

tistical techniques to the results of solution-mineral 
relation studies, trend surface maps of a combination 
of statistical/solution-mineral results, and steady-state 
and transient models of heat-chemical-mass transport. 

Introduction 
The main objective of all graphical and statistical 

techniques for evaluating formation water analyses is 
to obtain information which is not readily apparent 
from the analyses. The specific treatment technique 
depends, to a great extent, on the nature of the required 
information and the size of the data base. This paper is 
directed specifically at the evaluation of standard for
mation water analyses resulting from petroleum explo
ration. Most of the water samples were collected from 
drill stem tests, or surface facilities such as well heads, 
treaters and separators. Many of the samples do not 
represent true formation water but are contaminated 
to a greater or lesser extent. This applies particularly 
to drill stem test samples which may contain varying 
amounts of mud filtrate. In addition to these limitations, 
generally only the common ,ions, calcium, magnesium, 
chloride, sulfate, bicarbonate and carbonate are deter
mined, with sodium being calculated stoichiometri

. cally as the difference between the sum of the anions 
and the sum of the cations. Despite the limitations of 
the collection, preservation, and analysis of this stan
dard formation water, there are a number of ways in 
which information from them can be applied during 
exploration; for example, determination of Rw, the 
correction of hydraulic heads for variations in water 
density, and the identification of the specific source of 
the water should multiple aquifers produce into the 
well bore. It is clear. however, that these standard 
formation water analyses are of limited use in detailed 
studies of water-rock interaction, where precise col
lection and sample preservation techniques are 
essential. 
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The various graphical and statistical ways of treat
ing standard formation water analyses are illustrated 
using a common data base of 78 formation waters 
from oil fields and gas fields of Alberta (Hitchon and 
Friedman 1969; Hitchon et al. 1971). These formation 
waters are volumetrically representative of pore water 
in the western Canada sedimentary basin and range in 

salinity from brines to fresh water. The evaluation 
methods are therefore of interest to those engaged in 
petroleum exploration, as well as ground water studies. 

Culling Criteria 
Before any data manipulation is attempted, the 

initial task is to cull analyses which are not representa
tive of the formation water in the underground envir
onment. Samples of questionable quality include those 
from holding tanks or produced by bailing. As a gen
eral rule, samples recovered in the fluid column close 
to the tested interval are less likely to be contaminated 
by drilling fluid. Although poor collection procedures 
and inadequate sample preservation are criteria which 
would normally justify culling, pertinent information is 
commonly not available. When an equivocal analytical 
procedure is known this also would justify removal of 
the sample from the data base. Samples may also be 
contaminated due to water injection into the reservoir 
(which can be evaluated with knowledge of the reser
voir history), drilling fluid, mud filtrates, acid washes, 
KCI muds, or washes from cement jobs. Incomplete 
analyses and a poor ionic balance are additional rea
sons for culling formation water analyses, although 
the latter is not a valid criterion where sodium has 
been determined by difference. 

Once the most obviously erroneous analyses have 
been removed, the remaining analyses may be exam
ined by cumulative log frequency plots, contour maps 
and trend surface maps. Because many geochemical 
data approximate a lognormal distribution, it is possi
ble to use cumulative frequency plots of the logarithm 
of selected ions as a culling criterion. The most geo
chemically conservative ion reported in standard for
mation water analyses is chloride, and accordingly is 
the best one for constructing cumulative log frequency 
plots. The upper diagram in Figure 1 shows a typical 
plot before removal of the "tails," following examina
tion of the individual analyses at the less than 10 
percent and greater than 90 percent frequency inter
vals. The resulting culled plot is shown in the lower 
diagram in Figure 1. Several iterations may be neces
sary to produce .a satisfactory ·cumulative frequency 
profile. Experience shows that the majority of water 
analyses removed by this technique were subject to 
either evaporation in holding tanks or contamination 
by drilling mud. 

Contour maps of selected ions from the data base 
after initial culling can then be plotted to identify the 
remaining anomalous samples. The most useful ions 
at this stage are chloride and sulfate. More rigorous 
culling of the remaining anomalous samples can be 
achieved using trend surface maps. Often as little as 
20 percent of the original data remain after these cull-
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Figure t. Cumulative frequency plots of log Cl in 
formation water from the Lower Cretaceous Viking 
Formation, Cold Lake area, Alberta, Canada. Upper 
diagram: original data base; lower diagram: after 
removal of the "tails'' following examination of the 
individual analyses. 

ing procedures. Considerable confidence may be 
placed in regional compositional trends from the final 

data base, especially when regional patterns and com
position gradients correspond closely with those of 
hydraulic-head distribution where these data have also 
been treated by cumulative frequency plot techniques. 
Figure 2 shows an example of the close correspon
dence of total dis~olved solids (calculated, mg/L) and 
hydraulic-head distribution (meters) for formation 
water from the Wabamun-Winterburn-Grosmont Aqui
fer in the Peace River area, Alberta. It should be noted 
that this close ct~irespondence of trends and gradients 
between formation water composition and hydraulic
head distribution is implicit in the nature of fluid flow 
in sedimentary basins. 

Simple Graphical Procedures 
Many simple graphical methods have been pro

posed for the classification of formation water. Most 
make use of only the major Ions and have limited 
utility with large data bases. In addition to these limita
tions most simple graphical methods are inadequate 
for the representation of large concentration differ
ences between formation waters. Although none of the 
proposed simple graphical methods takes account of 
solution-mineral reactions that control the composi
tion of formation water, it is not difficult to visual
ize how such simple graphical methods could be 
developed. 

Table 1 shows the chemical composition, stable 
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isotopes, physical properties and production data for 

three formation waters from the western Canada sed

imentary basin (Hitchon and Friedman 1969, Table 4; 

Hitchon et al. 1971, Table 2). These formation waters 

represent compositions from fresh water to brine. 

They have been used in Figures 3 to 5 (fresh water to 

brine, respectively) to illustrate six simple graphical 

methods. Note that because these simple graphical 

methods poorly illustrate differences between forma

tion water with large concentration differences. it was 

necessary to plot each analysis separately (hence the 

change in scales between Figures 3 and 5 for each of 

the graphical methods represented). Graphical com

parison between formation water with large concen

tration differences can be achieved, however, if loga

rithmic (Figure 6) or frequency percent (Figure 7) 

scales are used. Clearly, with a little imagination. minor 

element. trace element, or even stable isotope and 

physical properties may be illustrated by simple graph

ical methods. 

Statistical Treatment of Large Data Bases 

Dummy Values and Data Transformation Techniques 

With large data bases and many analytical deter

minations per sample, relatively complex statistical 

methods are required to evaluate formation water anal

yses. A persistent problem in statistical analysis is the 

lack of complete sets of variables for all samples 

studied. Among the reasons for incomplete sets of 

variables are undetermined variables in some samples 

and variables below detection limits. The latter reason 

is especially pertinent for geochemical data. To the 

writer's knowledge, no rigid criteria exist that can be 
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Figure 3. Comparison of six sim
ple graphical methods to illustrate 

the composition of analysis W87-
RCA-1065 (Table 1: total dis
solved solids 2,336 mg/L). See 

Hem (1970) for description of 

construction methods for individ

ual diagrams. 

Figure 4. Comparison of six sim· 

pte graphical methods to illustrate 

the composition of analysis W29-
RCA-865 (Table 1: total dissolved 

solids 57,080 mg/L). See Hem 

Figure 5. Comparison of six sim
ple graphical methods to illustrate 

the composition of analysis W90-
RCA-1f65 (Table 1: total dis
solved solids 256,470 mg/L). See 

Hem (1970) for description of 
construction methods lor individ

ual diagrams. 

( 1970) lor description of construc

tion methods lor individual 

diagrams. 
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Table 1 . 
Chemical Composition, Stable Isotopes, Physical Properties and Production Data for Formation 

Water Used to Illustrate Graphical Methods of Plotting Analyses 

~!!~!ysis number W87-RCA-1065 W29-RCA-865 W90-RCA-1165 

Stratigraphic unit Rundle Gp. Viking Fm. Leduc Fm. 

Location 11-4-1-9-W4 3-33-48-21-W4 11-9-79-22-W5 

Depth (m) 858.0-885.4 1012.9-1013.2 2047.6-2093.4 

Source Free water knockout Well head (tubing) Well head (tubing) . 

Well status Gas well Oil well Oil well 

Temperature (C) 34 39 68 

Pressure (MPa) 6.58 5.00 21.86 

mg/L meq/L mg/L meq/L mg/L meq/L 

Li 0.8 0.115 3.6 0.518 40 5.764 

Na 510 22.185 21,000 913.5 65,000 2827.5 

K 70 1.789 82 2.096 2,580 65.970 

Rb 0.1 0.001 0.1 0.001 6.8 0.079 

Ca 96 4.790 469 23.403 25.200 1257.48 

Mg 58 4.771 304 25.007 3,380 278.038 

Sr 6.1 0.139 141 3.219 820 18.720 

Fe 0.57 0.020 20 0.716 0.89 0.032 

Mn 0.2 0.007 0.3 O.Q11 1.4 0.051 

Cu 0.09 0.003 0.12 0.004 0.5 0.001 

Zn 0.07 0.002 0.4 0.012 0.11 0.003 

8 47 

Cl 320 9.027 34,300 967.603 158,000 4457.18 

Br tr. tr. 179 2.239 516 6.455 

36 0.283 12 0.094 
'I 

C0:1 189 6.299 319 10.63g 

HC03 1,070 17.537 176 2.884 138 2.261 .. .. 
so4 9 0.187 4 0.083 512 10.659 

Anions (anal. meq/L) 33.0 981.1 4,469.5 

Cations (anal. meq/L) 33.8 971.0 4,460.0 

TDS (cal.) 2,336 57,080 256,470 

.~D (%SMOW) -13.2 -9.7 -5.3 

.~ 1110 ('Y<-,SMOW) -15.9 -6.4 -0.3 

pH (laboratory) 7.54 7.10 6.36 

Density (60 F: 15.56 C) 1.0021 1.0414 1.1719 

Resistivity (ohm/m. 25 C) 3.62 0.139 0.0415 

Refractive index (25 C) 1.3326 1.3413 1.3759 

tr. " trace: • - below detection: - = not determined 
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Figure 6. Comparison of three formation waters 

(Table 1: fresh water to brine) using log meq/L 

scale. 

followed respecting the substitution of dummy values 

to fill "data holes." and much depends on the expe

rience of the operator. 
In the past, the writer has either limited statistical 

analysis to complete data sets where a large number 

of formation water samples was available (Hitchon 

and Horn 1974) or arbitrarily substituted a value of 

one-tenth the detection limit where the number of 

formation water samples was more limited and where 

less than 10 percent of the samples for any variable 

required the substitution of a dummy value (Hitchon 

et al. 1971). Another way to approach the problem of 

dummy values is to produce an isoconcentration map 

for the pertinent component and select the best value 

at the data hole based on concentration gradients. 

This technique was used by Hitchon and Filby (1984) 

in their study of the use of trace elements for the 

-classification of crude oils into families. Another tech

nique that has not- been used, as far as the writer is 

aware, is the use of solution-mineral criteria to deter-

mine dummy values. For example, quartz is commonly 

at saturation in formation water. The selection of a 

dummy value for silica in the formation water to cor

respond to quartz saturation at reservoir temperature 

is therefore an easy matter. 
A basic assumption of many multivariate statistical 

techniques is that the variables are normally distrib-

uted. Because many geochemical data approximate a 

lognormal distribution, it is important that the variables 

be tested for normality using both the raw data ~nd 

their logarithmic transforms. Other data transforma-

I. Na + K 

Mg 

Ca 

ICI 

504 

co.+ Hco. 

Figure 7. Comparison of three formation waters 

(Table 1: fresh water to brine} using frequency 

percent scale. 

tion techniques include recalculation of the variables 

as a percentage of the maximum value, or as a percent

age of the range. For variables of constant sum (for 

example, they sum 100 percent), and especially if one 

variable is dominant, an arc sin J variable transforma

tion is sometimes useful. 

There are many possible interrelated physical and 

chemical controls that can affect the composition of 

formation water'. This has led the writer to separate 

chemical, physical and;isotopic data when carrying 

out multivariate statistical techniques. 

Extreme "anomalous" values and outliers, which 

are common in some distributions of geochemical 

data, can have a profound effect on the covariant 

· matrix commonly used as a-starting point in multivar

iate statistics. Often the effect of these outliers is not 

ameliorated through the use of data transformation 

techniques. In this regard multi-response permutation 

procedures (MRPP) (to be described later in this 

paper) are particularly valuable because, unlike classi

cal multivariate techniques, they do not rely on an 

underlying distributional assumption about the data 

set. 

Factor Analysis 
Theory 

Of the many multivariate statistical methods that 
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Table 2 
Summary of Predicted Group Membership for 
78 Formation Waters from Oil Fields and Gas 

Fields of Alberta, Canada 

Assigned 
group 

2 

3A 

38 

Number of 
samples 

12 

12 

20 

34 

Predicted group membership 

1 2 3A 38 

100.0% 0.0% 0.0% 0.0% 

0.0% 83.4% 8.3% 8.3% 

0.0% 5.0% 85.0% 10.0% 

0.0% 0.0% 0.0% 100.0% 

are available perhaps none is more powerful or con
troversial than factor analysis. Part of the mystery and 
controversy surrounding factor analysis techniques is 
the rich and intricate jargon that arose in the 1930s 
and 1940s through the work of experimental psychol
ogists. These early workers divided factor an2lysis 
into several fundamental types (Figure 8) of which the 
most useful, for geochemical purposes, are a-mode 
and R-mode methods. a-mode factor analysis con
sists of a comparison of the samples in terms of the 
variables. This technique essentially evaluates the 
homogeneity of the sample or population being 
studied. A-mode factor analysis comprises a compar
ison of the relations among the variables in terms of 
the samples and requires a homogeneous population 
to be meaningful. Both start with a cross correlation 
matrix interrelating all the variables of the system. 
Mathematical manipulation (albeit a rather complex 
one) of the multivariate data set results in the creation 
of a new set of variables, which always contains more 
information in fewer variables than the original data 
set. These new variables (or factors) are derived by the 
extraction of the eigenvalues and eigenvectors from 
the correlation matrix. It is an inevitable characteristic 
of this procedure that at least one of these factors will 
be more efficient in terms of accounting for total varia
tion than any of the original variables. It is usually 
observed that the first two or three factors will explain 
the vast majority of the variation of the data set and for 
this reason, factor analysis is effectively a multivariate 
data reduction technique. It is important to remember 
that factor'analysis only demonstrates the relations, it 
does not explain them. The explanation of the factors · 
must be in the context of known information about the 
variables. By the very definition of the mathematical 
procedure performed on the original data, it will be 
recalled that factors are totally independent of one 
another. The coefficients that the factors are given are 
called the factor loadings. They are the coefficients in 
the linear equation that the eigenvector defines and 
are used to compute a very important value for each 
sample, called the factor score. Therefore, plotting the 
factor scores of one factor against any other factor 
yields a totally uncorrelated set of data. However, 
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Figure 8. Covariation cllart sllowing ftlndamental 
types of factor analysis (Cattell 1952, Figure 14). 

when a plot of this type is made it is usually found that 
the data have a tendency to cluster into various regions 
of the graph. These clusters can be rich in information 
and often reveal hidden subtleties. 

Before considering an example of factor analysis it 
should be noted that three types of solution are avail
able. The principal components solution derives ortho
gonal reference factor axes located in n-dimensional 
space such that the total amount of information. or 
variance, contained in the data is systematically ex
tracted. The first factor axis explains the most variance; 
the second maximizes the remaining variance, and so 
on. In the varimax solution, orthogonal factor axes are 
located such that the variance of each factor is maxi
mized. This "rotation" of orthogonal axes results in a 
more equitable distribution of factor loadings than 
that produced by the principal components method. 
Oblique factor solutions differ significantly from the 
first two methods in that the reference factor axes are 
not constrained to be orthogonal. A variety of analyti
cal criteria are available to locate the exact positions 
of the reference ax.es; biquartimin, binormamin and 
pro max are examples of these varieties. Oblique solu
tions are appropri~te where underlying causal factors 
are suspected to be corre;fated among themselves; 
this is often the case in geochemical studies. 

Example 
The work of Hitchon et al. ( 1971) will be cited as an 

-example of -the application of factor analysis to the 
study of formation· water. These,authors reported 20. 
major and minor chemical components for 78 forma
tion waters from oil fields and gas fields in Alberta, 
Canada. They ranged in salinity from fresh water to 
brines, and came from stratigraphic units between the 
Upper Cretaceous and Middle Devonian. Initial exam
ination indicated that all components were essentially 
lognormally distributed, and consequently the loga
rithm (base e) of the concentration of each component 
was used to form the correlation matrix. The first task 
was to determine if a very diverse data set represents a 
single population. Accordingly, a a-mode factor anal-
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ysis was carried out. It was found that three factors 
accounted for more than 98 percent of the information 
in the samples. When varimax factor components for 
these three factors were normalized and the data 
points plotted on a ternary diagram (Figure 9), nearly 
all samples fell in a narrow band along one side of the 
diagram. between Factor 1 and Factor 2. At first this 
suggested that the data set represented two popula-
tions, but when sample points on the same flow path 
were joined together the data set was relatively homo
geneous and represented a single source (sea water) 
which was being subjected to two major processes. 
Factor 1 represented a concentration process and 
Factor 2, dilution by fresh water recharge. Other pro
cesses, for example that represented by Factor 3, were 
relatively minor. An A-mode analysis of these data 
was therefore justified, and in fact confirmed the single 
source hypothesis and identified the two major 
processes. 

An A-mode factor analysis, using a varimax solu
tion, was carried out on the logarithmic transforms of 
the same data used for the a-mode. Tests showed that 
an oblique solution was justified, and when the same 
data were factored using the biquartimin solution the 
resulting factor matrix showed that much of the "noise" 
present in the varimax factor matrix had been removed. 
A matrix of correlations between the eight factors 
extracted indicated that they were virtually uncorre
lated, with no correlation coefficient exceeding 0.25. 
The factors from the oblique solution may be illus
trated (Figure 10) in a similar manner to that used by 
Spencer (1966), where rectangular boxes represent 
the factors and the center line of each box is a zero 
loading for the variable. Positive loadings occur above 
the center line and negative loadings below. The 
further a variable is from the center line the higher is its 
loading. 

Examination of the biquartimin factor matrix indi
cated that many of the physical and chemical controls 
that are generally believed to be operative in mineral
solution reactions were not revealed by the factors 
extracted. This resulted from the fact that the mecha
nism causing concentration of the formation water 
was the dominant process but the increased concen
tration masked some of these other processes. Accord
ingly, an A-mode factor analysis was carried out with 
the salinity (total dissolved solids) partialled out by the 
process of running a partial correlation. matrix and 
adjusting the analytical values accordingly. Both vari
max and biquartimin factor solutions (with salinity 
partialled out) were carried out, but only the latter is 
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Figure 9. Ternary diagram of normalized varimax 
factor components for Q-mode on 78 formation 
waters from oil fields and gas fields of Alberta, 
Canada. Arrows indicate flow directions based on 
hydrodynamic studies (Hitchon 1969a, b). 
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Figure 10. Diagrammatic representation of factors 
from R-mode biquartimin oblique solution of chemi
cal data and salinity for 78 formation waters from oil 
fields and gas fields of Alberta, Canada. 
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. Figure 11. Diagrammatic representation of factors 
from R-mode biquartimin solution of chemical data, 
with salinity partia/led out. for 78 formation waters 
from oil fields and gas fields of Alberta, Canada. 

shown here (Figure 11 ). The factor results showed have essentially the same information content as the 
that although some ions, such as copper and zinc, original variables can be used, together with the phys-
occur independently of all other components, the ical properties, in a second-order A-mode analysis. 
majority of ions exhibited direct or inverse relations, to The result of all of these factor analyses, together 
a major or minor extent, with at least one other ion. with information on the volume-weighted mean com-
This strong interdependence of most of the ions pre- position of formation water in the western Canada 
eluded factoring the physical properties and basic sedimentary basin, was the identification of the main 
chemical data set together if the most simplistic result processes controlling chemical composition of for-
were desired. However, the factor scores, which repre- mation water in western Canada. Based on a sea water 
sent a reduced set of new uncorrelated variables that origin these included dilution by fresh water recharge, 
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membrane filtration, solution of halite, the effects of 
dolomitization, bacterial reduction of sulfate, the for
mation of chlorite, cation exchange on clays, a contri
bution from organic matter, and solubility relations for 
carbonates and sulfates. 

Because ( 1) factors can be considered as proper
ties of the samples-properties which combine the 
complex inter-relations between the variables in the 
samples- and, (2) factor scores represent the 
"amounts" of the factors present in each sample, 
therefore, plotting of the factor scores in a variety of 
ways often yields information about the samples that 
would not otherwise be evident. For example, a scatter 
diagram illustrating the relation of formation tempera
ture and the factor score for the cation exchange 
factor (Hitchon et al. 1971, Figure 5) shows increasing 
factor score with formation temperature; this observa
tion is consistent with the fact that cation exchange 
proceeds more readily with increasing temperature. 
Similar conclusions could be reached by plotting maps 

of the factor score for the cation exchange factor by 
individual stratigraphic units. When variables appear 
with significant loadings on several factors (which 
indicates that their content is controlled by several 
processes) the relations among the variables may 
often be seen best by means of a three-dimensional 
model. This technique is illustrated in Figure 12, for 
the alkali and alkaline earth metals from Factors 1, 3 
and 4 from the A-mode biquartimin factor solution 
with salinity partialled out (Figure 11 ). The three plots 
of the individual variables represent the projections of 
the positions of these variables onto specific two
factor planes. Each plot may be considered as a sort of 
two-dimensional window looking into the nine-dimen
sional space described by the A-mode matrix. Those 
variables most strongly influenced by the factors plot 
near the edges of the diagrams whereas those least 
influenced will occur toward the center. When these 
projections are combined into the three-dimensional 
model the true relations of the variables may be seen, 
and this is the best that can be done in our three
dimensional space to illustrate the relations in the 
nine-dimensional space which best describes the data. 
Figure 12 is used for illustrative purposes and is not 
interpreted in this paper. 

Similarly constructed diagrams can be interpreted, 
however; for example, Hitchon and Gawlak (1972) in 
their study of low molecular weight aromatic hydro
carbons in gas condensates from Alberta showed that 
although the relative positions of benzene, toluene, 
xylenes and trimethylbenzenes on one hyperplane are 
in the same relative proportions as their free energies 
of formation, they are not in thermodynamic equili
brium, and the positions could be interpreted as pro
portional to their solubilities. 

There is no mystical power in factor analysis. It is 
simply a mathematical manipulation that can be per
formed on a set of data. Given good analytical data, 
and assuming the proper choice of variables. it is the 
writer's opinion that factor analysis is the most power
ful tool for extracting the most information from a data 
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Figure 12. Plots of Factors 1, 3 and 4, used to con
struct a three-dimensional model showing the rela
tions of the alkaline and alkaline earth metals in 
these factors. 

set. 

Cluster Analysis 
Theory 

In many geochemical studies it is desirable to 
group together similar samples on which many mea
surements have been made, and to measure the degree 
of similarity among the groups. Although this can be 
done by 0-mode factor analysis, other techniques are 
available. Psychologists have developed cluster anal
ysis, which is a simple form of correlation analysis, 
and is a method of searching for relationships in a 
large symmetrical .. matrix. Unlike factor analysis, it 
does not involve r'ducing the Information to factors, 
but is a straightfo'l'ard, logical, pair-by-pair compari
son between samples, objects or variables. The results 
of a cluster analysi's are presented in an easily under
stood two-dimensional hierarchical diagram on which 
the "natural breaks" betw~en groups are obvious. As 
with factor analysis, there is a 0-type cluster analysis 
in which the samples are compared, and an A-type 
analysis where the variables are compared. In 0-type 
cluster analysis the results are similar to the a-mode 
factor analysis only if the variables are uncorrelated or 
orthogonal; the presence of several highly correlated 
variables can bias the results of a a-type cluster anal
ysis. Uncorrelated or orthogonal variables are not met 
very often with geochemical data and this puts some 
severe limitations on the value of a-type cluster anal
ysis. In A-type cluster analysis results are also similar 
to A-mode factor analysis; in cluster analysis, however. 
each variable as a unit is placed in a cluster, whereas 
in factor analysis different portions of a variable may 
be assigned to different factors. One feature of cluster 
analysis is that the raw-data matrix is normalized, 
column by column, in order to give equal weight to 
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each of the variables. This results in a simple distance 

function which ranges from 0.0 (shortest distance 

equals closest similarity) to +1.0 (longest distance 

equals greatest dissimilarity). This function is 

eminently suitable for cluster analysis, but is not 

directly amenable to factor analysis without data 

transformation. 

Example 
0-type cluster analysis was carried out on the 78 

samples of formation water reported by Hitchon et al. 

(1971); this is the same set of samples for which the 

factor analyses were reported previously in this paper. 

Four cluster groups were identified (Figure 13) of 

which two (3A and 38) appear to be closely related. If 

the cluster group to which each sample has been 

assigned by the 0-type cluster analysis is indicated 

on the ternary diagram of normalized varimax factor 

components for the o.:mode factor analysis of the 

same data (Figure 14), some interesting similarities 

and differences between clust,. r analysis and factor 

analysis can be demonstrated. 
Samples assigned to Cluster Group 1 are clearly 

associated with high components of Factor 2. All 

Cluster Group 2 samples have significant amounts of 

Factor 3, as do about one-third of the 38 samples. 

There appears to be considerable intermixing of sam

ples assigned to Cluster Groups 3A and 38 in the 

ternary diagram. The relation between formation water 

composition and flow direction cannot be determined 

from the information in Figure 13; for example, the 

formation water composition changes from one clus

ter group to another, and back again, along the same 

flow path. Probably more significant, however, is the 

fact that the cluster dendrogram provides no informa

tion on the composition of the formation water in each 

cluster group, and hence without a a-mode factor 

analysis, it would not have been possible to advance 

the hypothesis of a single sea water source. 

Discriminant Analysis 
Theory 

This statistical technique is designed to identify 

those variables which can distinguish (discriminate) a 

priori groups of samples. The value of discriminant 

analysis over univariate methods, such as analysis of 

variance, lies in its ability to treat variables which are 

correlated. Briefly, the technique consists of calculat

ing equations by using various combinations of varia

bles. so that differences between the groups are max

imized. In stepwise discriminant analysis the variables 

are entered into the equations one-by-one, until insig

nificant discriminating power is gained by adding 

another variable. 

Example 
In the case of the data from Hitchon et al. (1971) 

cluster analysis has already suggested that the sam

ples may be divided into four groups. Stepwise dis

criminant analysis was carried out on the same data 

set, using logarithmic transforms of the raw data, 
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Figure 13. Dendrogram of Q-type cluster analysis 

on 78 formation waters from oil fields and gas fields 

of Alberta, Canada. 
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Figure 14. Plot of cluster group assignment from 

Q-type cluster analysis on ternary diagram of nor

malized varimax factor components for Q-mode on 

78 formation waters from -oil fields and gas .fields of 

Alberta, Canada. Arrows indicate flow directions. 

based on hydrodynamic studies (Hitchon 1969a, b). 

because like factor analysis discriminant analysis re

quires that the variables in each group be normally 

distributed. Of the same 17 variables used in the factor 

and cluster analysis, it was found that only rubidium, 

strontium, potassium, sulfate, calcium and iodine were 

significant discriminators (given in order of their entry 

into the equations). The results are summarized in 
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Table 2; for the 78 formation waters originally classified 
by groups on the basis of the cluster analysis, 93.6 
percent were correctly classified on the basis of the six 
significant discriminators. Eigenvalue analysis of the 
effective dimensionality of the group centroids results 
in eigenvalues of 5.815, 4.635 and 0.757, with 93.2 
percent of the variance associated with the first two 
eigenvalues and the balance with the third. This means 
that effectively all the total variability among the group 
centroids can be represented by an X-Y plot. Using 
calculated standardized canonical discriminant func
tion coefficients, each group centroid and sample can 
be plotted (Figure 15). 

Five of the samples were misclassified, and three 
were correctly classified but at less than 90 percent 
probability of belonging to the assigned group. These 
eight samples are indicated on Figures 13,14 and 15. 
There is no systematic reason for their distribution on 
the Q-mode ternary diagram (Figure 14), as might be 
expected from the nature of the mathematical manipu
lations used to produce that diagram. Two of the mis
classified samples (91 and E) were originally assigned 
to Group 2 on the basis of the cluster dendrogram 
(Figure 13), but it is clear from the nature of that 
diagram that this was only for the expediency of carry
ing out the stepwise discriminant analysis. Sample 34 
was the least related to Cluster Group 2, being ·
assigned 85 percent probability of belonging to that 
group and 15 percent probability of belonging to 
Group 3A. This sample came from the Lower Cre
taceous Mannville Group at Chauvin in east central 
Alberta. Although there have been no hydrodynamic 
studies in the Chauvin area, recent numerical model
ing in the Cold Lake region, to the north, indicates that 
there is a small flow component upward across the 
Upper Devonian Ireton Formation into the Lower 
Mannville Group; this situation might also apply in the 
Chauvin area. 

It is beyond the scope of this paper to supply 
further observations on the reason why some of the 
samples were misclassified or classified correctly but 
only at less than 90 percent probability of belonging to 
their assigned groups; there are clearly some problems 
with the Group 3A cluster because five of these sam
ples fall within that group, three of which show mixed 
characteristics between Groups 3A and 38. 

Multi-Response Permutation Procedures 
Theory . 

Multi-response permutation procedures (MRPP) 
are recently developed statistical techniques for the 
testing of a priori grouping of multidimensional data 
(Mielke et al. 1976). In contrast to the classical Hotell
ing's T2 test and discriminant analysis, they are distri
bution-free methods, requiring no underlying assump
tions of multivariate normality. The procedures are 
based on the Euclidean distance between objects in a 
multidimensional space and involve a computation of 
a test statistic which indicates the degree of clustering 
of the object in the a priori groups. These procedures 
also allow the inclusion of a residual group of objects. 
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Figure 15. Canonical discrimination for 78 grouped 
formation waters from oil fields and gas fields of 
Alberta, Canada. 

The test involved is for the null hypothesis that the 
groupings are formed by a random allocation of ob
jects. A low p-value (=probability of a test statistic 6 
smaller than or equal to the one observed) indicates a 
strong tendency for within-group clustering and leads 
to the non-acceptance of the null hypothesis at a 
significance level a (a;;;;.. p-value). This technique was 
first used with geochemical data by Hitchon and Filby 
(1984) to confirm the efficacy of a step-wise discrimi
nant function analysis of trace metals in some Alberta 
crude oils. 

Example 
Because the grouped formation waters each con

tain a small number of samples from which it was 
necessary for t.he discriminant analysis to derive con
clusions as to their normal or lognormal distribution, it 
is clear that multi-response permutation procedures 
represent a powerful tool to test the a priori groupings 
used in the discriminant analysis. Using MRPP statis-r 
tics, the groupings based on cluster and discriminant 
analysis were found to be highly significant. A separate 
MRPP analysis of Groups 3~: and 38 indicated that 
these two groups are not as· distinct as they might 
appear using cluster analysis; in fact, the significance 
level was only slightly better than 7 percent. Two bor
derline cases, Samples 91 and E, were also analyzed 

·to determine the most ·suitable population to which 
each sample should belong. Sample 91 was found to 
be closest to Population 3A, and Sample E to be clos
est to Population 2; these ob~ervations are consistent 
with the results of the stepwise discriminant analysis. 

Solution-Mineral Relations 
The 78 samples studied by means of factor, cluster, 

discriminant and MRPP methods represent a very 
diverse population, which was not collected with spe
cific studies of solution-mineral relations in mind, 
inasmuch as aluminium and silica were not deter
mined. 
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The samples were analyzed using the computer 
program SOLMNEQ (Kharaka and Barnes 1973). With 
the exception of the two samples from the Granite 
Wash, all samples were saturated with respect to cal
cite and dolomite, and there was effectively no differ
ence in the JGdirt values between the cluster groups. 
For anhydrite and siderite, however, the range and 
average values of ~Gdifl varied between the cluster 
groups (Figure 16). 

Although all these formation waters show under
saturation with respect to anhydrite, there is a trend to 
increased undersaturation from Cluster Group 3A to 
Cluster Group 1. This trend is related to the fact that 
the formation water from Cluster Group 1 is fresh 
water in recharge areas, and that anhydrite is asso
ciated with some of the formation water in Cluster 
Groups 3A and 38. 

Most samples from Cluster Groups 1 and 2 are 
saturated with respect to siderite; this mineral is pres
ent as nodules in a number of the stratigraphic units 
from which this formation water originated. The wide 
range in values for siderite sat4ration in Cluster Groups 
3A and 3B probably relates to the fact that formation 
water from these two groups comes from both Devo
nian and Cretaceous strata; formation water from Cre
taceous strata is strongly represented in Cluster 
Groups 1 and 2. 

It is beyond the scope of this paper to evaluate 
these relationships further, and it is sufficient to note 
that this information is presented as an example of 
one way in which information from solution-mineral 
relations can be linked to information from a multivar
iate statistical analysis of the same data. 

Future Directions and Conclusions 
From a discussion of simple graphical methods, 

this paper has progressed through four multivariate 
statistical techniques, to the linking of the results from 
these techniques with solution-mineral relations. 
Another approach, representing the maximum type of 
information generally attainable at the present, is the 
production of trend surface maps of a combination of 
statistical/solution-mineral results. Effort is being di
rected by several workers toward the production of 
heat-mass-chemical numerical models, most of which 
treat only steady-state conditions. Ultimately, it should 
prove possible to develop transient numerical models 
of solution-mineral reactions, that will provide the 
geochemist with a living picture of formation water 
geochemistry in the area of interest. Speculation 
beyond this development stage might include model
ing the paleohydrodynamic and the paleohydrochem
ical history of a sedimentary basin, and linking this 
with the thermal and petroleum-generating capacity 
of the basin. 

The essential conclusion to be drawn from this 
paper is that although various simple graphical and 
statistical techniques are available to the geochemist 
to assist in evaluation of formation water analyses, use 
of these methods does not abrogate one from the 
responsibility of insuring reliable sample collection, 
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Figure 16. Range and average values (vertical bars) 
of LlG diff for anhydrite and siderite saturation f~r 
each of the groups identified by cluster analysis. 
The dashed lines link up isolated extreme saturation 
points. 

preservation and analytical techniques. 
Ways of culling data bases of erroneous and unreli

able formation water analyses have been noted, but it 
is the writer's experience that the resultant data bases 
have more generally limited utility than when forma
tion water is collected and preserved in the field for the 
specific purpose of geochemical studies. 

Of the four multivariate statistical techniques de
scribed in this paper, factor analysis, as a general rule, 
intrinsically provides the most information. a-mode 
analysis allows determination of the number of popu
lations, as well as the variables most strongly influenc
ing those populations. A-mode analysis is a very power
ful data reduction technique, and by means of three
dimensional diagrams sometimes allows insight into 
the most fundamental properties of the data set being 
examined. 

Once the data set has been divided into popula
tions (based on cluster analysis, or other non-statisti
cal criteria) discriminant analysis is the most powerful 
method to allow both determination of those variables 
which distinguish the populations and identification 
of misclassifield samples. 

Because many geochemical data are lognormally 
distributed, and extreme outliers may exert undue 
influence in discriminant (and especially cluster) anal
ysis, MRPP statistics ar~ particularly important in con
firming the efficacy of the discriminant analysis be
cause there is no underlying distributional assumption 
about the data set. 

In general, papers dealing with the statistical anal
ysis ·of ·formation water seldom link the statistical 
results with solution-mineral relations of the systems 
under investigation. Much useful information would 
probably come from such linking. 

Future directions in the statistical treatment of 
formation water analyses appear very exciting, and it 
is the writer's opinion that geochemists will have to 
broaden their perspective of geochemistry if maximum 
advantage is to be taken of the opportunities that will 
become available. 
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Wastewaters tn the Vadose Zone of Arid 

Regions: Geochetnical Interactions a 

by Donald D. Runnellsb 

ABSTRACT 
Because of increasingly suingent laws governing 

discharge of fluid wastes to surface waters, the alternative 
of discharge to the subsurface has become attractive. The 
phy5ical-chemical processes that prevail in the subsurface 
are not well understood, but they are clearly not identical 
to processes of purification in surface waters. For example, 
in the subsurface the process of oxidation may be of little 
value in significantly reducing the concentration of 
discharged contaminants; in contrast, oxidation plays an 
important role in purifying surface waters. Eleven physical
chemical processes can be identified as having potential 
value for purifying wastes discharged to the subsurface, as 
follow: dilution, buffering of pll, precipitation by reaction, 
hydrolysis, oxidation or reduction, filtration, volatilization, 
biological assimilation, radioactive decay, membrane 
filtration, and sorption. 

Discharge to the vadose zone may be a safe means 
of di~posal of wastes in arid regions. But it is necessary to 
carefully test the suitability of a particular site for a 
particular waste. Processes of purification in the vadose 
zone can be incorporated into a workable plan of discharge 
if adequate studies and safeguards are employed. Regulations 
governing subsurface discharge should take into account 
the physical-chemical processes that may act to purify the 
waste fluids. In orie set of experiments, a soil. from Sulfur 
Springs, New Mexico was capable of removing large 
quantities of dissolved molybdenum and copper from 
a synthetic mill water, and the soil was able to quantitatively 
retain the copper during subsequent leaching by fresh and 
metal-free mill waters. Such studies permit rational plans of 
discharge to be developed. 

INTRODUCTION 
Until fairly recent times we have generally 

assumed that ground water was well protected from 
contamination. And in many areas this seemed to 

aPresentcd at The Third National Ground Water 
Quality Symposium, Las Vegas, Nevada, September lS-17, 
1976. 

bProfessor of Geology and Geochemistry, Department 
of Geological Sciences, University of Colorado, Boulder, 
Colorado 80309. 

Discussion open until April 1, 1977. 

be a fairly realistic view. Now, however, we know 
that the apparent purity of ground water was the 
result of our failure to look for pollution. With 
increasing pressures of population, and with 
incessant prodding from new regulations, water 
scientists have begun to fully recognize the 
widespread occurrences of contamination of ground 
water. Table 1 shows chemical components that 
have been demonstrated as beihg present in 
documented cases of contamination of ground 
water throughout the world (summarized from 
several sources, including Furiman and Barton, 
1971; Scalf and others, 197 3; Miller and others, 
1974; Cole, 1974; van der Leeden and others, 
1975). Each of these cases demonstrates that the 
protective capacity of subsurface materials is finite, 
and that this protective barrier can be overwheimed 
by excessive discharge of virtually any contaminant. 

The means by which contaminants may enter 
ground water are many and varied. Figures 1 and 2 
illustrate some bf the more obvious sources ahd 
pathways of cohtamination of ground Water. The 
details of the hy~rology of movement of 

Table 1. Chemical' Components Present in Documented 
Cases of Contamina~ioil of Ground Water 

Throughotlt the World 

chromium 
cadmium 
zinc 
lead 
fluoride 
iron 
barium 
manganese 
nickel 
silver 
molybdenum 
boron 
uranium 
mercury 
aluminum 
lithium 

cyanide 
copper 
selenium 
chloride (and hydrochloric acid) 
sulfate (and sulfuric acid) 
nitrate 
detergents 
radium and other radioactive wastes 
phenols 
alcohol 
gasoline 
leachate from landfills 
pesticides 
herbicides 
solvents 
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Fig. 1. Summary of some obvious pathways by which contaminants may enter ground water. 
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Fig. 2. Additional illustrations of possible means by which ground water can be contaminated. 
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contaminants in the subsurface is treated in other 
papers in this Symposium and will not be discussed 
here. 

Despite the fact that we are aware of hundreds 
of documented cases of ground-water contamina
tion, the sobering fact is that there certainly exist 
thousands of similar cases of which we remain 
blissfully unaware. Miller and others (1974) made 
the important observation that most instances of 
ground-water contamination become known 
because of obvious leaks or spills at the surface, or 
because of complaints from subsequent users. 
Contamination of ground water is generally not 
discovered because of monitoring or routine 
chemical analysis. Many States in the past have not 
required analyses of water supplies for many toxic 
substances, such as barium, selenium, and silver, 
despite the listing of such substances in the 1962 
Drinking Water Standards of the U.S. Public Health 
Service. 

POSSIBLE PROCESSES OF PURIFICATION 
Introduction 

Having now emphasized the fact that ground 
water can surely become contaminated, let us look 
at some of the processes which offer protection to 
ground water, even in the face of significant 
discharges of potential contaminants to the 
subsurface. In Table 2 are listed eleven physical
chemical processes that may, under favorable 
circumstances, afford significant protection to the 
chemical purity of ground water. These eleven 
processes are listed together for the sake of 
completeness, but all are surely not equally 
effective. 

The possible role and importance of each of 
these processes is discussed briefly in the following 
sections. Special emphasis is placed on their role in 
purifying wastes that might be discharged to the 
vadose zone in arid regions. 

Table 2. Eleven Physical-Chemical Processes That May 
Operate in the Subsurface to Purify Fluid Wastes 

1. Dilution. 
2. Buffering of pll. 
3. Precipitation by reaction of wastes with indigenous 

waters or solids. 
4. Precipitation due to hydrolysis. 
S. Removal due to oxidation or reduction. 
6. Mechanical filtration. 
7. Volatilization and loss as a gas. 
8. Biological assimilation or degradation. 
9. Radioactive decay. 

I 0. Membrane filtration. 
II. Sorption. 

Dilution 
The first process listed in Table 2, dilution, is 

well understood as it occurs in surface waters. 
However, we cannot rely on dilution to be 
effective over the short term in the vadose zone, 
especially in an arid region. And in any location, we 
must expect dilution of wastes below the water 
table to take place far more slowly than in surface 
streams. Indeed, the one outstanding characteristic 
of contamination of ground water is the slow rate 
at which it is diluted and dispersed by the natural 
flow system. Fryberger (1972) has presented 
convincing data and arguments to show how 
expensive and difficult it may be to reclaim a 
contaminated aquifer, even considering natural 
attenuation due to flow and dilution. 

Buffering of pH 
Natural ground waters in arid regions generally 

exhibit pH values between about 6 and 9. The 
upper limit is established in nature by the reaction 
between carbon dioxide gas and either limestone or 
caliche in the soil. The lower limit is an educated 
guess at the pH that might be found in shallow 
ground water from non-reactive rocks, such as 
quartz sandstone, or in ground water issuing from 
a mountain meadow. Trost (1974) found a range in 
pH from 6.0 to 9.0 in 1392 samples of ground water 
from southern Arizona. 

The pH is a critical factor in many reactions 
involving contaminants, including processes that 
affect the stability of solid minerals and precipitates 
in the subsurface. If a discharged fluid has a pH 
outside of the range of 6 to 9, it is possible that 
drastic chemical reactions may occur, including 
the dissolution of such natural solids as calcium 
carbonate, iron oxyhydroxide, and manganese 
oxyhydroxide. Si.ch reactions can exacerbate 
problems of contaminati;<>n of ground water. 

Precipitation by Reaction 
This process could be quite important in 

purification of discharged fluids. A perusal of any 
handbook of chemistry will show that i11 tbeo,.y it 
is possible to precipitate virtually any dissolved 
contaminant if the appropriate precipitating agent 
is present. In nature, however, the necessary 
precipitants do not commonly exist in sufficient 
quantities or favorable locations to cause removal 
of toxic substances to safe levels. For example, it 
is theoretically possible to reduce the concentration 
of dissolved sulfate in a discharge by mixing it with 
a natural barium-rich ground water. However, 
barium-rich ground waters are not common, so 
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this particular theoretical control will generally 
not operate in nature. In natural ground waters and 
in the enclosing solids, only certain species are 
normally present and available for reaction in 
meaningful concentrations. These species include 
dissolved calcium, magnesium, sodium, potassium, 
bicarbonate, sulfate, chloride, and silica. In the 
surrounding porous solids we find the additional 
abundant components of iron, aluminum, and 
possibly carbonate and phosphate. Dangerous or 
undesirable contaminants that might be reduced 
to safe concentrations by reaction with these 
species include the following: arsenic (precipitation 
by iron, aluminum, and calcium), barium (by 
sulfate and carbonate), cadmium (by sulfate and 
carbonate), copper (by carb.onate), fluoride (by 
calcium and phosphate), cyanide (by many metals, 
including iron), iron (by silica), lead (by carbonate, 
sulfate, and phosphate), mercury (reduced form 
precipitated by carbonate and chloride), 
molybdenum (by iron and aluminum at proper 
pH), silver (by chloride), zinc (by carbonate and 
silica), and radium (by sulfate and carbonate). 
Evidence that such precipitation reactions do occur 
and may control concentrations in ground water 
has been given by many researchers. For example, 
Dutt and others ( 1968) found that the concentra
tions of iron and zinc in the ground waters of the 
Tucson Basin are apparently controlled by 
dissolved silica and the pH. However, despite the 
numerous possibilities for purification offered by 
precipitation reactions, a great many examples of 
contamination of ground water exist involving 
species that might be expected to precipitate; such 
examples demonstrate the failure of precipitation 
to protect ground water in many cases. 

Hydrolysis and Precipitation 
This type of reaction occurs when a dissolved 

contaminant reacts with water, with the release of 
either a hydrogen ion or a· hydroxyl ion. The best 
known example involves the hydrolysis of 
dissolved ferric ion with precipitation of ferric 
hydroxide. On the acid side, molybdenum is 
thought to hydrolyze to bimolybdate ion and 
precipitate with compounds of iron and aluminum 
under acid conditions (LeGendre and Runnells, 
1975). In an aerated environment, such as the 
vadose zone in an arid region, the concentration of 
dissolved iron can be held to very low values by 
hydrolysis and precipitation of ferric oxyhydroxide 
(Hem, 1970). However, in oxygen-deficient zones, 
such as commonly exist in the phreatic zone, high 
concentrations of iron can occur in the ferrous 
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(Fe2•) form. High rates of infiltration or flooding 
by waters into the vadose zone, such as might occur 
beneath a disposal lagoon, may produce anaerobic 
conditions and lead to solubilization of some 
metals. 

In addition to ferric (Fe3
•) iron, several other 

toxic metals form highly insoluble hydroxides in 
the range of pH of 6 to 9. These include copper 
(above a pH of about 6.5), chromium (the +3 form 
only, above a pH of about 6), nickel (above a 
pH of 9), and zinc (above pH 7 .5). For example, 
Dutt and others ( 1968) found that the 
concentration of copper in ground water of the 
Tucson Basin seems to be controlled by either 
cuprous (cu•) or cupric (Cu2

•) hydroxide. 
The apparent importance of hydrolysis in 

both the vadose and phreatic zones is the result 
of the simple requirement that water be present, 
in contrast to other precipitation reactions that 
demand the presence of specific precipitating 
agents. 

Precipitation Due to Oxidation or Reduction 
Relatively insoluble oxides of certain 

contaminants are known for copper, iron, 
manganese, mercury, and nickel. Aerobic 
conditions favorable for the development of these 
oxides will normally be found in the vadose zone 
and possibly in the upper parts of the phreatic 
zone. Deep in the phreatic zone or in swampy or 
flooded vadose environments, anaerobic conditions 
may prevail and lead to the mobilization of some 
species. Dutt and others (1968) in their work in 
the Tucson Basin found that rapid infiltration of 
domestic sewage caused a loss of oxidizing condi
tions in the vadose zone and led to increased 
movement of copper, zinc, manganese, nickel, 
and lead through the soil. 

In some instances reducing conditions are 
most favorable for removing possible contaminants 
from water. One example is that of chromium, 
which is highly soluble and mobile in the oxidized 
state ( +6, chromate or dichromate ion), but quite 
insoluble as the solid oxide or hydroxide of the 
reduced form (+3). Natural reducing conditions 
can also theoretically cause the formation of such 
native elements as arsenic, copper, mercury, 
selenium, silver, and lead, each of which is quite 
insoluble. We do find significant quantities of 
native copper, mercury, and silver in mineral 
deposits, and native selenium appears to be a stable 
phase in some soils (Goering and others, 1968). In 
reducing environments bacteria can convert 
dissolved sulfate to sulfide and dissolved nitrate to 



ammonia or nitrogen gas. Reaction of the sulfide 
with certain metals will produce highly insoluble 
precipitates, such as the sulfides of arsenic, 
cadmium, copper, iron, lead, mercury, 
molybdenum, nickel, silver, and zinc. 

In terms of usefulness and reliability for 
purification, the processes of oxidation and 
reduction can be of significant value if the 
necessary environmental conditions are maintained 
and managed. Considerable reliance can probably 
be placed on the process of oxidation for purifica
tion of wastes in the vadose zone. Processes of 
reduction may be more risky because some 
undesirable species can be mobilized, such as iron 
(Apgar and Langmuir, 1971) and manganese. One 
well-known benefit of the process of reduction 
is the denitrification of dissolved nitrate from 
sewage effluent, with significant removal of 
nitrogen possible under a carefully programmed 
mode of disposal (Bouwer, 1974). 

Mechanical Filtration 
The sixth process listed in Table 2, mechanical 

filtration, will generally be of little help in 
removing dissolved contaminants. Exceptions to 
this might occur following the formation of 
precipitates by means of one of the processes 
mentioned earlier. Such precipitates would be 
filtered out mechanically as the water moves 
through the porous medium. Iron is the species 
most likely to exhibit this behavior; it is well 
established that much of the total iron in aerated 
waters is present as particulate ferric hydroxide 
(Hem, 1970). Manganese probably behaves in a 
similar fashion. If these possible particulates sorb or 
include other dissolved species as they form, the 
filtration would remove these other species as well. 
Of course, most particulates originally present in the 
discharge would be filtered out quickly during 
downward movement through the vadose zone. 

Volatilization and Loss as a Gas 
Some inorganic species can be effectively 

·removed from discharged waters by volatilization. 
Perhaps the best known example is that of the 
bacterial reduction of dissolved sulfate to hydrogen 
sulfide gas, with loss of the hydrogen sulfide to the 
atmosphere (Kellogg and others, 1972). Mercury in 
solution can also be volatilized in anaerobic 
environments (Lagerwerff, 1972) or by reaction 
with dissolved humic acids (Alberts and others, 
1974). Several organic compounds of arsenic are 
volatile, and escape of arsenic as a gas has been 
demonstrated for both aerobic and anaerobic soils 

(Woolson and others, 1971). Based on its similarity 
to sulfur, we might also expect selenium to be 
subject to volatilization (Lakin, 197 3). And of 
course, the microbial reduction of nitrate to 
ammonia and nitrogen gas is well documented 
(Bouwer, 1974), although the failure of this 
mechanism to protect ground water is demonstrated 
by numerous examples of pollution of ground water 
by nitrate (Minear and Patterson, 197 3 ): 

Volatilization as a means of purification is 
poorly understood, and we probably run consider
able risk in relying upon it to any great extent. The 
exceptions to this would be the conversion of 
dissolved sulfate and nitrate to gases; these processes 
are known to be effective if managed properly. 

Biological Degradation 
Biological degradation or assimilation, the 

eighth process, is very important in removal of 
organic and biologic contaminants. Many organic 
substances would be removed or attenuated by 
biologic activity in the subsurface, especially in 
the oxidizing environment of the normal vadose 
zone. The biologic involvement of sulfate and 
nitrate have already been mentioned. In addition, 
arsenic, cyanide, mercury, and selenium are likely 
candidates for biologic fixation or volatilization. 
Molybdenum is strongly assimilated and concen
trated by plants that are nitrogen-fixers (Johnson, 
1966). And in their study in the Tucson area, Dutt 
and others ( 1968) found that grass assimilated 
and removed significant quantities of metals from 
infiltrating $ewage effluent. 

Biolog!cai processes could be of great value 
in managing discharges to the subsurface, but at 
present we know so little of the principles 
involved that ~ach case must be studied and 
evaluated on its own. 

Radioactive Decay 
This mechanism is of value in the management 

of radioactive wastes by means of storage in the 
subsurface. Winograd (1974) has recently discussed 
·the attractiveness of storage of high-level radio
active wastes in the vadose zone of arid environ
ments. It seems clear that storage in this environ
ment is possible with a high degree of safety 
for periods of time from thousands to hundreds of 
thousands of years, during which time the wastes 
would lose much of their activity through processes 
of decay. There is a substantial history of disposal 
of radioactive wastes to the subsurface near nuclear 
facilities in the United States, and in humid regions 
serious problems of contamination of ground 
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water can be expected. It is the lack of recharge 
to move contaminants to the ground water that 
makes disposal to the vadose zone in arid regions 
so attractive. 

Membrane Filtration 
The tenth possible process of purification, 

membrane filtration, is a topic that is greatly in 
vogue at the present time in the literature of the 
geochemistry of subsurface waters. A summary 
of the phenomenon, given by Hanshaw (1972), 
points out that some observed data on the pressure 
and salinity of formational waters cannot be 
explained by simple gravitational flow of water or 
by dissolution of minerals. In such cases, the 
anomalous data may be related to osmotic pressures 
and filtration of salts across beds of sh;ale. Pressure 
differentials of several hundred atmospheres can 
theoretically be generated across a membrane if 
fresh water exists on one side and a saturated brine 
on the other (Hanshaw, 1972). 

In terms of purification of wastes in the 
subsurface, it is theoretically possible that a 
discharged wastewater could be diluted by osmotic 
transfer of water across a clay-rich aquitard. 
Conversely, one can speculate on the possibility 
of forcing waste fluids through a clay liner on the 
bottom of a disposal pond, anticipating some 
removal of dissolved salts and passage of a 
relatively more pure fluid. However, at this stage in 
development of the technology of disposal, 
careful pilot studies would be required to test the 
efficacy of such a scheme. 

Sorption 
Finally, and importantly, ground water may 

be protected by various processes of sorption. Clays, 
metallic oxides and hydroxides, and organic matter 
can all be good substrates for sorption of various 
dissolved species. With the exception of fractured 
shale or siltstone, consolidated bedrock will 
generally not be very effective as a sorbent. 
Vircually every ionic species and many non-electro
lytes will be sorbed and removed to some extent 
as ground water moves through an aquifer; of the 
ions, only chloride, and to a lesser extent sulfate 
and nitrate, seem to pass through soils and 
alluvium without significant sorption. 

The troubling aspect of sorption as a means of 
purifying waste waters in the vadose zone is that 
the process can be highly specific in its action, 

example. Dissolved molybdenum is sorbed strongly 
by most soils that exhibit an acidic reaction with 
water, but molybdenum will move freely through 
alkaline soils (Katz and Runnells, 1974). 
Similarly, fluoride is sorbed much more 
extensively by acidic soils than by alkaline soils 
(Bower and Thatcher, 1967). Perhaps the most 
revealing study of the effect of pH on sorption of 
ions is that by Griffin and others (1976), in which 
they determined the extent of removal by clay 
minerals of a suite of heavy metals from synthetic 
solutions and naturalleachates from sanitary 
landfills. They found a very great variation in the 
extent of sorption, depending on the metal involved 
and the pH of the solution. 

It is clear that the processes of sorption 
depend on the type of contaminant and on the 
physical and chemical properties of both solution 
and porous medium. Under favorable circumstances 
sorption can be wonderfully effective in purifying 
waters, as evidenced by the extensive use of 
ion-exchange media in water treatment. One should 
keep in mind, however, that when a contaminant 
ion is sorbed, some other change must also take 
place to compensate for loss of the charged species 
from solution. In ion-exchange reactions, a 
different ion is released by the solid to the solution. 
The ions released to water from a previously 
uncontaminated soil or alluvium will almost 
certainly be less harmful than most of the 
contaminants of concern here. 

We can place considerable reliance on the 
processes of sorption to help us protect ground 
water, but each case will be different and tests must 
be run to assure im adequate degree of sorption 
and retention. 

Summary 
Eleven processes have been discussed, each of 

which is capable, under favorable circumstances, of 
contributing to the purification of liquid wastes 
discharged to the subsurface. However, hundreds 
of documented examples of ground-water 
contamination show that in specific instances the 
defensive mechanisms have been overwhelmed by 
discharged contaminants. It is reasonable to make 
an attempt to use the purifying properties of the 
subsurface as part of a plan of discharge, especially in 
the vadose zone in arid regions. However, such 
a plan of discharge must incorporate careful studies 
of the capacity and efficiency of the vadose zone 
for removing contaminants, and of possible later both as to the dissolved substance and the solid 

substrate. Molybdenum offers an interesting 2 _24 
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USING NATURAL PROCESSES OF 
PURIFICATION IN A PLAN OF DISCHARGE 

Introduction 
Because of the potential value for purification 

and long-term storage of wastes in the vadose zone 
of arid regions, it seems reasonable to include the 
use of this zone in plans of discharge. In fact, 
Winograd (197 4) presents a detailed analysis of 
such a plan for storage of radioactive wastes. As 
water scientists, we can envision similar useful 
applications in the discharge of other wastes. 
Bouwer (197 4) has given an example of proper 
management of disposal of sewage effluent to the 
vadose zone in Arizona in order to maximize 
removal of dissolved nitrate. At the time of this 
writing, the New Mexico Water Quality Control 
Commission is considering, for possible adoption, 
new regulations for protection of ground water. 
These proposed regulations, developed chiefly by 
the New Mexico Environmental Improvement 
Agency, would permit a discharger to make use of 
a fraction of the purifying capacity of the vadose 
zone as part of his plan of discharge to the 
subsurface. The concept of using the vadose zone 
in this manner was suggested by the present writer, 
as a consultant to the New Mexico Environmental 
Improvement Agency. It is gratifying that most 
parties concerned, from industry on the one hand 
to environmental groups on the other, seem to 
agree that the vadose zone in arid regions can offer 
a safe repository for contaminants, provided that 
very careful study and monitoring are incorporated 
into the plan of discharge. 

Potential Capacity of the Vadose Zone 
for Purification 

The capacity of the vadose zone can be large 
for removal and storage of contaminants. As an 
example of this large theoretical capacity, let us 
consider a hypothetical discharge of dissolved 
cadmium from a metal-plating plant. The 
assumptions involved in this example are 
summarized in Table 3. The ·concentration of 
3. 7 mgll dissolved cadmium is that actually 
reported by Lieber and others ( 1964) for the 
well-known example of ground-water contamination 
on Long Island. It would be dangerous to allow a 
discharger to use the total capacity of the vadose 
zone for sorption of contaminants from his 
wastewater, so for purposes of this example we will 
assume that State regulations allow him to use 25 
percent of the estimated total sorptive capacity of 
the unconsolidated mantle beneath his discharge 
pond. Based on the data listed in Table 3, the 
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Tabla 3. Assumptions Used in Hypothetical Example of 
the Capacity for Sorptlva Removal of Dissolved Cadmium 

from Discharge to the Vadose Zone in an Arid Region 

Ass11mptions: 
1. Unconsolidated mantle with 10 weight percent clay. 
2. Cation exchange capacity of SO milliequivalents per 100 

grams (0.22 pounds) of clay. 
3. Density of 2 grams/cc (124.9lbs/cubic foot). 
4. Thickness of mantle= 100 feet (30.5 meters). 
S. Area of disposal.= 1 acre (0.405 hectare): 
6. Efficiency of sorption is 100 percent. 
7. Only 25 percent of the total sorptive capacity. is utilized. 

discharger could store approximately 380,000 
pounds ( 172,400 kg) of cadmium in the vadose 
zone. This is a lot of cadmium. At a concentration 
of 3.7 mgll, this amount corresponds to about 
38,000 acre-feet (4.7 X 1010 liters) of wastewater 
that could be discharged from the one-acre pond. 

Of course, the preceding simplistic example 
ignores competition or enhancement of sorption by 
other ions, other chemical reactions, possible 
channelized flow of the wastewater through the 
vadose zone, and a great many other complicating 
factors. The example does point out, however, 
that a significant degree of purification of waste
water and storage of dissolved contaminants is 
possible under the conditions that exist in an arid 
region. 

Dangers and Necessity for Study 
Having emphasized the great potential value of 

the vadose zone for discharge, we must temper our 
enthusiasm by recognizing that the vadose zone 
has a finite capacity for purification, and that 
there is always a danger of leakage and contamina
tion of gro~nd water. Referring back to Table 1, 
we can see ~hat it is possible to overwhelm the 
protective mechanisms in the subsurface with any 
dissolved contamiqant. This knowledge warns us 
of the necessity for thorough and competent 
studies of the hydrologic and chemical character
istics of a proposed site before discharge begins. A 
proposed plan of discharge must also allow for a 
wide margin of error in the measurements 
required, including such parameters as heterogeneity 
in the hydraulic properties of the earth materials 
at the site. Finally, an adequate scheme for monitor
ing must be included, together with contingency 
plans in the event that the discharged contaminants 
do not behave as expected. 

Necessary Measurements and Testing 
Our knowledge of the specific physical

chemical processes that obtain in the subsurface 



is primitive. We cannot predict from theory what 

will happen when a particular contaminant in a 
particular fluid matrix is discharged into a 
specific type of soil. We do have some general 
knowledge of the principles involved, as discussed 
in an earlier section of this paper, but we remain 
ignorant of many of the specifics. Now that the 
Safe Drinking Water Act is a reality, we can 
expect to see a rapid increase in research and 
knowledge concerning the movement of con

taminants through earth materials. In fact, it 
would be possible to list several new publications 

that deal specifically with this subject. By far 
the most complete and satisfying such report 

known to this writer is that by Weir and others 
(1975), prepared for the Electri!= Power 
Research Institute. The purpose of the work 
reported by these workers was to deter'mine if 
toxic ions would be leached from ash and sludge 

discharged into ponds by electric utilities, and 
to determine if such ions would move through 

underlying soils into ground water. Another 
excellent study, with greater emphasis on the 
hydrologic factors, is that by Papadopulos and 
Winograd (1974). 

In order to have confidence in the probable 
efficacy and safety of a plan of discharge to the 

readily available for leaching and remobilization 

by the next soaking rainfall, or by a subsequent 
change in the chemical composition of the 
discharged fluid. Tests must therefore be run, not 
only to determine the extent of removal of 
contaminants from the discharge, but also to 
determine the possibility of later remobilization 
and flushing to ground water. With regard to 
storage, Winograd (1974) has discussed the 
selection of a site for disposal to best avoid 

exhumation by the normal processes of erosion or 

remobilization by climatic change over periods of 
hundreds of thousands of years. 

Discharge of any kind may pose a long-term 

threat to the environment, and at present, our 

knowledge of interactions in the vadose zone does 

not permit us to make unequivocal predictions 
from theoretical principles. Much work must be 

empirical, and teams of scientists and engineers 

must be involved in devising the plan of discharge. 
Perhaps most importantly, each type of discharge 

and potential site must be treated individually, on 

a case-by-case basis. No one can claim that the job 
of insuring non-destructive disposal of wastes to the 

vadose zone will be easy, but neither can they 
claim that the job is impossible. 

vadose zone, a great many factors must be An Example of Geochemical Testing 

considered. For example, one must have a As part of the task of developing possible 

fairly complete knowledge of the hydrogeologic regulations to govern discharges to the subsurface 

conditions and homogeneity of the earth materials in New Mexico, this writer was asked to present an 

at the proposed site of disposal. In order to obtain example of how the geochemical portion of the 

such information it will certainly be necessary to testing might be conducted. The work was not 

conduct fairly extensive field studies, possibly intended to be complete, but was designed instead 

including drilling, to determine the rate and paths to illustrate the minitnum information that would 

of movement of the fluid discharge. An example of be appropriate. A very brief :;ummary is presented 

one aspect of the work that may be necessary can here. · 

be found in the study of seepage of effluent from The soil chosen was from Sulfur Springs, New 

septic tanks, published by Bouma and others Mexico. It was dark brown in color, contained 

( 1972). llajck ( 1969) has given a good summary rootlets, and represented a composite of the upper 

of some of the technical aspects of the tests and six inches of the profile. A 1:2 soil:water slurry 

calculations that should be done to understand yielded a potentiometric pH of 6.4. The soil was 

and predict the chemical interactions of waste- air-dried and sieved to (-) 2 mm to remove the 

waters with soils. And finally, a potential coarse, non-reactive fragments. A small column of 

discharger must look to the future, realizing that soil [approximately 23.2 cc (1.42 cubic inches)) 

"purification" of wastewaters by the vadose zone was prepared in a chromatography tube. The test 

really represents storage, either long-term or short- solution was gravity-fed into the column at 

term. For some chemical species, such as phosphate, various rates, from about 0.5 to 1.6 ml/min 

zinc, and copper, the storage may be permanent (corresponding to a velocity of about 4 to 12 

because these ions can become fixed in the feet/day). Saturated conditions were maintained, 

structure of minerals and not be available for later together with a relatively high rate of flow, 

release by percolating solutions (Ellis and Knezek, because of limitations of time. An actual case 

1972). In other cases, contaminants that have been would require slower rates of flow and an 

discharged and stored in the vadose zone may be 
2 

_ 
2 

(;"saturated column. Aliquots of the effluent were 



collected in volumes of a~out 9.5 ml (0.0025 
gallons) by means of an automatic fraction 
collector. The porosity of the soil column was 
estimated in two ways: ( 1) addition of water to 
saturation and reweighing in the column and 
(2) measurement of volume of water withdrawn 
from a graduated cylinder by suction into the 
soil column. Density was determined by weighing 
and measuring the volume of soil column. The 
porosity was 48 ± 4 percent, and the density was 
0.88 ± 0.03 gm/cc (55± 2lbs/cubic ft). The pore 
volume of the column was 11 ± 1 cubic centimeter 
(0.00039 cubic feet). The errors involved in this 
crude study are obvious, such as the disturbance 
and sieving of the soil, and the rough estimate of 
porosity and density. For an actual plan of 
discharge it would probably be necessary to obtain 
cores of the soil; ASTM methods would be used to 
measure the porosity and density of the core 
material. 

The test solution was made up to simulate the 
aqueous discharge from a metallurgical flotation 
mill. The aqueous matrix was a saturated solution 
of gypsum, initially spiked with 1.0 ppm (mg/1) 
dissolved copper and 2.1 ppm (mg/1) dissolved 
molybdenum. The initial concentration of copper 
was made considerably higher than might be 
expected in an actual mill effluent; this was done 
because initial tests indicated that the soil had a 
large capacity for removal of copper from the 
test solution. The initial solution and the aliquots 
of effluent were analyzed for copper and 
molybdenum by atomic absorption and a thio
cyanate colorimetric procedure, respectively. 
Standard additions were employed to test for 
sensitivity and interference in the copper analysis. 

The results for molybdenum are shown in 
Figure 3. The results for copper are not shown 
because copper was generally below the limits of 
detection in the effluent during most phases of 
the study (the detection limit for dissolved 
copper was 0.01 parts per million). 

As shown in Figure 3, an initial period of 
leaching by distilled water (simulated rain water) 
failed to release detectable amounts of 
molybdenum (less than 15 parts per billion 
dissolved). The concentration of dissolved copper 
was approximately 0.05 ppm in the effluent during 
this initial leaching, which continued for 378 ml 
(34 pore volumes). This initial period of leaching 
shows that neither the concentration of copper 
nor molybdenum released by heavy applications 
of fresh water to Sulfur Springs soil poses a threat 
to ground water. Next, in Figure·3, the column 
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Fig. 3. Results of experimental study of leaching, removal, 
and remobilization of molybdenum using synthetic mill 
water and a New Mexico soil. Analytical error shown by 
vertical bars; error is approximately the diameter of the 
circles along the abscissa. 

was leached with approximately 26 pore volumes 
(288 ml) of metal-free synthetic mill water. In 
this case, dissolved copper in the effluent 
averaged less than 0.01 ppm and molybdenum less 
than 15 ppb. Again, these results show that 
extensive leaching with metal-free mill water fails 
to leach significant quantities of either metal from 
the soil. 

At a volume of 661 ml in Figure 3 the 
metal-spiked water was introduced into the column, · 
and 72 pore volumes were passed through. No 
detectable copper (less than 0.01 ppm) ever 
appeared in the effluent. Molybdenum was first 
detected after 66 ml (6 pore volumes) of spiked 
water had flowed through the soil. Fifty percent 
breakthrough of molybdenum occurred after 
passage of 32 pore= volumes. The capacity of the 
soil to remove molybdenum was completely 
exhausted after passage of 72 pore volumes of 
mill water (792 ml). The difference in behavior 
of these two metals ii caused by their ionic form 
in solution; molybdenum occurs as an anion 
(Mo04 --), whereas copper is present as a cation 
(Cu .. ) under these conditions. This soil had a very 
.large capacity for removal of copper. 

In Figure 3, after exhaustion of the column 
for molybdenum, the soil was again leached with 
simulated rainfall and metal-free mill water to test 
for desorption and remobilization. Of the 792 
micrograms of copper introduced, leaching by 
165 pore volumes of distilled water and synthetic 
mill solution released only about 19 micrograms; 
this means that the removal of copper by this 
soil approaches being irreversible. The initial 
leaching of the soil, prior to the introduction of 



the metal-rich mill water, released as much copper. 
In contrast, leaching of the loaded column with 
83 pore volumes of distilled water remobilized 
nearly 60 percent of the approximately 700 
micrograms of molybdenum previously added. 
:he rate of release of molybdenum was 
.:ecreasing exponentially with continued leaching 
by the distilled water, as shown in Figure 3, 
indicating that a very large volume of water would 
be required to remove all of the added molybdenum. 
Interestingly, upon initiation of leaching of the 
loaded soil with metal-free mill water, the 
concentration of molybdenum in the effluent fell 
to about 10 parts per billion, continuing to the end 
of this portion of the experiment with an additional 
'2 pore volumes (about 3280 ml on Figure 3). 

,_;alculations suggest that this decrease in desorbed 
molybdenum was probably due to the precipitation 
of solid CaMo04 in the soil due to the high 
concentration of dissolved calcium in the water. 

Finally, in Figure 3, a new spiked mill water, 
containing 2 ppm copper was passed through the 
column in an attempt to cause breakthrough of the 
dissolved copper; however, breakthrough did not 

::cur, even after a calculated addition of 256 ppm 
Jpper to the solid phases in the soil column. 

The results of this study show that the soil 
from Sulfur Springs, New Mexico, has an 
enormously high capacity to remove copper, and 
that the removal is essentially irreversible. A 
relatively high capacity for removal of molybdenum 
is also exhibited, with 50 percent breakthrough at 
32 pore volumes-of spiked mill water. This type 
''f information would comprise an important 
: mion of a rational plan of discharge. 

Space does not permit development here of 
expressions to relate the data of Figure 3 to a real 
situation. However, it can be shown from 
considerations of the distribution of the ions 
between the liquid and solid phases (Hajek, 1969; 
Tamura, 1972; Wierenga and others, 1975) that 
thousands of years may be required for the 

. molybdenum in this study to reach an assumed 
· ·· lter table at a depth of 30 meters (98 feet) in 
ti-:e Sulfur Springs soil, depending on the rate of 
discharge and infiltration. Copper would require 
much longer to reach the ground water. 

SUMMARY 
In summary, I have tried to demonstrate that 

there are valid chemical and physical reasons for 
looking toward the subsurface, especially the 
·.·:•dose zone in arid regions, for disposal of some 
· )es of wastes. Processes that operate in this 

environment can, under favorable circumstances, 
greatly attenuate and detoxify some wastes. On the 
other hand, we know of too many examples of 
contamination of ground water to believe that the 
overlying mantle of soil and sediment affords 
absolute protection. With these facts in mind, we 
must try to balance the need for protection of 
ground water against the economic realities of the 
use of water by industry, municipalities, and the 
general public. 
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DISCUSSION 

The following questions were answered by Donald D. 
Runnells after delivering his talk entitled "Wastewaters in 
the Vadose Zone of Arid Regions: Geochemical 
Interactions." 

a. by Leonard Wood. Rain water is not distilled water. Have 
you used rain water in your column experiments? 
A. No, I have not tried to exactly duplicate the chemistry of 
rain water in the column studies. However, I do not believe 
that the observed variations in the chemistry of rain water 
would make a great deal of difference under most circum· 
stances. The exception might be in regions of serious air 
pollution in which sulfuric acid becomes the principal 
control on the pH of rain water. 
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Q. by Mike Kaczmarek. Would substantial increases in the 
Mo loading in the soil column result in comparable 
increases of Mo in the leachate resulting from "rain water" 
(distilled water J? 
A. Yes, the greater the initial loading, the greater would be 
the slug of Mo released from a soil when remobilization 
due to leaching does take place. 

a. by E. E. Jones, Dale Ralston and Harry Nightingale. 
What percent of pore sP.ace was saturated in _your 
experime11ts? 
A. This particular column was filled from the bottom to 
drive out air, then maintained in a fully saturated condition, 
so the pores were nearly 100 percent filled with water. 



This was done because a limited amount of time was 
available and I had to maintain high,ratcs of flow. A 
different experiment could be conducted under non
saturated conditions, in which the rate of flow would be 
substantially slower. 

a. by Harold Meiser. What experiments are you planning 
for the future? 
A. We now have underway a program to test for leaching 
of trace clements from spent oil shale, and the reactivity of 
these clements with soils of the oil shale region in Colorado. 

a. by Neil Jaquet. How do the volumes of distilled water 
used in youl' column studies compare to rates of p"ecipita
tion in the area of concern? 
A. Experiments such as I described arc designed to yield 
basic: information, such as the distribution coefficient, Kd. 
Such information c:an then be used in equations involving 
the specific: rates of precipitation and infiltration for an 
area. Thus, it is not necessary to model the amount of 
rainfaU and infiltration, just the chemistry and rates of flow. 

a. by Jon 0. Nowlin. Assmning contaminant ""em oval" by-
cropping, how is the crop to be disposed of? 
A. The three advantages in cropping would be: ( 1) to convert 
the dissolved contaminants into solid form, or (2) to 
consume and transform such contaminants as nitrate, BOD, 
etc., or (3) to concemrate the contaminants from a large 
amount of fluid into a smaller volume of crop. However, 
in some cases, cropping would still offer no advantages 
because you still could not dispose of it. 

a. by K. E. Childs. Can these tests be used to evaluate 
other areas, soils, and chemicals, or are the results too 
qualitative for this? 
A. The results are quantitatively useful for the particular 
parameters chosen, but new tests would have to be run for 
other discharges, soils, etc. 

a. by P. K. Saint: Can one quantify the sorption capacity 
of the soil and predict the time of passage of an·ion 
through the vadose :one? How about desorption later on? 
A. Yes, the results can be used for predicting migration, 
and references arc given in the paper to illustrate this. 
Figure 3 in the paper shows the results of desorption 
studies. 

a. by Logan Kuiper. What harmful effects would result if 
the contaminants reached ground water in the case 
considered? 
A. Molybdenum at this concentration (2.1 mgll) could be 
toxic: to ruminant animals, and the TDS (saturated gypsum 
solution) would degrade the quality of the ground water. 
Finally, the 1.0 mg/1 copper would probably not be . 
harmful to health, but would be undesirable because of 
taste. 

a. How do different types of soils affect the leaching 
process? 
A. The processes of removal and leaching are strongly 
dependent on the type of soil. 

a. by G. F. Hendricks. Any study of pick·up of copper by 
plants? 
A. There have been several such studies by others in the 
past, but this was not part of our program. 

a. by Don Lundy. What mechanism retained the copper? 
A. I really did not get into the study of specific mechanisms. 
The experiments were designed only to give a general 
indication of capacity for removal and retention, 

a. by Buck Steingraber. What happened to the sulfate in 
your percolating water-did it come through in the original 
concentration? 
A. The specific conductance that was measured in the 
effluent suggested that the sulfate passed through the soil 
with little or no removal. 

a. What time equivalency in years of precipitation would be 
required to equal the amount of solution put through the 
soil column? 
A. For a semi-arid region, with perhaps 2 centimeters of 
recharge per year, the total volume of solution percolating 
through each cubic centimeter of soil would correspond to 
about 10 saturated pore volumes (assuming 20% porosity) 
per year. In this study [,passed about 300 pore volumes 
through the saturated cc:>lumn, corresponding to 30 years 
of recharge. However, the ions in the experiment were 
retarded by the soil and would move much more slowly 
than the water. · 
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Chemical Equilibrium and 
Kinetics Of Geochemical 

Processes in 
Ground Water Studies 

by Donald Langmuir and John Mahoney 

Abstract 
Geochemical reactions or processes can alter the 

hydrologic properties of a rock. Such reactions (or the 

lack of them) can also render a water fit or unfit for 

certain uses. An understanding of equilibrium and 

kinetic concepts as they apply to water-rock systems 

can greatly improve one's ability to predict the chemi

cal and isotopic composition of ground water. and so 

to better manage ground water resources. For these 

reasons, hydrologists need to know some ground 

water geochemistry. Chemical equilibrium defines the 

boundary conditions; i.e., what are the maximum or 

minimum possible concentrations of some dissolved 

species likely to be? Chemical kinetics defines how 

long it takes to reach equilibrium and by what reaction 

pathways it is reached. Only chemical equilibrium 

concepts are needed to understand ground water 

chemistry when the rates of reactions of interest are 

much faster than ground water residence times in a 

particular water/rock system. Thus. such concepts 

have been most usefully applied in deep basin artesian 

ground water studies. When reaction rates are com

parable to or less than residence times, both kinetic 

and equilibrium concepts apply. This is particularly 

the case in shallow water table systems. Chemical 

equilibrium concepts, including adsorption, have suc

cessfully explained the chemical behavior of many 

ground water systems. In contrast, our understanding 

of geochemical kinetics is in relative infancy, so that 

only the simplest kinetic concepts have been usefully 

applied in ground water studies. In this paper, the 

principles of equilibrium (including adsorption) and 

of kinetics are addressed and illustrated with practical 

applications. 

Introduction 
Purpose and Scope 

Why should a hydrologist know some ground water · 

geochemistry? First, because geochemical reactions 

can alter the hydrologic properties of the rock and 

also well performance. For example, the exchange of 

sodium for calcium on montmorillonite-type clays can 

cause swelling of formation clays. Oxidation of ground 

water around a pumping well can clog the aquifer and 

the well with precipitated ferric or manganese oxyhy

droxides. The mixing of injected thermal or chemical 

wastes can cause encrustation and clogging of wells 

with such phases as silica. gypsum or calcite, or the 

collapse or caving of carbonate rocks. 

A second reason to understand ground water geo

chemistry, relates t9 the intended use of the water. 

Specifically, reactions (or the lack of them) can render 

a water unfit (or fit) for certain uses. Thus. the adsorp

tion or desorption of toxic, including radioactive sub

stances can improve or aggravate ground water qual

ity. Mining of pyrite-bearing rocks can produce acid

mine water, which must be neutralized, freed of iron 

and manganese. and usually diluted before use. Waters 

associated with uraniferous rocks, mine tailings or 

nuclear wastes can be high in their concentrations of 

radioisotopes, and so unfit for drinking or industrial 

use. The hydrologist may develop an exact under

standing of the ground water budget and safe yield of 

an aquifer. However, he should also understand how, 

where and when a ground water supply is adversely 

affected by its chemistry. If the causes of undesirable 

water quality are understood, it is sometimes possible 

to prevent the formation of such waters or to improve 

their quality using the principles of ground water geo

chemistry and hydrology in the siting of wells and 

design of well fields. 
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Chemical Equilibrium and Chemical Kinetics 
The language of ground water geochemistry considers the reactions that occur in gas/water/rock systems, how to describe them, and how then to model and predict, and, if possible, manage them. The state of reactions can be described in terms of concepts of equilibrium or kinetics. Equilibrium models describe boundary conditions assuming attainment of equilibrium. They give no information regarding the pathways or times to reach equilibrium. Kinetic models describe the reaction pathways towards equilibrium, and the reaction position and times along those pathways. Several key questions must be answered initially in a study of reaction geochemistry. First, is the reaction sufficiently fast and reversible so that it can be regarded as chemical-equilibrium controlled, or must it be considered kinetically controlled? Second, is the reaction homogeneous (occurs within a single phase, e.g., water) or heterogeneous (occurs between two phases, e.g., water and mineral surface, or water and gas phase). Slow. irreversible, heterogeneous reactions are those most likely to require interpretation using kinetic models. Third, is there a useful volume of the water-rock system in which chemical equilibrium can be assumed? This may be called the local equilibrium assumption. 

The following example should serVe to illustrate some of these ideas. If we assume a simple first-order reaction (see the kinetics discussion to follow). 

Af:B 
(1) 

At equilibrium, the equilibrium constant equals 
k+ 

KAB =-
(2) k_ 

where k+ and k_ are the rate constants for the forward (A to B) and reverse (B to A) reactions, respectively. 
In an open system that is completely mixed we may write 

v TR = -
(3) g 

where T R is the residence time of the water, V is the completely mixed volume, and g is the volume rate of flow. It can be shown that: 
Tlh = 1n2 = 0.693 (4) k+ k+ 

where T V2 is the half-life of reaction ( 1). If the initial concentration of B is zero, one can also show: 
CA = _,_ + Tlh (5) C8 KAs 0.693 T R 

When T R >> T y2 expression (5) reduces to the equilibrium expression, and equilibrium concepts can be used (Hoffman 1981). Conversely, when T R:::;;;T y2 fora particular reaction, then kinetic concepts are necessary to explain the state of that reaction. 
The composition of most deep confined ground 

water and of some deeper unconfined ground water may remain constant with respect to certain dissolved species for periods of months to years. Such constancy will usually mean that reactions involving those species have come to thermodynamic equilibrium. When this is the case. the water/rock system involved can be considered a closed system in a thermodynamic sense. and equilibrium concepts can be safely applied to describe and explain the chemistry. However, in some water/rock systems, particularly shallow confined or unconfined ones, the chemistry may appear constant in time without the attainment of equilibrium. Such systems may be described as open in a thermodynamic sense, and their constancy described as reflecting steady-state conditions. Following discussion, which is based on Stumm and Morgan (1981 ), is intended to explain and contrast equilibrium and steady-state conditions. Figure 1 depicts schematically how such concepts apply for a reaction A = B occurring in a volume of ground water in contact with both gas and solid phases. For equilibrium concepts to apply to reaction A = B. then the total fluxes of A 
(~dnA) and of B (~dn8 ) must equal zero. The number of moles of A (nA) and of B (n8 ) must be constant, and homogeneously distributed throughout the water. The volume of water and its temperature and pressure must also be constant. If these constraints are met, then, assuming the initial concentration of B is zero, and the initial concentration of A is CA.o= nA.0 N, then at equilibrium KAs = C8 /CA- One can also show CA = CA.0 /(1 + KA8 ), and C8 = CA.o- CA. 

The mathematical description of a steady-state (also called stationary state) open system is far more complicated. For the same reaction A= B. the status of 

Atmosphere 

dnA Phase Transfer 

~ater Volume v 

~ n ~ CA;= VA 
dnA 

Out 

Chemical Reaction: A: B 

dnA P.hase Transfer 

Solid Phases 

Figure 1. Schematic representation of an open 
ground water system and a reaction A = B 
occurring in the aqueous phase, with a flux in A of dnA taking place between the atmosphere, aqueous and solid phases. CA is the concentration of A. nA the number of moles of A, and V the volume of the aqueous phase. 
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that reaction will depend on rates of the forward reac
tion and reverse reaction, which in the simplest case 
(assuming elementary rate laws-see kinetics discus
sion) are described by rate constants k+ and k_ respec
tively, thus: 

(6) 

where v + and v _ are the rates of forward and reverse 
reactions. The rate constants themselves are functions 
of temperature and pressure. The time rates of change 
of CA and C8 are: 

dCA/dt = -k+CA + k_C8 

and 

(7) 

(8) 

For the open system we must consider the material 
balance to the system of steady mole fluxes of A and B 
per unit of volume, V. These fluxes can be designated 
rCA.o and rC8 .0 , where r = Q/V, and Q is the rate of 
flow. In this context CA,o and Cs.o are inflow concen
trations. For steady-state, by definition dCA/dt = 
dC9 /dt = 0, and inflow and outflow rates must be 
equal, so that 

dCA/dt = rCA.o- k+CA + k_C9 - rCA= 0 (9) 

and 

dC8/dt = rC9.0 + k+CA- k_C8 - rC 9 = 0 (10) 

Reaction stoichiometry tells us 

CA + Ce = cA.o + Cs.o 

so that for steady-state conditions 

CA = [rCA.o + k_ (CA.o + C8 ,0 )]/(k+ + k_ + r) 

and 

C8 = [rCe:o + k+ (CA.o + C8.ol]/(k+ + k_ + r) 

(11) 

(12) 

(13) 

Obvidusly, the mathematics is considerably more 
cumbersome than was true of the equilibrium condi
tion. We will say no more of steady-state conditions in 
this paper. Preceeding discussion is intended only to 
suggest that one cannot assume equilibrium exists 
when ground waters are of constant ·composition, 
although the assumption will usually be correct. 

The essence of the equilibrium vs. kinetics discus
sion can be summarized as follows. When reactions 
are fast and reversible (T A>> T •12) equilibrium models 
may be used to describe the state of those reactions. 
On the other hand, when reactions are slow and irre
versible (T 'h ~ T A) kinetic models are needed to de
scribe the state of those reactions. We will find that in 
most ground water reaction half-times range from on 
the order of 1 o-1o sec to 1 as yr or longer, so that both 
kinetic and equilibrium models are necessary for us to 
understand the chemistry and isotopy of the total 

water-rock system. 
The relationship between residence times of dif

ferent water and reaction rates of several types of 
reactions is depicted in Figure 2. In Table 1 are listed 
examples of reaction types and their approximate half 
times. Figure 2 shows that few reactions can be 
assumed at equilibrium in a raindrop, which can be 
considered to have constant dissolved concentrations, 
temperature and pressure for a few seconds or less. 
The most likely reactions to be at equilibrium in the 
raindrop will be most solute-solute or solute-water 
reactions. These would include most acid-base and 
ionization reactions (Table 1 ). Adsorption reactions in 
the raindrop may be at equilibrium when small sorbing 
dust particles are involved. 

The dashed right arrow on the adsorption-desorp
tion line shows rates as long as days. These longer 
times describe adsorption which involves diffusion 
into rock fragments. so that the diffusion rate controls 
the attainment of adsorption equilibrium. The resi
dence times of ground water typically range from a 
few days in karst-type carbonate rocks and some 
highly permeable near-surface gravels, to millions of 
years in deep artesian basins. Obviously, the assump
tion that most chemical reactions are at equilibrium in 
the ground water within a deep sedimentary basin will 
generally be correct. Rates of radioactive decay (usu
ally an irreversible reaction), which range from frac
tions of a second to billions of years, are not shown in 
Figure 2. Isotopic exchange rates are also widely diver
gent (Fritz and Fontes 1980), and so have not been 
plotted. 

Equilibrium Concepts 
The Equilibrium Constant 

Given the reaction: aA + bB = cC +dO, where the 
lower case letters denote the number of moles of their 

._,_precip.~ 

---soil mois.ture---
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-ground waters-

(To) Residence Times -

solute-solute gas-

solute-water water 
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Figure 2. Schematic comparison between the half
times of reactions (T,12;, and the residence times 
(TR) of some waters of the hydrosphere. 
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Table 1 
Examples of Some Reaction Types and Their Approximate Half Times 

Reaction type 

1. Hydration 

2. Acid-base (also Ionization) 

Keq = [H+] [HC03]/[H2C03) 

HC03 = H+ + CO~-

Keq = (H+] [Co~-] 

3. Complexation 

Cu2+ + H20 = CuOH+ + H+ 

Fe(HP>r = Fe(H20)~· + HP 

4. Polymerization and hydrolysis 

AI(OH)~n + (3-n)H20- AI(OH)a + (3-n)H+ 

5. Radioactive decay 

6. Isotopic exchange 

7. Gas solution-exsolution 

8. Oxidation-reduction 

Fe2+ + : 0 2(g) + ; H20 = Fe(OH)a + 2H+ 

Keq = [H+]2 I [Fe2+] (Pol;. 

2-34 

Approximate 
half time 

-.1 sec 

-10·6 sec 

-10·6 sec 

-10-10 sec 

-10·7 sec 

months 

5,570yrs 

months 
-yrs 

Tforward 
less than 
Treverse 

(times: secs-hrs) 

mins-hrs 



Table 1 (continued) 

9. Adsorption-desorption 

Cd2+ + CaX = Ca2+ + CdX 

K = [Ca2+] . [CdX] 
ex [Cd2+] [CaX] 

10. Precipitation-dissolution 

11. Mineral crystallization 

esp.secs 

~sp >weeks 

Fe(OHb · nH20(amorph)- a-FeOOH + (n+1)Hp 
goethite 

yrs 

respective reactant and product species~ we can write: 

Rate+= k+ [A)a[B]b, and Rate_= k_ [C)c[D]d (14) 

This assumes that the forward(+) and back(-) reac
tions are elementary reactions (see kinetics discussion 
that follows). In any case. at equilibrium by definition: 

·Rate+ = Rate_. Thus: 

k+ [C)c[Djd 
~ = Keq = [A)a[B]b 

(15) 

where the brackets denote activities (or effective con
centrations) of the enclosed species. 

Several conventions are adapted in the application 
of the law of mass action (another name for the equilib
rium constant expression in Equation 15). First, for 
solutes (dissolved species), by definition the activity a; 
of species i equals its activity coefficient 'Y;. times its 
concentration m;. or a;= 'Y;m;. where the concentration 
is in molal units (mol/kg solution). (Molar concentra
tions are used by some researchers. but are not pre
ferred because they change with temperature, where
as molal concentrations do not). When liquid water 
appears in a reaction, its activity is equal to the vapor 
pressure of water over the solution, divided by that 
over pure water at the same temperature and pressure. 
In other words: 

[HPJ = PH2o/P ~20 

The activity of water in a solution is also approximately 
equal to its mole fraction in the solution, or [H 20] = 
NH~· For example. in sea water there are 1.14 moles of 
ions per kilogram. and 55.51 moles of water per kilo
gram, so [Hp] = 55.51/(55.51 + 1.14) = 0.98. The 
approximation gives the correct answer in this case. 

However, in a sodium-chloride saturated brine, mNa-:;. 
= mel- = 6.5m at 25 C, and the correct activity of· 
water is 0.75 based on its vapor pressure, whereas 
water activity computed from its mole fraction equals 
0.81. 

As long as pure solids and liquids (including water) 
are always present during a reaction, their activities 
are assumed equal to unity. For gases in equilibrium 
with the solution, gas activity may be assumed equal 
to gas partial pressure in bars for low total gas pres
sures (less than a few tens of bars). In normal dry air at 
sea level for example PN2 = 0.781 bars, Po2 = 0.210 
bars, and Pc02 = 0.00033 bars. (1 bar= 105 pascals= 
0.1 MPa = 0.98692 atm). 

Activities of Dissolved Species 
The concept of ionic strength (I) is necessary in a 

discussion of activities of dissolved species. By defini
tion, I = '12 ~ m;z~, where z is the valence of ion i. Ionic 
strength is computed exactly from a total analysis of 
major ionic species in the water. However, when such 
an analysis is not available, it may be approximated 

·closely from either the total dissolved solids (TDS) or 
specific conductance (SpC). The conductance ap
proach is the more accurate of the two, in that both 
SpC and I are functions of total ionic content, whereas 
the TDS includes non-ionic species such as dissolved 
silica. The approximations for molal ionic strength 
based on TDS (ppm) are: 

I = 2 x 10-s x TDS 
I = 2.5 X 10-s x TDS 
I = 2.8 x 1 o-5 x TDS 

NaCI water 
an 'average' water 
Ca (HC03) 2 wate~ 

or in terms of specific conductance in micromhos at 

I ' 
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25C: · 

1·: 0.8x.10 5 xSpC 
I= 1.7x 10·5 xSpC 
I = 1. 9 X 1 0 !> X SpC 

'NaCI water 
CaSO 4 - MgSO d water 
Ca (HC03 )z water 

As a first approximation, one can usually assume 
that activities of molecular species such as carbonic 
acid (H 2C03) and silica (H 4Si04) equal their molal 
concentrations. particularly in water fresher than sea 
water. More exactly, their activity coefficients increase 
with ionic strength and may be computed from the 
Setchenow equation, which is log y, = Kl. The constant 
K is called the salting-out coefficient, and in NaCI 
solutions equals 0.231 for H2C03 (Millero 1983), and 
0.080 for H4Si04 (Marshall and Chen 1982). 

For ionic strengths below about 0.1 molal (about 
5000 ppm TDS). the extended Debye-Huckel equation 
is commonly used to compute the activity coefficients 
of ionic species. The equation is: 

(16) 

A and Bare functions of temperature. On a molal basis 
A= 0.511 and B = 0.329 at 25 C. The a, is the 'effective 
size' of the hydrated ion in Angstroms (Garrels and 
Christ 1965; Stumm and Morgan 1981). The Debye
Hi..ickel equation is accurate for monovalent ions up to 
I = 0.1 m, and for divalent ions to I = 0.01 m. The 
equation is adequate for obtaining ion activity coeffi
cients in fresh water (TDS-:::; 10.000 ppm). but not in 
brines (TDS > 35,000 ppm =sea water). Activity coef
ficients for some important ions. and ion pairs such as 
CaHCO~ computed with the Oebye-Hi..ickel equation, 
are plotted in Figure 3. 

The Debye-Huckel equation is based on several 
assumptions, which become invalid at high ionic 
strengths. These include that ion interactions are 
purely Coulombic. ion size is independent of ionic 
strength, and ions of the same sign do not interact. 
The so-called 'ion interaction' model developed by 
Pitzer and others (Pitzer 1979; Harvie and Weare 1981) 
accounts for the behavior of ions in water at high ionic 
strength. In highly simplistic terms, the activity coeffi
cient of an ion based on this approach may be com
puted from an equation of the form 

In')';= lny0 H + high ionic strength terms (17) 

where lny0 H is the Oebye-Huckel contribution to the 
activity coefficient, and the high ionic strength terms 
account for two-ion (binary) and three-ion (ternary) 
interactions. Some of these interactions are consid
ered !-dependent. and some !-independent. The ion 

· interaction model is parameterized using a combina
tion of theoretical and empirical information. The 
model has been shown to give accurate results in 
brines up to 20m (Harvie and Weare 1981). Model 
computed soluhilities of gypsum. calcite and aragonite 
are compared to their measured solubilities in NaCI 
solutrons in Fi9ures 4 and 5 after Harvie (1981). The 

0 000, 0 00, 0 0 I 0., 
I (molal) 

Figure 3. Activity coefficients of some ions plotted 
as a func(i(. .1 "'~f ionic strength, as computed with the 
Debye-Hiickel equation. 
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Figure 4. The molal solubilityof gypsum as a 
function of NaCI molality. The dots are the 
measured solubility. The curve has been computed 
using Pitzer's ion interaction approach. The plot is 
from Harvie (1982). 
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Figure 5. The molal solubilities of calcite and 
argonite as a function of NaCI molality 
(Pco2 = 0.97 atm). The ppints are measurer!. The 
curves have been computed using Pitzer's ion 
interaction, ~pproach. The plot is from Harvie ( 1982). 
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modeled and empirical results for gypsum are in excel
lent agreement. However. the agreement for aragonite 
and calcite is less perfect. This reflects the need to 
improve tile accuracy of the high ionic strength terms 
involving Ca2+. Mg 2+ and the carbonate species in the 
model. 

Another application of the ion interaction model is 
summarized in Table 2, which shows the computed 
saturation state of five deep brines (ionic strengths 
from 2.9to 4.8m) at temperatures and pressures up to 
40 C and 130 bars. The saturation state of each water 
with respect to individual minerals is described by its 
saturation index (SI) value, where Sl = log[M2+] 
[SO~-]/Ksp. [M2+] [So~-) is the product of the cation 
and sulfate activities in the brine, and Ksp is the theo
retical solubility product of the mineral. Jon-interaction 
model calculations show all five brines are saturated 
with respect to gypsum, anhydrite and celestite, and 
three of the five with respect to barite. RaSO 4 is under
saturated' in all five by from five to six orders of 
magnitude. 

The Effect of Temperature and Pressure on Reactions 

Most thermodynamic data for reactions is known 
for 25 C and 1 bar, but not for higher (or lower) 
temperatures and pressures. Thus, it is often neces
sary to correct the available data in order to apply 
equilibrium concepts, particularly at elevated temper
atures and pressures. The following arguments are a 
simplified derivation of some of the expressions 
needed to make such corrections. The reader is re
ferred to Garrels and Christ (1965) or Stumm and 
Morgan (1981) for more complete derivations and 
discussion. 

For a reaction: aA + bB = cC + dO, we can write 
.lG = .lH- T .lS. In the latter equation, .lG . .lH and .lS 
are the Gibbs free energy, enthalpy and the entropy of 
the reaction, and .lG = cGc + dG0 - bG 9. The free 
energies in this last equation are the standard state 

values for each reactant and product. Similar state
ments define .lH and .lS for the reaction. At equilib
rium .lG = 0. and J.H = T .lS. At 1 bar pressure .lG 0 = 
.lH 0

- T .lS0
, and at equilibrium .lG 0 = -RT1nKeq. 

The effect of temperature on .lG, and thus on Keq 

may be predicted from 

(cUG) =~S. (a(~GIT))p= _~H or 
aT p aT T2 

( alnKeq) p= ~H 

aT RT2 
(18) 

If .1H is a function of temperature, then we must know 
the heat capacity of the reaction, which is 

.lC = ( a.1H) 
P aT p. 

If .lH is constant between temperatures T 1 and T 2 (i.e., 
if J.CP = 0), then integration yields 

K2 <lH, 1 1 
In(-)=--(---) 

K1 R T2 T 1 

(19) 

.lCP is usually not zero, particularly for reactions 
involving ions. If .:lCP is constant between T1 and T2, 
then integration yields 

K2 .lH, 1 1 
In(-)=--(---) 

K 1 R T2 T 1 

(20) 

Criss and Cobble (1964) (see also Helgeson 1969) 
have developed a method of evaluating the average 
heat capacity of aqueous ionic species at elevated 
temperatures from the ionic entropies at 25 C. Such 
an approach is very useful for reactions with variable 
heat capacities. and can yield accurate results up to 
200 Cor higher in some cases. However, a more accu-

Table 2 
Mineral Saturation Indices for Five Palo Duro Basin (North Texas) Deep Brines 

Sawyer #1 Sawyer #1 Mansfield #1 Mansfield #1 Zeeck #1 

Wolf camp granite wash Wolfcamp Wolfcamp Wolfcamp 

Mineral Zone 5 Zone4 Zone 1 Zone2 Zone3 

Gypsum (±0.2) +0.07 0.00 -0.08 -0.02 -0.11 

Anhydrite (±0.2) -0.12 -0.06 -0.12 -0.07 -0.20 

Celestite ( ±0.3) +0.05 +0.22 -0.19 -0.16 -0.09 

Barite (±0.5) -0.17 +0.34 -0.65 -0.20 -1.44 

RaS04 (c) (±0.5) -5.15 -6.33 -6.22 -6.16 -5.77 

The ± values shown in parentheses by the mineral names are the range of Sl values within which a water is 

considered saturated with respect to that mineral. (langmuir and Melchior 1985). 

I ' 

2-37 



rate approach to reactions involving ions is to write such reactions so that .lCp will be practically constant, independent of temperature. This can be done by balancing the reaction with ions of the same total valence on both sides (Murray and Cobble 1980). For example, .lCP must be practically constant for the 
reaction 

Hco- + OW = C02- + H 0 3 3 2 (21) 
so that with the well known data for the dissociation of water above 25 C, and a value for K2 for the reaction HCO; = H+ +Co~- at 25 C. one can extract values for K2 above 25 C without measuring them. Another example of this approach is the reaction 

(22) 
for which .lCP = -5.1 cal moi- 1K- 1 at 25 C (Langmuir and Melchior 1985). Assuming a constant reaction heat capacity, with a solubility product for anhydrite (-log Ksp) of 4.64 at 56 C (our reference temperature), and the solubility product for barite from Blount (1977) we may compute .lG = 7.518 kcal/mol and .lS = 7.95 cal moi- 1K- 1 for reaction (22) at 56 C. Several addi
tional steps lead us to -log Ksp for anhydrite as a function of temperature based on the value for barite. In Figure 6 are plotted -log Ksp (anhydrite) based on this approach, and computed directly from anhydrite solubility data (Langmuir and Melchior 1985). The agreement is clearly excellent up to 100 C. 

In reactions that involve gases, the effect of pressure is accounted for by writing the activity of the gas as its partial pressure (see above). The effect of pressure on reactions involving solutes, solids and liquids can usually be ignored at depths less than 300m (about 1,000 feet). Hydrostatic pressure affects reactions through the molar volume change of the reaction {.l V). Higher pressure favors a lower molar volume of reactants and products. In other words, whichever of these has the lower total molar volume is favored by an 
increase in P. The effect of pressure on the equilibrium 
constant of a reaction may be computed from the expression 

(a1nK)T = _ .lV 
aP AT (23) 

(Millero 1982). The following example from Langmuir and Melchior (1985) illustrates the pressure effect. A pressure of 130 bars increases the solubility product of barite (BaS04) at 25 C from -log Ksp = 9.97 at 1 bar to 9.87. For gypsum the effect from 1 bar to 130 bars (about 1,300m below the water table) is a change in -log Ksp of from 5.59 to 5.52 at 25 C. 
Equilibrium concepts have been used extensively to define maximum or minimum possible concentrations of dissolved species in ground water. when those concentrations are controlled by the precipitation or 

dissolution of minerals. The complex calculations necessary to apply such concepts, are usually carried out on a computer via computer codes such as WATEQF (Plummer et al. 1976) or PHREEQE (Park-
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Figure 6. -Log Ksp for anhydrite as a function of 
temperature, based on empirical measu;ements and estimated assuming .lC~ =constant for the 
reaction: caz+ + BaS04 = Baz+ + CaS04 (Langmuir and Melchior 1985). 

hurst et al. 1980). For a detailed discussion of such codes see Plummer (this volume). Nordstrom et al. (1979), or Nordstrom and Ball (1984). 

Adsorption-Desorption Reactions 
In a water/rock or water/sediment (soil) system, 

dissolved substances have a tendency to partition themselves between the solution and the surfaces of mineral grains and other solids present. This partitioning is called sorption (Yariv and Cross 1979). Sorption may strictly involve a concentrating of the sorbed 
substance at a sqlid surface (adsorption), or its pene
tration into the in~erior of the solid (absorption). When adsorption involves short-range chemical bonds, it is sometimes called chemisorption. When the bonding is weaker (more physical), and reflects long-range 
electrostatic bonds or van der Waals bonds, it has been called physical sorption. The chemisorption process.is.considered limited to adsorption of up to a single surface layer, whereas physical adsorption may include the surface accumulation of multiple layers of the sorbing species (sorbate) on the solid (sorbent). Dissolution of minerals in processes such as weathering is obviously a major source of chemical con

stituents in ground water. However, the opposing reaction, mineral precipitation, is much less important. in that only a few minerals are insoluble enough to 
reach saturation and to precipitate in any particular 
ground water. Stated differently, only a few dissolved species reach high enough concentration!' in a given 
ground water to be limited br controlled by the solubil
ity of a mineral. On the other hand, all dissolved sub-
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stances in the water/rock system are adsorbed on the 
surfaces of the solids present. The concentrations of 
these substances in the water, then, always depend 
upon the s,orption tendencies of the solids. Mineral 
dissolution-precipitation controls on solute transport 
are only important at relatively high concentrations of 
the solutes when mineral saturation is approached. In 
contrast. adsorption controls solute transport at all 
concentrations below mineral saturation, and be
comes most important as a process at the lowest 
solute concentrations. This point is perhaps best 
understood by looking at a plot describing the adsorp
tion of a typical trace constituent from water onto a 
solid phase (Figure 7). Such a plot is often called a 
sorption isotherm. A tangent drawn to the empirical 
curve gives the ratio of the amount sorbed to its con
centration in solution. At near-zero dissolved concen
trations, the tangent becomes very steep. In other 
words. the highest proportion or percentage of a sub
stance is sorbed at its lowest concentrations. This 
percentage decreases as the sorption capacity of the 
surface is satisfied with increasing concentrations of 
the sorbate. Such behavior is commonly observed for 
trace constituents in ground water. 

Innumerable mathematical models have been-
developed to describe adsorption from solution. Most 
of the familiar ones may be classified as belonging to 
three types. These are the adsorption isotherm mod
els, mass action-type models, and models that com
bine the first two types, with mathematics describing 
the detailed properties of the solution and of the so
called double-layer at the surface between the sorbent 
and solution. We will call the latter double-layer mod
els in this paper. In the following discussion, we will 
comment on the applicability and major limitations of 
examples of each of these models. 

The simplest of the isotherm equations is the 
Freundlich equation, which may be written 

~ =KC m n 

or.in logarithmic terms 

log ~ = logK + nlogC 
m 

(24) 

(25) 

· where x/m is the weight of sorbate divided by the 
weight of sorbent (usually ~g/g or mg/g), K and n are 
constants, and C is the dissolved concentration of the 
sorbate. If n = 1, then K = Kd. The latter is called the 
distribution coefficient. Because of its mathematical 
simplicity, Kd is readily incorporated into transport 
equations. However, as we will see, the adsorption 
behavior of most substances is too complicated to be 
adequately modeled using a Kd approach. Note that 
the assumption of a constant Kd value is the same as 
assuming a linear isotherm in Figure 7, and saying that 
adsorption is independent of sorbate concentration 
and of surface coverage. Some non-ionic organics are 
sorbed (absorbed or partitioned) into soil organic 
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Figure 7. The appearance of a typical adsorption 
isotherm. The maximum percentage of the species 
adsorbed is found at the lowest sorbate 
concentration. The dashed line is the tangent to the · 
isotherm at the origin. Its slope equals the 
distribution coefficient, Kd. 

matter according to linear isotherm behavior (Chiou 
et at. 1983); however, adsorption of inorganic sub
stances rarely obeys the Kd (linear isotherm) model. 

A second familiar isotherm equation is the Lang
muir isotherm, which may be written 

~ = ac 
m 1+bC 

or in a form that gives a linear plot as 

_,_=E..+_,_ 
x/m a aC 

(26) 

(27) 

In this case x/m and C ate measured in repeated 
experiments, to yield the constants a and b. 

In general. the isotherm equations may describe 
adsorption of a single species if there is no solution 
complexing of the sorbate species, the pH and ionic 
strength are constant, and there is no competitive 
adsorption. Perhaps the most successful applications 
of the isotherm equations· have been to physical 
adsorption of trace neutral organics such as pesticides 
onto organic matter or soils. 

A second group of adsorption models may be 
called mass-action type models. The models describe 
a process whereby one sorbate species (usually an 
ion) replaces a second sorbate (ionic) species on the 
surface of the sorbent. For a simple binary mass-action 
reaction (usually called an exchange reaction) we may 
write 

A+ BX= B1...:LAX (28) 
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The general equilibrium expression for the exchange 
reaction is 

= ~cAX"" [A] BXJ (29) 

where the brackets enclose the activities of the aqueous ions, the parentheses the mole fractions of total surface sites occupied by each sorbate,. and n is a 
constant. 

When Kex= n = 1, the adsorption-desorption reaction is said to obey Donnan exchange. If such a model fits the adsorption data, then one can assume a very simple exchange process in which the following conditions apply: (1) ion valence controls exchange, ion
siz~· differences are unimportant; (2) the sorbent has a condant surface charge or cation exchange capacity (CE"'..;); (3) no electronic surface effects take place; (4) sorbate ions are not complexed; (5) activity coefficients in solution and on the surface have equal ratios and are constant. Donnan exchange has been found to closely fit the adsorption behavior of major alkaline and alkaline earth ions on some clays.(Langmuir 1981 ). 

In the case that n = 1, but Kex is not unity, the process may be called simple ion exchange. Corres
ponding conditions are: (1) ion valence and size both control exchange; (2) the surface charge is constant; (3) there are minimal electronic effects and minimal 
complexing of the sorbate ions; (4) activity coefficients on the surface (.\ values) (assumed equal to unity in Donnan exchange) and for the sorbate ions in solution have constant ratios (but may not be constant themselves). Simple ion exchange accurately describes the competitive adsorption of major cations on many clays. (Major cations are those at concentrations of about 10·3m or greater). 

None of the simple isotherm equations or the ion exchange equation can model completitive adsorption when the surface charge of the sorbate changes during the adsorption process, or when the sorbing ion 
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Figure 8. ";r.:rface charge of gibbsite. goethite and 
silica gel from pH 3 to 9. Measured charges depend on the electrolyte and concentration present during measurement (Modified after Greenland and Mf'_tt 
1978). 
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Figure 9. Surface charge of some clays in the pH 
range from 3 to 9, determined using 1.0M CsCI or 
1.0M NH4 CI (Modified after Greenland and Mott 
1978). 

bonds to a surface that has a net surface charge of the charge. A plot of the surface charge of silica gel, same sign. Such behavior is typical of trace metal goethite and gibbsite as a function of pH is given in adsorption onto metal oxyhydroxides as will be dis- Figure 8, which shows that the measured ZPC's of cussed below. these minerals are 2.5, 6.7 and 8.2, respectively. In The surface charge of most solids is net positive other words at pH values below their ZPC's these over a range of acid pHs, and becomes net negative minerals are positively charged, and can readily adsorb for a higher pH range (which may still be acid). The anions, whereas at higher pH's they become cation surface charge of most metal oxyhydroxides usually exchangers. results from the adsorption of H+ or oH- groups Unlike the oxides and hydroxides, the surface (potential determining ions. POl's) onto surface sites charge of clays (except kaolinite) chiefly results from which have unsatisfied bonds or broken bonds which, · unsatisfied negative bonds at the clay surface caused may be considered to expose such groups as -Hp, by a deficiency of cations within the clay structure. -Ho- and -0 2- with increasing pH. These sites may be This charge deficiency may result from vacant cation thought of as surface acid and base sites. Thus, sites or substitution of such ions as A 13+ for Si+4
, for adsorption of H+ ions onto H20 sites may result in example. To the extent that the surface charge of positive H30+ sites. At some intermediate pH, the clays is strictly a result o'f structural effects, it is pH-number of net positive and net negative surface sites independent. This is largely the case for smectities. will be equal, so that the mineral has no net surface The surface 'charge of a bentonite (a smectite) as a charge. This pH is called the ZPC or zero point of function of pH is shown in Figure 9, and can be sean to 2-40 



increase by less than 9 meq/100 g of clay or +10 

percent between pH 3 and 9. This increase in surface 

charge can be ignored over a wide pH range. which is 

why ion exchange concepts apply rather well to the 

smectites. The increase is real, however. and repre

sents a larger percentage of the net surface charge for 

the illite and kaolinite plotted in the same figure. It 

reflects the presence of broken or otherwise unsatis

fied surface bonds at the corners and edges of clay 

particles that have acid and base properties equivalent 

to those exhibited by the metal oxyhydroxides. The 

charge characteristics of these sites then. change with 

pH because of the adsorption and/or desorption of the 

potential determining ions H+ and OH-. Ignoring the 

effect for illite is not serious if adsorption takes place 

over a narrow pH range. However, in kaolinite the 

surface charge is almost entirely due to adsorption of 

H+ and OH- onto an oxyhydroxide-type surface. The 

percentage change in the relatively small net surface 

charge of kaolinite with pH is obviously quite large 

and cannot be ignored. lon exchange models would 

then be unsuitable to describe competitive cation 

adsorption onto kaolinite, except at a constant pH. 

This same pH-dependence of kaolinite surface 

charge is evident from Figure 10. which shows Pb 

adsorption from a landfill leachate. The increase in net 

negative surface charge (or cation exchange capacity) 

with pH is manifest by the markedly greater Pb 

amounts that can be adsorbed at pH 6 than at pH 3. 

(The dashed vertical lines extending above the data 

points at pH 5 and 6, reflect the precipitation of lead 

hydroxy-carbonate at these dissolved Pb concentra

tions and pH's.) The plot shows that at every pH, the 

adsorption of lead follows a different adsorption iso

therm. Clearly, the isotherm modeling approach is 

only qualitatively useful for such a complex problem. 

In most adsorption modeling studies employing 

isotherm equations or ion exchange concepts. the 

assumption is made that the total conaentration of a 

sorbate ~pe~ies is available to react with the surface of 

the sorbent. This· assumption is roughly correct in 

dilute solutions in which sorbate species do not inter

act. with other dissolved species to form complexes. 

Typically, neutral or negatively charged complexes 

are more weakly adsorbed (if adsorbed) on a net neg

ative surface. than are cations. For example, the adsorp

tion of Cd onto montmorillonite at different ionic 

strengths of NaCI solution is plotted in Figure 11 in 

isotherm fashion. Adsorption is seen to decrease 

rapidly with increasing NaCI concentrations. Cadmium 

is known to form strong complexes with chloride, 

from CdCI+ to CdCI~- (Smith and Martell 1976: Long 

and Angina 1977). The amount of the cadmium in 

these complexes must increase with the chloride con

centration. That adsorption decreases with chloride 

content indicates that the complexes are poorly ad

sorbed compared to Cdz+ ion. 
A more general model than simple ion exchange is 

the power exchange function, which corresponds to 

Equation 29 for the competitive exchange reaction, 

with n typically equal to from 0.8 to 2.0 (Langmuir 
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Figure 10. Adsorption of Pb from DuPage leachate 

by kaolinite at 25 C, as a function of pH. Dashed 

vertical lines show the Pb concentration at 

saturation with Pb hydroxy-carbonate solid 

(Modified after Griffin and Shimp 1976). 
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Figure 11. Influence of Cd-chloride complexing on 

cadmium adsorption by montmorillonite. Molal 

values in the figure are the concentrations of NaCI 

present for each isotherm curve (Modified after 

Garcia-Miragaya and Page 1976). 

1981 ). The function is r~lated to regular solution behav

ior and Freundlich isotherm behavior for certain con

ditions, but is otherwise strictly an empirical statement 

of adsorption behavior. Plotted in Figures 12 and 13 

are empirical data for Cd vs. Ca adsorption onto 

montmorillonite using the log linearized form of the 

·power exchange function. 

logK + nlog CdX 
ex CaX 

(30) 

where CdX and CaX are the mole fractions of Cd and 

Ca adsorbed, and the brackets enclose the activities 

of the ions in solution. The adsorption data is seen to 

closely fit three separate power exchange functions. 

For Cd concentrations in excess of Ca. the exchange 

reaction is Donnan. with Kex = n = 1. However, as Cd 

·drops below Cain solution, a power exchange func

tion with Kex = 0.9 and n = 2.00 is needed to fit the 

2-41 I ' 



,.., 
+ 
N 

c:; 
(.) 
'--' 

' ,.., 
+ 
N 
"0 
(.) 
'--' 

Cl 
0 

...J 

1.0' 

0.5 

0 

Ca-Mont 

Cd 

Kex = 0.98 
-- n:1.01 

r = 1.00 

Kex=0.91 
n = 2.00 
r = 1.00 

-0.5 ~--~~--------~---------...J 0 0.5 1.0 

Log (CdX/CaX) 

Figure 12. Power exchange function plot for Ca2+
Cd2+ exchange onto Ca-montmorillonite. 'r' values 
are correlation coefficients (Langmuir 1981 ). 

data. At still lower Cd concentrations (where Cd be
comes a trace constituent) a third, power exchange 
function fits the data. It should be noted that the 
adsorption calculations are written in terms of the 
activities of free dissolved cations, corrected for ionic 
strength and complexing. 

When the power exchange function is needed to fit 
the adsorption data, then some specific adsorption is 
taking place. In other words, there is significant adsorp
tion of solute ions onto a surface that has the same net 
surface sign. This seemingly bizarre behavior is typical 
of trace metal adsorption. It reflects the fact that the 
net surface charge is just that; the sum of the surface 
charge due to all surface sites present, of which some 
will be positive and some negative, regardless of pH. 
Not only are such mixed charge sites always present, 
but the trace metal adsorption process itself produces 
such sites. Although the power exchange function 
can fit such empirical behavior, it does not explain it. 
The model is thus too simple to incorporate all the 
factors controlling adsorption we have already dis
cussed. 

Early work on trace element adsorption by metal 
oxyhydroxides revealed that the adsorption of trace 
metal cations was practically complete at pHs below 
the ZPC of the oxyhydroxides.l n other words, specific 
adsorption of the metals was occurring onto surfaces 
having the same net surface charge as the sorbing 
ions. Such behavior was inconsistent with available 
theory. An example of such adsorption is given in 
Figure 14. The ZPC of the amorphous ferric oxyhy
droxide is 7.9, so that virtually all the uranyl is adsorbed 
onto a net positive surface. The plot is called an 
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Figure 73. Power exchange function plot for Ca2+
Cd2+ exchange onto Ca-montmorillonite. ·r· values 
are correlation coefficients (Langmuir 1981 ). · 

adsorption edge plot, and the pH of the edge (defined 
as the pH for 50 percent adsorbed) is near 4. 

In order to explain such specific adsorption, James 
and Healy (1972) suggested that the adsorption free 
energy be written 

coul 
(+or-) 

solv 
(+) 

chem 
(+or-) 

where ~G~oul is the coluombic adsorption term. Its 
value is positive (inhibiting adsorption) when specific 
adsorption is involved. ~G~otv represents the energy 
of dehydrating the water-coordinated metal ion in 
order to bring it closer tO the surface. This term is 
proportional to z2, where z is the charge of adsorbing 
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Figure 74. Adsorption of uranyl onto amorphous 
ferric oxyhydroxide at 25 C in C02-free 0.1M NaN0

3 solutions (Hsi and Langmuir 1985). 
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metal ion or complex. Because ~G~otv is positive, it 
also inhibits specific adsorption. However. its z2 depen-
dence shows that ~G~otv becomes much less positive 
if a met.::: ~omplex of lower valence is formed. ~G~hem 
denotes the free energy of chemical bonding, and 
must be negative in sign in the case of specific adsorp
tion. That metal-hydroxy complexes are more readily 
adsorbed by the oxyhydroxides than are free metal 
ions. is clear from Figure 15. The plot shows that 
metals that form the strongest hydroxide complexes 
are adsorbed at the lowest pHs. According to Hsi 
(1981) (see also Hsi and Langmuir 1985) the adsorp
tion of uranyl in Figure 14 is chiefly as the hydroxy 
complexes U0 20H+ and (U02 lJ(OH) 5+, not free 
UOl+ ion. Shortcomings of the James and Healy 
(1972) model, are that the acid-base complex proper
ties of the sorbate surface were not considered, and 
that the free energy of adsorption of all species of the 
same metal were considered equal. 

The state-of-the-art in adsorption modeling is prob
ably the surface-ionization and complexation-type 
model (Davis et al. 1978; Davis and Leckie 1979. 1980; 
Westall and Hohl 1980; and Hsi and Langmuir 1985). 
These are the first models that can deal with ion 
exchange and specific adsorption of anions and 
cations. variations in both surface charge and potential 
(related to pH). the effects of ionic strength, and the 
simultaneous adsorption behavior of several com
plexed and uncomplexed metal and non-metal spe
cies. The models employ a combination of mathe
matical functions derived from double-layer theory 
relating the charge. potential and capacitance in the 
double layer, and mass-law expressions for adsorption 
of species within the double layer. Rigorous applica
tion of such a model necessitates that a great many 
measurements be made of the solution and sorbents 
to adequately characterize the adsorption process. 
The important "fixed" basic parameters and adjustable 
parameters in the model are listed in Table 3. 

Recent years have seen rapid development and 
refinement of this model approach, particularly for 
single sorbents and relatively simple solutions. Figures 
1& Sind 17 show the excellent fit of model-calculated 
adsorption to empirical data for uranyl species adsorp
tion involving both hydroxyl and carbonate complex
ing on goethite. Values are the intrinsic constants for 
adsorption of the aqueous species onto the corres
ponding surface sites indicated in the figures. Although 
most determinations of metal adsorption using this 
approach have so far dealt with pure. single minerals. 
the model can, in principle, also be applied to adsorp
tion by whole rocks and soils, if the same measure
ments are made on these heterogeneous materials. 

30+------~-------~----~------~-----, 

25 

20 
oK 11 

15 

10 

4 6 8 10 12 

pH 

Figure 15. The pH of the 50 percent-adsorbed point 
taken from plots of the adsorption edge curves for 
the metals shown, based on published studies 
where the total metal concentration was about 10-4 

molal in an indifferent electrolyte. Sorbents are 
various oxyhydroxides. pK 11 is -logK 11 where K 11 is 
the equilibrium constant for the reaction: 
Mn+ + H20 = MOHn-l + H+ (Langmuir 1983). 

Table 3 
Parameters Needed in the Surface Ionization 

and ·complex =stion Model 

Fixed, experimentally determinable parameters 

1. Surface site density, N5 

2. Specific surface area 

3. Intrinsic equilibrium constants for the surlace 
reactions involvin_g: 

b. Major cations and anions of the electrolyte 

c. Other ions. including complexes of the metal of 
interest 

Adjustable parameters 

1. Inner layer capacitanc.e. C1 

2. Outer layer capacitance, C2 (usually assumed 
constant for all surfaces at 20,.,.F/cm) 

Measurements of the co-variation in surface charge from studies of the simpler sorbent systems. This 
and potential on soils described by Greenland and approach has been used to apply the model to the 
Hayes (1978) represent a first step in the future appli- migration of metals in acid sulfate water through soils 
cation of these models to complex natural water-rock by Peterson et al. (1985) as reported in this volume. 
systems. The characterization of complex natural rock The surface ionization and complexation adsorp-
surfaces and soils in terms of the number and propor- tion model has been combined with a transport code 
lions of, for example. Si, AI and Fe( II I)-type sites may by Jennings et al. (1982). and also by Mill~r (1983), 
allow prediction of whole rock adsorption behavior and Miller and Benson (1982). The code written by 
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Figure 16. Adsorption of uranyl onto 1 giL goethite 
in suspension in 0.1M NaN03 solutions at 25 C. 
Total uranium is ur5M. Circles are experimental 
data. The solid curve is model calculated assuming 
the monodentate and tridentate surface complexes 
shown in the figure, and the presence of a dissolved 
(U02h(0HT7 complex, which is not adsorbed. p•Kint 
denotes the intrinsic stability constants of the 
surface complexes {Hsi and Langmuir 1985). 

Miller and Benson can also compute the effect of 
mineral precipitation and dissolution on the transport 
process. 

Summary of Adsorption/Desorption 
The number of independent variables that must be 

quantified in order to accurately model the adsorption 
of most trace metals, even in a laboratory system will 
generally exceed ten {Table 4). These variables include 
properties of the solution and of the sorbent phase.ln 
some instances many of the variables are sufficiently 
constant to be ignored in a particular water/rock sys
tem, and simple mathematical models such as the 
isotherm equations or even Kd can be used to predict 
adsorption behavior. Before assuming their applica
bility, it is important to realize what simplifying assump-
tions are implied by each model. For example, the 
most accurate application of the isotherm equations is 
probably to non-competitive adsorption of molecular 
organic compounds. The simple ion-exchange model 
is best limited in application to competitive adsorption 
of major cations by smectite-group clays. Rigorous 
modeling of trace metal adsorption by metal oxyhy
droxides or kaolinite involves specific adsorption, often 
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Figure 17 .. '\:isorption of uranyl onto 1 g/L goethite 
in suspension in 0.1 M NaN03 solutions at 25 C. 
Total uranium is 1o-5M. CT denotes total carbonate 
concentrations maintained during the two sets of 
experiments. Symbols are experimental data. T-he 
solid curves have been model calculated 
considering U020H+, (U02)3(0HJ;. U02(C03)~-. and U02(C03)~- surface equilibria (Hsi-and 
Langmuir 7985). 

of metal-hydroxy complexes, which can be most accu
rately modeled using the surface-ionization and com
plexing model. All these adsorption models have been 
combined with transport codes, and successfully used 
to model and predict empirical field and/or laboratory 
data (Pearson 1984). 

Because of the mathematical and conceptual sim
plicity of isotherm and ion exchange models, research
ers often use them for adsorption modeling when it 
should be quite clear that the adsorption process is far 
too complex to make sense in terms of only two or 
three independent variables. Figure 18 is a plot of Kd 
values for the sorption of neptunium(V) by 18 different 
minerals. Values of Kd range over nearly five orders of 
magnitude at pH 4, and three orders of magnitude at 
pH 9. How can one confidently pick a single value or 
narrow range of values for modeling purposes? Clearly I 
one cannot The adsorP.tion data must be collected 

Table4 
Comparison of Adsorption Models 

Model 

Freundlich isotherm 

Langmuir isotherm 

Simple (binary) ion exchange 

Surface-complexation + 
ionization model 

Number of 
independent variables 

1 

2 

3 

4 

>10 
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Figure 18. Sorption of trace neptunium (V) in 0.1M 
NaCI solutions by 18 different minerals as a function 
of pH, expressed in terms of Kd. Open symbols and 
closed symbols are oxic and anoxic waters, 
respectively (Myer eta/. 1984). 

with sufficient measurements made on both the solu
tion and the sorbate minerals to permit parameteriza
tion of a model such as the surface ionization and 
complexation model, if the purpose of the work is to 
predict the adsorption behavior of neptunium. 

Kinetic Concepts 
In the introduction we discussed the general rela

tionship between kinetic and equilibrium concepts. It 
was concluded that when reaction rates are compar
able to or less than residence times of waters, the state 
of the reactions in question cannot be defined without 
the use of kinetic concepts. We also concluded that 
reactions occurring within a water (homogeneous 
'reactions) are generally very fast, with half times of 
seconds or less, and so can be considered at equilib
rium in most natural waters. On the other hand, reac
tions between the water and minerals such as precipi
tation/dissolution (a heterogeneous reaction) have 
half-times usually of days to tens of years or more. 
Such reactions can often be considered at equlliotium 
in deep artesian ground water, but not in many shallow 
water table systems. 

In this section we will discuss fundamental con
cepts of kinetics with examples from among reactions 
of geochemical interest. The reader who wishes a 
more in-depth treatment of geochemical kinetics than 
presented here, is referred to the works of Berner 
(1978, 1981), Hoffman (1981). Lasaga (1981), and 
Helgeson et al. (1984). 

Unlike chemical equilibrium concepts. which have 
led to the quantitative understanding of ground water 

· chemistr-Y in many water/rock systems, chemical 
· kinetic concepts are not easily applied to natural sys-
. terns. This is particularly true of reactions involving 
minerals and the ground water. The rates of such 
reactions are strongly dependent on the surface char
acteristics of mineral grains, adsorbed trace sub
stances on mineral surfaces, and often on the activities 
of organisms (Berner 1978). Laboratory rates of min
eral dissolution may be orders of magnitude faster 
than observed in nature because of enhanced reactivi
ties ofthe laboratory-prepared mineral grains, and the 
adsorption of dissolution-inhibiting trace species such 
as phosphate in the natural system. Laboratory rates 
of Fe( II) oxidation, for example, are much slower than 
naturally observed oxidation rates, when the latter are 
catalyzed by microorganisms. 

A number of researchers have attempted to apply 
kinetic concepts, and in particular, the kinetics of 
mineral/precipitation/dissolution reactions to ground 
water systems (cf Claassen 1981; Paces 1983). 
Although the results of such studies have been quali
tatively reasonable, our inability to quantify such prop
erties as the wetted surface area of reacting minerals 
in an aquifer will probably preclude the rigorous appli
cation of kinetic concepts to ground water studies. 

In any case, it is hoped that the following discus
sion of kinetics will indicate some of the useful appli
cations of such concepts, as well as their limitations in 
ground water geochemical work. 

Reac~ion Types 
In kinetics, a fundamental distinction is made be

tween elementary and overall reactions. An elemen
tary reaction is a reaction that takes place between 
reactants and products on a molecular level. For 
example, 

H+ + OH-=H20 
C02(aq) + OW = HC03-

H4Si04 = Si02 (quartz) + 2HP 
I 

are elementary reactions. The reactants and products 
of elementary reactions may be ions, molecular spe
cies, radicals or free atoms. For example, the break
down ofozonetooxygen 203-302' probably involves 
the elementary reactions 

~1 ~2 
0 3 = 0 2 + 0 and 0 + 0 3 - 3 0 2 

k_, 

where one of the intermediate species is a free oxygen 
atom (Lasaga 1981). It is often assumed that such 
reaction intermediates have a highly transient exist
ence. and that their rates of formation and disappear
ance quickly become equal during an overall reaction. 
If this is correct for the ozone breakdown reaction, 
and k_2<< k+2, then for steady-state conditions 
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The steady-state assumption allows us to solve for the 
concentration of atomic oxygen and so eliminate it 
from further consideration in rate law calculations 
(Lasaga 1981). A related assumption is that when 
equilibrium exists in an overall reaction, then the for
ward and reverse rates of each elementary reaction 
within it must be equal. This is called the principle of 
microscopic reversibility. 

Describing an overall reaction such as 

Fe~ + 1/4 0 2 + 5/2Hp = Fe(OHh + 2H+ 
in terms of its individual elementary reactions is de
scribing its reaction mechanism. The pathway of an 
elementary reaction is explicitly defined by how it is 
written, whereas the pathway of an overall reaction is 
not. Rates of overall reactions are determined by the 
rates of elementary reactions comprising the overall 
reaction. As a corollary. the rate of an overall reaction 
can be predicted only if the rates of its component 
elementary reactions are known. The rates of elemen
tary reactions are always proportional to the concen
trations of individual reactants, whereas the rates of 
overall reactions may not be. 

The speed of an overall reaction is usually gov
erned by a rate determining step. For sequential reac
tions such as 

- + HC03 + H = H20 + C02(aq) 

and 

the first reaction is very fast, going to completion in 
fractions of a second, whereas the second is orders of 
magnitude slower, and so rate-determining. In the 
case of parallel reactions. the fastest reaction is rate 
determining. For example, the oxidation of pyrite by 
dissolved oxygen gas 

FeS2(s) + 7/202(aq) + H20 =Fe~+ 2SOl- + 2H+ 

is relatively slow compared to its oxidation by ferric 
iron 

FeS2(s) + 14Fe3+ + 8H20 = 15Fe~ + 2SO/· + 16H+ 

Accordingly, the second reaction is rate-determining 
(as long as ferric· iron is available). Because rates 
depend on concentrations, the rate-determining step 
may change with concentration. For example, the rate 
of calcite dissolution is pH-dependent in acid water. 
but depends on the H2C03 concentration at higher 
pHs (Plummer et al. 1979). 

Rate laws 
For a hypothetical elementary reaction A= B. the 

rate of the forward reaction A-B is given by dA/dt = 
k+(A), the rate of the reverse reaction B-Aby dB/dt = 
k_(B). where k+ and k_ (both functions of temperature) 

reactions. and the parentheses enclose concentrations 
of the species A and B. 

For elementary reactions in general (Gardiner 1972) 
one can write for the forward and reverse rates 

and 

R+ = k+ II (A;tv; 
reactants 

R_ = k_ II (A;)Yi 

products 

where the A; terms and their exponents are the prod
ucts of the concentrations of reactants and products 
raised to the power of their stoichiometric coefficients. 
At chemical e4uilibrium R+ = R_ and we can write 

k+/k_ = 11 (A;)~~= Keq 
reactants 

and products 

where Keq is the equilibrium constant. Tt"!_is ~xpression 
relates the rate constants of elementary reactions to 
their equilibrium constants, and shows that if Keq and 

. a single rate constant are known, the second rate 
constant need not be measured. Rimstidt and Barnes 
(1980) used this relationship (called the principle of 
detailed balancing) to obtain the rate constant for 

Table 5 
Summary of Rate Laws and Their Integrated 
Forms for Some Simple Reaction Orders. 

{Gardiner 1972; Lasaga 1981) 

Zeroth order 

dA/dt = k_ 

-dA/dt = k+ 

First Order 

dA/dt = k+ (A5 - A) 

Second order 

dA =k A2 
dt + 
(vA = -1 or -2) 

dA -dt = k+ (A) (B) 

A=A 0 +k_t 

In A= In A0
- k+t 

In (As- A) 
(As- Ao) 

are the rate constants for the forward ar.d revers~ _4 6--------------------



dissolution of the several silica polymorphs (k+) given 
their empirical solubilities (Keq values) and the precipi
tation rate constant (k_). 

The order of an elementary reaction is defined by 
the number of individual atoms or molecules involved 
in the reaction. For example, the rate of reaction A + 
28 = C can be written -dC/dt = k+(A)(B)2• This reac
tion is first order with respect to A and C. second order 
in B. and third order overall. 

Table 5 is a summary of the differential and inte
grated forms of some simple rate laws. In the inte
grated rate expressions the zero superscript denotes 
the concentration of that species at t = 0. The sub
script s, indicates the concentration of a species at 
equilibrium or saturation with respect to a solid phase. 
It is useful to consider the half-life or half-time of 
reactions, when half of a given reactant has been 
depleted. For a zero order reaction the half-time is 
given by ty2 = 0.5 A0 /k+. The half-time of a first order 
reaction is ty2 = 0.693/k+. 

Lasaga (1981) and Gardiner (1972) discuss the 
rate expressions for third and higher order reactions. 
These topics are beyond the scope of this paper. Some 

examples of empirical rate laws for a number of reac
tions of geochemical interest are listed in Table 6. 

Mineral Precipitation/Dissolution Reaction Kinetics 

Only rarely do we know the elementary reactions 
(i.e., the reaction mechanism) of overall reactions of 
geochemical interest. This is particularly true of hetero
geneous reactions such as mineral precipitation/dis
solution. This is in spite of the fact that the empirical 
rate laws for a number of geochemically important 
overall reactions have been determined in recent years 
(cf Table 6). 

In principle, there are several different types of 
processes that can control the rates of mineral precipi
tation and dissolution. In moving ground water these 
include mass transport, diffusion control and surface 
reaction control. Berner (1978, 1980) has observed 
that the dissolution of silicates including quartz, amor
phous silica and feldspars, calcite and apatite all dis
solve according to surface reaction control. On the 
other hand, the rate mechanism of dissolution of more 
soluble minerals such as gypsum and halite is usually 
transport-controlled. 

Table 6 
Some Kinetic Data of Geochemical Interest 

A. The FeSO~ complex 

Formation of the Fe SO: complex may be written 
(Pagenkopf 1978): 

2 k+ 
Fe3+ + 504- = FeSO+ 

k_ 4 

for which the forward reaction (second order) rate 
expression is 

In this expression k+ = 6.37x 1Ql liter mol- 1 sec- 1 at 
25 C. The reverse reaction rate (first order) is given by: 
R_ = k_ [Feso:]. The equilibrium constant is Keq = 
205 mol- 1, from which because Keq = k+/k_, we com
pute k_ = 31 sec- 1. Calculated rates and concentra
tions for this reaction as a function of time are given in 
Figures 23a and 23b. 

B. Radioactive decay: the example of 14C 

Radioactive decay is a first order, usually irreversi
ble reaction-with a rate. which is given by 

dn dt =-k+n (1) 

which upon integration yields: n = n0 exp(-k+t), where 
no and n are the total number of molecules present at t 
= 0 and t. The half-time for radioactive decay is: T 'h = 

0.693/k+. Radiocarbon dating is based upon the 
reaction 

14N+ 1n_14C+ 1H 
7 0 6 1 

which introduces 14C into living organisms. Upon their 
death, if no new 14C is introduced 

so that the integrated. form of Equation 1 above 
becomes: 

14C = e4C0)exp(-k+t) 

or in natural logs: lnC4C) = lnC4C0)- k+t. 

Transposing leads to 

t = ...!.... In ( no) = ...!.... In ( do) 
k+ n k+ d 

(2) 

where d and d 0 are the disintegration rates per minute 
per gram of carbon (dpm/g) at t and t0 • Because T 'h = 
5,570yrs, and k+ = 0.693/T'h, then k+ = 1.24x 10-4 yr- 1• 

Substituting back into (Equation 2), and converting to 
common logs, with d0 = 15.3 dpm/g, we obtain 

t(yrs) = 18500 log ( 
1 ~3J 
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Table 6 (continued) 

c. Oxidation of organic matter and sulfate reduction 

There are several groups of organic substances in any sediment, each group of which has its own decay rate (Westrich and Berner 1984). Decay rates, whether oxic or anoxic, obey first-order kinetics. For each group G.· dG-/dt= -kG,. For the total organic material ' r· 1 .1 
present GT 

n 
dGT/dt =:Lk;G;. 

0 

(GT is assumed the total decomposable organic matter). Integration of the initial rate equation gives for G; as a function of time 

G;(t) = G0 ; (exp(-k;t)] 

where G . is the initial amount of G,. Experimental or 
observation of organic in sediment decay rates leads to 

GT(t) = G01 (exp(-k 1t)] + G02 (exp(-k2t)] + Gnr (1) 
where GT is some measure of the total organic content in the sediment such as TOC, the first term on the right is the highly reactive fraction, the second term the less reactive fraction, and G 0 , denotes organic matter, which is non-reactive during the study. 
In their study of modern marine sediments, Westrich and Berner (1984) found G01 =50 percent, G02 = 16 
percent, and G nr = 34 percent of TOC. For oxic decay their empirical rate constants were: k1 = 18yr-1 (T 'h = 0.039yr= 14 days), and k2= 2.3yr- 1 (T 'lz= 0.3yr= 110 days). For anoxic decay of the same organic matter, which follows the same rate equations, they obtained k, = 4.4 yr- 1, and k2= 0.84 yr- 1.lf similar rates apply to 
natural water/rock systems, which will generally have 
much longer residence times than considered in this 
study, one can expect that organic matter similar toG 1 will have disappeared (T 'h = 14 days). G2 kinetics will still be important. However, rates of decomposition of more recalcitrant organics (G 0 ,), because they include perhaps most of .the· toxic organics will still be 
important. .. 

If sulfate reduction is organic carbon limited in the sediment described by Westrich and Berner (1984), then the same rates of organic carbon oxidation apply. For sulfate reduction, assuming that the organic carbon may be generalized as CH20, the reaction may be 
written: 

2CH20 +so:-- H~ + 2HCO"j 

The rate of sulfate reduction, R(t) may be written 
R(t) = 1/2K G0 [exp(-kt)) 

!R(t) = A0 1 [exp(-k,t)J + A02 [exp(-k2t)J 
This, of course, assumes G0 , is inert. From their measurements, Westrich and Berner (1984) obtained k1 = 7.2yr- 1 and k2= 1.0yr-1; rate constants nearly equal to those for anoxic decay, as expected. These constants may be compared to mean values based on the work of others of k1 = 8.0±1 yr-1, and k2= 0.94±.25 yr- 1• 

D. Gypsurn dissolution 

The dissolution of gypsum follows first-order kinetics as expressed by the equation 

dC = k+A(C
5 - C) 

dt 

where A is the mineral surface area ~xposed to a volume of solution at time t. and C5 = 0.0154 mol kg- 1in pure water at 25 C (Langmuir and Melchior 
1985). The approximate rate constant at 25 C and zero flow is k+ = 2x 10 -4cm sec - 1 (Estimated from James and Lupton 1 978; Claassen 1981). James and Lupton's measurements at 5,15 and 23 C lead toEa= 10.7 kcal mol- 1, and a temperature dependence of the rate constant at ground water flow rates (<0.2cm sec- 1) of 

log k+ = 4.14- 2338/T 

where k+ is in em sec- 1 .In agreement, Liu and Nancollas suggest E8 = 10± 1.5 kcal mol-1. Karshin and Grigoryan (1970) obtained activation energies of 7.1 and 3.7 kcal mol- 1 for dissolution of the {010} gypsum 
crystal face and faces perpendicular to (010}, respectively. Most authors consider gypsum dissolution to be chiefly diffusion-controlled. Calculated diffusion 
coefficients range from 4 to 8x 10-6 cm2 sec-1 (Barton 
and Wilde 1971: Christpffersen and Christoffersen 1976). 

James and Lupton (1978) found that gypsum solution rate increased with ionic strength. Their rate data measured at a flow velocity of 15 em sec- 1 in up to 1. 7m NaCI solutions fits the equation k' Ike;= 1 + 2.2 yi.The rate constantfor gypsum dissolution increases with flow velocity according to 

where the velocity, v, is in em sec-1 at 25 C (James and Lupton 1978). 

E. Oxidation of ferrous iron 

There are two overall oxidation reactions for ferrous iron below pH 3.5 (Stumm and Morgan 1981; Morel1983). Below pH 2.2: 
But A0 = 1/2KG0 , so that for the overall rate we find: 
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Table 6 (continued) 

Above pH 2.2, but below about pH 3.5: 

Fe2+ + 1/4 0 2 + 1/2Hp = FeOH2+ 

The empirical rate law for Fe2+ oxidation under these 
acid conditions (Rate law #1-Figure 24) 

d [Fe(ll)] = _ k [F (II)] p 
dt + e o2 

which is seen to be second order and pH-independent. 
Empirically, at 20 C k+ = 10-3·2 day- 1 atm- 1• Under 
atmospheric conditions, with P 02 = 0.2 atm (constant), 
the rate becomes pseudo first-order, and T y2 = -In 
2/0.2k+ = 5,500 days (15 yrs). Studies of the same rate 
with bacterial mediation show it to be about 106 times 
faster than the inorganic rate, so that T '!/"'8 min. 

Above about pH = 4, the rate of Fe 2+ oxidation is 
related to the overall reaction 

The empirical rate law (Rate law #2;_Figure 24) is 
given by: 

d [Fe(ll)] 
dt 

for which k+ = 1.2x 10- 11 day - 1 mol 2 atm- 1 at 20 C. If 
Po2 = 0.2 atm. and pH = 6, the rate law becomes 
pseudo first-order, with ~ = 2.4 day - 1

• For these 
conditions T'h = 0.693/2.4 = 0.29 days= 7 hrs. At pH= 
7 and P02 = 0.2 atm. k~ = 240 day - 1

, and T y
2 

= 4.2 
min. The activation energy for the rate law above pH 4 
is about 23 kcal/mol. 

F. Pyrite and marcasite oxidation by ferric iron 

Wiersma and Rimstidt (1984) measured the rate of 
the overall reaction 

FeS2 + 14Fe3+ + 8Hp ~ 15Fe2+ + 2SO~- + 16H+ 

at pH 2.0 and 25 C. The reaction is first order, and 
follows the rate law 

- d(Fe3+) = k+ ~ (Fel+) 
dt M 

where (Fe3+) is the molal concentration of free (un
complexed) ferric iron, and AIM the surface area of 
reacting mineral per mass of solution. k+ values range 
from 1.0x 10-4 to 2.7x 10-4 sec- 1, and are not signifi
cantly different for pyrite and marcasite. The activation 
energy is 22 kcal/mol, based on rate measurements 
between 25 and 50 C. The rate-determining step is not 

known (See also Wadsworth 1979). 
Oxidation of sulfides and sulfur compounds by 

thioacteria, which are all aerobic, can greatly speed up 
rates of oxidation, particularly over the inorganic rates 
when molecular oxygen is the oxidizing agent (Krama
renko 1969). 

G. Calcite dissolution and precipitation 

According to Plummer et al. (1979) the rate of 
solution or precipitation of calcite is given by 

R = k1 [H+] + k2 + k3 [Hp]- k4 [Ca2+] [Hco;J (1) 

where R is in mmol, cm-2 sec- 1 and rate constants k 1 
through k3, correspond to the reactions: 

CaC03 + H+ = Ca2+ + HCO; 

CaC03 +H 2C03 = Ca2+ + 2HCO; 

CaC03 + HP = ca2+ + Hco; + oH-

At concentrations well below saturation with cal-' 
cite, the k1 term dominates the rate equation up to pHs 
between about 4.5 and 5.5. At higher pHs when Pco2> 
0.1 bar, the k2 term dominates rates. At higher pHs and 
lower C02 pressures, the k3 term dominates above pH 
5.5. In fresh water [H 20] = 1, and because [H2C03] = 
Kco

2 • Pco
2 • the rate law may be written 

R = k 1 [H+] + k~co2Pco2 + k3 - k4 [Ca2+] [HCO;J 

Temperature (K) functions for the rate constants are: 

log k 1 = 0.198- 444/T 

log k2 = 2.84 - 2177/T 

log k3 = -5.86- 317(T (for T<25 C) 

log k3 = 1.10- 1737/T (fo~ T>25 C) 

At 25 C the rate constants are: k 1 = 10-1.29; k2 = 10-4·46; 
k3 = 10-6·92 (<25 C); and k3 = 10-4·73 (>25 C). Corre
sponding activation energies are: E3(k1) = 2.0 kcal/mol; 
E3 (k2) = 10.0 kcal/mol; E3 (k3) = 1.5 kcal/mol (<25 C); 
and E3 (k3) ·= 7.9 kcal/mol (>25 C). 

The low activation energy for k1 suggests H+ diffu
sion control is rate limiting at low pHs. More recently 
Sjoberg and Rickard (1984) have suggested that for 
acid pHs (where k1 is dominant), the rate of calcite 
dissolution is given by: 

R = k1 (H+] 0·90 

reflecting that the rate controlling process is not only 
H+ diffusion to the surface, but also reaction product 
diffusion away from it. The rate of dissolution at higher 
pHs is both surface reaction and solution· product 
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diffusion controlled (Sjoberg and Rickard 1984). 
Based on the rate equations of Plummer et al. (1 979), we can compute that for ground water pHs above 6 and Pc02 values less than 0.1 bar at 25 C and below, the solution rate of calcite far from equilibrium reduces toR= k3.1n other words, for these conditions (which are typical of many shallow ground waters) the reaction is zero order, as long as the surface area of the calcite is constant. This assumes no catalysis or inhibition of the rate by adsorbed substances. (Sc, Cu and P0 4 are strong inhibitors-Sjoberg and Rickard 1 984). As equilibrium is approached, the rate equation becomes 

R = k3 - k4 (Ca2+] (HCO 31 
The value of k4 is a complex function of temperature and P co

2
. Based on Figure 4 in Plummer et al. (1 979) one can derive the approximate function 

log k4 = -7.56 + 0.016T- 0.64 log Pco2 (bar) 
where T is in kelvins. This function permits the rough calculation of k4 values for Pc02<10- 1·5 bar. The reader is referred to Berner (1 980) for a discussion of calcite dissolution/precipitation rate laws near saturation in the presence or absence of rate-inhibiting substances. 

H. SiO 2 polymorphs, dissolution and precipitation 

The reaction (which is elementary) describing the dissolution and precipitation of silica polymorphs is 
k+ Si0 2 (s) + 2Hp = H4Si04 (1) 
k_ 

The differential rate equation is 

(Rimstidt and Barnes 1980), where brackets enclose activities of the species (as usual), AIM (m 2/kg) is the relative surface area .of solid exposed to solution, divided by the mass of water. The rate constant for precipitation of quartz, a and fJ cristobalite, and amorphous silica is given by 

log k_ = -0.707- 2598/T (2) 
up to about 300 C, where T is in kelvins (Figure 20). 

Because the solubilities of the four polymorphs are known as a function of temperature, the forward rate constants, k+, can be computed from the relationship KeQ = k+/k_ for each elementary reaction. Thus, the solubilities of quartz and amorphous silica written as in Expression 1 are: 

log KeQ (quartz)= 1.881 - 2.028x 10-3T- 1560/T 
2-50 

and 

log KeQ (Si02-amorph) = 0.3380- 7.889x10-4T- 840.1/T 
from which we find: 

log k+ (quartz)= 1.174- 2.028x10- 3T- 4158/T 
and 

log k+ (Si02-amorph) = -0.369- 7890x 10-4T- 3438/T 
Corresponding activation energies are: Ea (quartz) = 16.1 to 18.3 kcal/mol, and Ea (Si02-amorph) = 14.6 to 15.5 kcallmol. Rimstidt and Barnes (1980) examine the kinetics in terms of the activated complex (Si02 • 2H2Q)=. 

I. Silicates including feldspar: dissolution and precipitation kinetics 

Empirical studies of silicate rock or mineral solution rates at low temperatures, under conditions where the water is far from equilibrium with the solid, obey zero-order kinetics (cf Apps 1983; Paces 1983), also called linear kinetics (White and Claassen 1979). The 
best example of such behavior is the dissolution and precipitation of Si02polymorphs (Rimstidt and Barnes 1980; Section H, this table). Linear or zero-order kinetics is observed when the area of reacting mineral in a volume of solution (also called the specific wetted surface, A, in m2 • m-3) may be considered constant with time. The general form of the empirical rate law is 

dC 
R = dt= Ak+ (1) 
where C is the aqueous concentration of a chemical species such as sodium or silica in the mineral. Paces (1983) relates this rate cqnstant to the properties of a water-bearing formation with the equation 

k+ = (C-Ft)/ACt 

.where k+ is in mol m-2 sec- 1, C=Oat t= 0, F is the net specific input of the chemical species from the surroundings to ground water, and A is defined as above (m 2·m-3). Helgeson et al. (1984) suggest k+ = 3x 10- 12 
mol m- 2 sec- 1 at 25 C for K-feldspar, albite and anorthite. 

Based on laboratory dissolution rate studies of fledspars, obsidian and volcanic glass, White and Classen (1979) suggest that the initial solution rate of silicates can either obey linear kinetics as in Equation 1, or parabolic kinetics where the rate is given by: 

R = dC 
dt = (Ak+/2) · t- 'h (2) 

They point out that after long times in natural water/ 
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rock systems parabolic rates tend to become linear. 
Helgeson et al. (1984) show that feldspar dissolution 
rates are linear if the feldspar is pre-treated to rerTJove 
ultrafine reactive particles. It seems likely that the 
assumption of linear kinetics is correct for most sil
icates in natural water/rock systems. 

Silicate mineral dissolution is usually incongruent, 
with precipitation of relatively amorphous metastable 
products which may crystallize with time to form min
erals such as gibbstite, kaolinite, illite and montmoril
lorite (Helgeson et al. 1984). The incongruency means 
that net release rates of individual components from a 
silicate mineral into the water may not be equal (cf 
White and Claassen 1979; Helgeson et al. 1984). 

Aagaard and Helgeson (1982) propose general rate 
expressions for the dissolution of silicate minerals. 
They suggest that the solution rate in acid water is 
determined by the decomposition rate of a critieal 
activated surface complex. The rate is given by 

R = k+ [H+]n · (1- exp(.lG/uRT)) (3) 

where [H+] is the hydrogen ion activity in solution, n a 
constant, and u the average stoichiometric number of 
the reaction (Helgeson et al. 1984). ~G = -AT 
ln(Keq/0), where Keq is the equilibrium constant. and 
Q the corresponding activity quotient in solution. In 
other words, Equation 3 may be written 

(4) 

Based on previous work, Aagaard and Helgeson (1984) 
propose n values of 0. 7, 0.5, and 1.2, respectively, for 
the hydrolysis of diopside and enstatite, bronzite, and 
a forsteritic olivine in Equations 3 and 4. 

Far from equilibrium (0/Keq :::S 0.05) Equations 3 
and 4 reduce to 

(5) 

which might correspond to the leaching of silicate 
rocks by fast-moving acid ground water. Close to 
equilibrium (0/Keq;::::: 0.8) Expression 4 becomes 

R = k+ [H+]n · (-ln(Q/Keq)) (6) 

The solution rate of feldspars is pH-independent 
between about pH 2.9 and 8 at 25 C (Helgeson et al. 
1984). For these conditions the general rate equation 

The mechanism of mineral dissolution/precipita
tion can. however, depend on the rate of ground water 
f~ow. Berner (1978) relates transport and surface reac
tion rates in the expression dC/dt = R - k 1C, where 
dC/dt is the rate of change of concentration in a fixed 
volume of the system at steady-state (dC/dt = 0), R 
the rate of dissolution (assuming first-order kinetics: R 
= k+(Cs- C)), and k1 is the flushing frequency (rate of 

may be written 

"• ~,:: '• > I 

(7) 

where k+ is the pH-independent rate constant. Far 
from equilibrium this becomes 

R= k+ (8) 

Near equilibrium the rate is given by 

. (9) 

(At equilibrium a = K and R = 0). Equations 8 and 9 
would perhaps apply to rates of feldspar dissolution in 
relatively fresh, unconfined ground water, and in older 
confined ground water. respectively. 

Wood and Walther (1983) examined the pH-inde
pendent solution and precipitation rates of numerous 
silicate minerals including the Si02 polymorphs, and 
concluded that their zero order rate constants could 
all be fit with a single equation between 25 and 700 C. 

log k = -6.85 - 2900/T (10) 

where T is in kelvins. Here, k is in gram atoms of 
oxygen per cm 2 sec - 1• (This k value is derived from 
molar k values by multiplying the latter by the number 
of oxygens per mole of mineral). This equation cor
responds to an activation energy of 13.25 kcal/mol. 
The line of Equation 10 corrected back to molar units 
by Apps (1983) has been labeled "silicates" and plotted 
in Figure 19. 

Helgeson et al. (1984) dispute Wood and Walther's 
results, and argue that the rate constants and activa
tion energies of the silicates differ appreciably at both 
low and high temperatures. For example, based upon 
the temperature dependence of rate constants for the 
feldspars. they obtain activation enthalpies for pH
dependent dissolution of 1 9..0 kcal/mol forK-feldspar. 
and 20.6 kcal/mol for albite. ~H± for the pH-indepen
dent dissolution of K-spar is 8.45 kcallmol. These 
activation enthalpies are equivalent to E1 values of 
19.6, 21.2 and 9 .. 04 kcal/mol (Equation 37). The magni
tude of these values supports the conclusion that 
feldspar dissolution and precipitation is surface reac
tion controlled at all pHs. 

flow/volume of system). For such conditions we find: 
C = k+C/(k+ + k1) and R = k+k,C/(k+ + k1). At high 
ground water flow rates (k1>> k+). these expressions 
reduce to C=C5k.lk1, and R = k+Cs• so that a maximum 
solution rate is attained, independent of flow rate. At 
the opposite extreme of slow ground water flow (k,-0), 
C = C5, and R = k1C5 • Saturation is attained and the 
rate of dissolution is controlled by the grouhd water 
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flow rate. In other words, at high flow the dissolution 
rate is surface reaction controlled, whereas at low 

. rates it is transport controlled. The slower process is 
rate limiting. (Note: James and Lupton 1978, contrast 
the effects of flow velocity and surface reaction rates 
on the dissolution of gypsum and anhydrite.) 

The slowest transport controlled dissolution/pre
cipitation is that governed by aqueous diffusion. Dif
fusion rates can be calculated, and so we can estimate 
the lower limit of rates attributable to transport control. 
Berner (1978) suggests that the rate of diffusion con
trolled dissolution is given by: Ad = DpA(C5 - C)/r, 
where A is in mass/volume/time, D is the diffusion 
coefficient, p the porosity. A, surface area of dissolving 
crystals per unit volume of solution, and r the spherical 
radius of the dissolving crystals. It is interesting to 
compare the rate of dissolution that can result from 
diffusion to the rate from surface reaction. As a con
venient example, James and Lupton (1978) report that 
the dissolution rate of gypsum via surface reaction is 
given by: A

5 , = k+A(C 5 - C). The ratio of the rates 
AiA 5 , then equals Op/rk+· Diffusion coefficients of 
ions typically range from 3x1o-6 to 2x1o-s cm2 sec·1 

(Lerman 1979). Assuming 0 = 10-6 cm 2 sec- 1,a poros
ity of 0.2, crystal radius of 1 em, and k+ = 2x10-4 em 
sec- 1 at 25 C (based on James and Lupton 1978), we 
find Ad/A 5,= 1/1000.1n other words A5,>>Rd,and the 
slower rate, diffusion, will control the dissolution rate. 

Temperature Dependence of Rate Constants 
Based on empirical measurements, Arrhenius pro

posed the expression 

k =A exp(-E3 /RT) (32) 

to describe the dependence of the rate constant on 
temperature (Gardiner 1972). In this expression A is 
called the 'A factor,' and Ea the activation energy. The 
A factor usually has a slight temperature dependence 
that can be ignored. E

3 is always positive. and shows 
that reaction rates increase with increasing tempera
ture. The effect of temperature on the rate constant is 
given by: dlogk/dt = Ea12.30RT2• A familiar rule of 
thumb is that rates about double every ten degrees 
near 25 C. This corresponds to an activation energy of 
about 12 kcal/mol at 25 C. 

Taking the logarithm of expression (Equation 32) 
leads to: 

In k = In A - E3 /AT 

or 

log k = log A - E3 /2.30AT 
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Figure 19. An Arrhenius plot of log k vs. 1 IT for 
various silicate rocks and minerals. The data points 
and curves for rhyolite, basalt glass and diaba.se are 
from Apps (1983). as is the curve labeled "silicate," 
which Apps computed from the results of Wood and 
Walther (1983). Curves for the Si02 polymorphs are 
based on Rimstidt and Barnes (1980). 
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Figure 20. An Arrhenius plot of log k vs. 1 IT for 
quartz and amorphous silica based on Rimstidt and 
Barnes (1980). 

controlled reactions typically have activation energies The usual procedure for evaluating E3 , is to plot the of less than 5 to 6 kcal/mol (Berner 1978; Rimstidt and log of the reaction rate vs. ln-. The slope then equals Barnes 1981). Minerals dissolving or precipitating via -E3 /2.30R. Such plots are given in Figures 19 and 20 surface reaction control usually have Ea values be-for the dissolution and/or precipitation rates of a tween 10 to 20 kcal/mol (Lasaga 1981). Activatior number of silicate rocks and minerals, and for the energies for solid-state diffusion in minerals at low precipitation of quartz and amorphous silica. temperatures range from about 20 to 120 kcal/mol. but Activation energy values provide useful insight into are generally from 20 to 80 kcal/mol. Apps ( 1983) the nature of the reaction mechanism (s) of mineral found that alteration (hydration) of obsidian and basalt dissolution and precipitation. Thus. aqueous diffusion glasses by diffusion had activation energies of about 
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22 to 23 kcal/mol. Physical adsorption has an Ea from 
about 2 to 6 kcal/mol, whereas activation energies for 
chemisorption usually exceed 20 kcal/mol. Lasaga 
( 1981) puints out that the bond-breaking and making 
associated with surface' reaction controlled mineral 
dissolution and precipitation would be expected to 
have activation energies similar to those of solid-state 
diffusion. That the former are so low may reflect that 
chemisorption/desorption occurs ptior to mineral 
precipitation/dissolution. In other words the heat of 
chemisorption probably reduces the activation energy 
required for surface-controlled mineral reaction. 

Absolute Rate (Transition State) Theory and the Acti
vated Complex 

Considerable insight into reaction mechanisms 
derives from the concepts of absolute rate theory. 
This theory is based on two assumptions: first that 
there is an energy maximum (barrier) between prod
ucts and reactants in a reaction; and that an activated 
complex exists at this maximum; and second that 
chemical equilibrium exists among reactants, prod
ucts.and the activated complex. The rate determining 
step in a reaction corresponds to the formation and 
decomposition of the activated complex. Thus, for th-e 
reaction: 

k+ 
A+B c± c 

k_ 

The thermodynamic equilibrium constant involving 
the activated complex, c±, is (Figure 21 ): K±= [C±] I 
[A)[B], where the brackets enclose the activities of the 
species. According to absolute rate theory (Wads
worth 1979), the reaction rateR is 

R = _ d(A) = _ d(B) = ke T c:: = ke T K=[A](B J 
dt· dt h h 

where k8 and h are the Boltzmann and Planck con
stants 

But .lG± = -RTinK±, so 
keT R = -h- exp (- .lG=/RT) [A](B) 

The constant K±. can also be written 

K= = (mC±) 
(mA)(mB) 

The specific rate constant at infinite dilution is equal to 

K'=keT.K± = k8 T .(mC=) ()·=) (33) 0 
h h (mA)(mB) (ypj(y8 ) 

If k' is the specific rate constant uncorrected for ionic 
strength, then 
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Figure 21. Free energy .relationships for the 
activated complex C± in the reaction 
A+ B = C±AB. 

and 

log ~ = log ~ 1' ~~e) (34) 

With a model for computing the activity coefficients, 
we can predict the effect of ionic strength on the 
second order rat~ constant. k'. Assuming applicability 
of the Debye-Huckel Limiting Law (log 1'; = -Az2Ji; 
see Equation 16), we can expand Equation 34 to give 

which reduces to 
k' 

. log kJ" = 2A ..jT(zAz8) 

(35) 

(36) 

(Lasaga 1981). Substitution shows that if A and B have 
the same sign, k' increases with ionic strength; if of 
opposite sign, k' decreases with ionic strength. Equa
tion 36 is plotted in Figure 22, which shows for example 
that at I = 6x 1o-3m, the rate of a second order reaction 
involving divalent ions A and B is double its value in 
pure water. 

Returning to Equation 33, we see that the specific 
rate constant kc; is also a function of the free energy of 
activation 

k T ~ = - 8-exp (-.lG±/RT) h 
Or replacing the free energy with the enthalpy and 
entropy of activation we may write 
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·ke T + . ~ = -h- exp (-.lH-/RT) exp (.lS=/R) 
Taking the logarithm gives 

In ~ = ln(k8 /h) + In T- .lH± + .lS± 
RT R 

Assuming .lH± and .lS± are independent of tempera-ture, differentiating we obtain · 
dIn~ 1 .lH± --err- = T + RT2 

But the Arrhenius relationship in differential form is 

so we find 

(37) 
Because the value of RT is less than 1 kcal/mol up to about 500 K, this last expression reduces to E8 = .lH±. Thus, here is a tie-in between the empirical Arrhenius . equation and transition state theory, and a way that one can evaluate the enthalpy of activation of a reaction. 

Some Kinetic Data of Geochemical Interest 
Given in Table 6 are some kinetic data of geochemical interest. The examples are chosen to illustrate kinetic concepts discussed in this paper, and to suggest approximately where we are in the development and application of kinetic principles to low temperature water/rock systems. 
Once we have defined the detailed mechanisms of reactions such as those of mineral precipitation/dissolution, there are obviously major stumbling blocks to their application. These include: (1) the frequently observed fact that theoretical dissolution/precipitation rates can be drastically increased by catalytic processes or slowed by the surface adsorption of inhibiting substances, and (2) that the rigorous application of such concepts requires we have foreknowledge of the wetted surface area of reacting minerals in a volume of the rock. This property (related to the effective porosity) is difficult or impossible to directly quantify (cf'Ciaassen and White 1979; Claassen 1981 and Paces 1983) 

On the positive side, there is reason to believe that rate information for simple homogeneous reactions and for the least complex mineral dissolution/precipitation reactions can be more usefully applied to studies of natural systems. Such applications can now be in concert with our better developed concepts and models of chemical equilibrium as described early in this paper. When not useful for the accurate prediction of natural system reaction rates, the laboratory data, as described in Table 6, does at least provide guidelines that direct our further study and ultimate understanding of natural controls on rates. 
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Figure 22. The predicted effect of ionic strength on the second order rate constant k prime for different values of the product of the valences_of,t:eactants A and B (i.e., ZA x Z 8 ). K prime= K prime0 at I= o. 

Summary 
Geochemical reactions or processes can alter the hydrologic properties of a rock. Such reactions (or the lack of them) can also render a water fit or unfit fc certain uses. An understanding of equilibrium ant. kinetic concepts as they apply to water-rock systems can greatly improve one's ability to predict the chemical and isotopic composition of ground water, and so to better manage ground water resources. For these reasons, hydrologists need to know some ground water geochemistry. Chemical equilibrium defines the boundary conditions; i.e., what are the maximum or minimum possible concentrations of some dissolved species likely !to be? Chemical kinetics defines how long it takes to: reach equilibrium and by what reaction pathways it is reached. Only chemical equilibrium concepts are needed to understand ground water chemistry when the rates of reactions of interest are much faster than ground water residence times in a particular water/rock system. Thus, such concepts have been most usefully applied in deep basin artesian ground water studies. When reaction rates are comparable to or less than residence times, both kinetic and equilibrium concepts apply. This is particularly the case in shallow water table systems. Chemical equilibrium concepts, including adsorption, have successfully explained the chemical behavior of many ground water systems. In contrast, our understanding of geochemical kinetics is in relative infancy, so that only the simplest kinetic concepts have been usefully applied in ground water studies. In this paper, the principles of equilibrium (including adsorrtion) and of kinetics were addressed and illustrated with practical applications. 
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Sampling and Analysis of 
Subsurface Water 

by Robert W. Hull, Yousif K. Kharaka, 
Ann S. Maest and T~rry L. Fries 

Abstract 
Geochemical studies are g~nerally more compre

hensive and detailed than those required to monitor a 
given water supply or contamination site. These 
studies, which generally include the use of geochemi
cal models, require detailed knowledge of the hydro
logic and mineralogic properties of the aquifer, as well 
as the spatial and temporal compositions of its water 
and gases. This paper summarizes the methods used 
for the collection, preservation and chemical analysis 
of subsurface water. 

Detailed procedures for collection include equip
ment and precautions necessary to ensure that the 
sample is "representative" of the water in a specified 
part of the aquifer. Field procedures lor sample preser
vation include filtration (0.1 11m filters for trace metals, 
0.45 pm for dissolved organics and other dissolved 
species). acidification, dilution lor silica (in hydro
thermal water), extraction of aluminum (labile. 
monomeric) addition of mercuric chloride or sodium 
azide. and potassium permanganate to preserve dis
solved organics and mercury respectively, and precip
itation of carbonate species lor carbon isotopes and 
total dissolved carbonate analyses. Properties deter
mined in the field include temperature, sulfide, pH, Eh, 
ammonia, alkalinity and conductivity. 

Analysis of cations are performed by atomic 
absorption and flame emission spectrophotometry. 
Graphite-furnace AA with Zeeman-background cor
rection is used for the determination of most metals. 
However, inductively coupled plasma atomic emission 
spectrometry (ICP-AES) is becoming the selected 
method for the determination of many cations and 
metals. An increasing number of anionic species. 
including sulfate, bromide and iodide are being deter
mined by ion chromatographic techniques. Dissolved 
organics are determined by gas chromatography and 
other instrumentation, such as mass spectrometry. 

Introduction 
As geochemists involved in the sampling and anal-

ysis of ground water, part of our laboratory is the 
complex and heterogeneous geologic environment. 
Many of the commonly used methods of study are as 
yet imprecise and somewhat primitive relative to our 
scientific needs. In laboratory experiments one may 
control. the temperature, pressure, pH and the con
centration of some solutes. Only certain changes in 
this system can be allowed to occur and are then 
carefully measured. Since the system was created by 
design, the composition and the conditions of the 
environment can be known with precision. In the field 
situation, the physical and chemical environment of a 
water parcel are known with substantially less preci
sion. In fact, because the hydrologic and mineralogic 
environment around a well or group of wells is, to a 
degree, heterogeneous and non-isotropic, the mea
sured conditions are an averaged or homogenized 
value. In many cases the mineralogic environment 
must be assumed or generalized. and the hydrologic 
characteristics must be inferred from various tests 
using indirect methods. A well drilled into this envi
ronment is an intrusion with which the subsurface must 
try to come into equilibrium. In a sense, our attempts 
at studying the environment actually change it. II is 
our responsibility as scientists to address how this 
intrusion affects the results;of the study and determine 
how effectively samples can be collected that are 
representative of the subsurface environment. 

Objectives of Ground Water Studies 
The procedures for ground water sampling and 

chemical analysis can vary widely in complexity 
depending on the objectives for collecting water sam
ples for chemical analysis. In perhaps the simplest 
case a sample is collected from an existing well and is 
analyzed for the presence or absence of a particular 
chemical element or specie to meet drinking water 
standards. In the complex case the interactions of a 
suite of aqueous species and minerals must be deter
mined within a specific geologic horizon under reduc
ing chemical conditions. Sampling for geochemical 
studies may necessitate a complicated sample collec
tion effort during the drilling of a well or under some 
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other less than optimum conditions. For scientific 

investigations it is crucial to know the in situ geochem

ical conditions. 
Chemical analyses required for these two cases 

will be substantially different. To determine confor

mance with drinking water standards it may only be 

necessary to use analytical methods sufficient to show 

that concentration levels are below the standards. The 

detection limits of these methods may be on the order 

of a few milligrams per liter (mg/L). In geochemical 

studies a limit of detection to within a few micrograms 

per liter (~g/L) may be required for a number of chem

ical constituents in a complex sample matrix. 

Origin and Chemical Composition 
of Ground Water 

Often the objective of geochemical studies is to 

establish the origin of subsurface water. Frequently 

this is done with the use of hydrogen and oxygen 

isotopes (r~D and 61S0). as well as the chemical compo

sition (Fritz and Fontes 1980; Kharaka and Carothers 

1985). Most natural water is meteoric (originally in 

contact with the atmosphere) or connate (trapped 

with sediments at the time of deposition). Diagenetic 

water that was released from solid phases. and water 

that was involved in metamorphism are only of local 

·significance. Juvenile or primary water from igneous 

sources is not volumetrically important to most 

studies. 

Physical. chemical and biological processes act 

on this water to chemically alter their composition. 

Physical processes can generate hydraulic pressure 

gradients that result in the circulation of subsurface 

water, often causing the mixing of chemically different 

water, filtration by clay membranes and contact with 

various geologic environments. Chemical interaction 

of water. solutes. solids, gases and other fluids (e.g., 

oil) produces water of widely varying composition. 

Aqueous concentrattons may be affected by dissolu

tion-precipitation. sorption. ion exchange and oxida

tion-reduction reactions and the formation of colloids 

(Garrels and Christ 1965; Hem 1970: Drever 1982). 

The chemistry of natural water from a few selected 

geologic environments is shown in Table 1 (White. 

Hem and Waring 1963). All of this water is meteroric, 

and its chemical composition is largely related to the 

mineralogic composition of the rock type (e.g., lime

stone shows high calcium and bicarbonate). 
Ground water at depths of less than a few hundreds 

of feet is commonly referred to as shallow. Much of the 

water is currently or recently (geologically) recharged 

by meteoric sources carrying with it traces of its con

tact with the earth's atmosphere. The isotopic compo

sition of this water and the chemical and isotopic 

composition of the gases and dissolved species indi

cate if a water is meteroic and how recently it has been 

recharged. Meteoric water recharged during the 1950s 

Table 1 

Chemical Composition of Subsurface Water from Several Geologic Environments 

(White et al. 1963) 

Dissolved Catahoula Edwards Olivine Basalt 

concentration Sandstone, Limestone, Peebles Dolomite Granite, West tufl-beccia, 

(mg/L) Collins, MS Uvalde, TX Bainbridge, OH Warwick, Rl Buell Park, AZ 

sc· 38 570 663 76 458 

pw· 6.2 7.0 7.6 7.6 8.2 

Na 2.6 24 3.5 5.9 19 ... 

K 2.0 7.0 1.7 .8 

Mg .5 9.5 72 2.6 42 

Ca 2.4 74 28 6.5 20 

Sr 

Fe .41 .08 .48 .19 

Cl 2.5 24 5.0 5.0 7 

Br 

so4 1.4 19 28 .9 22 

N03 .0 4.1 31 1.5 2.5 

HC03 18 277 398 38 279 

SiO 25 11 11 20 31 

·specific conductance in micromhos per centimeter at 25 C 

''In pH units 
···Analysis includes K 

2-60 



and 1960s may contain measurable quantities of tri

tium. carbon-14. cesium-137, strontium-90 and other 

isotopes related to the atmospheric testing of n~clear 

weapons. Shallow ground water is also affected by 

contamination from landfills. septic tanks. liquid waste 

storage and disposal sites, mine excavations and 

operations. irrigation and other agricultural practices, 

and domestic and industrial activities (Todd and 

McNulty 1976). 
Water within deeper strata may be connate or 

meteroic with some mixing with diagenetic water. This 

water tends to have greater than 10,000 mg/L dis

solved solids and tends to be Na-CI or Na-Ca-CI

SO 4 type water. This high salinity water results mainly 

from the increased dissolution of many minerals {in

cluding evaporites) and the increased membrane effi

ciency of shales in these higher temperature and 

pressure environments. Higher salinity is also caused 

by contamination from waste injection, sea water 

encroachment and interflow between zones in aban

doned wells and oil test holes. 

Ground Water Sampling 
Geochemical studies require data that are repre

sentative of water in the subsurface environment. 

Geology, hydrology, well construction, sampling and 

analysis must each be examined for their influence on 

collecting a typical sample. Certain questions should 

be asked: 
• What spatial distribution of water samples is 

needed? 
• In what hydrostratigraphic zone(s) will samples 

be collected? 
• Are there existing wells at these locations? 

• Is the well construction appropriate for the 

zone(s) of interest? 
• Do new wells or test holes need to be con

structed? 
• Can water samples be collected in a manner 

consistent with the objectives. and will they be repre

sentative of the zone(s) of interest? 

• Are chemical analyses available so that you 

know 'what to expect from sampling? 

Aquisition of all available geologic and hydrologic 

information from the literature and other sources 

should provide answers to some of these questions. A 

knowledge of the ground water flow path, the geologic 

section. and the hydraulic characteristics of the aquifer 

units should be obtained. If much of the information is 

not available, it may be necessary to drill one or more 

exploratory wells or test holes. These can provide 

cores or cuttings of rock material at intervals frequent 

enough to discern the vertical variability in mineralogic 

composition. Testing of the hydraulic characteristics 

of different zones may be needed to determine inter

borehole flow during the construction or after a well is 

completed. Geophysical logging and discrete interval 

sampling may help in deciding well completion and 

subsequent sampling procedures. Multicompletion 

wells and wells that allow inter borehole flow (Figure 1) 

are to be used with caution as the collection of repre-

sentative samples from these wells is difficult. Water 

analyses from these wells are most often not indicative 

of a particular hydrostratigraphic zone. A good refer

ence concerning the entire aspect of collecting repre

sentative samples is Claassen (1982). It should be 

noted that although it may be commonly accepted 

that deeper ground water migrates slowly, there may 

be reason to sample with frequency. If other wells. 

especially high capacity production wells are nearby 

or if sources of high pressure such as a reservoir or 

holding pond are close and are hydraulically con

nected to the zone of interest. then the frequency of 

sampling should be examined carefully {Schmidt 

1977). If changes in water chemistry are expected for 

any reason. then the best plan is to choose a short time 

interval for sampling. The sampling interval should be 

increased or decreased as examination of the data 

reveal a suitable periodicity to observe changes. 

Wells, Well Construction and Testing 

Drilling fluids are probably the major sources of 

contamination of ground water obtained from recently 

drilled wells (Claassen 1982). Wells can be drilled with 

gas. water or oil, in combination with foams. emulsions 

and muds. Additives are introduced to change the 

physical or chemical character of the drilling fluids so 

as to engineer the well to specifications {Gray and 

Darley 1980). It is virtually impossible to remove all the 

materials introduced during the construction of a well 

by the time it is completed. Subsequent well develop-
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Figure 1. Head distribution in a multiple completion 

zone well showing inter-borehole flow (modified 

from Bennett and Patten 1962) 
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ment (pumpage to increase capacity) will, however.· 
generally remove most of the residual materials. It is 
important to be convinced that drilling fluids have 
been removed from the well prior to sampling. 

Construction materials for the well may also be a 
source of contamination. Metal casings will, of course, 
corrode and may thereby introduce metals to the water 
altering its true chemistry. Depending upon the hydro
geologic environment of the well, materials may be 
used after setting the casing to prevent interconnec
tion of water-producing zones. These materials range 
from various cements and clays to broken pecan 
shells. 

The use of drilling fluids should be minimized 
especially when penetrating the zone(s) of interest. If 
at all possible, drilling with rotary air or nitrogen or by 
cable tool can help reduce possible effects. Additives 
to fluids should be severely limited and used only 
when absolutely necessary. Some of these additives 
contain materials such as starches. which are biode
gradable and form a substrate for microbial growth, 
which can produce gas and other dissolved species 
that change the inorganic and organic composition of 
the ground water. 

Sampling Devices and Representative Samples 
There are numerous good references on sampling 

techniques (Rainwater and Thatcher 1960; Ball et al. 
1976; Wood 1976; Gibbet al. 1981; Scalf et al. 1981; 
Claassen 1982; Lico et al. 1982). No one technique is 
appropriate for all of the possible sampling conditions 
and environments. Wells that are deep or highly saline, 
or that produce hot water, gases or oil exhibit particu
lar problems. In most instances, when sampling these 
types of wells the methods of sampling will be dictated 
by the "plumbing" at the well head, especially if it 
belongs to a commercial operation. 

Ground water sampling is carried out in one of two 
places: downhole or at the surface. Surface sampling 
is the most common, because it requires less in the 
way of equipment and time, and it is often the only way 
a sample may be collected. For the sampling of shallow 
wells where the water is for all intents and purposes in 
chemical and physical equilibrium with the atmo
sphere, most commonly used sampling methods will 
be adequate. The exception would be when collecting_ 
trace inorganics or organic substances. Attention here · 
must be paid to the composition of collection bottles 
and equipment coming into·contact with the sampled 
water. Contamination by the collection materials or 
sorption onto or off of them may be an important 
factor (Gibb and Barcelona 1984). 

Surface sampling of all wells that are not equili
brated with the atmosphere or are under high in situ 
pressure or temperature is significantly more difficult. 
As these samples travel up the casing (by artesian 
pressure, pump or gas lift) they move into a lower 
pressure-temperature er:wironment that may cause the 
precipitation of minerals from solution or induce some 
colloid formation. If high concentrations of dissolved 
gas exist in situ, then outgassing would be expected 
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as the water rises to the surface. It is not uncommon to 
observe the encrustation of pipes by salt or carbonate 
minerals as a result of these conditions. An additional 
problem is created by contact with the atmosphere if 
the subsurface water is reducing. If there is an influx of 
oxygen to samples that contain oxidizable aqueou~ 
species (e.g., Fe++). then redox reactions will proceed 
until the oxygen is used or the reduced species have 
all been oxidized. If this process results in the precipi
tation of some minerals (e.g., iron oxyhydroxides), 
then co-precipitation and scavenging of charged metal 
complexes may also occur. This process may lead to 
pH changes and numerous other shifts in the chemis
try of the sample. Apparatuses for collecting gases 
and precirit~ting carbonate from a well head without 
contact with the environment are shown in Pearson et 
al. (1978) and Lico et al. (1982). 

For wells that do not have sufficient pressure to 
produce water at the well head, there are many mech
anisms for bringing it to the surface. These consist of 
air-lifting or jetting, swabbing the casing with a suction 
swab. and the use of various pumps. Surface pumps 
include centrifugal, pitcher and peristaltic varieties. 
Subsurface pumps such as the electric submersible, 
gas or fluid bJadder, and syringe should be considered 
over the surface types with the exception of the peris
taltic for actual sample collection. See Claassen (1982) 
for a discussion of the pros and cons of these c;tevices. 

Because of the need in geochemical studies to 
collect representative samples, the use of downhole 
samplers is increasing. These samples may be col
lected where water enters the well screen or open hole 
zone or at some other point prior to arrival at th 
surface. It is generally assumed that this type of sam
pling is preferred over surface sampling, but it may 
also not be optimal. For example, some wells have 
water levels that are too far beneath the well head for 
centrifugal, pitcher. or peristaltic pumps. They may 
also have too small an internal diameter to allow sub
mersible pumps. Sample collection from these wells is 
with a bailing device or swab (Claassen 1982). The 
problem is that water standing in the well casing must 
be removed ~efore a sample should be collected. The 
rule of thumb is that a well standing dormant for some 
time should be flusl:led five times before sampling to 
ensure a fresh sample. Even a well that is frequently 
used should be allowed to discharge the equivalent of 
two casing volumes before a sample is collected. 
Therefore, although bailing will allow in situ collection, 
it may not give samples of the .quality needed, because 
of the time needed to flush the well. 

A recent paper by Barcelona et al. ( 1984) discusses 
several commercially available sampling mechanisms. 
They found that the positive displacement bladder 
sampler had the best overall results for collecting vari
ous organics, gases, common ions and metals. In the 
deeper ground water environments, mechanisms have 
been designed that allow for water sampling at high 
temperature (Fournier and Morgenstern 1971) anrl 
high pressure (Hull and Stevens, unpublished, FigL 
2) environments. The Hu'l and Stevens sampler allow~ 



for samples to be collected at temperatures and pres

sures up to about 150 C and 700 megapascals (MPa). 

This sampler was also designed to sample environ

ments with high dissolved gas concentrations. but can 

easily be modified to sample, trace volatile organics. It 

performs under positive gas/water displacement with 

minimal pressure drop across the sampling orifice 

because of the slow movement of the syringe-type 

piston. 
The chemistry of samples collected at a well head 

may vary with time or discharge rate (Hull and Martin 

1980) as a result of hydraulic properties of the water 

producing zone(s) and their water chemistry. Com

monly an aquifer or water-producing zone will show 

variable permeability and mineralogy with depth. The 

combination of these circumstances will produce mix

ing of water within the borehole during discharge at 

the well head. The most common way to decide if a 

sample is suit3ble for collection is to monitor a few 

field measurements with time and discharge. 

At some time before sampling at the well head, a 

monitoring log of pH, specific conductance. and tem

perature with time and flow rate should be started. For 

·a new well the values measured should plot asymptotic 

to the steady-state value when plotted with time and 

should not vary with flow rate. If the values do not 

achieve steady-state. then in situ sampling should be 

considered. 

Field Tests and the Preservation of Samples 

The instability of some chemical constituents 

makes it necessary to perform certain chemical anal

yses or chemical stabilization in the field. Alkalinity, 

pH. H2S. ammonia and conductivity can be measured 

in the field on unfiltered samples. Samples for the 

determination of labile aluminum. carbon isotopes. 

total carbonate and silica (from hydrothermal water) 

require field extraction. precipitation and dilution. 

respectively. for later laboratory analysis (Presser and 

Barnes 197 4; Lico et al. 1982). 
Filtration of most dissolved constituents requires a 

0.45 J.Lm pore size. However. since inorganic and 

organic colloids and some clay particles can pass 

through this size filter. it is recommended that 0.1 J.Lm 

filter paper be used for the collection of samples for 

trace element analysis (Kennedy et al. 1974). 

Measurement of field pH and alkalinity should be 

performed as quickly after collection as possible and 

as near to the in situ conditions as practical. For sam

ples from reducing environments. it is necessary to 

prevent oxidation by the atmosphere. Maest (unpub

lished) has designed a device that allows the filtration 

and filling of sample containers under a nitrogen 

atmosphere (Figure 3). The measurement of pH is 

done using a flow-through cell and a water bath (Wood 

1976). Buffers to be used in determining pH are kept in 

the water bath at the temperature of the samples at the 

well head. Actual measurement of pH and alkalinity 

should be made by such methods as these described 

by Barnes (1964). If the presence of organic acid 

anions are expected then the titration of alkalinity 
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stainless steel gas/liquid in situ subsurface sampler 

for high pressure environments 

should proceed down to a pH of 2.5 (Carothers and 

Kharaka 1978). since the in11ection point will be closer 

to 3.5 than to 4.5. 
If radiochemical constituents are to be analyzed 

the procedures are those generally recommended for 

the particular environment (Ball et al. 1976; Wood 

1976; Thatcher et al. 1977; Lico et al. 1982). However, 

some of the radiochemical elements exhibit less sta

bility at the low pH recommended for sample preser

vation (Thatcher et al. 1977). Where problems are to 

be expected. it would be wise to consult the literature 

relative to the particular element in question. 

Sampling and preservation of organic materials 

poses some special problems and requires ·special 

treatment. Contamination. adsorption and degrada

tion are the most common problems (Gibb and Bar

celona 1984). They may be largely avoided if the sam

ple is only allowed to contact non-carbonaceous mate

rials, filtered through silver filter paper (0.45 I-'m) and 
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Figure 3a. Well head sampling apparatus for 
collection of subsurface water under reducing 
conditions 

. ·) ... •• 

' 

stored at or near freezing. Some recommend that 
solutions of HgCI2 (40 mg Hg/L) or NaN3 (1 ,000 mg/L) 
be used as bactericides. Methods for the preservation 
of organics are described in Goerlitz and Brown (1972). 
Wershawet al. (1983), and in Minear and Keith (1984). 

Perhaps the most misunderstood field test is Eh, 
the measurement of the oxidation-reduction poten
tial of a water. Problems with its measurement by 
the standard potentiometric method (Wood 1976) 
are several. First. some of the redox species found in 
natural water are not elect reactive at the interface of 
the platinum electrode used in the measurement. 
Carbon is a good example. Secondly, most redox 
species in natural environments are in sufficiently 
low concentrations that exchange currents are 
too low to allow for the measurement of a Nernstian 
Eh (Whitfield 1974; Lindberg and Runnels 1984). Lastly, 
direct measurements of individual redox couples in 
many environments suggest that these redox couples 
are not in equilibrium with each other, and therefore 
Eh measurements would detect mixed potentials that 
cannot be interpreted (lindberg and Runnells 1984). 
Oxidation-reduction states of natural water have been 
studied using several chemical couples (Nordstom et 
al. 1978; Cherry et al. 1979; Kharaka et al. 1980). 

Laboratory Analysis of Water 
Inorganic Constituents 

The literature is replete with methods for the chem
ical analysis of water as described in recent reviews 
(Fist.man et aL 1983; Polcyn 1984). Recent literature 
has compared the state-of-the-art techniques for 
lowered detection limit capabilities for individual 
elements (Eaton et al. 1982; Nadkarni et al. 1982; Par
sons et al. 1983). Today it is possible to measure many 
elements at the nanogram level (Parsons et al. 1983). 
For the analysis of much of the natural and polluted 
water, this is far below the theoretical detection limit 
because of interferences and matrix effects. Method
ologies have been developed by researchers for the 
analysis of certain types of geothermal (Presser and 
Barnes 1974; Watson 1978) and oil field water (Lico et 
al. 1982). 

\'-T•oo"' ....... 

C•c'"'·- C"ooo
·•··•"" '. ....... a . 

Figure 3b. Filtering apparatus for trace metals 
collected under reducing conditions 

The authors have found that the following methods 
have been suitable for analyzing water with a salinity 
that ranges from fresh ground water (0 to 1,000 mg/L 
total dissolved solids (TDS)) to brines (greater than 
100.000 mgll TDS). 

Major cations are measured by atomic absorption 
spectroscopy as described in Lice et al. (1982). Major 
anions are done by various methods (Lice et al. 1982). 
len chromatographic techniques, however, are now 
used for iodide {Eisheimer and Law, written commun
ication 1985). sulfate and bromide (Johnson and Haak 
1983). Metals are now generally measured by graph it· 
furnace AA with Zeeman-background correctior •. 
ICP-AES has also been applied to the analysis of 
cations and metals {Garbarino and Taylor 1979: 
Thompson and Walsh 1983). 

Parsons et al. (1983) have summarized the advan
tages and disadvantages of the·atomic spectroscopy 
instrumentation (Table 2). In general, we have used 
the graphite-furnace AA (GFAA) when the detection 
limit required was below that for the flame AA (FAA) 
and the ICP or when a complicated matrix necessi
tated dilutioh below the detection limit for FAA or ICP. 
For samples with background interferences. the GFAA 
requires that sample volumes be reduced, internal gas 
rate be increased and background correctors be used 
(Beaty 1978). For samples with chemical interferences. 
one may use standard additions, matrix matching, or 
the use of peak area instead of peak height for the 
GFAA. The Zeeman GFAA is the best technique for 
trace metals analysis when the detection limit is below 
the ICP and the ionic strength is much greater than 0.5 
molar (Slavin et al. 1983; Mulford 1966). Matrix modi
fiers will control chemical and background interfer
ences in water at least up to 0.5 molar. Standard addi
tions may be used with samples of low metal concen
trations ir: Migh ionic strength matrices. 

In generai,ICP-AES is comparable to FAA in terms 
of detection limits and precision. However, ICP-AE 
offers several advantages:, 1) it is relatively tree fror. 
chemical interferences due to the high temperature of 
the Plasma: 2) it has multielement capability. and 3) it 
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has a wide dynamic range covering five or more orders 
of concentration magnitude. Although sample dilution 
and/or matrix matching of samples and standards is 
required for high ionic strength, corrections must be 
made for background and spectral interferences in 
ICP-AES, the reduced sample handling time and high
sample throughput make this technique a valuable 
alternative to FAA. 

Organic Constituents 
Less than 1 0 percent of the dissolved organic con

stituents in natural water has been identified (leenheer 
1984). While waste water may contain up to several 
thousand mg/L of total organic carbon, shallow 
ground water generally have less than 10 mg/L (leen
heer 1984). In shallow ground water, up to 90 percent 
of the total organic carbon may consist of high molec
ular weight fulvic and humic acids (Thurman 1984). 
Oil field water generally has much higher concentra
tions of TOG (up to 2,000 mg/L). Short-chain aliphatic 
acid anions (mainly acetate and propionate) were 
identified (Willey et al. 1975; Carothers and Kharaka 
1978). Because of the latest techniques for concentra
tion. partitioning and isolation, and improved analyti
cal instrumentation, a greater percentage of these 
compounds are now being identified (Leenheer 1984). 

Analytical techniques using gas chromatography 
(GC) (Schwarzenbach et al. 1984). mass spectrometry 
(MS) (Hass and Norwood 1984), high performance 
liquid chromatography {HPLC) (Bombough 1984), 
and infrared spectrometry {lA) {Kawahara 1984) are 
now used for analysis of waste and natural water. 
These instruments may be used separately or in 
sequence (i.e .. GC-MS) to acquire the necessary 
detection level. In addition to techniques for specie 
identification there are methods to separate organic 
materials by their chemical characteristics. One pro
cedure identifies acid, base and neutral hydrophobic 
and hydrophilic solute fractions. which can be useful 
in the study of organic transformations and sorption 
P.rocesses (leenheer and Huffman 1979). 

Quality Control 
Quality control of samples is an essential part of 

any well-posed scientific study. Interlaboratory com
parisons have shown that even for commonly analyzed 
species such as sulfate (Ellis 1976), the range in 
reported values may be considerable. The use of 
blanks. artificial samples. diluted and spiked samples 
provide a means of determining the accuracy of chem
ical analyses from a given laboratory. It is -recom
mended that the preceding procedures be followed if 
the analyses are performed by an outside laboratory. 
Publications by Wilson (1952). the American Chemical 
Society (1980), and Friedman and Erdmann (1982) 
provide some guidance for setting up a quality assur
ance program. 

Extrapolation of the Chemical Data 
To Subsurface Conditions 

Geochemical studies often require the use of com-

Table 2 
Comparison of Four Spectrometric Methods: 

(FAES)l, (FAAS)2, (GFAA)3 and (ICPS) 4 

Method 

Comparison FAES FAAS GFAA I CPS 

Advantages 

Inexpensive instrument X X X. 

Inexpensive maintenance X X X 

Wide dynamic range X X 

Low matrix interferences X 

Low spectral interferences X X X 

Multi-element X 

Small sample capacity X 

Disadvantages 

Expensive instrument X 

Expensive maintenance X 
Limited dynamic range X X 

High matrix interferences X X X 

High spectral interferences x. 
Single element X X X 

Poor precision X 

' Flame atomic emission 
2 Flame atomic absorption 
3 Graphite-furnace atomic absorption 
'Inductive coupled plasma (modified from Parsons et al. 
1983) 

puler models to interpret chemical processes in sub
surface water. In our studies, we use SOLMNEQ II 
(Kharaka et al. 1985) to calculate the distribution and 
activities of aqueous species on the assumption of 
thermodynamic equilibrium in the aqueous phase. The 
thermodynamic .data base for this model includes 
inorganic and organic aqueous species (250), and 
minerals (300) over the ~em perature range from 0 to 
350 c. and pressures from 0.1 to 100 MPa. 

The reason for using this model in the analysis of 
subsurface water is that it allows the calculation of pH 
at in situ temperature and pressure conditions. Higher 
hydrostatic pressure almost always increases the sol
ubility of minerals and becomes significant in sedi
mentary basins, especially in geopressured zones and 
at temperatures greater than about 100 C. During the 
collection of subsurface samples. the pH can change 
from the loss of volatile gases such as C02 and H~. 
but changes in temperature and pressure alone will 
result in pH changes due to variations in the stabilities 
of hydrogen-bearing aqueous species (Kharaka et al. 
1980). SOLMNEQ II will compute the subsurface pH 
where known quantities of C02 and H~ were lost 
prior to the surface measurement of pH. 

Geochemical models and their application to sub
surface w.ater are covered in Jenne (1979) and in 
Plummer (this volume). 
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Summary 
Geochemical studies of subsurface water require 

detailed information about the hydrologic and geo
logic environment such as ground water flow path, 
hydraulic characteristics of the aquifer. the geologic 
section and the mineralogy of the zone of interest. 
Wells where interborehole flow may occur should be 
used with caution. The entire history of a new well 
should be documented along with construction mate
rials and fluids used (types and volumes) downhole. 

Ground water sampling should proceed when it 
has been determined that a representative sample may 
be collected at the well head or in situ. The in situ 
sample is generally preferred because it is more likely 
to be representative. Samples should be collected at 
the well head when pH, alkalinity, temperature and 
conductivity achieve steady-state measurements. 
Samples should be collected, filtered and preserved in 
the field as appropriate as soon after collection as 
possible. Care should be taken to minimize air contact 
with the samples, especially if in situ reducing condi
tions are expected. 

Analysis of subsurface water should be in accor
dance with the study objectives and the required level 
of detection. Methods for the analysis of certain types 
of water have been published and should be consulted 
because of the many difficulties of analyzing brines 
and geothermal water. Quality control of chemical 
analyses should be documented by th'3 use of blanks, 
dilutions, spiked samples and standard reference 
samples. If the pH of the sample varius substantially 
after collection, it may be necessary to calculate the 
subsurface pH by using a computer model such as 
SOLMNEQ II if the volumes of volatile gases lost prior 
to the surface pH measurement are known. 

Disclaimer 
Use of trade names (i.e., Zeeman) in this paper is 

for identification purposes only and does not consti
trJte endorsement by the U.S. Geological Survey. 
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Principles and Applications in 
Ground Water Geochemical 
Studies in Alberta, Canada 

by Edward I. Wallick, H. Roy Krouse and 
Asif Shakur 

Abstract 
Isotopic ratio determinations of hydrogen, oxygen, 

carbon and sulfur are among the most useful of 

parameters in the study of ground water geochemical 

systems. Hydrogen has two stable isotopes, protium 

and deuterium, having masses one and two, and 

atomic abundances of 99.985 and .015 percent, 

respectively. The main mass-dependent processes by 

which hydrogen isotope abundances are altered are 

evaporation and condensation of water in the hydro

logical cycle of the earth. Tritium (mass three. half life 

12.3 years) is produced by co·smic rays in the upper 

atmosphere and in thermonuclear bomb explosions. 

Tritium levels are· affected mainly by losses due to 

radioactive decay, through exchange with atmo

spheric water vapor, and through dilution in the 

oceans. Oxygen has three stable isotopes having 

masses 16 (most abundant), 17 (.01 percent), and 18 

(.08 percent). The main mass-dependent processes 

that affect the abundance of oxygen isotopes are 

evaporation, condensation and exchange reactions. 

Carbon has three isotopes of environmental impor

tance having masses 12. 13 and 1 4. The average 

abundances for the two stable nuclides are 98.9 and 
1.1 percent, respectively, while carbon-1 4 is radioac

tive and has a half-life of 5,730 years. Inasmuch as 

carbon is the building block of life, biological pro

cesses play the dominant role in the fractionation of 

carbon isotopes. Sulfur consists of four stable isotopes 

having masses 32 (95.01 percent), 33 (0.75 percent), 

34 (4.21 percent) and 36 (.02 percent). Sulfur is also 

important in the biological cycle and the wide range in 

valence states. (-2 to T6), and the fact that sulfur 

compounds occur in all three phases and in organic. 

as well as inorganic compounds. make it especially 

prone to isotopic fractionation. 

Alberta has long been a successful proving ground 

for environmental isotope applications because of the 
extremely vJ>dorl trmnnr3.phy a.nd climat~. giving rise 

to large variations in the stable isotope composition of 

precipitation. In addition, the unconsolidated Creta

ceous deposits are rich in organic matter containing 

sulfur, and isotopes of carbon and sulfur have proven 

useful in studying the processes that occur during 

formation and mining of oil sands, coal and sour gas 

deposits. A number of interesting examples of envi

ronmental isotope applications studies in Alberta are 

presented. One study involved the determination of 

potential for impacts of sour gas processing plant 

operation on soil and water chemical quality. Another 

entailed the environmental asessment of the Alsands 

Oil Sands open pit mining operation in the Athabasca 

Oil Sands of northern Alberta. A method for determin

ing the hydraulic character of prairie potholes is dis

cussed. Studies of the processes governing carbon 

dioxide production in mine spoil and determination 

of the source of sulfate in ground water are also 

presented. 

Overview 
This paper consists of two parts: Part I deals with 

principles of isotope research including basic defini

tions and factors affecting isotope abundance varia

tions in nature. Part II cites examples of the use of 

environmental isotopes in a variety of hydrogeochem

ical investigations in Alberta during the past decade. 

These include assessment of ground water-surface 

water communication; identifying sources of pollu

tants and tracing their fates in subsurface environ

ments; evaluating the influence of bacterial activity on 

ground water composition; and assessment of disso

lution, transport and precipitation of minerals. 

Specific problems for study included determina

tion of the source of anomalously high C02 partial 

pressures in reclaimed mine spoils; delineating natural 
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and anthropogenic soluble S-compounds in surface 
and ground water near sour gas processing plants; 
upward migration of deep saline formation water to a 
shallow aquifer as a consequence of open pit mining; 
and origin of a sodium-sulfate/carbonate ground 
water evaporite deposit. 

Part 1: Principles of Isotope Research 
Isotopes of an element differ in their masses 

because of different numbers of neutron::; in their 
nuclei. Isotopes are usually designated by superscripts 
to the left of the symbol for the element. Therefore. 
~:s designates the 16 protons common to all sulfur 

· nuclei and the particular isotope with 18 neutrons 
giving a total nucleon number of 34. 

By convention, the isotopic composition of an ele
ment is measured and reported using the "del" nota
tion. Absolute abundances of isotopes are not usually 
measured. Rather the relative difference in the abun
dance ratio of the heavy isotope to the light isotope of 
the sample with respect to a reference is determined. 
The fractional difference "d" is given by: 

d = Rsample - Rreference 

A reference 

where the A's are. for water. the 1S0/1SO or the D/H 
isotope concentration ratios. Positive "d" values show 
the samples to be enriched in the heavy isotope spe
cies with respect to the reference (in this case SMOW. 
acronym for Standard Mean Ocean Water). Negative 
"d" values correspond to samples relatively depleted 
in the heavy isotope species. Inasmuch as the differ
ences between samples and reference are usually 
quite small, it is convenient to define a del scale in 
which the "d" values are multiplied by one thousand. 

d(Ofoo) =X 1,000 

High reproducibilities of del values can be obtained 
(0.1 °/oo for 1SO and 1 °/oo for D) whereas the errors in 
determining the absolute isotope composition of a 
sample would be typically two orders of magnitude 
larger. Del values are an intrinsic property of water 
and can be used in tracing and mixing computations 
in hydrology. The high precision of del determinations, 
coupled with the large natural variations in del values. 
usually means that sources of water masses and mix
ing phenomena can be determined more effectively 
with isotopic data than with chemical compositional 
differences. 

Isotope ratio mass spectrometry, featuring the 
simultaneous collection of two or more ion beams 
corresponding to the isotopes of interest, is the most 
frequently used instrument for stable isotope abun
dance determinations, and occasionally for studies 
involving radionuclides. However, for measurement 
of the content of radioctive isotopes. beta spectros
copy using either gas proportional counters or liquid 
scintillation counters is preferred. The fractionation 

exchange and kinetic isotope effects. These processes 
occur during chemical and biochemical conversions. 

A chemical exchange reaction can be represented 
by the equation 

K 
aA, + bB 2 - aA 2 + bB 1• where 

·a· and 'b' represent the number of moles of molecules 
'A' and 'B' containing the element of interest. The 
subscripts '1' and '2' refer to lighter and heavier isotopic 
species respectively. The equilibrium constant K gen
erally is not equal to 1 and has a basic temperature 
dependence of InK= f(11T2) (Urey 1947). 

When the same molecule occurs in two physical states 
of the se..-:1? substance. e.g. liquid water and water 
vapor. isotope exchange can also occur. This is exem
plified in the case of sulfur by the case where H~ gas 
is present in an aqueous system containing Hs- ion. 

The kinetic isotope effect is represented by the 
one-step competitive reactions 

K, 
A 1 +R-P1 +X 

K2 
A2 + R- P2 +X 

where A1 and A2 are the reactants, and P1 and P2 
represent the products that contain the light and heavy 
isotopes respectively. R refers to other reactants and X 
to other products. The ratio of the isotopic rate con
stants K 1/K2 is generally greater than unity. This is to 
say that the initial product is usually depleted in the 
heavier isotope as compared to the reactant. Figure 1 
shows that as the reaction advances. the remaining 
reactant becomes increasingly enriched in the heavier 
isotope because of the preferential conversion of the 
lighter isotopic species. The model of this process 
shown in the figure is a simplified version of the real 
process that has s~veral stages where the overall iso
topic behavior is a complex function of the isotopic 
selectivity of each step (Ktouse 1983). 

Because of the general nature of this presentation, 
it is not possible to focus upon very detailed aspects 
that account for the variations in isotopic abundances 
in nature. The approach that is used instead is to 
highlight the most important processes that promote 
isotopic fractionation. In this way the casual reader 
can obtain a reasonable appreciation of the potential 
of isotope-geochemical approaches for solving practi
cal problems. 

Hydrogen 
Hydrogen has two stable isotopes, ~H. (protium). 

and ~H or D (deuterium), occurring with average abun
dances of 99.985 and .015 percent respectively. In 
addition, the radioactive nuclide, ~H or T (tritium). 
exists naturally and decays with a half-life of 
12.3 years into ~He. ' 

re~cti?ns th~t affect sulfur isotope ~bunda~ces fall Tritium is produced naturally in the upper atmosphere prtncrpally rnto the two categortes of rsotope 
2 

_
7

'?J the collision of cosmic rays (essentially very high 



ONE STEP 
KINETIC' ISOTOPE EFFECTS 

I 
I 

I 
I 

t 
I 

0 

I 
I 

I 
I 

I 
I 

I 
I 

I 

REMAINING "R" / 

...... ......... 

" ;-" 
......... 

/ 
/ 

/ 

/ 
............ --ACCUMULATED "p" 

50 
PERCENT CONVERSION 

100 

Figure 1. Kinetic isotope effect: isotopic behavior of 
components during a simple one-step, first-order 
process where the ratio of the rate constants k3ik34is 
larger than unity 

energy protons) with atoms of oxygen and nitrogen to 
produce thermal neutrons. These neutrons, in addition 
to energetic protons and deuterons, collide with each 
other and nitrogen of the air to produce tritium. The 
production of cosmic ray-induced tritium is directly 
dependent on the neutron flux. Examples of natural 
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tritium production are as follows: 

1 ~N + 6N - ~H + 
1 ~C 

1~N + ~H- ~H +fragments 

~H + ~H- ~H + :H (Evans 1966) 

Tritium is also produced during thermonuclear tests 
and in nuclear reactors, and it is estimated that 12 
times the natural inventory of tritium, about 360kg, 
were present in the waters of the northern hemisphere 
at the end of the atmospheric testing, which took 
place between 1958 and 1963 (libby 1963). 

The main mass-dependent processes by which 
hydrogen isotope abundances are altered are evapo
ration and condensation in the hydrological cycle of 
the earth. The world acts like a giant "still" for isotopic 
species of water with net evaporation occurring in the 
oceans and net precipitation occurring in continental 
and polar regions. 

Tritium levels are affected mainly by loss due to 
radioactive decay, through exchange with atmo
spheric water vapor, and through dilution in the 
oceans. 

Oxygen 
There are three stable isotopes of oxygen, ':o. 1 ~0 

and 1:0. 
The approximate abundances for 180 and 170 are 

.08 percent and .01 percent, respectively. The main 
mass-dependent processes that affect the abundances 

SULFUR ISOTOPIC COMPOSITION OF THE PRINCIPAL 
SOURCES OF GROUNDWATER SULFATE 

SOURCE MEAN o"S (%) RANGE o "5(%1 
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Figure 2. Range of sulfur isotope abundances in nature and variations of sulfur isotope composition of marine 
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of oxygen isotopes are evaporation. condensation and 
exchange reactions. 

Fractionation of Hydrogen and Oxygen Isotopes 
in Nature 

At 20 C. water vapor is lower by about 80°/oo in del 
0 and 10%o in del 180 than liquid water with which it is 
in isotopic equilibrium. Kinetic isotope effects during 
open evaporation lead to greater fractionation. 

Water vapor that is evaporated from the oceans is 
depleted in deuterium and oxygen-18; however. it is 
not quite in isotopic equilibrium with the ocean. This 
discrepancy is due to the effects of wind, imperfect 
mixing and kinetic factors affecting the mass transfer 
between the liquid and vapor phases. The initial con
densation event leads to the preferential removal of 
the heavier isotopes during precipitation. with the 
remaining vapor becoming more depleted in oxygen-
18 and deuterium. Subsequent condensation is further 
depleted in the heavy isotopes. The major effects of 
this Rayleigh process (continuous removal of con
densate enriched in the heavier isotopes) are: 

• A gradual decrease in del 180 and del D as one 
goes from lower to higher latitudes 

• More depletion in del 180 and del D in winter 
snow than in summer rains 

• A decrease in del 180 and del D in going from the 
coast inland on continents. and 

• A decrease in del 180 and del D with increasing 
altitude. 

Figure 2 is a simple diagram that displays pro
cesses affected by the relationships between del D 
and 1SO. Water of meteoric origin (as opposed to 
juvenile water or water of hydration in various miner
als. for example) plotted on a line with an approximate 
relation del D = 8 del 180 + 10 (Dansgaard 1964; Craig 
1966). The various processes that cause a departure 
from the meteoric water line are evaporation from an 
open water body, condensation. exchange with gases 
and solids. and hydration of silicate minerals. 

Carbon 
13 

Carbon has two stable isotopes. 1 ~C. {12C), and 6C 
or 13C, occurring with average abundances of 98.9 
and 1.1 percent. respectively.ln addition, tl1e radioac
tive nuclide, carbon-14 (radiocarbon) exists naturally 
and decays with a half-life of 5,730 years into nitro
gen-14. 

In nature, the values of del 13C (with respect to the 
PDB scale) range from less than -90°/oo for some very 
isotopically light biogenic methanes to over +20°/oo 
for a few carbonates. The biosphere and carbonates 
are connected to atmospheric C02 (del 13C approxi
mately -8°/oo) and constitute the two main carbon 
reservoirs. As a consequence of isotopic exchange 
among atmospheric C0 2• dissolved HC03-. and 
CaC03, precipitated marine carbonates are enric~ed 
in 13C, resulting in del 1lC values near zero_pe~ '!111. 

Because carbon is the building block of life. 1t IS not 
surprising that biological processes play the domi
nant role in the fractionation of carbon isotopes. These 

biological processes include photosynthesis ~nd 
respiration. whereby carbon is either incorporated mto 
organic matter from free C0 2 or where organic matter 
is oxidized. 

Three photosynthetic pathways (C3. C4. and CAM) 
have been identified that follow the Calvin Cycle and 
include many trees and most cereal grains such as 
wheat and oats. These plants have values of del 13C 
ranging between -30 to -220foo. The C4 plants belong 
to the Hatch-Slack Cycle and include cane plants 
such as corn. They are isotopically heavier with del 
13C values ranging from -16 to -8°/oo (Hatch and Slack 
1970). The CAM (crassulacean acid metabolism) 
plants. which include the cacti. tend to span the range 
of C3 and C4 plants (Troughton 1972). 

Varia·'~.,s in the carbon isotopic composition of 
soil C0 2 are often related to the type of plant cover 
because of the large amount of root respiration that 
contributes to the soil atmosphere. It is this C02 that 
enters the ground water system and becomes part of 
the dissolved inorganic carbon. Carbon isotopes are 
therefore of great importance in understanding the 
chemical evolution of ground water. 

Carbon-14 is produced naturally in the upper 
atmosphere by thermal neutron activation of nitrogen 
according to the reaction: 

,iN+ ~n- ,~c + ~P 

The estimated production rate of 14C is about 2.2 
atoms/sec/cm2 of earth's surface (Lingenfelter 1963; 
Lal and Peters 1967). 

Once formed. the radiocarbon is first oxidized to 
14CO and then to 14C02 and is subsequently dispersed 
throughout the atmosphere, biosphere and ~ixed 
layer of the oceans. Radiocarbon takes part m the 
carbon cycle of the earth to the extent of its 5, 73Q-year 
half-life (8,27Q-year mean-life). Radiocarbon decays 
by the mechanism: 

14c _ 14N + of3 +; 
6 7 •1 I 

The basic chemical model for the use of natural 
radiocarbon in ground water age determination was 
developed by Munnic11 (1957). Munnich recognized 
that the principal problem in age dating was estimating 
the initial radiocarbon activity of recharge water inas
much as recent shallow soil water from northwest 
Europe gave carbon-14 dates that were too old by as 
much as 2.000 years. Clearly, the recharge water 
contained a mixture of old and recent carbon. The 
recent carbon was composed of C02 dissolved in soil 
water from plant root respiration and from decay of 
organic matter in the soil. Carbon from soil lime. con
taining no radiocarbon due to the great age of the 
parent marine limestone, was diluting the initial car
bon-14 activity of the water. The dissolution of CaC03 

by co2-charged water was modeled by the reaction: 
x •CaC03+ (x+y) •C02 +xHp-2x •HC03-+y •C02 
+ x • Ca ••• where x and y are the molar concentrations. 
According to the reaction, x moles per liter of recent 
atmospheric/biogenic C02 dissolve the same amount 

2-72 



of CaC0 3 to produce 2x moles per liter of dissolved 

bicarbonate. Unreacted C02 of concentration, y, re

mains dissociated H2C0 3 and that is unable to attack 

further CaC03. This Cb2 is referred to as "free" C02 as 

opposed to "fixed" C02 that is dissolved HC03- plus 

C03 = or bound in CaC03. Certain assumptions are 

inherent in the basic chemical model as follows: 
• The soil biogenic and atmospheric C02 have a 

radiocarbon activity of 100 percent of the modern 
standard. 

·• The soil lime contains no radiocarbon. 
• The dissolved carbonate in ground water origi

nates only from dissolved C02 and carbonate minerals 
in the soil and unsaturated zone. 

• Loss of radiocarbon is solely by radioactive 

decay once the water leaves the soil zone, i.e., no loss 
by isotopic exchange with carbonate minerals in the 
aquifer. 

• The concentrations of carbonate species are 
conserved in the ground water over time. Composition 

of ground water remains unchanged over time, i.e., no 

chemical exchange. 
Because the preceding assumptions rarely hold 

true in natural ground water systems, correction 
models have been developed using various chemical 
and isotopic equilibrium approaches in order to cor
rect for non-ideality in the basic chemical model. 
These approaches have been used to correct ages 

deduced using the basic chemical model. These 

approaches have refined the estimate of the value of 

the initial carbon-14 content in the dissolved inorganic 

carbon in the recharge area (e.g. Pearson 1965; Mook 

1972; Wallick 1976). 

Sulfur 
The element sulfur consists of four stable isotopes, 

~~S. ~~S. fss and ~~S. The approximate abundances of 
these isotopes are, respectively, 95.02, 0.75, 4.21 and 

.02 percent. 
·· ·All sulfur isotope del values are reported with 

respect to the Canon Diablo meteoric troilite stan

dard. The range of sulfur isotope abundances in 
nature and the variations in del 34S of marine sulfate 

over geological time are shown in Figure 3. 
Sulfur, like carbon, is important in the biological 

cycle. The wide range in valence states, (-2 to +6), and 

the fact that sulfur compounds occur in all three 
phases and in organic, as well as inorganic forms, 
makes it particularly sensitive to fractionation. 

The largest fractionations occur during aqueous 

sulfate reduction to bisulfide by bacteria such as 
Desulfovibrio desulfuricans, according to the follow

ing equation (after Berner 1972): 

a so4= + 2Fe2o3 + 15(C) +7H 20- 4FeS 2 + HC03- + co3= 

In the preceding equation. C represents organic car
bon and Fe~3 represents reactive iron minerals in 
sediments with which water is in contact. The net 

effect is to convert the sulfate into an equivalent 
amount of alkalinity, which may precipitate as calcium 

or magnesium carbonate, or may build up in solution. 

·20 
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Figure 3. Meteoric water line diagram showing del D 
vs. del rso for generalized systems (IAEA Report No. 

228, 1983) 

Because there is usually incomplete conversion of 

sulfate to sulfide, there is isotopic fractionation, with 
the heavy sulfur being enriched in the aqueous sulfate. 
The net fractionation, del 34S(SO/) - del 34S(HS-), 
may exceed 70 per mil and is dependent upon many 
factors such as availability of nutrients and extent of 
conversion. 

Part II: Isotope Applications in Alberta 
Alberta has long been a successful proving ground 

for isotope methods in hydrology and geochemistry 
studies because of the supporting role they played in 
reconnaissance investigations. Further, almost ideal 
conditions exist in the province for application of the 
isotope tools (Hitchon and Friedman 1969; Hitchon 
and Krouse 1972: Hitchon, Brown and Krouse 1975). 
Alberta has an extremely varied topography and cli
mate. As a result, variations of deuterium and oxy
gen-18 in meteroric water are very large due to major 

changes in alt.itude, latitude and temperature with 

respect to time: and space. Furthermore, the rocks in 
Alberta range from Paleozoic carbonates and shales 

to unconsolidated Cretaceous sequences. Some are 

very high in organic matter (bituminous sandstones 

and organic-rich shales), and carbon and sulfur iso

topes proved useful in elucidating major surface and 

subsurface processes such as formation of oil sands, 

coal and sour gas deposits. An additional aspect of the 
hydrogeological conditions in Alberta is that there are 

very great differences in hydraulic conductivity, which 
result in ground water of ages ranging from recent to 
many millions of years. Isotopic methods for determin

ing the age of this ground water are needed and are in 

rudimentary stages of development; e.g., chlorine-36 
and inert gas methods. 

Unless otherwise stated, all stable isotope analyses 
reported in this paper were performed in the Stable 
Isotope Laboratory, Physics Department, The Univer

sity of Calgary (H.R. Krouse, director). Tritium 
analyses were performed by the Radiocarbon and 
Tritium Laboratory, Alberta Environmental Centre, 
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Vegreville, Alberta (L.D. Arnold. head). 

Environmental Impact of Sour Gas Plant Operations 
The oil and gas industry is a very important part of 

the Alberta economy. Therefore, any environmental 
problems that bias the public against the industry 
must be resolved quickly. 

One study was commissioned by the Alberta 
Department of Environment in 1983 to assess the envi
ronmental impact of operation of gas plants near the 
town of Pincher Creek in southwestern Alberta (Fig
ure 4). The work that is summarized next is taken from 
a component of the larger study by Wallick ( 1984) and 
was abridged in Wallick, Dabrowski and Shakur 1984). 

Although the area receives an average of about 
400mm/yr of precipitation, the high winds and occa
sional drought years make this area tenuous for agri
culture. The topography is gentlyrolling to hummocky 
with numerous water-filled depressions. The upper 
Cretaceous sandstone and shales are covered by a 
thin veneer of glacial drift sediments ranging in thick
ness from 3 to 20m. Ground water is the only source of 
water for residents of the local area. and the principal 
aquifers consist of sands and gravels at the drift/bed
rock erosional contact and fractured sandstones in 
the bedrock. 

Two objectives of the study were (1) to determine 
the dimensions of the area that had been affected by 
the S0 2 emissions and fallout of sulfur dust, and (2) to 
establish the degree of communication between the 
surface water and ground water systems. Environ
mental isotope methods were used along with other 
standard hydrogeological procedures to meet these 
objectives. 

Sulfur isotopes had been used successfully in 
Alberta to differentiate between sulfur of petroliferous 
origin and sulfur of land plant origin by Case and 
Krouse (1980), Krouse and Case (1981), and Krouse, 
Legge and Brown (1984). The method is based upon 
the observation that deep sour gas occurrences have 
dei 34S values (ranging from +15 to +30 per mil) similar 
to associated evaporate deposits. In contrast, plant 
and soil sulfur in Alberta have del 34S values ranging 
from zero down to -30 per mil (Krouse 1980). 

If significant quantities of petroliferous sulfur hav~ 
been added to the soil-water system, heavier values of ' 
del 34S of the soil sulfur should result. Measurements 
of del 34S of particulate sulfur and S02 extracted from 
the atmosphere are reported in Table 1. Note that 
these values are characteristic of marine sedimentary 
sulfate as are the del 34S values obtained for the ele
mental sulfur and raw gas emitted from the two gas 
processing plants in the study area (Table 2). 

The distribution of del 34S in sulfur extracted from 
soil plugs 0 to Scm in depth is shown in Figure 5. The 
area where there has been influence from the gas 
plant emissions is well-defined. There is a narrow 
corridor in which relatively positive values were 
obtained with respect to the soil sulfur background 
value represented by the point furthest west. Similar 
patterns emerged for samples of vegetation and lake 

Figure 4. Location of study area for assessment of 
impact of gas plant operation, Twin Butte 

Table 1 
Measurements of Del 3"5 of Particulate Sulfur 

and SO 2 Extracted from the Atmosphere, 
Twin Butte Area 

Source of Sulfur 

Atmosphere 
(- 24 H Period in Oct. 1983) 

• Particles captured on glass filter 

· 502 trap #1 

· 502 trap #2 

Table2 

c)sos {per mil) 

+ 19.7, + 21.6, 
+ 15.8 

+ 21.3, + 16.5, 
+ 16.4 

+ 25.0, + 22.9, 
+ 20.7 

Measurements of Del 34S in Elemental Sulfur 
and Raw Gas from Gas Plants, Twin Butte Area 

Source of Sulfur 

Elemental Sulfur 
-Shell 
-Gulf 

Raw Gas 
-Shell 
-Gulf 

+ 17.0, + 17.1 
+ 18.1, + 18.2, 
+ 18.3 

+ 16.4 
+ 17.3 

sediments, i.e., a narrow east-west corridor in which 
the fallout from the gas plant was most concentrated. 

Values of del 34S for aqueous sulfate indicate that 
sulfate anion was derived from the leaching of local 
soil sulfur and/or sulfide oxidation (Figure 6). Only a 
spring discharging approximately 0.8km downgradi
ent from the Shell Plant had a positive value, suggest
ing that there is a contribution from the sulfur storage 
block to the shallow ground water system. 

Determination of the degree of hydraulic commun
ication between the surface water and ground water 
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,;,.s Values in Soil (0·5 em) 

Figure 5. Distribution of del 34S in sulfur from soil 
plugs, Twin Butte 

systems was facilitated by a deuterium, oxygen-18 
and environmental tritium survey. Overlap in the 
oxygen-18 distributions between the surface water 
and ground water systems (Figure 7) suggests mixing 
of water from the two systems occurs and that the 
ground water system responds readily to any surface 
disturbance that can change the quantity or chemical 
quality of recharge water. 

The tritium contents of surface water in T.U. (one 
T.U. = 1 x 10"18 T/H) average approximately 50 T.U. 
(Figure 8). In the ground water samples. there were 
two groups: one group of drift wells 2.5 to 20m deep 
with tritium levels similar to those of surface water, 
and another group of bedrock wells ranging from 
40 to 70m deep with tritium levels higher than recent 
precipitation, sometimes exceeding 100 T.U. (Fig
ure 9). 

A tentative explanation for the higher tritium levels 
is that about a decade is required for recharge to 
occur in the deeper aquifers, although rapid seasonal 
rec~~rge occurs for the shallow drift units. The sulfate 
concentration of surface water was ambiguous as an 
indicator of fallout of gas plant sulfur because of the 

.. evaporation-concentration of salts brought about by 
high winds and low relative humidity. Extensive evapo
ration was revealed by the stable isotopes, deuterium 
and oxygen-18. A meteoric water line plot with both 
surface water and ground water data is given in Fig
ure 10. Ground water and surface water both plot 
close to the meteoric water line: however, most surface 
water plots well below the line indicative of evapo
ration. Note that tritium values did not increase along 
the evaporation line because of the diluting effect of 
exchange with atmospheric moisture. These trends 
indicate that sulfate concentrations increased due to 
evaporation-concentration and not because of addi
tional sulfur loading. In general. the conclusions 
reached in the Twin Butte study as a result of the 
application of isotope-geochemical techniques were 
as follows: 

• The surface water system is hydraulically con
tinuous with the shallow ground water system and 
recharge is rapid (on the order of several years). 

.;,.s Values in Aqueous Sulfate 

Figure 6. Distribution of del 34S in aqueous sulfate, 
Twin Butte 

10 

8 

f 6 

2 

6 

f 4 

2 

Ground Water 

+1 0 -2 -4 -6 -8 -10 -12 -14 -16-18 -20 
.5110 (%o) SMOW 

Surface Water 

+1 0 -2 -· -6 -8 -10 -12 -14 -16 -18 -20 

o110 (%o) SMOW 

Figure 7. Frequency histogram of del 780 values for 
surface water and ground water 

Distribution;of Tritium in Surface Waters 

Figure 8. Tritium content of surface water, Twin Butte 

• Runoff and seepage from the sulfur storage block 
contributes sulfate to ground water very near to the 
plant, and atmospheric sulfur fallout from the plant 
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Distribution of Tritium in Shallow Groundwaters 

R1W5M R30 R29 R28 R27 W4M 

Figure 9. Tritium content of ground water, Twin Butte 

accumulated in the soil in a corridor aligned with the 
direction of the prevailing westerly winds. 

• Evaporation-concentration is an important geo
chemical process in the area and sulfate concentration 
levels in surface water bodies are not reliable indica
tors of the presence of petroliferous sulfur loading. 

Environmental Impact of Oil Sands Mining 
During the final stages of the work that was done to 

assess the environmental impact of mining of oil sands 
in the Alsands Project area near Fort McMurray, 
Alberta, (Figure 11) several fundamental questions 
were posed concerning the effect of open pit mining: 

• Would dewatering the large open pit result in 
upward movement of highly saline ground water from 
deep aquifers? 

• Is there active recharge through the oil sands in 
the area? 

• Is the sulfate in the ground water of evaporite 
origin or is it derived from oxidation of reduced sulfur 
forms? 

Figure 12 shows the stratigraphy and the distribu
tion of aquifers and aquitards along an east-west sec
tion in the area. The Precambrian basement consists 
of metasediments and granites; these rocks outcrop 
about 70km northeast of the Alsands Project area. 
Overlying the Precambrian are the Laloche and the 
McLean River formations, consisting respectively of 
clastics and evaporites. The Methy Formation is com
posed primarily of dolomite and ranges in thickness 
from 63 to 107m. Saline formation water is found in 
these zones. The Prairie Evaporite Formation in the 
study area consists of anhydrite, gypsum and silty 
shales, varies in thickness from 40 to BOrn and consti
tutes a tight confining bed for the Methy Aquifer. In 
other locations. the Prairie Evaporite Formation can 
be up to 130m in thickness and acts as a low permeabil
ity membrane that separates the Middle Devonian 
Methy Aquifer from aquifers present in the Lower 
Cretaceous deposits. The Upper Devonian deposits 
form a base for much younger sediments of lower 

Figure 10. Meteoric water line plot of surface water 
and ground water from Twin Butte 
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Figure 11. Loca~ion of A/sands Project Area in Atha-
basca oil sands,' northern Alberta 

Cretaceous age. Within the Alsands Project area. this 
consists ofthe McMurray Formation with the younger, 
locally present Clearwater Formation. In the basal part 
of the McMurray Formation, a residual claystone 
underlies massive sand deposits up to 40m thick. 
These sands are the Basal Aquifer and have the high
est ground water yields in the project area. The Pleis
tocene is represented by glaciofluvial (sand and 
gravel) and ice contact deposits consisting of lacus
trine clay and till. Recent sediments include sand, silt 
and clays of aeolian. fluvial and lacustrine origin. 
Muskeg organic deposits cover most of the project 
area. 

The extensive ground water monitoring system in 
the Alsands Project area consisted of a total of 137 
piezometers in the surfic;::ial aquifer, 49 piezometers in 
the Basal Aquifer and 7 piezometers in the Methy 
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Figure 12. Stratigraphy and distribution of aquifers and aquitards, A/sands Project Area 

Formation. Piezometers were of the standpipe type 
with a section sealed within the aquifer. The piezome
ters were developed with compressed air, samples 
were collected and static water levels were measured. 
Water samples and ·pore water (extracted from oil 
sands core materials by means of the toluene reflux 
extraction method) were analyzed for a variety of iso
topic and chemical constitutents. Analyses of tritium 
were performed at the Centre for Applied Isotope 
Studies at the University of Georgia, Athens (J.E. 
Noakes. director). 

An important objective of this study was to use the 
environmental isotopes to determine whether the 
Methy and Basal aquifers are hydraulically connected. 
Figure 13 is a plot of del 180 vs. del D together with 
Craig's (1966) meteoric water line. The points repre
senting the Methy Aquifer are the most depleted in the 
heavy isotopes and possess greater homogeneity than 
in the Basal Aquifer. One interpretation that fits the 
data is that ground water in the Methy is far older than 

·ground water in the Basal Aquifer, and that the 
depleted isotopic composition reflects recharge dur
ing a colder climatic period. Ground water from the 
Basal Aquifer shows the effect of recharge and the 
greater scatter in the data is believed to reflect the 
variability in the precipitation input. 

The distribution of isotopic data in Figure 13 may 
be compared with a plot prepared by Salati et al. 
(197 4) for an environmental isotope study of an area in 
northeastern Brazil (Figure 1 4). Note how the older 
ground water in the Acu Sandstone is also lighter and 
isotopically more homogeneous than the ground 
water that occurs in a limestone aquifer or in the 
recharge area of the Acu Sandstone. These isotopic 
distributions describe ground water conditions where 
there is a lack of communication between two aquifers, 
so that so-called "fossil" ground water can be pre
served. In the Alsands Project area. the Basal Aquifer 
does not appear to communicate hydraulically with 
the Methy Aquifer in a time span of less than tens of 

o"o 

·16 

·17 
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·19 

·20 

·21 

·22 

·23 

·24 

·25 

o Methy aquifer 

A Basal aquifer 

• Qil sands porewater 

o Surficial/shallow muskeg 

Figure 13. Meteoric water line plot of formation water 
from A/sands Project Area 

thousands of years. It is possible that the water that is 
trapped in the Methy was recharged sometime during 
the Pleistocene or earlier epoch. 

Another way of illustrating the lack of significant 
communication between the Basal and Methy aquifers 
is by means of the log (Cr) vs. del 0 plot in Figure 15. 
The Basal and Methy ground waters have neither 
overlap in chloride nor in del D. Because the move
ment of chloride is impeded the least by interaction 
with sediments, the deuterium is a conservative tracer 
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Figure 14. Meteoric water line plot of ground water from northeastern Brazil (Salati eta/. 1974) 

of the water molecule. any mixing between the two 
water masses over geological time would destroy the 
isotopic and geochemical zonation that exists. 

Conventional hydrogeological data also confirmed 
that the Basal and Methy aquifers are not hydraulically 
connected. In the northeast part of the study area. the 
piezometric heads in the Basal Aquifer exceeded the 
Methy Aquifer by more than 1Om. The reverse situation 
was observed in the southwest part where the piezo
metric head difference between the two aquifers was 
more than 25m. Furthermore, a 1.5 year drawdown 
test in the Basal Sands Aquifer, associated with the 
open pit mining feasibility study failed to induce any 
change in water level in piezometers completed in the 
Methy Aquifer. 

The second most important objective of the study 
was to determine whether recharge took place through 
the oil sand within recent time. Oil sand deposits were 
believed to be impermeable based upon laboratory 
consolidation tests, and yet, the farge volumes of water 
that were being pumped from the dewatering welfs sur
rounding the pit indicated otherwise. 

Analyses of del 180 and del 0 in pore water sepa
rated from the oil sand by the toluene reflux extraction 
method are presented in Table 3. The mean value for 
del 180 was -18.2 +/- 2.2 and the mean for del D was 
143.7 +I- 10 per mil. Tables 4 and 5 contain the results 
of tritium analyses of ground water, surface water and 
pore water. Although no tritium was found in ground 
water samples colfected from the Basal and Methy 
aquifers, the pore water contained significant levels of 
tritium in all except one sample (810041 EP). The two 
surface water samples that were analyzed had the 
same tritium content as the pore water. 

The similarity of the stable isotopic composition of 
the pore water and recent surface water and the pres
ence of significant tritium levels in the pore water 
suggested that recharge was taking place through the 
oil sand. Tritium levels were similar to those in precipi-
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Figure 15. Log (Cr) vs. qel D for formation water from 
A/sands Project Area · 

tation analyzed in Alberta over the past five or six 
years. 

Assuming 10 percent for the effective porosity of 
the oil sand, using a measured hydraulic gradient of 
1m per m, and a flow velocity of 75m per six years. 
substitution into Darcy's Law gives a hydraulic con
ductivity of about 4 x 10·8m/sec. This value is in 
agreement with those obtained from pumping tests in 
the dewatering wells. 

The third objective in which isotopic methods 
played an important role was in determining the source 
of sulfate in the ground water. Values of del 34S for 
both Basal and Methy aquifers (Table 6) fell within the 
range of sea water sulfate (+18.9 to +20.7 per mil). 

2-78 



Table3 
Analyses of Del 1110 and Del Din Pore Water 
Separated from Oil Sand by Toluene Reflux 

Extraction, Alsands Project Area 
I 

ALSANDS M DESCRIPTION DEPTH lml 618o (%ol 

11000C EP u-rlftd 10.2. 20.0 ·11.0 

11000C EP -·-· 30.0· ~.0 ·16.0 

11000C EP ,__,_a ~-0· 75.0 ·12.6 

11CIIU1 EP upperlftd 12.0. 25.0 ·21.0 

ltOIU1 EP ·-··- 41.8. 60.0 ·18.1 

81CIIU1 EP -·- 60.5. 75.5 ·18.3 

110015 EP ·-·- 25.0· ~.0 ·21.8 

810015 EP -·- ~.0·15.0 ·18.2 

110015 EP lower feed 18.0. 74.0 ·18.1 

8100ol3 EP lowerlftd 53.0. 15.0 ·18.8 

11CIIU3 EP -·- 31.0. 42.0 ·18.3 

810007 EP -·- 52.0-73.0 18.2 

810007 EP lower- 31.9. 52.0 ·18.4 

6D ("fool 

·155.5 

·130.6 

·121.2 

·157.5 

·1ol3.5 

·1'4.5 

·158.1 

·143.7 

·145.4 

·134.7 

·147.5 

·145.1 

·143.0 

ii) = 143.7 :1: 10.3%o 

Despite the fact that ground water from the Basal 
Aquifer contained much less sulfate than ground water 
from the Methy Formation, sulfate reduction is not the 
explanation for the difference. Had sulfate reduction 
been operative, the large negative fractionations would 
have severely altered the isotopic composition of the 
sulfate. The most likely cause is more extensive flush
ing by circulating ground water in the shallow Basal 
Aquifer than in the deeper Methy Formation to remove 
the residual sulfate. 

Source and Mechanism of Generation of 
C0 2 in Mine Spoil 

Large-scale disturbance of the earth's surface 
allows oxygen to come into contact with reduced car
bon, sulfur and nitrogen compounds. When oxidized, 
these compounds convert to CO2, SO 2 and NO 2 gases, 
which hydrolyze as acids. These acids are then avail
able to attack silicate and carbonate minerals and 

.. thereby contribute to the salt content of the rock. 
Because of the desire to mitigate soil and water 

salinization during surface coal mining, there is a need 
to develop conceptual and mechanistic models for the 
formation of salts during chemical weathering in min
ing operations. Inasmuch as the most important drive 
in these weathering reactions is the carbon dioxide 
content, an understanding of the source and mecha
nism for C02 generation is very useful in predicting 
which environments are particularly prone to develop
ment of high C02 concentrations and consequently 
salinization problems. 

Research was conducted in several phases (Wal
lick 1983) in the Forestburg-Halkirk area of east central 
Alberta (Figure 16). Dry piezometers were installed in 
natural undisturbed areas. in spoil piles and in re
claimed spoil. Laboratory apparatus was constructed 
for evacuation of gas-sampling bulbs and for gas 
purification. Sampling and analysis of gas were con-

Table4 
Tritium in Ground Water and Surface Water, 

Alsands Project Area 

AQUIFER WELL NUMBER TRITIUM lpCUL)' ..... 810015 EP <83.0 

110019 EP <13.0 

110051 EP <75.8 

1100ol3 EP <12.8 

110002 EP <79.2 

810057 EP <83.0 

'1 pCIII. • 3.7 x to·' ~lnlegr8tlono per.-
•• , T.U •• 1 X 10"

11 ~ • 3.24 pCliL 
H 

TableS 

TRITIUM (T.U.I'' 

<25.1 

<25.1 

<23.4 

<2U 

<24.4 

<25.1 

Tritium in Pore Water, Athabasca Oil Sands, 
Alsands Project Area 

AQUIFER WELL NUMBER TRITIUM CJICUL) • 

Melby t411 <101.1 

t717 <17.8 

t240 <11.7 

5031 <17.5 

DlluiOd t411 tau,. 24.t 
Motltr 

t411 tss.a ,. zu 

5021 ttl.7 "' 22.1 

SURFACE WATER 

TYPE OF SAMPLE TRITIUM IPCUL) 

Mus~ovRiwr 213.5 :1: 2t.2 

SUiflclal Dro ...... 250.1"' 21.3 

Surllclol-09 138.3 "' 30.1 

•t pCIIL • 3.7 1 to·' dl-..,otlono per.
' ··t r.u .• t 1 to·" /! • 3.24 pCUI. 
H 

TRmUM (T.U.) .. 

<:13.5 

<20.1 

<21.8 

<27.0 

32.1 

48.0 

38.1 

TRITIUM (T.U.) 

10.1 

77.3 

118.1 

ANALYSES OF TRITIUM IN PORE WATER 

ALSANDSNO. DEPTH(M) T.U.(:o:) DET. UMIT (T.U.) 

ltOOOCEP 30.0·54.0 98.2 (7JII 25.0 
lt0004EP 54.0·75.0 93.8 (25.11) tl.t 
lt0004EP 10.2·20.0 50.0 (8.7) 25.0 
1101Ut EP t2.0-25.0 23.5 (6.21 23.0 
lt004t EP .1.1·60.0 75.3 (7.7) 21 .• 
lt01U1 EP 80.5·75.5 ... s (7.31 27.7 
1100t5EP 28.0·54.0 6.0 (7.21 27.7 
1100t5 EP ~-0·15.0 73.7 11.21 31 .• 
atOOtSEP 88.0·7 •. 0 71 .• (7 . ., 27.7 
lt00ol3 EP 53.0·15.0 72.1 (7 • ., 27.7 
1100ol3 EP 31.0-42.0 78.5 (8.3) 22.2 
11007 EP 52.0·71.0 tt5.5 (8.51 31 .• 
11007 EP 38.9·52.0 95.t (7.111 29 .• 

ducted during the fall of 1981 and during the 1982 field 
season. Samples were analyzed for mole percent of 
oxygen, nitrogen, carbon dioxide and sulfur dioxide. 
Values were determined for del 13C of the carbon 
dioxide. 
Carbon Isotope Composition of C02 

Carbon dioxide from natural and reclaimed areas 
within the mine locality falls into three distinct groups 
on the basis of carbon isotope composition (Figure 
17). The lack of overlap signifies that differentiation is 
possible not only between natural and undisturbed 
environments but also between one disturbed environ
ment and another. Shown in the right half of f:igure 17 
is the range of C02 levels found for each of the field 
situations: natural, undisturbed settings and the 
reclaimed areas (Vesta and Diplomat mines). The three 
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Figure 16. Location of the Forestburg/Halkirk Area. 
Plains Hydrology and Reclamation Project 

settings have different ranges of C02 levels. with by far 
the highest values occurring at the Diplomat Mine. 

In nature, del 13C for organic carbon ranges b~ 
tween -21 and -27 per mil with respect to PDB, whereas 
marine carbonates have del 13C values approximately 
equal to zero. The dei 13C values of the natural settings 
fall into the range of organic carbon, suggesting that 
oxidation of organic carbon is the likely source of the 
C02. (Any suspicion that the C02 is derived from 
atmospheric contamination is ruled out because the 
observed dei 13C values were significantly lighter than 
the atmospheric C02 del 13C mean value of -7 mil 
PDB. In addition, the normal content of C02 in the 
atmosphere is 0.03 mole percent, a factor of 10 to 30 
times less than the lower limits observed.) Carbon 
dioxide from the Diplomat Mine was most likely a 
mixture of oxidized organic carbon and C02 produced 
by reaction of sulfuric acid with marine limestone/ 
dolostone, which is isotopically "heavy.'" 

Sources and Reaction Mechanism for C02 
The isotopic data indicate that two sources exist 

that yield C02: organic carbon and marine carbonate. 
The following reactions are therefore likely in the 
unsaturated zone. 

a. Corg + 0 2 - C02 I 

b. Spyri1etorg + 02 - S02 

c. so2 + Hp + o.5 0 2 - H~o4 

d. H2S0 4 + CaC03 - CaS04 + Hp + C02 I 

If relatively equal volumes of C02 were produced by 
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Figure 17. Carbon isotope composition of C02 from 
the unsaturated zone in natural and reclaimed areas 
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Figure 18. Horseshoe Lake area: A. location; B. 
regional topography; C. local water table topography 
(Wallick 1981) 

reactions a and d above, then the isotopic composition 
should be about halfway between the average value 
for organic carbon and marine carbonate, i.e .• del 13C 
equal to approximately -12.5 per mil. This is very close 
to the observed value at the Diplomat Mine and consist
ent with C02 levels that were roughly twice those 
observed elsewhere. Furthermore. the overburden at 
the Diplomat Mine consisted mainly of till that con
tained a significant marine carbonate component. The 
fact that authigenic gypsum was detected in the till 
suggests that reactions of the type described pre
viously are taking place ir:l the spoil environment. 
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Determination of the Hydraulic Character of 
Prairie Potholes Using Total Dissolved Solids, 
Deuterium and Oxygen-18 

I 

Environmental isotopes proved useful in determin-
ing the hydraulic character of the prairie potholes in 
an area of east central Alberta during a study of the 
Horsehoe Lake sodium sulfate/carbonate deposit 
(Wallick 1981 ). Figure 18 shows the location, regional 
topography and local water table topography of the 
Horseshoe Lake area. 

Prairie potholes are water-filled depressions of 
hummocky glacial moraine. They are important breed
ing grounds for water fowl and water supplies for 
livestock. The water is a mixture of precipitation, sur
face runoff and ground water seepage inflow. The 
ponds lose water through surface outflow, evaporation 
and seepage outflow to the ground water system. The 
ponds are quite transient in their hydrological char
acteristics in that the amount of seepage outflow 
(ground water recharge) and seepage inflow (ground 
water discharge) varies in time and space. Sloan (1972) 
studied the prairie potholes on the Coteau du Missouri 
in North Dakota and concluded that ground water 
plays a major role in the water balance of the ponds. 
The continuous range of ground water conditions 
around the potholes is shown in Figure 19. 

Figure 20 shows a meteoric water line plot along 
with dei 1SO and del D data for water samples collected 
from potholes and lakes in the Horseshoe Lake Basin. 
The strong effects of evaporation are evident as is the 
ultimate origin of much of the ponded water. If the 
evaporation line is extrapolated back to the 
meteoric water line, the intersect is very close to the 
snowmelt isotopic composition of the area based on a 
survey by Brown (1971). Plotting of del 180 values vs. 
the TDS delineates the hydraulic character of the 
potholes (Figure 20). Note that two distinct situations 
are represented: First, there is a linear trend of the 
data; reasonably parallel to the calculated curves for 
snowmelt and ground water (Lloyd 1966). Second, 
there is a divergent trend, showing the insensitivity of 

· · isotopic enrichment with increasing TDS. 
The first trend appears to be associated with the 

data for potholes that are predominantly recharge in 
character. In these potholes, the evaporation concen
tration of snowmelt is the principle mechanism for 
chemical evolution of the water. Hence. a linear rela
tionship between TDS and del 180 is expected and 
observed. 

For those potholes existing in a throughflow 
hydraulic situation, ground water seepage inflow is 
offset by ground water seepage outflow.! nasmuch as 
the snowmelt and precipitation that is added to the 
pond is not as constant in character as the ground 
water component. t~'-" isotopic composition of the 
water in the pond will take on the value of evaporated 
ground water over time. This is observed in the plot 
shown in Figure 21. 

The divergent trend where the del 1SO value of 
sloughs appears to level off at -8 per mil (SMOW), 
indicates that the simple one-step evaporation process 
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Figure 19. Continuous range of ground water condi
tions associated with prairie potholes (Sloan 1972) 
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Figure 20. Meteoric water line plot of surface water 
from potholes and lakes from the Horseshoe Lake 
Basin, east central Alberta 

is not applicable. In th~s lobe on Figure21, the potholes 
and lakes have an increasing tendency to be situated 
in ground water discharge areas. The reason for the 
breakdown in the linear relation is believed to result 
from: (a) the holdover of water from year to year so 
that the initial isotopic composition and TDS are 
greater than that of average ground water, but more 
importantly, (b) repeated dilution with fresh water and 
evaporation of water from potholes with permanent 
salt crusts results in smaller oxygen-18 enrichment for 
a given total dissolved solids concentration. 

The inset in Figure 21 illustrates how the latter 
mechanism (b) operates. Consider the water in the 
pothole to be at composition A. Evaporation results in 
a shift parallel to the theoretical curve to point B. At 
this time, an influx of water to the pothole dilutes the 
brine. However, because additional salts are carried 
into the slough by the added water and/or because 
some of the salt crust dissolves, the water does not 
move back to point A, but to point C. Repeated pro
cesses of this type may produce the observed trend 
toward higher TDS with less oxygen-18 enrichment. 
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Figure 21. Enrichment of oxygen-18 with increasing 
total dissolved solids, surface water, ground water, 
snowmelt, Horseshoe Lake Basin 

Determination of Sources of Ground Water 
Sulfate and Mechanism for Transport 

Whereas the Horseshoe Lake sodium sulfate/car
bonate deposit was shown to be derived from the 
evaporation concentration of ground water (Wallick 
1981 ), any explanation of the origin of the deposit 
must identify the source of the sulfate ion in the ground 
water. 

Wallick and Krouse (1977, 1980) determined the 
sulfur isotope composition for sedimentary sulfate, 
organic sulfur in coal, in addition to that of the ground 
water sulfate in an attempt to answer these questions. 
Samples of the glacial drift, bedrock and lacustrine. 
deposits were collected by means of hollow stem 
auger. The samples were dried, pulverized to <0.5mm, 
and a saturated extract prepared for each sample 
according to methods given in USDA Handbook #60 
( pg. 84). Sulfate was precipitated as BaSO 4 and del 34S 
values determined. 

The ground water flow pattern and.the sulfur iso
tope distribution in the form of vertical profiles of del 
l4S and lithology are given in Figure 23, along with a 
summary of the mean values of dell4S in sedimentary 
sulfate in the ground water flow region. 

The data for the test hole OBS-2 represent the 
vertical distribution of del 34S in the glacial drift of the 
recharge area. (Values of del 34S ranged from -40.1 to 
+1.4 with a mean of-13.9 +/-10.7 per mil.) Very nega
tive del values were associated with zones of higher 
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Figure 23. Summary of distribution of dei 34S in sedi
mentary sulfate from cores in the Horseshoe Lake 
Basin 

hydraulic cond,uctivity, e.g., the silty clay from 22.3 to 
24.4m and the :sandy clay at 64m, overlying a basal 
erosional contact. 

Data for the lateral.flow area (transmission zone) 
came from test hole RAH-4. All samples of the bedrock 
came from the upper Cretaceous Belly River Forma
tion with the exception of the drift sample at 12.2m. 
Values of del l4S ranged from +2.6 to +12.0. with a 
mean of +8.4 +/- 3. Little variation of the isotopic com
position was observed with depth at this location. 

In the discharge area, values of dell4S above the 
basal sand and gravel deposit at 47.2m ranged from 
-16.9 to +6.8 with a mean of -2.7 +/- 6.4. This is signifi
cantly "heavier" isotopically than that obtained for 
OBS-2 in glacial drift in the recharge area. Again, 
however, the most negative values of del l4S were 
closely associated with the zone of highest hydraulic 
conductivity between 47.2 and 56.4m. Two values of 
del 34S for sulfate from the bedrock in OBS-1 fell 
within the range obtained for RAH-4 in the lateral flow 
region. The depth profile of del 34S in the lake seg
ments (HSL-2) shows that values averaging +15 per 
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TableS 

Values of Del :14$ for Sulfate from 

Ground Water in Basal and Methy Aquifers, 

Alsands PrQject Area 

SULFUR ISOTOPE RATIO IN GROUNDWATER SO. 

AQUIFER WELL NUMBER o,.SI%ol • 

MllhY 
1.1 +19.6 

1717 +19.6 

(diluttd) 

1240 +23.2(betore 
insa.lllltian) 

+22.0(-.1· 
-ling) 

5039 + 22.21 + 20.3 

1e9 + 23.1 (Mar. 5) 

ldlluMdl + 21.0 tMor. 15) 

5027 +19.7 ........., 
5021 +22.0 

0 • 21.3 * 1.5%o 

Sullur-- IIWiysls- rwportod In.- o -.lion: 

&US •IRR _...,... ·11&1.000.-R • (~) 
• •s 

(S0.=1 (malt) 

3,MI.O 
3,1770.0 

3,734.0 

4,737.0 
2,7211.0 

1,110 

3.119.0 

""'-__ ,__-'edr.laU..to flleCailon --·· FeSs-

AQUIFER WELL NUMBER 6 .. S(o/ .. ). 

B- 11000Z EP +13.8 

1100CIEP +22.1 

110051 EP +21.4. +21.2. +21.3 

1100CIEP +22.1 

110057 EP + 11.2, + 11.0 

0- 11.0 * 3.4%0 

Sulfur...,.__,,...- rwportod In- 6 nolatlon: 

6"5 •1:.:·11 a1,000,-R • 1:::1 

(SO.=l (mq/tl 

5.0 
7.o 
14.11 
7.o 
7.0 

•n.. ____ ,_..._to ... Cailon __ _,teFeS-

mil occur in the upper 3m of the salt deposit, decreas

ing to +5 per mil at 7.6m. The mean value of del 3-ts of 

+11.9 +/- 4 was the most positive value obtained. 

Inasmuch as the Belly River Formation contained 

organic clay shales and coal, and the drift was esti

mated to be composed of as much as 85 percent 

reworked Belly River sandstones, siltstones and clay

shales, it was important to obtain data for the distribu

tion of del 34S in organic matter. Wallick and Krouse 

(1980)presented data for dei 34S in coal samples from 

Alberta. These ranged from +6.3 per mil to 13.1 per mil 

with a mean value of +11 per mil. 

· · Ground water samples. having an average of 

213 mg/L sulfate, were collected from completed wells 

and piezometers in the area. Del 34S values ranged 

from -10.2 to +9.2 per mil. Dei 34S values became more 

negative with respect to depth at a given piezometer 

nest. 
Using the data and observations cited previously, it 

was possible to address the questions posed initially 

as to the source and mechanism for transport of sulfate 

in the ground water flow system. 

First, it is clear that the sulfur is not of evaporite 

mineral origin nor is it derived from connate water (as 

in the Alsands study previously cited). Values of del 

34S were significantly lighter than the +20 per mil aver

age for dei 34S of sea water sulfate. The sulfur is, more 

likely, derived from lighter sources such as organic 

sulfur and perhaps, pyrite. 

With regard to the mechanism of release and trans

port of the sulfur, a hypothesis was advanced that 

moderately positive values of del 34S (+5 to +12 per 

mil) represent the unaltered sulfur isotope ratio of the 

bedrock. Glaciation, oxidation of organic sulfur and 

pyrite incorporated in the till, leaching and ground 

water flow, and bacterial sulfate reduction were 

responsible for the isotopically "light," highly variable 

del 34S values in the drift profiles. 

Bacterial sulfate reduction occurs under anoxic 

conditions when sulfate ion and a nutrient organic 

substrate are present. It is well-known that kinetic 

isotope effects during bacterial sulfate reduction 

concentrate "light" sulfur in the sediment as pyrite or 

organic sulfides, and render the remaining sulfate in 

solution isotopically "heavier:" However, Smith and 

Batts (1974) pointed out that whereas the preceding 

applies when the rate of sulfate flow exceeds the rate 

of sulfate reduction, negligible isotopic fractionation 

occurs when the reduction rate approaches the flow 

rate. Ground water flow redistributed the sulfur in the 

basin sediments according to the existing hydraulic 

conductivity and flow pattern. When sulfate reduction 

occurred in the vicinity of a permeable zone, sulfur-34 

was preferentially removed from the sediments be

cause the rate of sulfate flow exceeded the rate of 

sulfate reduction. In addition, in a recharge area where 

the water table undergoes large vertical fluctuations, 

some strata will alternate between aerobic and anaero

bic conditions. Conditions therefore exist whereby 

repeated oxidation and reduction of sulfur compounds 

can occur. Inasmuch as the reduced species tend to 

be retained in a stratum while sulfate ions are more 

mobile, the cumulative isotopic selectivities will pro

duce sedimentary sulfide and sulfate that are very 

depleted in sulfur-34 and ground water sulfate that is 

enriched in sulfur-34. The redistribution of sulfur in 

the ground water flow system will ultimately yield a 

situation where sedimentary sulfur in the recharge 

area is isotopically lighter than the sedimentary sulfur 

in the discharge area. This is, in fact, the condition 

reflected in the gereralized flow pattern and mean 

values of del 34S shown in Figure 23. The ground water 

system has been operating like a huge conveyor belt: 

the sulfur was removed from the recharge area, and, 

through oxidation/reduction reactions and the kinetic 

isotope effect, the sulfide fraction was enriched 

in the light isotope of sulfur. The heavy isotope was 

transported downgradient and accumulated in the 

sodium sulfate/carbonate deposit in the discharge 

area. 
A more recent paper on this topic reports on a 

study of origin of sulfate in glacial till in southern 

Alberta (Hendry, Cherry and Wallick 1985). Through 

analysis of the composition of the till and the perfor

mance of chemical weathering experiments in which 

fresh unoxidized till (derived 85 percent from bedrock) 

was exposed to air, it was found that sulfate anion was 

released into solution. These observations essentially 

confirmed that the source of the sulfate was indeed 

organic sulfur in the till that was derived from the 

bedrock sediments. 
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Summary and Conclusions 
Isotopes of hydrogen. oxygen, carbon and sulfur 

are among the most useful of parameters in the study 
of ground water geochemical systems. 

Hydrogen has two stable isotopes, protium having 
one proton in the nucleus. and deuterium, which has a 
proton and a neutron in the nucleus. The abundances 
of protium and deuterium are respectively 99.985 and 
.015 percent. Tritium is a short-lived radioisotope of 
hydrogen having an additional neutron in the nucleus. 
Tritium is a cosmic ray-induced nuclide and has a 
half-fife of 12.3 years. Tritium is also produced in 
thermonuclear bomb explosions and the levels of 
tritium in atmospheric water vapor rose by several 
orders of magnitude between 1954 and 1963 when 
nuclear bombs were detonated in the atmosphere. 
The main mass-dependent processes by which hydro
gen isotope abundances are altered are evaporation 
and condensation in the hydrological cycle of the 
earth. The world acts as a giant "still" for isotopic 
species of water with net evaporation occurring in the 
oceans and net precipitation occurring in continental 
and polar regions. Tritium is useful in determining the 
approximate age of ground water less than 30 years 
old. Tritium levels are affected mainly by loss due to 
radioactive decay, through exchange with atmo
spheric water vapor and through dilution in the 
oceans. 

Oxygen has three stable isotopes having masses 
16 (most abundant), 17 (.01 percent) and 18 (.08 per
cent). The main mass-dependent processes that affect 
the abundance of oxygen isotopes are evaporation, 
condensation and exchange reactions. Both hydrogen 
and oxygen isotopes are affected by the Rayleigh 
distillation process in the hydrological cycle so that 
the following observations result: 

• Precipitation is enriched in the lighter isotopes of 
hydrogen and oxygen with increasing latitude. 

• At a given locality, summer rains are more 
enriched in heavy isotopes than in winter snow. 

• Travelling inland from the coast. there is a ten
dency for precipitation to be enriched in the lighter 
isotopes. 

• At a given locality, increasing altitude results in 
water vapor that is more and more depleted in the 
heavyisotopes. -

Carbon has three isotopes of environmental impor
tance having mass 12. 13 and 14. The average abun
dances of the stable isotopes, mass 12 and 13, are 98.9 
and 1.1 percent, respectively. Carbon-14 is radioactive 
with a half-life of 5,730 years. Because carbon is the 
building block of life, it is not surprising that biological 
processes play the dominant role in the fractionation 
of carbon isotopes. These biological processes in
clude photosynthesis and respiration, whereby carbon 
is either incorporated into organic matter from free 
C02 or where organic matter is oxidized. Carbon-14 is 
a cosmogenic radionuclide and is a natural tracer in 
the carbon cycle of the earth to the extent of its 8,270-
year mean-life. Carbon-14, like tritium, is useful in age 
determinations of ground water; however, it is subject 

to chemical interferences due to the fact that it is not 
actually part of the water molecule but is carried in the 
dissolved inorganic carbon. 

Sulfur consists of four stable isotopes having 
masses 32 (95.02 percent). 33 (0.75 percent), 34 (4.21 
percent) and 36 (.02 percent). Sulfur, like carbon. is 
important in the biological cycle. The wide range in 
valence states (-2 to +6), and the fact that sulfur com
pounds occur in all three phases and in organic, as 
well as inorganic forms, makes it particularly sensitive 
to fractionation. The largest fractionations take place 
during sulfate reduction to bisulfide by bacteria such 
as Desulfovibrio desulfuricans. Isotopic exchange and 
kinetic isotopes effects resulting from reactions involv
ing competing rates of exchange are important mech
anisms th~~ ~ive rise to the wide range of fractionation 
effects for sulfur isotopes in nature. 

The western Canadian province of Alberta has long 
been a successful proving ground for environmental 
isotope applications. This is because of the extremely 
varied topography and climate, which give rise to large 
variations in the stable isotope composition of pre
cipitation. In addition, the unconsolidated Cretaceous 
rocks of the province are rich in organic matter con
taining carbon and sulfur. and isotopes of these ele
ments have proven valuable in studying the processes 
that occur during formation and mining of oil sands. 
coal and sour gas deposits. 

A number of interesting examples of environmental 
isotope applications studies in Alberta over the past 
decade were offered to illustrate the principles dis
cussed in the first part of the paper. 

One problem that arose recently in Alberta con
cerned whethersourgas processing plants were affect
ing air, soil and water quality in an adverse way, and 
thereby were a hazard to the health of local residents. 
Application of conventional ground water geochemi
cal and isotopic methods revealed the actual area 
affected by the fallout of sulfur dioxide and sulfur dust, 
and showed that sulfur was virtually immobile in the 
soil. Furthermo~e. the isotopic studies showed that the 
high concentrations of sulfate in local ponds were due 
to evaporation-concentration and not to large addi
tions of sulfur from the:gas plant activities. The envi
ronmental sensitivity of the area was highlighted by 
the presence of tritium in wells over the entire depth 
range sampled. 

Another study was carried out during the environ
mental assessment of the Alsands Oil Sands open pit 
mining operation in the Athabasca Oil Sands of north
ern Alberta. Conventional hydrogeological methods 
and isotopic methods were used to find answers to 
questions regarding potential for upward movement 
of deep saline formation water to the surface, whether 
or not active recharge of ground water occurs through 
the bitumen-saturated oil sands deposit, and whether 
the sulfate in the ground water is of evaporite origin or 
derived from oxidation of sulfides. 

An understanding of salinization processes in mine 
spoil was obtained by monitoring the gas composition 
in the unsaturated zone ih natural and reclaimed sites 
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at a plains surface coal mine. Samples were analyzed 

for mole percent of oxygen, nitrogen, carbon dioxide 

and sulfur dioxide. The carbon isotope composition of 

the carbon dioxide was determined. The isotopic data 

showed that two sources of C02 were available. One 

source was from the oxidation of organic matter in 

shales and the coal itself, while the other source was 

from the oxidation of sulfide to produce sulfuric acid 

which reacted with carbonates to produce C02 in a~ 
unsaturated environment. 

A method for determining the hydraulic character 

of surface ponds and lakes (i.e., whether the overall 

character of the water body is recharge, transmission, 

or discharge with respect to the ground water system) 

was devised using the relationship between the total 

dissolved solids and oxygen isotope composition. It 

was found that for recharge ponds, the water resem

bled evaporated snowmelt most closely. 1 n the case of 

transmission ponds, the water was most like evapo

rated ground water. And, in the case of the discharge 

ponds, the oxygen isotope composition became less 

sensitive to increase of TDS due to evaporation be

cause of the dissolution of permanent salt crusts. 

The final example offered showed that sulfur iso

topes may be used to determine the source of sulfate 

in ground water and that the release and redistribution 

of sulfur in a ground water flow system may be studied 

by determining the subsurface distribution of sulfur 

isotopes in sedimentary sulfate. 

An Afterthought 
Applications have not been restricted to the more 

ambitious studies described in this report. On one 

occasion, injection of water for secondary oil recovery 

was implicated as the reason for contamination of a 

domestic well. Since the injection water had been 

taken from a deep formation, its del D value was 

distinctly different from meteoric water at the same 

locality. Hence, it was relatively easy to rule out con

tami"nation from the water-injection operation. It is 

interesting to note that nitrate levels subsequently 

.. measured in the domestic well suggested that a feed 

lot operation may have been the culprit. 
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INTRODUCTION TO GROUND WATER GEOCHEMISTRY 

TOPICS 

• Geochemical processes 

• Organic chemistry 

• Degradation of organic solutes 

• Laboratory analysis and geochemical reaction modeling 

• Geochemical aspects of contaminant migration 

• Aquifer restoration 
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TOPICS 

GEOCHEMICAL PROCESSES 

Solution Chemistry 

Chemical Equilibrium 

Oxidation-Reduction Reactions 

Carbonate System 

Chemical Evolution of Ground Water 

Adsorption of Solutes 
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INTRODUCTION TO GROUND WATER 
GEOCHEMISTRY 

OBJECTIVES 

PROVIDE AN OVERVIEW OF GROUND WATER 
GEOCHEMISTRY BY CONSIDERING PRINCIPLES 
OF EQUILIBRIUM AND KINETICS. 

ILLUSTRATE EQUILIBRIUM CONCEPTS WITH 
PRACTICAL APPLICATIONS OF GEOCHEMICAL 
BEHAVIOR OF INORGANIC AND ORGANIC 
SPECIES IN WATER-ROCK SYSTEMS. 
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Geochemical Cycles 

L LAND AREA )III.C OCEAN AREA )Ill r- 29% 71% 

I 
I 

CONTINENTAL CRUST I 
I 
I 
I 

SOURCE: Lerman, 1979 
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The geochemical cycles of chemical elements or species are conceptual 
models of their geochemical behavior within different parts of the 
earth. In this short course, we are concerned with geochemical 
processes occurring in ground water near the earth's surface. 
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Figure 4.1-1 Geologic section showing the location of TA-2 and TA-41 with respect to stratigraphy and 

structure from the Sierra de los Valles across the Pajarito Plateau to the Rio Grande. 
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Three-dimensional conceptual model of TA-2 and TA-41. 
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CLASSIFICATION OF DISSOLVED INORGANIC 
CONSTITUENTS IN GROUND WATER 

Major constituents (greater than 5 mg/L) 
Bicarbonate Silicon 
Calcium Sodium 
Chloride Sulfate 
Magnesium Carbonic Acid 

Minor constituents (0.01-1 0.0 mg/L) 
Boron Nitrate 
Carbonate Potassium 
Fluoride Strontium 
Iron 

Trace constituents (less than 0.1 mg/L) 
Aluminum Nickel 
Arsenic Phosphate 
Barium Platinum 
Bromide Radium 
Chromium Selenium 
Copper Thorium 
Lead Tin 
Manganese Uranium 
Molybdenum Zinc 

Source: Davis and De Wtest 1966 

Mas~ dissol_ved_solutes i~ ground water include calcium, magnesium, 
sod1um, potass1um, chlor1de, sulfate, silica, and bicarbonate 

((6.4 i pH < 10.3). Contaminated ground waters contain other species 
for exampTe trace metals) greater than 0.1 mg/L. 
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MEDIAN GROUND WATER ANALYTICAL DATA 
pH= 7.3, Eh = 0.164V, T = 12.6C, N = 715 

Log Total 
Species Total mg/L Molality Log Molality 

Ca2+ 48.1 -2.92 

CaS04° 
(3.26) -4.46 

CaHC03- (2.42) -4.62 

Cl- 14.0 -- -3.40 

HC03- 255 -2.38 

K+ 2.80 -4.14 

Kso4- (0.01) -7.03 

so 2-4 36.9 -3.41 

Mg2+ 18.0 -3.13 

Mg HC03+ (1.90) -4.65 

Mg S04° (2.23) -4.73 

Na+ 19.0 -3.08 

Na HC03° (0.14) -5.79 

Si02 (H4SiO~ 16.0 -3.57 

SOURCE: Lindberg, 1983 

Molality is defined as the amount of moles of solute/kilogram solvent. 
In most ground waters major cations (Ca2+, Mg2+, and K+, and Na+) 
occur as free or uncomplexed ions. Higher TDS waters such as seawater 
(TDS, 35 parts per thousand) contain complexed species in greater 
abundance or concentration. 
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CALCULATED COMPOSITIONS OF 
WATERS FROM MINERAL 

ALTERATION 

K-feldspar 

Na-feldspar 

Ca-t~ldspar 

Pyroxene 

D 
ca++ 

Mg++ 

..__ __ ...J 

K+ 

HC03 

Na+ 

HC03 

HC03 

HC03 

1 s1o2 B HC03 
Calcite 

I Si02 

Biotite 

Hornblende 

HCOi 

MOLE RATIOS DISSOLVED SPECIES TO HC03 
FROM GARRELS. 1967 

This figure shows mineral compositions and possible water compositions resulting from the alteration of silicate minerals to kaolinite (Al 2Si 205 (OH) 4). 

Rocks contain different minerals that weather at different rates. For example, biotite (Mg-Fe silicate) is unstable at low temperatures and pressures and weathers at a faster rate than other minerals stable at low temperatures, such as quartz. Where does the bicarbonate come from? 

Example Reaction: 

2.33 NaA1Si 3o8 + 8.64H2o + 2C02 
(Albite) 

= Na0.22A12.33S13.67°10(0H)2 

(Smectite) 

+ 2 Na+ + 2HC03 + 3.32 H4Si04 
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Precipitation/dissolution and adsorption/desorption reactions control 
contaminant migration of inorganic and organic solutes in soil and 
groundwater. We will spend time describing these two important types of 
processes. 

CHEMICAL ATTENUATION MECHANISMS 

PRECIPITATION 
DISSOLUTION 

Type of Solids 

Complexing 
Ligands 

pH,Eh 

ADSORPTION/ 
DESORPTION 

Nature and Extent of 
Adsorption 
Surfaces 

Competing Ions 

Complexing Ligands 

pH, Eh ... 



OVERSATURATION 

EQUILIBRIUM 

UN DERSATURATION 

Saturation Index 

S.l. = Log1o 

S.l. > 0 

S.l. = 0 

S.l. < 0 

ION ACTIVITY PRODUCT 
SOLUBILITY PRODUCT 

Therm::xiynam.i.c stability of minerals and solid phases is estimated by 
the saturation index. This expression does not consider kinetics or 
rates of reactions. 
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Table 2.7 
MEDIAN GROUND WATER ANALYTICAL DATA 

Phase 

Calcite 
Goethite 
Pyrite 
Quartz 

Kaolinite 
Muscovite 
Microcline 
C02 (Gas) 

LOOK MIN lAP 

Log lAP 

-8.67 
19.59 

-169.76 
-3.57 

13.58 
23.48 

2.75 
-20.18 

Log Kt 

-8.41 
14.31 

-89.99 
-4.21 

6.85 
14.88 

1.01 
-18.18 

Log IAP/Kt 

-0.25 
5.28 

-79.77 

0.63 

6.72 
8.60 
1.74 

-2.00 

The saturation index (SI = log10 ~ ) '· is a therrrodynarnic expression which 

defines stability of a given solid p~ase. This table indicates that median 
ground water is oversaturated with repect to goethite, quartz, kaolinite, 
muscovite, and microcline. The solution is undersaturated with respect to cal
cite,, p~ite, and C02 gas. The geochemical carputer code, WATEQFC was used 
tor une SI calculations. 

NWWA 



N 
I 

\0 
00 

Primary attenuation mechanisms include precipitation reactions involving hydroxides, carlx>nates, and sulfides for many transition tretals. Adsorption of transition ~retals onto these solids, including iron oxyhydroxides (goethite), is an :i.rrp:>rtant qecx:::hemical·process. 

PRIMARY ATTENUATION MECHANISMS 

Species 

Cr(lll), Fe, AI, Mn 

Pb, Cu, Zn, Cd, Ni 

As, Cr(VI), Mo, Se 

Geochemical Behavior 

Precipitation (Hydroxides) 

Precipitation (Hydroxides, 
Carbonates, Sulfides); 

Specific Adsorption 

Precipitation (Iron?); 
Specific Adsorption 
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Important factors affecting adsorption include types of adsorbents 
and hydrogeochemical solution properties. Iron-alumin~rnanganese oxides 
and oxyhydroxides, clay minerals, carronates, organic matter, and possibly 
~phous aluminosilicates are the dominant adsorbents found in most 
soils and aquifer materials. Solution J:1i, Eh, coopeting ions, and 
ccnplexing ions also influence adsorption processes. 

FACTORS AFFECTING ADSORPTION 
Aquifer Material Hydrochemical Conditions 

(Most Important Adsorbents) (Important Solution Variables) 
Fe-AI-Mn Amorph. Competing Complexing 
Oxides Clays AI-Sillcates Carbonates Org C pH Eh Ions Ions 

Oxy Anions 
(Cr, As, Se, Mo, S) X X 0 0 0 X X 0 0 

Metallic Cations 
(Cd, Cu, Pb, Nl, Zn) X X 0 X X X X X 
(Mn, Cr, V, Hg, Fe) X X 0 X X X X X X 

Alkali/ Alkali Earth 
(Ca, Ba, Be) X 0 X X X X X 

x = Demonstrated Importance 
o = Anticipated importance but ~ala absent 



Schematic comparison between the halftimes 
of reactions (T112), and the residence times 
(TR) of some waters of the hydrosphere 
(SOURCE: Langmuir and Mahoney, 1985) 

_._ Precip. :;Jilll - Soil Moisture .... IIIIIIIE 

~ Streams .... 
...... Lakes .,...... 

...... Ground Waters .. 
(TR) Residence Times ~ 

....._ Solute-Solute ... Gas-
llllllllf • 

--. Solute-Water - Water ... Hydrolysis of Multivalent Ions )lila 

Adsorption (Polymerization) ...... ---~ 
Mineral Water -Desorption 

llllllllf Equilibria .... 
Mineral 

. 00111111( 
Recrystallization 

.... 
CTv2> Reaction Rates :JIIoo 

Sees Mins Hrs Days Mos Yrs 106 Yrs 

Equilibr'ium conditions exist when reaction rates are faster than 
residence times (anount of substance in .reservior/flux of substance 
into the reservior). The residence time of water in the ocean is 
3350 years (13,700 x 1o20g; (0.36 + 3.5) x 1020gjyr). Equilibr'iurn 
conditions probably exist in groundwaters with long residence times 
() 1 o4 yrs). Do equilibr'iurn conditions exist in shallow alluvial 
aquifers? 
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TOPICS 

Organic Chemistry 
• Introduction to organic chemistry 
• Organic geochemistry of ground water 

NWWA 
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ORGANIC CHEMISTRY 

ORGANIC COMPOUNDS ARE CLASSIFIED 
ACCORDING TO THE FUNCTIONAL GROUP 
UNIQUE TO EACH CLASS. 

THE FUNCTIONAL GROUP IS THE ATOM OR 
GROUP OF ATOMS THAT DEFINES THE 
STRUCTURE AND UNIQUE PROPERTIES OF A 
GIVEN CLASS OF ORGANIC COMPOUNDS. 
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EXAMPLES OF FUNCTIONAL GROUPS 

1. Aromatic Ring 

2. Alkyl Halides -F -CI -Br -1 
' ' ' 

0 
" 

3. Ketones - C -



PHYSICAL AND CHEMICAL 
PROPERTIES OF ORGANIC 

COMPOUNDS 

ORGANIC COMPOUNDS EXIST IN NATURE AS 
MOLECULES. BONDING IS PREDOMINANTLY 
COVALENT (ELECTRON SHARING). 

ORGANIC COMPOUNDS ARE EITHER POLAR 
OR NON-POLAR. "LIKE DISSOLVES LIKE." 

ORGANIC COMPOUNDS GENERALLY DO NOT 
DISSOCIATE TO IONS AS MANY INORGANIC 
COMPOUNDS DO. 
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Humic substances are naturally occurring organic polymers 
found i1l surface and groundwater. Total organic carl::on 
('nX) includes dissolved organic carl::on (OX) and 
particulate organic carl::on (~), where OX constitutes 
the majority of 'nX. Solid humic substances control the 
fate of many anthropogenic organic contaminants. 

Total Organic Carbon, mg/L 

0 5 10 

Sea Water 

Ground Water 

Precipitation 

Oligotrophic Lake 

River 

Eutrophic Lake 

Marsh 

Bog 

D Dissolved Organic Carbon 

- Particulate Organic Carbon 

SOURCE: Thurman, 1985 



ORGANIC SOLUTE- SOIL- WATER 
INTERACTIONS 

THE MAJOR PROCESSES INFLUENCING THE 
MOBILITY OF ORGANIC COMPOUNDS IN THE 
SUBSURFACE INCLUDE: 

1. SORPTION, 

2. BIODEGRADATION, AND 

3. CHEMICAL REACTION. 
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FATE OF ORGANIC CHEMICALS (OC) 

Water Table 

Processes affecting the dissipation of organic chemicals (OC) in the environment. Degradation processes are characterized by the splitting 
OC molecule. Transfer processes are characterized by the OC molecules remaining intact( We h ~r a t~d. rf\", lle.rJ I q 9q). 
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INPUTS 

POROUS MEDIA AND 
WASTE CHARACTERISTICS 

• Chemical Properties 

-Initial concentrations 
-aqueous 
-soil 

-Temperature 
-Thermodynamics 

data base 
-Kinetic data base 

SOURCE: EPRI, 1984 

GEOHYDROCHEMICAL 
PROCESSES 

CHEMiCAL 

• Adsorption, Desorption 

• Precipitation 

• Contributing Physical/ 
Chemical Processes 

-Aqueous speciation 
-Redox 
-Hydration ion Interaction 
-Kinetics 
-Gas generation 
-Isomorphic substitution 

I OUTPUTS I 
CHEMICAL (Inorganic) 

• Aqueous Speciation 

• Concentration 
c(x,y,z,t) 

• Solute Mass Flux 

• Solid Phase Distribution 
s(x,y,z,t) 

INPUT TO MANAGEMENT DECISIONS 
• Evaluation of Alternatives 
• Estimation of Acceptable Loadings 
• Assimilative Capacity 
• Monitoring Guidance 

ENVIRONMENTAL IMPACT 
STATEMENT, ENVIRONMENTAL 
ASSESSMENT 

• Evaluate Potential for Ground Water 
Contamination 
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Basic Geochemistry and lon 
Speciation I Complexation 

Gypsum 
(CaS04 • 2H20) 

3-1 

Calcite 
(CaC03) 



Topics 

• Definitions and Units 

• Chemical equilibrium 

• Ion speciation I complexation 
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Definitions and Units 

Solvent: water 

Solute: the dissolved inorganic or organic constituents 

Solution: solvent + solutes 

Concentration Units: 

• Mole Concept- mass of Avogadro's 
number (6.022 x 1()23) of items. A 
quantity of an element equal to its 
atomic weight contains one mole 
of atoms of that element 

• Molarity - number of moles of solute 
in one liter of solution 

• Molality - number of moles of solute 
in one kilogram of solvent 

Molarity = Molality for water with TDS 
< 10,000 mg/L and T < 100°C 
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Concentration Units 

• Milligrams per Liter (mg/1): mass of solute in 
milligrams dissolved in one liter of solution 

fVl tJ I 0 r-i +J 

• Parts per Million (ppm): mass of solute in milligrams 
dissolved in one kilogram of solvent 

Y¥1 olt\~? 

• Equivalents per Liter (eq/1): number of moles of solute 
multiplied times the valence of the solute in one 
liter of solution 
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Class Exercise 

1. Converting concentration units: 

100 mg of CaC0
3 dissolves completely in 

a 1 liter solution of water. 

What is the molarity of Ca2+and C0
3
2-in this solution? 

(Molecular weight of CaC0
3 = 100 g.) 

2. What are the equivalents per liter of Ca2+and C0
3

2- in 
this solution? 

3. EXTRA CREDIT: How many moles of water are there in 
a liter of water? (molecular weight of H 20 = 18 g) ~~ 5"$ fVI-0 19J 

If a solution is 1% by weight Ca2+, how many ppm Ca2+ 
does it contain? 
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I ~ p )1ule o_,/ ~ 
p;s5.()l ._..0 

F'l~ 
Example of Calculation Procedure 

Conversion of Concentrations in mg/L to meq/L 

Canst. 

Ca2+ 

Mg2+ 

Na+ 

K+ 

Fe (III) 

~ 
// SOt 

I~~~ CI-
NO-

\ 3 

Measured 
Cone. (mg/L) 

92. 

34. 

8.2 

1.4 

0.09 

339. 

84. 

9.6 

13. 

Atomic 
Weight (g) 

40.08 

24.31 

23.0 

39.1 

55.8 

61.0 

96.0 

35.5 

62 

Molarity 
(mmol/L) 

2.30 

1.40 

0.36 

0.04 

0.002 

5.56 

0.88 

0.27 

0.21 

Valence 

+2 

+2 

+1 

+1 

+3 

-1 

-2 

-1 

-1 

meq/L 

4.60 

2.80 

0.36 

0.04 

0.006 

5.56 

1.7 

0.27 

0.21 

\L------------------------------l I 

\ * meq/L = milliequivalents/Liter 

\_______ ~\, S h.v(_ U fi~ 'fd\l,vl f{ls fr- C•rr<" t-, 

< flu. f C4{ (/1-k_ Je 1 "~' i ,....~ cc. (/l~ef prta ~ 'k 'f""' ,. 

N e_-<. J. fo ctrJF- ( 1 'Z,L i ,.) fi e1.J . 
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Cations/ Anion Balance Calculation 

Cation I Anion Balance = Anions- Cations x 100% 
Anions + Cations 

Total Cations = 7.81 meqll 

Total Anions = 7.74 meqll 

Cation I Anion Balance= 7.74- 7.81 x 100% 
7.74 + 7.81 

=- 0.5% 
+u z. r.;:r-<> sE- i> (...lt1Je W'"'.5il. 

+~ I(. ,· ~ e... 5 ~J 
e( e.drtt' c.J. Ia "'tttt .,.;c. e 



Use of Analytical Chemical Data 
in Geochemistry 

• Accurate data can be used in equilibrium calculations to 
define the chemical system 

• Water compostition data and the equilibrium assumption 
can be used to predict the response of the system to 
environmental change. 
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Chemical Equilibrium and the 
Equilibrium Constant 

• Chemical Reactions 

A+B=Y+Z 

The driving force of the reaction is a function of the 
amount of material available for interaction 

Driving force of forward reaction 

where, ~ = constant 

rnA= amount of A available (molality units) 

m5 = amount of B available 
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Chemical Equilibrium and the 
Equilibrium Constant (continued) 

• Chemical Reactions (continued) 

Driving Force of Reverse Reaction 

At equilibrium the amount of products being 
produced equals the amount of reactants produced 
and the driving forces are equal, therefore 

Rearranging yields: 

mymz ~ 

= 1r = K = Equilibrium Constant 
~mB .L'z 
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Equilibrium Conditions 

• At equilibrium the reaction continues 

• Equilibrium can be approached from either direction 

• The equilibrium constant applies only for 
the reaction as written 

General equilibrium relationship: 

aA + bB = yY + zZ 

(Y)Y (Z)Z 

K = (A)a (B)b 

(lower case letters are stoichiometric coefficients) 
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Using the Equilibrium Constant 

Equilibrium constants for reactions are written in 
terms of activities (a), not conl!entrations (m) 

aA + bB = yY + zZ 

;)y az 
K= --y z 

a a ab. 
A B 

• Concentration and activity 

• Activity coefficients 

• Solution ionic strength 
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Concentration and Activity 
f_a/?; jY}tQ.>ec~ vq(t{e 

J, 
• Concentration is the total dissolved amount of a component 

in water. It is the laboratory measured value. -

• Activity is the effective concentration of a component. It 
takes into account the effects of ion shielding. 
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Activity Coefficients 

a ="'m X lx X 

Where, 

a = X 

m= 
X 

activity of component X 

activity coefficient of component X 

concentration of component X 
l 

U,..b ~tCt5~ ~~~ 
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Solution Ionic Strength (I) 

• Ionic strength is a measure of the importance of 
ion shielding in a solution and is used to derive 
activity coefficients. 

I = 1/2 I, (m.Z.2) 
• 1 1 
1 

mi = concentration (molal) of species i 

zi = valence of species i 
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Calculating Activity Coefficients 

The charge of the ion of interest and th~ ionic strength 
of the solution are used to calculate activity coefficients. 

Davies Equation 

- log y = Az! ( -VI" ...[1 - 0.31) 
1 + I 

where, I = ionic strength 
Z =valence 
A = 0.51 at 25C 
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Relation of Activity Coefficients for Dissolved 
ons to Ionic Strength of Solution {25°C) 

(Source: Hem. 1985, Figure 1) 

e 
J: 
~ 
0 z 
~ 0.001 
~ 
C/) 

u z 
2 

0.0001 

o.s 
ACTIVITY COEFFICIENT 1.,.1 

Relation of activity coefficients for dissolved ions to i~nic strength of solution (25°C). 
3-1/ . 
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Determining Activities 

Analyze Groundwater Composition 
(mi~) 

Calculate Ionic Strength 
(I= 1/2 I, miZf) 

i 

Calculate or Look Up Activity Coefficients 
(yi) 

Calculate Activities 
(ai = 'Yimi) 
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Using the Equilibrium Constant 
lon Speciation/Complexation 

Dissolve 0.001 moles of CaC03 in 1 kg of water 
= 10-3 molal CaC03 solution. 

Total Ca = 10-3 molal = Tca2+ 

Total C03 = 10-3 molal = Tco2-
3 

Total HzO = 55.56 molal = THZo 
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In Speciation I Complexation 

In solution, various species and complexes of calcium, 
carbonate and water are present. 
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Equilibrium Calculations 
Mass Balance 

Tea 2+ = mea 2+ + meaoH + + mCaHco; + 
meaco; = 0.001 molal 

Teo~ = mCaHco; + meaco~ + ~co3 + 
~co-+ mc02_ = 0.001 molal 

3 3 

The concentration terms appearing in these equations can 
be replaced with corresponding species activities using 
appropriate activity coefficients (y) and equilibrium 
constants (K) 
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Equilibrium Calculations (continued) 
Mass Balance 

aca2+ = (yea2+) (mea2+); mCA2+ = aea2+ 

'Yea2+ 
Mass Action Equation: 

Ca2+ + u 0 = CaOH+ + H+· K + .... ~ I CaOH 

(aCaOH+) (aH+) 

(aca2 +) (aH2d 
= KCaOH+ 

aCaOH+ = (KcaoH +) (aea2+) (aH2J 

etc. 
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Substituting these conversions into the mass balance 
equation for Ca gives: 

rrc +)(a 2+) (;:) __ +)(a 2-) 
'~~co3 . ca JH co3 
----~~~~~------ + yCaHCQ+ 

<Kca~) (aca2+) (aco~) 

Ycaco 0 
3 

= 0.001 molal 

(similar relationships exist forT co2
- and T H+) 

3 
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Calculating Concentrations of Solution 
Species and Complexes 

• 

• Concentrations of species and complexes are 
calculated using equilibrium constants and 
activities of components, e.g., 

mCaOH+ = (KCaOH+) (aca2+) (aH20) 

<'YeaoH +) (aH +) 
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0.001 M CaC03 Exercise 
Calculation Results 

Species Distribution of Ca (molality [%]) 

Ca2+ 

Species Distribution of C03 (molality [o/o]) 

C02-
3 
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Summary 

• In dilute solutions (TDS < 10,000 mg/L) molarity 
is equivalent to molality and ppm is equivalent 
tomg/L 

• Equilibrium constants from thermodynamic data 
are based on the activity of the solutes not on the 
measured analytical concentration 

• The activity of a solute may be considered its 
"effective concentration" 

• The activity coefficient converts measured 
concentrations to activities 

• Ion speciation and complexation are important 
solution processes 
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Topics 

• Water I solid equilibrium calculations 

• Mineral solubility 
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Water/Solid Equilibrium Calculations 

CaC03 (calcite) = Ca2++ CO;-

K = aca2+ aco3 
acaC03 (s) 

acAC03 (s) - 1, by convention 

r 
b 

C .,,..v(.e,..rJ-,~ hu,J 0 f C cd c1'1-e_ (" .c Q 1 ,cJ, ) 
ec.au~e 

.J r ~,e. J 01'::. f..o,_,9 qs. (1'.9€S ..'J0 

~r<.. j;> {'~c>"'-'j 1, ~ d. ·:SSP/<..~ ~ 
Ce-~· '1r> ~tt ~, ·{,· b r: L( rh 
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Calcite Equilibrium in Water 

CaC03 (s) = Ca2+ + COj-; K = lQ-8·4 (25° C) 

At equilibrium of calcite with the solution 

(aea2+)( ace;-> = l<caicite = lD-8·4~ WNS~f 

where, 

aea2+ = calculated activity of Ca2+ in solution 

aco2; = calculated activity of C~- in solution 
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lon Activity Product 

aea 2+ ac0
2-3 = ·Ion Activity Product for Calcite in the Solution 

Comparing Ion Activity Product (lAP) for calcite 
in the solution with the equilibrium constant for calcite 
(Kcaicit) allows us to determine whether the solution is in 
equilibrium with calcite 

• 
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Mineral Equilibrium Calculation 

If (lAP) mineral/solution = Kmineral 

then the mineral is in equilibrium with the solution. 

At equilibrium, 

Definition 

(lAP) mineral/solution 

Kmineral 
=1 

Saturation Index (5.1.) = log10 (~) 

At equilibrium, 

4-5 



Calculation Example 

Constituent Measured/ Calculated Activity 

a 2+ 
Ca 

a 2-
co3 

JQ-5.2 

JQ-3.2 

Is the solution in equilibrium with calcite? 

Calculate Saturation Index (SD 

SI=log(~) 

To use this equation we need to know what reaction defines 
the equilibrium constant 

eaco (calcite) = Ca2+ + ca- ,· K = 1o-a·4 
3 3 

K = a 2+ a 2- therefore Ca C03' 

IAP=a 2+ a 2-ea CC3 
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Calculation Example {continued) 

S.I. - log ~p) - log~ 2+a 2
-) Ca co 3 

Kcaldte 

- log (1 o-5·2) (1 o-32) = log 10-s.4 
10-8.4 10-8·4 

- log 1 - 0 

S.I. = 0; mineral is in equilibrium with solution 

S.I. < 0; mineral undersaturated- mt'.v<rr..f /$ j\)Of ~'!A. 

S.I. > 0; mineral oversaturated- ,,:wuJ i> M;r ~cHv .. 
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Saturation Index Calculation Method 

Analytical Data 

Temp., pH, Eh, major 
cations/arrlons,meblls 

Calculate ionic strength, activity coefficients, 
concentrations of ion species and complexes 

Calculate lAP for 
possible solids 

SI=log (~) 

4-8 

Equilibrium constants (K) 
for possible solids 



Class Exercise 
Saturation Index of Ferric Hydroxide [Fe(OH)3] 

J-K~/'W6,'//t, Q-f' p....eh/; 

1. Consider the reation: 

If a solution has a pH= 8 and the activity of Fe3+ = 10-17 

molal, what is the saturation index of ferric hydroxide in 
this solution? 

2. Would you expect ferric hydroxide to dissolve or 
precipitate from this solution in order to reach 
equilibrium? 

3. EXTRA CREDIT: If the activity coefficient of Fe3+ in 
this solution is 0.5, what is the concentration in mg/L of 
Fe3+ (atomic weight of iron is 56 grams/mole)? 
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Case Study: 
Mineral Equilibrium and Barium Mobility 

PAINT PLANT 

How does mineral equilibrium affect barium mobility? 
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.. Barite (BaS04) Equilibrium Constraint 
on Barium Mobility 

0.01 0.1 1 10 100 

Sulfate Concentration (ppm) in Influent Water 
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Barium Mobility 

s02- = 10 
4 

Ba2+- 1 ppm 
sq-- 1ppm 

:==:==?,.~ Ba2+=sq- == 1ppm 

Ba2+ - 0.1 ppm ....__ ___ _ 
s~- _ 10 ppm ,. Ba2+ == 0.1 ppm; sq- = 10 ppm 

sq- = 0.01 ppm~====· Ba2+ = 100 ppm; sq- = 0.01 ppm 
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3arite Solubility Limit on Sulfate 
Concentration 

BaS04 = Ba2+ + SQi- K = 10-9.98 

At equilibrium 

aBa2+ a~- = 1 o-9.98 
4 

If aBa2+ = mBa2+ = 100 ppm = 1 Q-3·14 molal 

then asci- = KBarite = 1 Q-9·98 = 10-6.84 
4 aBa2+ 10-3.14 

asoa- = 10-6·84 = ms&- = 0.01 ppm 
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Aquifer Mineral Equilibria 

START FINISH 
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Mineral Equilibria 

• Complete equilibrium between groundwater and 
aquifer minerals is the exception, not the rule 

• Total equilibrium is not achieved because the reaction 
rates for some minerals are slow compared to the 
groundwater residence time 

• Partial equilibrium between groundwater and some 
of the aquifer .minerals is common 

/~,.;, ""j~, cIa '15 
tl..m',.;J f 

L.JV. 
• Aquifer minerals present in minorttand trace quantities 

often play a major role in determining groundwater 
chemistry 
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Reactive Minerals 

CARBONATES 

Calcite (CaC0
3

) 

Dolomite (CaMg(C0
3
)
2 

Siderite (FeC0
3
) 

OXTIDES/fnnJROXTIDES 

Fe(OH)
3 

Goethite (FeOOH) 
Al(OH)

3 
Rhodocrosite (MnC0

3
) 

Magnesian Calcite (C~_xM&C03) 
Mn02 

SULFATES 

Cristobalite 
Chalcedony 
Amorphous Si0

2 

·,;,- SULFIDES 
reJ~~~~ 
e~ Pyrite(FeS

2
) 
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FeS 
As,Se,Mo 

SILICATES 

Clays 
Zeolites 



Typical Solution Compositions {mg/L) 
(from Snoeyink & Jenkins, 1980, Water Chemistry) 

Component River Water Groundwater 

Si0
2 
(H

4Si0
4) 0.3 (0.48) 12 (1.9) 10 (16) 

Fe (lli) 0.02 0.09 
Ca2+ 0.8 @- dt.c ~ ®) cl~~ c,A(t-tk 

Mg:l+ 12 8.1 
® c.{c..-

Na+ ® 6.5 82-~~:~ ct~ 
K+ 

Hco- (C0 2·) 
3 3 4 (3.9) 

SQ2-
4 7.6 

a- G> 
NO-

3 

pH (estimated) 6.0 

TDS 38 
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Saturation Indices for Minerals Calculated 
for Typical Solution Compositions 

Mineral 

Calcite (CaC0
3
) 

Dolomite (CaMg[C0
3

]
2
) 

Quartz (Si0
2
) 

Si0
2

(A,PT) 

Hematite (F~03) 
Ferrihydrite (Fe[OH]

3
) 

Diopside (Ca[Fe,Mg] {5~06}) 
Tremolite (~g~ig022[0H]2) 
Halite (NaO) 

Ser?M.> f-t>,p "'·7J.., M4'1bc. 

if~ J.•J ,V()~ -/l-/krt 

) tV (.J~(! J ,.,...., ~ ( 
b e_.C-w.->5C pH (...., (}"'+ "~f 

'.tlF 

-5.3 

-102 

-1.3 

-2.6 

-15.6 

-46.3 

-8.3 
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SATURATION INDICES 

River Water Groundwater 

-22 

-4.9 

-0.7 

-1.9 

14.4 18.4 

0.3 

-12.1 0.18 

-34.4 

-8.7 



Summary 

• Mineral equilibria of a solution is determined by 
comparing the equilibrium constant of the minerals 
with the ion activity pro~uct of the components of 
the minerals -

• . Partial equilibrium normally exists in aquifers between 
groundwater and reactive minerals 

• Equilibrium solubility calculations are an important 
component in the evaluation of the mobility of many 
inorganic compounds 

1 f ~ 1 ~ o.& s Pr-W 1--u It=' e rr-.·' ~clllfi k, t-i.(.., 1'\u:.lo: li ~ t..)T t f 
~.vcQ. b!') +-4 f')\.ob:lo'~ .J ~ J="e. rr.( ~.Ire,.-,· tP. 
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The Kinetics of Fe(II) Oxidation 
and Well Screen Encrustation 

by Kenneth R. Applin and Naiyu Zhaoa 

ABSTRACT 
The unconsolidated sediments which border the 

Missouri River constitute an important ground-water 
aquifer that has been developed for municipal and industrial 
water supplies. The hydraulic efficiency of wells in these 
sediments decreases with time because of well screen 
encrustation caused by the oxidation of dissolved ferrous 
iron to insoluble ferric oxyhydroxidcs. The kinetics of 
ferrous iron oxidation arc strongly dependent upon the 
solution pH and to a lesser extent the dissolved oxygen con
tent. Chemical analyses of the well water including pH, Eh. 
dissolved oxygen, and dissolved iron indicate chat at least 
one-half time for ferrous iron oxidation occurs prior to 
ground water entering the wells. As ground-water \·elocicy 
increases near a pumping well. shallow, oxygen-bearing 
ground water may mix with deeper, reduced water by 
mechanical dispersion and turbulent flow and facilitate the 
oxidation of dissolved ferrous iron. Although little can be 
done to prevent well screen encrustation, the rate of encrus
tation may be slowed by regulated pumping and a\·oidance 
of shutdowns. 

INTRODUCTION 
The unconsolidated alluvial sediments border

ing the Missouri River constitute an important 
ground-water aquifer that is capable of supplying 
abundant water of reasonably good quality. Within 
Missouri, several communities including the metro
politan areas of Independence, New Franklin, St. 
Peters, St. Charles, and Columbia rely upon this 
aquifer for their public water supply. 

The pumping of ground water from the allu
vium is preferred over direct withdrawals from the 
Missouri River because it eliminates the costs of 
suspended sediment removal and disposal. However, 
the alluvial waters generally contain high amounts 
of dissolved iron, and reports of reduced well 

a Department of Geology, 214 Geology Bldg., Uni
versity of Missouri, Columbia. Missouri 65 211. 

Received December 1987, revised May 1988, 
accepted May 1988. 

Discussion open until September 1. 1989. 
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yields or shutdowns due to well screen encrusta
tion by iron mineralization are common. Althougl 
the encrustation can be remedied by costly 
acidizing treatments, the problem is commonly 
recurrent. A better understanding of the processe~ 
leading to encrustation, however, could provide tl 
basis for improved pumping operations or well co 
struction which might reduce the frequency of 
such treatments. 

Although previous studies (e.g., Hem, 1967) 
have dealt with the problem of encrustation by 
applying solution-mineral equilibria concepts, thh 
study focuses on the kinetics of ferrous iron oxid. 
tion in an attempt to determine the rate
determining factors which affect well screen 
encrustation. 

GEOLOGIC SETTING 
The study was performed along a segment o 

the Missouri River floodplain shown in Figure 1. 
The study area is bounded by a bow-shaped 
meander of th~ Missouri River on the west and b;. 
Perche Creek o.n the east. The alluvial sediments 

0 2km ..._ ........ .._. 

Fig. 1. Map of study area showing locations of wells. 
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Fig. 2. Geologie cross section (A·A') of alluvial deposits at 
the McBaine area. (After De Moraes, 1969). 

which comprise the floodplain fill a large, U
shaped channel which has been incised in Missis
sippian carbonate bedrock (Figure 2). 

The alluvium is comprised of three, well
defined units (De Moreas, 1969). The lowest unit 
in contact with bedrock consists of boulders, gravel, 
and coarse to medium sand. The thickness varies 
from a few meters to about 30 meters (m). The 
central unit, which varies in thickness from a few 
to 18 m, is dominated by coarse to fine sand. This 
unit exhibits elongated lenses, cut-and-fill struc
tures, and abrupt changes in particle size that are 
characteristic of a rapidly aggrading stream. The 
upper unit grades from clayey silt to silt and fine 
sand at depth. It is generally less than 5 m thick. 
The total thickness of the alluvium varies from 
about 24m near the valley walls to about 30m or 
more near the central part of the channel. 

appears to be controlled by the solubility of 
siderite. 

The main water supply for the City of 
Columbia consists of eight wells located within the 
segment of alluvium shown in Figure 1. All wells 
have been drilled to bedrock and vary in depth 
between 3 0 and 34 m. Each well is screened at the 
base over a length of 10.6 m. Thus, each well is 
screened at the lowermost and coarsest fraction of 
the alluvium. Pump tests performed on well 
number 1 yielded an overall hydraulic conductivity 
of the alluvium in the range of 187 to 217 m/d and 
storage coefficients of about .12 to .22 (Foreman, 
1979). Numerical modeling of the aquifer assuming 
a three-unit composition as described above 
yielded hydraulic conductivities of about 285-628 
mid for the lowest unit, 114-342 m/d for the 
middle unit, and 3 m/d for the upper, day-rich 
unit (Foreman, 1979). 

As shown in Figures 1 and 2, the wells are 
grouped in pairs with the distance between each 
pair less than about 150m. During periods of low 
demand, the operation of the well field involves 
the alternate pumping of one well of each pair. 
Generally, wells 2, 4, and 5 are operated for about 
three to four days and then wells 3, 6, and 7 are 
pumped for a few days. Well 1 is used to augment 
supplies when needed. During periods of high 
demand, all the wells may be pumped. WellS was 
completed after this study. 

Mansur and Kaufman (1956) and Dahl (1961) METHODS AND PROCEDURES 
have suggested that the three-unit sequence of sedi- Water samples were collected from each of 
mentation is related to Pleistocene glaciation and the seven wells in operation at the time of the 
involves a·two-stage process. First, the braided study. Samples of Missouri River and Perche Creek 
glacial outwash streams deposited cobble, gravel, water were taken at locations adjacent to the seg-
a~<;J sand that comprise the substratum. Later, as ment of alluvium in which the well field is located. 
the continental glaciers retreated and sea level rose, All wells had been pumped continuously for at 
the river began to meander and finer, floodplain least one day prior to 5ampling. 
sediments were deposited. At each well site, measurements of tempera-

The composition of the alluvial sediments is ture, pH, Eh (oxidation potential), and dissolved 
not well-documented. For samples taken to a oxygen (DO) were made prior to collecting samples. 
depth of about 1 0 m, Goy dan ( 1971) found that The pH of the well water was measured to within 
the composition varied with size. The coarse frac- ±0.05 pH units using a portable pH/mv meter and 
tion consisted mainly of chert, granite, and glass combination electrode which were calibrated 
carbonates with lesser amounts of mafic igneous with buffers of pH 7 and 8.3. During the measure-
rocks, metamorphic rocks, shale, and sandstone. ment, the flow of well water was temporarily 
The finer fractions were predominantly quartz. stopped to avoid streaming potentials. 
Iron oxide stains were observed on all size fractions. Eh measurements were made in a vertically 

Samples of alluvium associated with Perche held glass tube approximately 4 em in diameter by 
Creek taken from an excavation site approximately 25 em in length. A calomel reference electtode was 
5 km north of the well field shown in Figure 1 stoppered at the top of the tube and a platinum 
clearly show the presence of early siderite cement electrode was stoppered at the bottom. Ports in 
(Gorday, 1982). As will be discussed later, the each stopper allowed for the inflow and outflow of 
dissolved iron content of the alluvial ground waters water through the tube. A continuous flow of 
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Table 1. Well and Surface Water Data (Chemical Data are in mg/1) 

- - - - - - - - - - - - - - - - lre/ls - - - - - - - - - - - - - - - - Percbe .\lissouri Well/River 
1 2 3 4 5 6 i <lt'g Cr. River ratio 

T (OC) 17 16 17 18 17 
pH 7.2 6.2 6.8 7.2 7.3 
Eh (mv) 325 374 338 H7 360 
DO (mg/1) 0.8 1.2 1.4 2.0 2.2 
Ca 100 89 124 107 60 
.'vtg 24 18 27 23 14 
:-.Ja 8.0 35 30 36 41 
K 2.0 4.4 6.5 6.4 5.4 
Si02 29 23 27 26 20 
HC03 424 340 484 394 212 
504 28 106 104 1H 130 
Cl 7.2 20 18 20 18 
Fe <.02 .13 4.1 .OS 3.1 
Mn .20 .16 .98 .97 .27 

water was directed through the tube from bottom 
to top to eliminate air during operation. The flow 
was temporarily stopped during the Eh reading. All 
Eh measurements were corrected for the calomel 
reference potential (Wood, 197 6 ). Prior to each 
reading, the meter and electrodes \vere checked 
against Zebell's solution. Comparison of the 
measured and theoretical Eh of Zebell's solution 
indicated an accuracy of about .±5 mv. 

Dissolved oxygen was measured using a 
portable meter and membrane-type probe. Measure
ments were made in an open container through 
which water was continuously pumped. Values of 
DO were taken as the lowest stable readings and 
have an estimated accuracy of ±0.1 mg/1. 

Following the field measurements, two 500-ml 
samples were taken. Both samples were filtered 
through a 0.45-J.Lm membrane filter. One sample 
was treated for cation analyses by acidifying to 
pH < 2 with nitric acid. The other sample remained 
nonacidified and was used to perform anion 
analyses. The concentrations of dissolved cr. 504,2-, 

and HC03" were determined in the lab according to 
the methods of Brown et al. (1970) within 24 
hours after sample collection. Cation analyses were 
performed later using an ICP emission spec
trometer. 

RESULTS 
Ground-Water Chemistry 

The chemical and related data obtained for 
each well, Perche Creek, and the Missouri River are 
listed in Table 1. Although the waters were 
analyzed for several minor dissolved elements, only 
those that exhibited detectable concentrations are 
listed in Table 1. All of the waters are of the 
calcium-bicarbonate type, which reflects the 
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18 17 17 27 28 0.6 
7.2 7.1 7.0 6.1 7.7 0.9 

350 356 350 371 395 0.9 
1.-1- 1.2 1.5 9.2 5.8 0.3 

62 100 92 66 61 1.5 
1-1- 23 20 12 18 1.1 
42 34 32 26 37 0.9 

6.5 5.5 5.2 8.6 9.2 0.6 
17 27 24 12 14 1.7 

212 408 35 3 222 204 1.7 
138 88 104 40 185 0.6 
19 16 17 30 16 1.0 

3.9 5.4 2.4 <.02 .04 60.0 
.46 .29 .48 .78 .01 48.0 

influence of the limestone bedrock and carbonate
bearing sediments of the area. 

To compare the chemical compositions of the 
alluvial and river waters, ratios of the average con-. 
centrations of major dissolved species in well 
waters to the concentrations in Missouri River 
water were computed and are shown in Table 1. 
The ratios show that the alluvial waters are more 
concentrated than the river water with respect to 
all major dissol\'ed species except Na, K, and SOl-. 
The concentrations of iron and manganese are 
notably higher in the alluvial waters and reflect the 
greater solubility of iron and manganese minerals 
under the more reducing conditions of the alluvial 
waters. The well to river water chloride ratio is 
unity which is expected if the alluvium is rechargec 
mainly by the Missouri River and chloride is con
setTed. Well waters from adjacent bedrock are 
about two to three times higher in dissolved 
chloride which suggests that the ground water con
tribution from bedroc;k to the alluvium is negligible 

If the Missouri River is the main source of 
recharge for the alluvium, the removal of dissolved 
oxygen and the subsequent lowering of the oxida
tion potential appear to be the major processes 
contributing to the observed difference between 
the river and alluvial water chemistry. As river 
water flows into the alluvium, the removal of 
dissolved oxygen may occur by the oxidation of 
organic matter within the riverbed or adjacent sedi
ments as illustrated by reaction (1), in which CH 20 
represents all organic matter. 

(1' 

Reaction (1) should also increase the C02 

content and lower the pH of the alluvial waters. As 
shown in Table 1, the average pH of the well 



waters is about 0. 7 units lower than that of the 
Missouri River water. The depletion of dissolved 
02 by reaction (1) lowers the redox potential of 
the alluvial waters. ,, 

The increase in dissolved iron between the 
river and alluvial waters can be explained by the 
reduction of ferric to ferrous iron. The concentra· 
tions of dissolved Fe (II) appear to be limited by 
the solubility of siderite, FeC03 (Singer and 
Stumm, 1970). The state of saturation of the well 
waters with respect to siderite was evaluated using 
a modified version of the WA TEQ computer 
program (Truesdell and Jones, 1974 ). The results 
indicate that only wells 3 and 7 contain dissolved 
Fe(II) at levels that approach siderite saturation. 
All other wells are undersaturated by various 
degrees with respect to siderite. The undersatura
tion may reflect the partial oxidation of Fe(II) to 
Fe(III) as waters are drawn toward the wells. 

The possibility that iron bacteria may mediate 
the oxidation of dissolved ferrous iron at or near 
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Eh-pH Relationships 
The equilibria among various dissolved and 

solid forms of Fe(ll) and Fe(III) as a function of 
Eh and pH are shown in the Eh-pH diagrams of 
Figure 3. The on-site Eh and pH values are plotted 
on each diagram. As shown in Figure 3(a), the 
measured Eh and pH data plot on the boundary 
between Fe2

• and Fe(OH)~ which suggests that 
the ground water contains approximately equal 
amounts- of dissolved ferrous and ferric iron. A 
limited number of on-site ferrous and total iron 
an\l!yses were performed later using a Hach kit. 
the results indicated that the well waters con
tained about equal amounts of dissolved Fe(II) and 
Fe(III). The measured Eh, therefore, is considered 
to be a reliable indicator of the redox state of the 
dissolved iron species. 

As shown in Table 1, the well water also con
tains measureable amounts of dissolved oxygen, 
which suggests that there is a potential for further 
oxidation of Fe (II) to Fe (III) beyond that 
measured at the time of sampling. Given the half 
reaction which expresses the equilibrium between 
water and oxygen (reaction 2), the Eh of water can 
be calculated from the Nernst expression [equation 
(3)1, in which E0 is 1.23 volts, R is the gas con
stant, T is absolute temperature, n is the moles of 
electrons, and F is the Faraday constant. 
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Fig. 3. Eh-pH relations among (a) aqueous iron species only 
and (b) aqueous and selected mineral species of iron drawn 
for l:Fe = 2.5 mg/1, l:C03 = 350 mg/1, and IS04 = 100 mg/1, 
the average well water values reported in Table 1. Measured 
Eh and pH values of the well water samples are plotted as 
closed circles. Values computed from DO measurements 
and equation (3) are plotted as open circles. 

(3) 

Eh values computed using the dissolved 
oxygen contents of the well waters are also shown 

(2) in Figure 3 and plot significantly higher than the 
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measured Eh values near the upper stability limit 

of water. The difference between the two sets of 

Eh values suggests a kinetic constraint on the oxi

dation of dissolved Fe(II). As the Fe(III)/Fe(II) 

ratio increases with further oxidation, however, the 

measured Eh should begin to correspond to the Eh 

values computed from dissolved oxygen values. 

The disequilibrium condition which exists 

between the dissolved Fe (111)/Fe (II) ratio and the 

dissolved oxygen concentration arises because of 

the introduction of dissolved oxygen prior to the 

time the ground waters reach a pumping well. As 

discussed below, the time at which 0 2 enters the 

waters can be evaluated by examining the kinetics 

of ferrous iron oxidation. 

A comparison of Figures 3(a) and 3(b) indi

cates that whereas the concentrations of Fe(II) and 

Fe (III) are nearly equal, the waters are supersatu

rated with respect to amorphous Fe (OHh. How

ever, in sample bottles that were filled to the brim 

and tightly capped, precipitation is not observed 

until about an hour after sample collection. 

Apparently, additional oxidation of Fe(II) to 

Fe (III) leading to higher degrees of supersaturation 

are required to initiate the nucleation and precipita

tion of Fe (OHh (e.g., Nielson, 1964; Berner, 1980). 

The Kinetics of Fe(ll) Oxidation 

From the foregoing discussion, it is obvious 

that the oxidation of dissolved Fe (II) and subse

quent precipitation of amorphous Fe(OHh is at 

least a three-step process. The first step involves 

electron transfer of the ferrous ion as shown by 

reaction (4). 

This reaction is rapid at circumneutral pH and is 

immediately followed by deprotonation of the 

waters of hydration (reaction 5). 

(4) 

Fe3
• + 3H 20 = Fe(OH)~ + 3H• (5) 

As oxidation continues, the concentration of 

Fe (OH)~ increases. The water becomes supersatu

rated with respect to amorphous Fe (OHh which 

facilitates its nucleation and growth (reaction 6 ). 

Fe(OH)~ = Fe(OHh(am) (6) 

M-2 atm-t min·t, Fe(II) is the total ferrous iron 

concentration, Po 2 
is the partial pressure of oxygen 

in atmospheres, and [ OH-] is the hydroxyl ion 

concentration. 

- dFe(II) = k[Fe(II)] Po [OH-p (7) 
dT 2 

The rate constants determined by different 

workers generally lie in the range of 1-6 X 1 Ot 3 M-2 

atm- 1 min-t. Based on a comprehensive survey of 

available data, Davison and Seed (1983) suggest an 

average value of 2 X 1013 M-2 arm·t min-t for 

natural fresh waters at pH 6. 5-7 .4. 
Tamura et al. (1976) showed that ferric 

hydroxide has an autocatalytic effect on the oxida

tion of ferrous iron and that at pH 6.2, the rate 

constant for ferrous iron oxidation increases 

linearly with the amount of ferric hydroxide. 

Furthermore, they found that adsorption of Fe2
• 

onto ferric hydroxide was rapid and increased 

linearly with increasing pH. Thus, when the precip

itation of iron occurs either at the well screen or 

within the sediments surrounding the well screen, 

the rates of oxidation should increase beyond 

those predicted by equation (7). 

Equation (7) shows that the oxidation rate is 

dependent upon the ferrous iron concentration and 

Po
2 

but is mostly sensitive to pH. Integration of 

equation (7) allows one to compute the half-time 

for oxidation [equation (8)]. 

0.693 (8) 
t~ = kPo

2 
[OH-]2 

The half-time dependence on Po2 
at various 

pH values is plotted in Figure 4. Because the half

time is im·ersely proportional to [ OH-p, the half

time decreases by two orders of magnitude with 

each unit increase in pH. Factors that raise the pH 

of ground waters at or :near the well sites, such as 

C02 degassing, will significantly increase ferrous 

iron oxidation rates. The addition of 0 2 to ground 

waters will also increase the oxidation rates but to 

a lesser extent than pH. 

Well Screen Encrustation 
The Eh-pH data and limited ferrous and total 

Reaction (6) is presumably the slowest of the three dissolved iron analyses indicate that the dissolved 

steps and is therefore the rate-limiting step for pre- iron is about equally divided between Fe (11) and 

cipitation. Fe (III). Therefore, by the time the waters are 

The kinetics of ferrous iron oxidation has pumped from the wells about one half-time for 

been studied extensively (Tamura et al., 1976; ferrous iron oxidation has occurred. Using the 

Sung and Morgan, 1980; Davidson and Seed, 1983; average DO content o.f 1. 5 mg/1 and average pH of 

Millero et al., 1987). The general rate law is given 7.0, equation (8) predicts a half-time for oxidation 

by equation (7), in which k is the rate constant in of about 74 minutes. 
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Fig. 4. Half-times for oxidation of Fe (II) to Fe (Ill) as a 
function of dissolved oxygen for pH 6.8· 7.4 computed 
from equation (8). 

The residence time of the water in the well 
varies inversely with the pumping rate and can be 
calculated by dividing the volume of water in the 
well (in gals) by the pumping rate (in gpm). A 26-
inch diameter well with a pumping water level of 
1 QO feet contains about 2, 7 60 gallons of water. 
At maximum efficiency, the wells can be pumped 
at a rate of about 2500 gpm which yields a resi
dence time of 1.1 minutes. At a relatively slow 
pumping rate of 500 gpm, the residence time is 
5.5 minutes. Thus, the introduction of oxygen and 
the initiation of ferrous iron oxidation must occur 
prior to the time the ground waters reach the wells, 
because even at low pumping rates the water does 
not reside in the wells long enough for a significant 
amount of oxidation to occur . 

. . In a free aquifer such as the Missouri River 
alluvium, the upper layers of the ground water are 
likely to contain some dissolved oxygen that enters 
via meteoric recharge and by gaseous diffusion 
through the unsaturated zone. Hence, the oxida
tion potential of the ground waters may grade 
from high to low with depth. Iron in shallow 
ground water is oxidized and precipitated as 
amorphous Fe(OHh, as evidenced by the reddish
orange iron staining observed on shallow alluvial 
sediments (Gorday, 1982). Iron is mobile only in 
the deeper ground water as Fe (II). 

As noted above, about half of the dissolved 
Fe{II) in the deep ground water has oxidized by 
the time the ground water reaches a pumping well. 
For a homogeneous, isotropic aquifer, the radial 
distance from the well, r, at which oxidation of 
Fe{II) is initiated can be estimated from equation 

5-P. 

(9), in which Vis the ,·olume of water pumped 
from the well,¢ is the sediment porosity, and Lis 
the saturated thickness of the sediment. 

v ~ r=(--)2 
¢1TL 

(9) 

V is computed by multiplying the pumping 
rate (2500 gpm or 0.16 m3 sec" 1

) times the half
time for oxidation (7-1- min.). For a saturated thick
ness of 24-30 meters. which is the approximate 
range of the pumping and nonpumping water 
depths measured in the wells, equation (9) yields 
distances of 5.4 to 6.1 meters. Assuming that 0 2 
is added to the upper layers of alluvial ground 
water through rainfall or diffusion, a mechanism 
must be invoked for mixing shallow, oxygenated 
ground water with deeper, Fe (H)-bearing water 
within these computed radii. 

The velocity of water flowing to the wells 
increases markedly within the 5-6 meter range 
(Figure 5 ). Mechanical dispersion, which is directly 
dependent upon velocity, should become an 
increasingly effective mechanism for the vertical 
mixing of ground water flowing to a pumping well. 
Mixing may also be facilitated by a strong 
component of vertical flow within the cone of 
depression and by a change from laminar to turbu
lent flow close to the well bore. 

Although ferrous iron may begin oxidizing at 
some time prior to the ground waters reaching the 
wells, the precipitation of amorphous Fe(OHh 
probably does not occur until sometime after the 
waters are pumped from the well. As noted above, 
no precipitate is visible within water samples taken 
at the well head until about one hour after 
sampling. This means that nearly an additional 
half-time for ox

1
idation is required for precipitation. 
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Fig. 5. Velocity of ground-water flow versus radial distance 
from a pumping well computed for a discharge of 0.16 m3 

sec-1, sediment porosity of 0.25, and saturated thicknesses 
of 24 and 30 meters. Drawdown is assumed to be negligible. 



Therefore, significant precipitation of Fe(OHh(am) 
is likelv to occur within the immediate vicinitv of - -
the well screens only under very slow pumping 
rates or when the pumps arc:; shut down. 

When pumping is stopped, the reduced iron 
that remains within the column of water within the 
well has sufficient time to oxidize and encrust the 
well screen and casing. Multiple shutdowns could 
significantly increase the rate of encrustation. In 
this respect, it is interesting to note that among 
the City of Columbia water wells, well number 1 
is the oldest and most frequently operated. It 
became inoperative because of encrusted well 
screens shortly after the completion of this study. 
Continuous pumping, therefore, may minimize the 
rate at which encrustation occurs provided the 
pumping rate yields a residence time for well water 
which does not exceed about two half-times for 
oxidation. 

CONCLUSIONS 
The results of this study suggest that for wells 

situated within the Missouri River alluvium the rate 
of well screen encrustation by iron mineralization 
could be substantially reduced by maintaining 
pumping rates and avoiding unnecessary shutdowns. 
The minimum pumping rates required to avoid the 
precipitation of iron at the well screens can be esti
mated by comparing the half-time of iron oxida
tion for the pH and DO content of the alluvial 
waters with the residence time of the waters in the 
well. The greatest rate of iron oxidation will occur 
when pumping is stopped and the water that 
remains in the well gradually becomes oxygenated 
after exposure to atmospheric 0 2 • The available 
kinetic data suggest that when nucleation of oxi
dized iron- begins to occur at well screens, the pre
cipitation will continue until Fe (OHh production 
ceases. 

The problems associated with encrustation 
might also be alleviated by constructing wells in a 
manner that would reduce drawdown. In this · 
regard, a larger casing diameter or modifications in 
the positioning or lengths of screens may be 
helpful. 
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Thermodynamic Framework for Evaluating 
PAH Degradation in the Subsurface 

by Michael J. McFarland and Ronald C. Sims' 

Abstract 
A method is presented to evaluate the innuence of redox conditions and pH on mineralization of polycyclic aromatic hydrocarbons (PAH) in subsurface em·ironments. Microbial yields based on the free energy liberated from heterotrophic PAH metabolism are estimated under various em·ironmental conditions using a simple bioenergetic growth model. The types and chemical forms of electron acceptors addressed in this paper include oxygen. nitrate, sulfate, carbon dioxide. iron (Fe·3 

and FeOOH), and manganese(Mn·• and MnO~). PAHs addressed include naphthalene (2-fused aromatic rings), anthracene (3-fused aromatic rings), phenanthrene (3-fused aromatic rings), and pyrene (4-fused aromatic rings). Calculated free energy changes demonstrated that sequential utilization of electron acceptors will follow the order Mn ·•, o~. N0)- 1
, Fe·\ Mn02, FeOOH, S0.-2

, and C02. The behavior in microbial growth yield predictions were found to mimic the change in free energy liberated with the use of different electron acceptors. Despite release of free energy under all conditions evaluated, the small energy liberated during PAH mineralization under sulfate-reducing and methanogenic conditions suggests that heterotrophic degradation of PAH compounds under these conditions is unlikely to occur. The large microbial growth yields associated with reduction offree metal species (Mn·•, Fe.3
) during PAH oxidation suggest a selective advantage for microbes that can tolerate acid conditions and/or participate in metal chelation processes. 

Introduction 
Characterization of contaminated sites often include 

an assessment of biological degradation in making decisions 
regarding site remediation/management strategies (Keely. 
1987; Thomas et al., 1987: Lee et al., 1988: U.S. EPA. 1989a. 
b). Under certain conditions. an organic contaminant may 
serve as the primary carbon and energy source for microbial 
growth. This particular mechanism of biological removal of 
contaminants is an example of heterotrophic biodegrada
tion. The role of heterotrophic biological reactions in 
influencing the fate and behavior of organic chemicals in 
subsurface environments is generally considered to be signif
icant. In addition, biologically mediated reactions may be 
amenable to management and engineering strategies to 
accomplish site remediation. A framework for evaluating 
biodegradation at a contaminated site consists of character
ization of the environment to determine: (I) type and 
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amount of electron acceptors present, (2) chemical form(s) 
of electron acceptor(s): and (3) the free energy change(s) 
associated with electron transfer from a PAH compound to 
the electron acceptor(s). 

The type. occurrence, and management of subsurface 
biological reactions to achieve decontamination objectives 
have been the focus of several recent scientific meetings, 
conferences. reports. and journal articles (Castro et al., 1985; 
DeWeerd et al., 1986: Gibson and Suflita. 1986: Borden and 
Bedient, 1987: Vogel et al., 1987; Wilson and Ward, 1987; 
Engineering Foundation, 1988; Lee et al., 1988; McCarty, 
1988; Omenn. 1988: Park et al., 1988; Ross et al., 1988: Sims 
eta!., 1988:AWMA/EPA. 1989: Genthneret al..l989: Keck 
et al., 1989: Park et al., 1989; Roberts et al., 1989; Suflita, 
1989; Thomas and Ward, 1989: U.S. EPA. 1989a, b). Bio
degradation is often quantified by measuring a decrease in 
chemical concentration in a solvent extract of a subsurface 
sample over time. The biodegradation reaction rate may be 
described by a power-law kinetic rate model whose form will 
depend on whether or not the chemical is utilized by 
microorganisms as food and energy substrates (heterotro
phic growth) or degraded through the process of cooxida
tion (Bulmanet al.,l985; Simset al., 1988; Keck et al., 1989: 
Loehr. 1989: Park et al., 1989). Biological reaction stoichi
ometry and rate, measured in laboratory and/or field stud-
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ies, have been used as input to mathematical models for 
predicting the influence of biodegradation on the fate of 
chemicals in subsurface environments (Short, 1986; 
McLean et al., 1988; Symons et al., 1988; U.S. EPA, 1988; 
Rifai et al., 1989; Stevens et al., 1989). 

In subsurface soil and ground-water environments, 
oxygen may be limiting as a result of its rapid consumption 
by aerobic microorganisms and its slow rate of atmospheric 
recharge. Under these conditions. heterotrophic mineraliza
tion of organic chemicals will depend upon microbial utili
zation of electron acceptors other than molecular oxygen. 
Although the mineralization of four and five fused ring 
PAH compounds under aerobic conditions has been 
reported (Bauer and Capone, 1985; Heitkamp et al., 1987; 
Keck et al., 1989). in anoxic emironments, only two and 
three fused ringed PAH compounds (e.g .• naphthalene. 
anthracene. and phenanthrene) have been reported to min
eralize (Scheunert et al.. 1987: Mihelcic and Luthy. 1988). 

Demonstration of the presence of requisite microor
ganisms in the subsurface and the absence of microbial 
toxicity is necessary, but not sufficient. to evaluate whether 
biodegradation activity is potentially important at a site. 
Specific additional information that can he obtained as part 
of a site characterization include: (I) identification of the 
electron acceptor(s) present: (2) quantity of electron accep
tor(s); and (3) pH. This information can be used in thermo
dynamic calculations to estimate the potential for hetero
trophic biodegradation of organic compounds. 

Microorganisms in subsurface environments gain 
energy to meet metabolic needs through mediating energy 
yielding (i.e .. exergonic) redox reactions. From a macro
scopic view. subsurface microorganisms. whether as a single 
organism or as consortia. cannot survive by catalyzing 
thermodynamically unfavorable (i.e .. endergonic) reactions. 
Moreover. the net energy yield must be sufficient to meet 
microbial cell maintenance requirements. These fundamen
tal principles can be used to illustrate under what site
specific conditions heterotrophic microbial mineralization 
of organic chemicals may occur. Redox conditions under 
which heterotrophic mineralization could occur can be 
estimated hy estimating the free energy changes associated 
with the presence of specific electron acceptors and contam
inant organic chemicals at a specific site. 

To demonstrate the application of the framework 
described, results are presented for four chemicals in the 
semivolatile chemical class of compounds known as the 
polycyclic aromatic hydrocarbons (PAHs). PAH com
pounds are a group of hazardous organic substances of 
critical public health and environmental concern due to the 
foil owing characteristics: (I) chronic health effects (e.g .. 
carcinogenicity); (2) microbial recalcitrance; (3) high bioac
cumulation potential: and (4) low removal efficiency intra
ditional waste treatment processes (Herbes and Schwall. 
1978). PAH compounds have been identified in many types 
of industrial wastes but have been associated particularly 
with oily wastes, such as wastes from the petroleum refining, 
wood preserving, and electric power industries (Aprill et al., 
1990). 

This paper discusses important parameters that can be 

obtained in a site characterization that can assist in evaluat
ing the potential for heterotrophic biological mineralization 
of PAH compounds at a specific site. The thermodynamic 
framework presented provides a rational basis for an 
assessment of potential mechanisms influencing biodegra
dation at a contaminated site. In addition. it provides a focus 
for the design of treatability studies to determine rates 
of reaction and management options for stimulating 
biodegradation. 

Background 
Due to the slow diffusion of oxygen from the atmo

sphere into the subsurface. oxygen can be depleted in envi
ronments in which there is significant microbial activity. In 
natural environments. the depth of the oxygenated zone will 
depend on the input of biodegradable organic matter 
together with rate of oxygen recharge into the subsurface. 
Once oxygen becomes limiting. a variety of anoxic oxida
tion processes will follow in sequence. This sequence is 
determined by the electron affinity of the electron acceptors 
(Zehnder and Stumm, 1988). 

Biochemical oxidation/reduction or redox reactions 
may be defined in terms of electron transfer. An organic 
chemical is oxidized if it undergoes a net loss of electrons: it 
is reduced if it undergoes a net gain of electrons. Organic 
compounds present at a contaminated site represent poten
tial electron donors to support heterotrophic microbial 
metabolism. Potential electron acceptors include. but are 
not limited to. oxygen. nitrate. sulfate, carbonate, manga
nese. iron. and chlorinated organics that may undergo 
reductive dehalogenation. 

The redox potential of an aqueous environment (pe) is 
related to the electric potential Eh that would be generated at 
an inert conducting electrode immersed in the aqueous 
solution and c;oupled with a standard hydrogen electrode. 
The relationship between pe and Eh is given by the following 
equation: 

Eh = pe (2.3 R T 1 F) 

where Eh = redox potential. volts; pe = negative log of 
electron activity (i.e .. redox potential); R = gas constant. 
0.001987 KCal;mole-°K; T =temperature, °K; and 
F = Faraday constant. 23.06 kcal/Vg equivalent. Thus. 

pe = 16.9(Eh) (at 25°C) 

Eh-pH diagrams are often used to illustrate the pre
dominant dissolved and mineral species at equilibrium as 
functions of the E11 and pH values for a system. For exam
ple. with iron, in well-aerated soils with pH above 4, hydrous 
ferric oxide minerals and coatings are considered to be the 
soil minerals controlling equilibrium aqueous Fe•3 concen
trations. As the svstem becomes more reduced (lower Eh 
values). Fe•: may be expected to predominate up to pH 8. 

Eh measurements may be used to evaluate systems for 
which the concentration of all species are known. Con
versely, knowledge of the equilibrium Eh (or pe) of an 
environment permits determination of the activities of all 
redox species. 

Although there is presently no fundamentally accept-
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able method for directly measuring redox potential, a redox 

level in the subsurface may be estimated by determining 
relative concentrations of one of the redox couples in the 
system and applying electrochemical relations in reverse 
(Stumm and Morgan. 1981). Comparison of two redox 

couples should yield the same Eh (or pe) if the system is at 

thermodynamic equilibrium. Although subsurface systems 

are not normally at thermodynamic equilibrium. thermo

dynamic calculations can be used to predict the equilibrium 

state to which the system is approaching. 

Bower and Cobb ( 1987) demonstrated the sequential 
use of electron acceptors during the biotransformation of 

organic matter in a model aquifer environment. Under non

limiting electron donor conditions. oxygen utilization pre

ceded denitrification after which followed sulfate reduction 

and finally methanogenesis. The sequential utilization of 
electron acceptors(O:. No,-•. so.-z. COz )can be predicted 

by evaluating the free energy change associated with the usc 
of each of these species. Bower and Cobb ( 1987) neglected 

microbial reactions involving the oxidation of iron and 

manganese because of the lack of information regarding 
their importance in organic contaminant hiotransform<Jtion 
processes although ferric chloride (FeCI,) was included as 
part of the microbial nutrient solution. 

Recent reports indicate that iron and manganese are 

not only important microbial electron acceptors in natural 

subsurface environments. but may effectively outcompete 

sulfate and carbon dioxide for electron equivalents (Lovely 

and Phillips. 1988: Lovely et al.. 1989). The concentrations 

of iron and manganese in subsurface environments may be 

significant with concentrations ranging from 20 to JOOO 
ppm for manganese and 3800 to 5100 ppm for iron in most 

soils (lindsay. 1979). In saturated neutral environments (pH 

of 6 to 9). reduced manganese (IV) and iron (III) normally 

exist as the insoluble salts MnOz and FeOOH, respectively. 

However. under saturated acidic conditions. a significant 

amount of the metal species may be biologically available as 

free cations (Brock and Gustafson. 1976). 
Microbial chelation of Mn ·• and Fe·) is also important 

in evaluating the availability of metal species to serve as 

electron acceptors during biological oxidation of organic 

matter. For example. some miCrobes secrete acidic organic 

materials (e.g., hydroxamic acids) which help maintain sol

uble Fe·3 concentrations at nonlimiting levels (Brock. 1981 ). 

Other naturally occurring organic materials (e.g., polyhy

droxamic acids) are known to form soluble manganese 

complexes in the acidic environment (Stumm and Morgan. 

1981 ). Due to the variability of subsurface environments 

impacted by organic contamination. free metal ions 

together with insoluble iron and manganese oxides were 

evaluated as electron acceptors in the present study. 

Approach 
This paper presents a thermodynamic framework that 

was developed for assessing the potential for heterotrophic 

biodegradation at a contaminated site. The approach con
sists of: (I) characterization of a site to determine type and 

amount of electron acceptors present; (2) determination of 

chemical form(s) of electron acceptor(s); and (3) calculation 

of free energy change(s) associated with electron transfer 

from a PAH compound to the electron acceptor(s) during 

heterotrophic microbial growth. The relevance of free 
energy on the microbial yield coefficient is evaluated in a 
simple bioenergetic growth model developed by McCarty 
(1971). 

Characterization of a Site to Determine Type and 
Amount of Electron Acceptors Present 

Electron acceptors commonly found at waste sites were 

considered. These include oxygen, nitrate. sulfate, carbon 

dioxide. manganese, and iron. Electron acceptors were con
sidered to be present in non limiting amounts and in reactive 

forms. 
Two chemical forms of iron. Fe·3 and FeOOH. and two 

chemical forms of manganese. Mn·• <Jnd MnO:. were con

sidered. The effects of pH in determining the chemical form 
of the electron acccptor(s) at equilibrium arc related by 

thermodynamic principles (Stumm and Morgan. 1981 ). 

Calculation of Free Energy Change(s) 
Associated with Electron Transfer 

PAHs selected include naphthalene (2-fused aromatic 
rings), anthracene (]-fused aromatic rings). phenanthrene 
(3-fused aromatic rings). and pyrene (4-fused aromatic 

rings). The method proposed to estimate the innuence of 

redox conditions on PAH heterotrophic mineralization 

involves comparing the free energy change associated with 

electron transfer from the PAH compound to electron 
acceptor(s). 

Due to differences in energy content of PAH com

pounds. comparison of free energy changes should be evalu

ated on an electron equivalent basis. Free energy liberated 

per mole of electrons transferred provides a rational basis 

with which to compare each mineralization reaction. 

The general electron donor oxidation half cell reaction 

that describes the transfer of one mole of electrons during 

PAH mineralization under aqueous conditions is given by 

the following equation (modified from Stumm and Morgan. 

1981): 

2a 
---- CaHt-+ H:0-
(4a +b) (4a + b) 

a co,+ H.+ e-
(4a +b) · 

(I) 

where a and b are stoichiometric coerticients. Using the 

above relationship. the equation describing the overall com

plete hydrolysis (mineralization) of one electron equivalent 

of naphthalene is given as follows: 

I/48(CioH3)- 20/48(H20)- I0/48(C0:) +H.+ e

.... (2) 

Free energies associated with the mineralization of 

naphthalene. anthracene. phenanthrene. and pyrene were 

estimated from free energy of formation calculations. The 
procedure is illustrated in Example I using phenanthrene a~ 

an example. 
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Example 1. Free Energy Change Associated with the 
Mineralization of Phenanthrene Under Aqueous 
Conditions 

Using equation (1). the following equation illustrates 
the half cell reaction for the mineralization of phenanthrene 
(C,. Hw) under aqueous conditions: 

(I/66)C,.H,~+(28/66)H:O- (14/66lCO:+ H'+e-

.... (3) 

The free energy liberated from this reaction can be 
estimated by subtracting the free energy of formation of 
reactants from that of products. 

G (W) = .ra~Grtprodum)- ~a~G~~:eomntsl (4) 

where a= stoichiometric coefficients. and ~ G r = free energy 
of formation. For phenanthrene. equation (4) becomes: 

~G(W) = [(14/66)~GHc021 + ~GriH·, ~ ~Gtlc-,J-

[(J/66)-:lGr(Cl4HJOI + (28!66)~GfiH1oJl (5) 

By convention, the Gibbs free energy of formation for 
the electron is zero whereas that of the proton is -9.67 
kcal/mole for a pH of 7. Therefore. equation (5) reduces to _ 
the following: -

~G,c,•HJoi(W) = [(14/66) ~Guco2 1 + .lGun-,J-

[(I/66)~GtiC!4HJO> + (28/66)-lGIIII!ul] (6) 

The Gibbs free energy of formation of carbon dioxide 
and water are -94.22 kcal/mole and -56.67 kcal/mole at 
25°C, respectively (Stumm and Morgan. 1981). The Gibbs 
free energy of formation for phenanthrene under aqueous 
conditions was not found in the literature. but could be 
estimated from other thermodynamic parameters such as 
the Gibbs free energy of formation in the solid phase, the 
vapor pressure. and Henry's Law Constant at the tempera
ture of interest using equilibrium panitioning chemistry. 
The following are the steps involved in estimating the free 
energy of formation of PAH compounds under aqueous 
conditions from thermodynamic data. 

Estimation of Free Energy of Formation of Phenan
threne .&3Grrc14 H1or Under Aqueous Condition 
Phenanthrene (Thermodynamic Data) 

I. Gibbs free energy of formation (solid phase = 60.0 
kcal/mole [data from Lange's Handbook of Chemistry 
(1985)]. 

2. Vapor pressure (atm) = 8.9 X 10"7 [Sims and 
Overcash (1983)]. 

3. Henry's Law Constant (atm-liter/mole) = 0.1225 
[Sims and Overcash (1983)]. 

4. Universal gas constant (R) 0.082057 liter-atm/ 
mole-°K) or (R) 1.987 calorie/(mole-°K). 

Step 1 
The first step is to determine the free energy of forma

tion of the compound in its gaseous state from solid state 
data using the following equilibrium relationship 

C,.HJO(solid) < = > C,.H,o(gas) (7) 

The equilibrium constant K, that describes this reaction, is 
given by the following equation: 

fC,.H,o(g)J 
K=----

{C"H,o(s)J 
(8) 

By convention, the activity of the solid is unity while the 
activity of a gas over a pure solid is its vapor pressure. Thus, 
the equilibrium constant K is equal to 8.9 X 10-7

• The free 
energy change in going from the solid to gas is given by the 
following relationship: 

.... (9) 

where R is the universal ga.~ constant ( 1.987 cal/molc-° K), 
and T =absolute temperature (Kelvin). Making the numer
ical substitutions results in the following free energy of 
formation of phenanthrene in the gaseous phase: 

~GHC!AH!oH~••I = 68.25 kcaJ/moJe (at 25°C) (JO) 

Step2 
The free energy of formation in the gas phase can be 

related to the free energy off ormation in the aqueous phase: 

c,. H,o(aqueous) < = > C,4 H,o(gas) (II) 

The equilibrium const<mt K. that describes this reaction. is 
given by the following equation: 

( 12) 

Using Henry's Law and the Ideal Gas Law permits trans
formation of equation (II) to a more suitable form. Henry's 
Law is given by the following: 

Pc14HH• = HcfC,.Hro(aqueous)J (13) 

where Pc,. H1o is the partial pressure of phenanthrene (atm); 
He is the Henry's Law Constant (atm-liter/mole); and 
C.HJO (aqueous) is the concentration of phenanthrene 
(mole/liter). Using the Ideal Gas Law, the following rela
tionship is found: 

{CIAHJO(gas)J = n:V = totalno.ofmolesfvolumeofgas 

(14) 

Substituting the ideal gas relationship into equation (II) 
results in the following: 

{C,.H,o(gas)J Pc,.H 1o 
K = --------------- = -----------------{C,. H10(aqueous)j RT{C,. H 10(aqueous) 

H, I C 14 H w (aqueous)} 
( 15) = 

RT{Cr• H,o(aqueous)j 

He 
K=- (16) 

RT 

The free energy off ormation under aqueous conditions may 
be determined using the following relationship: 
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Table 1. Stoichiometry and Free Energy Change in the Half Cell Mineralization Reaction of 
Naphthalene, Anthracene, Phenanthrene, and Pyrene (at 25°C and pH of 7)* 

~G0 (W) 

kcalfeeq 

1. Naphthalene: (l/48)C10 Ha + (20/48) HzO- (10/48)C0z + H" + e· -6.75 

2. Anthracene: (l/66)C,.H,o + (28/66) H:O- (14/66)C0z + H" + e· -6.70 

3. Phenanthrene: (l/66)C 1.H 1o + (28/66)Hz0- (14/66)C0z + H" + e· -6.60 

4. Pyrene: (I /74) c,. H10 + (32/74) H:O - ( 16/74) CO: + H" + e · -6.49 

• The Standard states are one molar conr.:entrations for reactants and products at 25° C. 

Table 2. Free Energy Change in the Reduction of Electron Accepting Species (at 25°C and pH of 7) 
(Data taken from Zehnder and Stumm, 1988) 

I. Oxygen 
1/4 Oz + H" + e·- 1/2 H:O 

2. Nitrate 
1/5 N01 + 6t5 H" + e·- 1/10 N: + 3!5 HzO 

3. Manganese (oxide and soluble species) 

~G0(W) 

kcal/eeq 

-18.675 

-17.128 

1/2 MnOz + li2 HCO~- + 3/2 H" + e·- li2 MnCO. + H:O (insoluble oxide form) -12.130* 

l/2 Mn"' + e·- I, 2 Mn"2 (soluble Mn"') 

~- Ferric iron (oxide and soluble specie~) 
FeOOH + HCOJ- + 2H" + e·- FeC01 + 2H:O (iron oxide) 

Fe•3 + e·- Fe"2 (soluble iron) 

5. Sulrate 
1/8 SO.-:+ 19/16 H" + e·- I i lti H:S + I I 16 HS. + I I 2 H:O 

6. Carbon dioxide 
1/8 COz + H" + e·- liS CH. + 114 H:O 

-28.32 .. 

1.091* 

-17.78** 

5.085 

5.763 

• Assumes a bicarbonate concentration of w·' M, which is more typical of aquatic environments. 
** Assumes a soluble species is available at neutral pH. 

.lGiructionl =- RTlnK 

(17) 

Making the necessary substitutions and solving for 
.lGuc1J u,oll~ocuu• 1 gives a free energy or formation of +65.12 
kcal/mole for phenanthrene. [Note: the equilibrium con· 
stant K in equation (16) was estimated using a value of 
0.0820571iter-atmi mole- o K for the universal gas constant 
- R]. Substituting the numerical values into equation (6). 
the free energy of the half cell mineralization reaction of 
phenanthrene under aqueous conditions at pH= 7 ([H") = 
10"7

) is calculated as follows: 

~G,c 14Hiol(W) = -[(14!66)(-94.22 kcal;mole) + 
(-9.67 kcal/mole)]- [(1/66)(+65.12 kcal/mole) + 

(28/66)(-56.67 kcal/mole)] (18) 

1.G 1c 14 H 101 (W) = -6.60 kcal/ mole of electrons trans
ferred. Therefore. equation (3) becomes: 

{I/66)C,JHIO + (28/66) H20- (14166)C0z + H" + e· 

= -6.60 ~G0 (W) kcalfeeq 

The half cell reactions for the other PA H compounds can be 

found using similar calculations (Table I). When the half cell 

o:tidation reactions are coupled with the half cell reduction 
reactions. then overall energy yield can be estimated (Tables 
3 and 4). 

Table I summarizes free energy estimations of half cell 
reactions of the four PAH compounds. Values for free 
energy presented in Table I indicate that half cell hydrolysis 
reactions of the four PAH compounds are energy releasing 
(i.e., exergonic) at 25°C and a pH of 7. These half cell 
reactions must be coupled to reduction reactions that will 
result in an overall negative free energy change for the 
reactions to be thermodynamically possible. In ground
water systems. reactions that may couple with PA H oxida
tion reactions include oxygen, nitrate, carbon dioxide, iron, 
and manganese reductions. Table 2 summarizes the free 
energy changes associated with the reduction of electron 
acceptors. 

Free energy changes associated with electron acceptor 
reduction reactions can be combined with free energy 
changes associated with the oxidation of PAHs to generate 
stoichiometrically balanced reactions and an overall free 
energy change for each electron donor (PAH) and electron 
acceptor combination. Results are presented in Table 3 for 
the mineralization of naphthalene under different redox 
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conditions by combining the equations in Tables I and 2. 
By performing similar calculations for the other three 

PAH compounds, free energy changes associated with het
erotrophic mineralization of each PAH can be estimated 
(Table 4). 

Results 
Results presented in Table 4 indicate that free manga

nese reduction resulted in a much higher free energy change 
than aerobic mineralization of naphthalene. This greater 
free energy yield associated with free manganese reduction is 
not unreasonable since there are reports of microorganisms 
that will preferentially utilize manganese as an electron 
acceptor under strictly aerobic conditions (DeVrind et a!.. 
1986: Ehrlich. 1981; Ghiorse. 1988). Therefore. even in aero
bic aquifers, if acidity is high. oxygen may not be utilized 
until free manganese becomes limiting. 

The free energy changes associated with heterotrophic 
PA H mineralization at a systcm pH of 4 and 9 arc givcn in 
Tables 5 and 6. respectively. The net effect of the change in 
proton activity on the overall free energy change was partic
ularly significant when the electron acceptor was a free 
metal species. 

The capture of free energy by cells is not I OOC:( eflicient. 
and only a portion of the frcr:: energy released by mineraliza
tion reactions is available for cr::ll usc. The fraction of fn:e 
energy released that is available to a microorganism depends 

on the PAH compound (substrate), environmental condi
tions. and species and age of biological populations. 

Although free energy calculations provide a general 
basis for evaluating whether or not heterotrophic mineral
ization is possible, the reaction must result in releasing 
sufficient energy to support microbial growth and cellular 
maintenance requirements if the PA H compound is to serve 
as the primary carbon and energy source. McCarty (1971) 
developed an energetic model that has been successful in 
estimating the heterotrophic growth of microorganisms in 
waste treatment operations and in subsurface biofilms 
(Luthy. 1980: Bower and Cobb, 1987). 

The following example describes the bioenergetic 
model together with an application of the model to predict 
microbial growth when pyrene is utilized as the sole carbon 
and energy source by denitrifying microorganisms. 

Example 2. Bioenergetic Model for Prediction of 
Microbial Yields 

In heterotrophic microbial utilization of organic mat
ter, a portion of the electron donor is used for energy 
production while a portion is utilized in biosynthetic reac
tions. The following is an approach developed by McCarty 
( 1971) to estimate microbial yields from free energy calcula
tions for heterotrophic metabolism. The model is based on 
the following schematic illustration: 

Table 3. Stoichiometry and Standard Free Energy Changes During the Heterotrophic Mineralization of Naphthalene Under Various Redox Conditions (at 25°C and pH of 7) 

I. 1/48 C,"H' + 20/4~ H:O + 1/2 1\fn''- 10·48 CO:+ 1/2 Mn'' + W 
2. 1)48 c,,H, + 1/4 0: - 10 4~ CO: + I 12 H:O 
3. 1/48 CwH, + 20/48 H:O + Fe'' - 10;48 CO: + Fe'' + W 
4. L48 c,,H, + 1/5 No.,· + 1:5 H. - 10 48 CO:+ I 10 1": + II •60 H:O 
5. I •48 C,.,H, + 102 MnO:(s) + I 2 HC"O, + 112 W - 10 4!; CO: + 1."2 MriC"O· + 7:12 H:O 6. lt48 CwH, + FeOOH(sl + HCO,- ..:. H. - 10:48 CO:+ FeC03 + 76,'48 H:O 
7. 1,48 c, .. H, + 1/8 so,·: + 3.· 16 W - 10 48 CO: + li16 H:S + I !16 HS- + 1.· 12 H:O 
8. 1/48 CIOH; + lf4 H:O- 4/48 CO: + I 8 CH, 
* Assumes a bicarbonate concentration of 11r·' M. which is more typical of aquatic environments. •• Assumes a soluble species is a,·ailable at neutral pH. 

Table 4. Free Energy Change (j,G 0 (W)] Associated with Heterotrophic PAH Mineralization Under Various Oxidation-Reduction Conditions (at 25°C and pH of 7) 
Electron acceptor Naphthalene Amhracene Phenamhrene 
Nonmetal: 

o. -25.43 -25.38 -25.28 No,-• -23.88 -24.28 -23.73 so.-2 
-1.67 -1.61 -1.51 

CO: -0.99 -0.94 -0.84 
Metal: 

Mn·• -35.07 -35.02 -34.92 Fe'3 
-24.53 -24.48 -24.38 

Mn02 -18.88 -18.83 -18.73 FeOOH -5.66 -5.61 -5.51 
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j,(iO(\V) 

kcalteeq 

-35.07 
-25.43 
-24.53** 
-23.8~ 

-18.88* 
-5.66* 
-1.67 
-0.99 

Pyrene 

-25.17 
-23.62 
-1.40 
-0.73 

-34.81 
-24.27 
-18.62 
-5.40 



Table 5. Free Energy Change (.1.G0 (W)] Associated with Heterotrophic PAH Mineralization Under 
Various Oxidation-Reduction Conditions (at 25°C and a pH of 4.0) 

Electron acceptor Naphthalene Anthracene Phenanthrene Pyrene 
Nonmetal: 

Oz -25.42 -25.37 -25.27 -25.16 NOJ_, -24.71 -24.66 -24.56 -24.45 so.·! -2.46 -2.41 -2.31 -2.20 
COz -0.99 -0.94 -0.84 -0.73 

Metal: 
Mn·• -30.86 -30.81 -30.71 -30.60 Fe•J -20.32 -20.27 -20.17 -20.06 
MnOz -15.43 -15.38 -15.28 -15.17 
FeOOH -6.73 -6.68 -6.58 -6.47 

Table 6. Free Energy Change (llG0 (W)] Associated with Heterotrophic PAH Mineralization Under 
Various Oxidation-Reduction Conditions (at 25°C and a pH of 9.0) 

Electron aaeptor Naphthalene 

Nonmetal: 
Oz -25.42 
NOJ- 1 

-23.35 
so;= -1.18 
CO: -0.99 

Metal: 
Mn 

.. 
-37.68 

Fe•J -27.14 
Mn01 -17.59 
FeOOH -3.05 

Respiration Reaction (Energy Reaction) 

(Electron Donor) + (Electron Acceptor) -
reduced oxidized 

(Electron Donor) + (Electron Acceptor) 
oxidized reduced 

Microbial Synthesis 

(Electron Donor)+ NH/ -v- CsH102N (New Cells) 

In order to use the model, the following definitions are 
made: ~G, = free energy released per electron equivalent 
of substrate converted for energy (i.e .• respiration); 
~Gs = free energy required to synthesize one electron 
equivalent of microbial cells (including energy losses); 
~Gp = free energy change in transforming the electron 
donor to pyruvate (which is assumed to be the redox state at 
which carbon enters the biosynthetic pathway); ~Gn = free 
energy of converting nitrogen source to ammonium (which 
is assumed to be the redox state at which nitrogen enters the 
biosynthetic pathway); J.Gc = free energy in converting 
pyruvate plus ammonium to one electron equivalent of 
microbial cells; {3 = efficiency of transferring energy from 
electron donor to ADP (adenosine diphosphate) to form 
ATP (adenosine triphosphate) (assumed to be 0.6 by 
McCarty, 1971); and A= electron equivalent of electron 
donor converted to energy per electron equivalent of cells 
synthesized (note: we neglect energy required for mainte-

Anthracem• Phenanthrene P_l'rc•ne 

-25.37 -25.27 -25.16 
-23.30 -23.20 -23.09 
-1.13 -1.03 -0.92 
-0.94 -0.84 -0.73 

-37.63 -37.53 -37.42 
-27.09 -26.99 -26.88 
-17.54 -17.44 -17.33 

-3.00 -2.90 -2.79 

nance ): this term is noted in some texts as fe/ fs where fc is the 
fraction of electron donor that goes to energy reactions, and 
fs is the fraction of electron donor that goes to biosynthesis 
reactions. 

Using these definitions, an energy balance for produc
tion of new cells can be estimated. The amount of energy 
a·vailable after the respiration of one electron equivalent of 
electron donor-including losses = {3A~G,. The amount of 
energy required for synthesis of one electron equivalent of 
new cells = ~G •. 

Neglecting maintenance energy, we have the following 
energy balance equation: 

{3AJ.G, + ~Gs = 0 
or 

A = -(~G.) I {3J.G, 

~G, has three components ( ~Gp. ~Gn, .:lGc ). The equation 
that describes the biosynthesis reaction is given as follows: 

~G, = ~Gp//3m + ~Gc + ~Gn/ 13 
where m = -I if .:lGp > 0, and m = -I if ~Gp < 0. The 
coefficient m takes into account the energy state of the 
electron donor relative to that of pyruvate. llGc = 7.5 
kcaljelectron equivalent of cells produced from pyruvate, 
plus ammonium. is assumed constant [McCarty (1971) 
assumes all cells have the same energy capture efficiency]. 
~Gn = 4.17 kcalimole if nitrate is the nitrogen source and 0 
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kcal/mole if the nitrogen source is ammonium. 
The microbial yield (Y) can be defined in terms of the 

given definitions as the following: 

Y = 1/(1 +A) 

Y = electron equivalent of cells formed/electron equivalent 
of electron donor used. 

This expression of microbial yield although theoreti
cally correct, is inconvenient for many practical applica
tions. A more convenient expression for microbial yield is 
gms Volatile Solidsjgm COD (chemical oxygen demand). 
The present definition of microbial yield (YJ can be con
vened to the more convenient expression by invoking the 
following relationship for the half reaction of microbial cell 
oxidation: 

CsH,02N + 9H20-

4C02 + HCO,- + NH; + 20 H" + 20 e

(microbial cells = 113 gmsjmole.) 
Since 20 moles of electrons are released per mole of 

microbial cells oxidized, one electron equivalent of cells is 
equal to I I 20 mole of Cs H 102 N. In other words, one 
electron equivalent of microbial cells is equal to 5.65 grams 
of CsH102N (i.e., ll3/20). Invoking the relationship that 
one electron equivalent is equal to 8.0 grams of chemical 
oxygen demand (COD) (McCarty, 1972), the convenient 
form of the microbial yield can be expressed as the 
following: 

Y = (5.65)/8(1 +A) 

where Y now has the dimensions of gm Volatile Solids per 
gram Chemical Oxygen Demand. 

Use of this model for prediction of microbial yield is 
demonstrated by the following example in which pyrene is 
utilized as the electron donor and nitrate as the electron 
acceptor at 25°C and a pH of 7.0. 

Pyrene: (1/74) C1.Hw + (32,'74) H:O-

(16/74) C02 + H' + e- = -6.490 ~G0 (\\') kcalteeq 

Nitrate: l/5 NOJ- + 6!5 H" + e--

1/10 N2 + 3/5 H20 = -17.128 ~G0 (W) kcalieeq 

AG, = -23.618 kcaljeeq of electron donor oxidized 
(-6.490 + -17.128): ~Gn = 4.17 kcaljeeq of cells pro
duced; and AGe = 7.5 kcaljeeq of cells produced. 

The following can be used to estimate the free energy 
change of convening the electron donor to pyruvate .:lGp: 

Pyrene: (1/74) C16H10 + (32/74) H20-

(16/74) C02 + W + e- = -6.490 AG 0 (W) kcaljeeq 

Pyruvate: (1/5) C02 + (1/10) HCO,- + H" + e-

(I/10) cH)cocoo- + (2/5) H2o= +8.545 AG 0 (W) 
kcal/eeq 

Therefore, AGp = 2.055 kcal;eeq of electron donor (i.e., 
pyrene) converted to pyruvate. 

The free energy required per eeq of cells synthesized 
can now be evaluated (/3 = 0.6, m = +I): 

AGs = AGp/ /3m+ AGe+ AGn/ {3 

AGs = 17.875 kcal requiredjeeq of cells produced. 
The coefficient A can be calculated using the following 

expression: 

A = -(AGs)/ {3AG, 

A= 1.261 eeq of electron donor to energy/eeq of electron 
donor to synthesis. 

The microbial coefficient Y can be calculated using the 
following expression: 

Y = (5.65)/8(1 +A) 

Y = 0.31 gms Volatile Solids/gm COD (as pyrene). 
Using this same technique. microbial yields for all of 

the PAH compounds under v-.trious redox conditions can he 
estimated. Results from this model are given in lable 7 in 
which the microbial yields for glucose. methanol. and ben
zoate are estimated for comparison. 

Table 7 presents the results of the bioenergetic model 
applied to the four PAH compounds together with esti
mated microbial yields using glucose. methanol. and benzo
ate for comparison. 

Discussion 
The advantage of a chemical energetics approach in 

evaluating the potential for heterotrophic mineralization of 
PAH compounds is that knowledge of competition among 
different anoxic microbial species for the PAH compound is 
unnecessary. 

From Table 4, the low energy yield associated with 
sulfate and carbon dioxide reduction confirms the experi
mental results observed by Mihelcic and Luthy ( 1988) in 
which naphthalene mineralization was observed under 
aerobic and nitrate reducing conditions but not under car
bon dioxide reducing (methanogenic) conditions. 

These results are important when considering the fate 
of PAH compounds in subsurface anoxic environments 
including unsaturated and saturated zones. In environments 
in which sulfate or carbon dioxide are the principal electron 
acceptors, heterotrophic biodegradation of PAH com
pounds is unlikely since the energy liberated from these 
reactions may be too low to support microbial maintenance 
requirements. Mineralization will occur only by changing 
the redox state of the environment (i.e., introducing alterna
tive electron acceptors with greater electron affinities). 

One possible approach for inducing heterotrophic 
mineralization of PAH compounds in an environment in 
which there is a significant concentration of insoluble metal 
oxide would be to take advantage of the favorable energetics 
associated with free metal reduction. Increasing the solubil
ity of metals may be accomplished by decreasing the pH of 
the environment that results in shifting more of the insoluble 
metal into its more mobile (i.e., free) form. It should be 
noted that despite the reduction in free energy change due to 
the decrease in pH [equation (!)]. the formation of free 
metal species results in an overall increase in free energy 
liberated during the mineralization reaction. 
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Table 7. Estimated Microbial Yield froJ:Il Heterotrophic PAH Mineralization• 
(gm Volatile Sollds/gm Chemical Oxygen Demand) 

Electron acceptor Naphthalene Antlrracene Phenanthrene Pyrene Glucose Methanol Benzoate 

Nonmetals: 
Oz 0.33 0.33 0.33 0.32 0.40 0.38 0.33 

Nol-l 0.32 0.32 0.31 0.31 0.39 O.Ji 0.32 

so.-l 0.06 0.06 0.06 0.05 0.22 0.17 0.07 

COz 0.04 0.04 0.03 0.03 0.20 0.15 0.04 

Metals: 
Mn·• 0.39 0.39 0.38 0.38 0.44 0.43 0.39 

MnOz 0.28 0.28 0.27 0.27 0.35 0.33 0.28 

FeOOH 0.12 0.11 0.11 0.11 0.20 0.18 0.12 

FeOOH** 0.17 0.17 0.17 0.16 0.32 0.28 0.18 

Fe·1 0.32 0.32 0.32 0.32 0.39 0.37 0.33 

Fe.3** 0.41 0.41 0.41 0.40 0.51 0.49 0.42 

* Assumes pH of 7.0 at 25°C. 
**Assumes ammonium (NH;) is the nitrogen source [in ail other cases. nitrate (NOJ-) is the nitrogen source]. 

In the absence of oxygen and under neutral or alkaline 

pH. insoluble metal oxide species will be the predominant 

electron acceptors in the subsurface environment. An 

important factor in evaluating the availability of insoluble 

metal oxides as electron acceptors is the exte~t of microbial 

adhesion to the oxide surface. Utilization of an insoluble 

metal species as an electron acceptor requires that the 

microbial electron transport system be in intimate contact 

with the oxide surface for metal reduction to occur. In 

addition to microbial adhesion, the form of solid metal 

oxides also will affect their reduction rates. It has been 

reported that the more amorphous the metal oxide. the 

more easily it is reduced (Lovely et a!.. 1989). This is not 

surprising since the free energy change is a function of the 

randomness (or entropy) of the chemical environment. 

In oxygen depleted acidic environments, nitrate and 

sulfate are often the predominant electron acceptors. In 

cases where there are noniimiting concentrations of free 

manganese and iron, the free manganese ions would be used 

preferentially followed by nitrate, free iron. then sulfate 

according to free energy calculations (Table 4). 

The free energy estimations are consistent with the 

results reported by Lovely and Phillips ( 1988), who demon

strated that Fe •J reduction will outcompete methanogens 

(carbon dioxide reducers) for organic matter. Mn02 has 

been found to competitively inhibit iron reduction, which is 

not surprising since the energetics for manganese reduction 

are more favorable compared to iron (Table 4). 

Free energy calculations of reaction only indicate the 

potential for a reaction to occur at a particular set of envi

ronmental conditions. Favorable kinetic conditions must 

also exist for the reaction to proceed at measurable time 

scales. Temperature and reaction activation energy are 

important considerations in evaluating kinetic conditions. 

In the present study. only the potential of a reaction to occur 

(e.g. free energy) is evaluated. 
From microbial yield estimates. the utilization of free 

manganese (Mn.4
) as an electron acceptor during hetero-

trophic biodegradation of PAH compounds resulted in the 

largest microbial gr0\\1h yield. followed by oxygen. nitrate. 

free iron (Fe-3
). MnO:. FeOOH, sulfate. and carbon diox

ide (Table 7). In regards to the electron donor, naphthalene 

mineralization resulted in the largest microbial yield relative 

to the three other PAH compounds evaluated. However, the 

microbial yield for naphthalene was consistently lower than 

that obtained during the mineralization of either glucose or 

methanol. Only benzoate (monoaromatic acid) resulted in 

microbial yields comparable to those found for PAH 

compounds. 
Although the free energy change associated with 

anaerobic mineralization ( COz as the electron acceptor) was 

negative and microbial yield estimations indicated potential 

heterotrophi; growth using PAH compounds under anaer

obic conditions. experimental evidence of PAH mineraliza

tion under anaerobic conditions has not been reported. 

Explanations for the difference between theoretical and 

experimental results can be found in evaluating the assump

tions of the bioenergetic model. The bioenergetic model 

assumes that the energy transfer efficiency is 60% for all 

microorganisms evaluated. This is certainly not the case for 

all species, and a reduction of transfer efficiency to 20 or 

30% results in a significant change in microbial yield estima

tions. The bioenergetic model assumes also that the micro

bial population is actively growing and. thus. maintenance 

energy can be neglected. Neglecting maintenance energy for 

aerobic systems may not result in a significant change in 

microbial yield estimates, but under anaerobic conditions, 

where most of the electron donor is released as methane 

( CHJ ), maintenance energy represents a significant portion 

of the energy captured by the celL 
Little is known regarding the maintenance energy 

requirements of anaerobic microorganisms. However, like 

all microbes. some minimal amount of energy is required to 

maintain osmotic regulation, regeneration of proteins and 

nucleic acids. molecular transport, etc. The absence of PAH 

mineralization under anaerobic conditions (Mihelcic and 
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Luthy. 1988) suggests that the energy available from these 
bioreactions is insufficient to support microbial mainte
nance requirements. 

Conclusions 
An important aspect of site characterization for evalua

tion of bioremediation factors, in addition to identifying 
chemical pollutants present (potential electron donors), 
involves the evaluation of the: (I) type and amount of 
electron acceptors present, (2) chemical form (s) of the elec
tron acceptors. and (3) free energy changes associated with 
electron transfer from electron donor to electron acceptor. 
A thermodynamic framework for e\"aluating the potential 
for heterotrophic PAH biodegradation in aerobic. anoxic. 
and methanogenic subsurface environments has been pre
sented. Thermodynamically favorable conditions were 
shown to exist for the biodegradation of the PAHs under all 
redox conditions evaluated. The difference in free energy 
liberated during PAH degradation in the presence of oxy
gen. nitrate, and carbon dioxide supported experimental 
observations of Mihelcic and Luthy ( 1988). Microbial yield 
models predicted larger growth under conditions of higher 
energy yield. The use of aliphatic carbon sources (e.g .. glu
cose and methanol) as electron donors led to a significantly 
greater microbial yield than the aromatic acid (e.g .. benzo
ate) or PAH compounds. 

Although microbial growth was predicted during het
erotrophic PAH mineralization under sulfate reducing and 
methanogenic conditions, no experimental evidence has 
been reported to support this finding. Energy liberated from 
these reactions is not likely to be sufficient to support min
imal microbial maintenance requirements. More study is 
required to quantify anaerobic microbial maintenance 
energy and to confirm its importance in microbial yield 
estimations. The thermodynamic framework presented for 
evaluating PAH degradation in subsurface environments 
provides a rational basis for site characterization activities 
and for assessment of potential mechanisms influencing 
biodegradation at a contaminated site. 
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ASSOCIATION OF GROUND WATER SCIENTISTS AND ENGINEERS 
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ground water or ground-water supply installations 
or who are teachers or students at recognized institu
tions in academic fields related to the study of 
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in fostering ground-water research, education, 
standards, and techniques; to advance knowledge in 
engineering and science, as related to ground water; 
and to promote harmony between the water well 
industry and scientific agencies relath·e to the proper 
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year ($97 international) include a subscription to 
Ground Water, Ground Water Monitoring Review, 
The Well Log, and in the U.S., Mexico, and 
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(614-761-17ll) 

5-22 



LECTURE ILLUSTRATIONS 

OXIDATION- REDUCTION 
CHEMISTRY 

• Introduction 
• The electrochemical cell 
• Measurement of Eh 
• Eh-pH and pe-pH diagrams 
• Oxidation and reduction conditions in natural 

waters 
• Case history 
• Summary 

NWWA 

5-23 



OXIDATION AND REDUCTION REACTIONS 

The chemical elements, C, N, 0, S, Mn, and Fe undergo important 
oxidation-reduction, or redox reactions, in the subsurface. Other 
elements including Cr, Cu, As, Ag, Hg, Mo, Se, and U are influenced by 
redox reactions in contaminated soils and geologic strata. Sposito 
(1983) suggested that there are two ways in which redox reactions 
can influence the chemical forms of environmentally significant trace 
metals in the soils; first, through a direct change in the oxidation 
state of the trace metal itself. An example of this redox process is the 
oxidation of Cr(III) to Cr(VI) (Sposito, 1983). A second way in which 
redox reactions indirectly influence trace metals is through a change 
in the oxidation state of a different element contained in a ligand 
that can form chemical bonds with the metal. This redox effect is 
represented by the oxidation of C(II) to C(IV) in an organic ligand 
that can form a soluble complex with a trace metal cation in solution 
(Sposito, 1983 ). 

Redox reactions generally are slow reactions in soil, because 
oxidation and reduction half-reactions do not couple well to one 
another (Sposito, 1983). Catalysis of redox reactions is mediated by 
microbial organisms, which increases the reaction rate of a redox 
reaction. 

EXAMPLES OF OXIDATION AND REACTION REACTIONS 

CARBON 

H2(g) = 2H+ + 2e-
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IRON 

Fe2+ = Fe3+ + e-

Fe2+ + 3H20 = Fe(OH)3 + 3H+ + e-

FeC03 + 3H20 = Fe(OH)3 + HC03- + 2H+ + e-
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INTRODUCTION 

PURPOSE 

To provide an overview of oxidation-reduction 
(redox) equilibria as it may apply to natural waters. 

Oxidation-reduction reactions control solubility of 
minerals or solid phases, influence adsorption 
processes, and control fate and transport of 
organic and inorganic species. 

EXAMPLES: 

Cr(lll)-t Cr(VI) 

Benzene Oxidation 

C( -I) --7 C(IV) 
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OXIDATION-REDUCTION REACTIONS 

An oxidation-reduction (or redox) reaction is a 
chemical reaction in which electrons are 
transferred completely from one species to 
another. 

The chemical species that loses electrons in this 
charge transfer process is called oxidized. 

The chemical species receiving electrons is called 
reduced. --

EXAMPLE: reduction half reaction 

4FeOOH(s) + 12H+(aq) + 4e·(aq) = 4Fe2+ + 8H20 

Goethite-oxidized 

Fe2+(aq)-reduced 
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COUPLED REDOX REACTION 

1. Oxidation half-reaction 

EXAMPLE: 

CH20(aq) -[C(O)] 

2. Reduction half-reaction 

EXAMPLE: 

4FeOOH(s) + 12H+(aq) + 4e·(aq) = 4Fe2+ + 8H20 

COUPLED REDOX REACTION 

4FeOOH(s) + 7H+(aq) + CH20(aq) = 4Fe2+(aq) + 
6H20 + HC03- (aq) 
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BALANCING REDOX REACTIONS 

For a monoatomic species, the oxidation state 
equals the valence. 

EXAMPLES: 

K(l), Ca(ll), Mg(ll), 0( -II), H(l), Ra(ll), Cl( -I) 

For a molecule, the sum of the oxidation numbers 
of the constituent atoms equals the net charge 
expressed in units of protonic charge. 

EXAMPLES: 

FeOOH(s); 3 + 2(-2) + 1 = 0 

H20(aq); 2(1) + -2 = 0 

oH-(aq); -2 + +1 = -1 
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-BALANCING REDOX REACTIONS 

For a chemical bond in a molecule, the shareable, 
bonding electrons are assigned entirely to the 
more electronegative atom. If no difference in 
electronegativity exists, each atom receives half 
the bonding electrons. 

EXAMPLES: 

N2(aq); 0 
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OXIDATION OF FORSTERITE 

OXIDATION REACTION 

(Mg, Fe)2Si04 = se· + 2Fe3+ + 2Mg2+ + Si04
4• 

REDUCTION REACTION 

se· + 1.502(g) + 6H+ = 3H20 

COUPLED REACTION 

(Mg, Fe)2Si04 + 1.502(g) + 6H+ 

= 2Fe3+ + 2Mg2+ + Si04 
4• + 3H20 

or, 

(Mg, Fe)2Si04 + 1.502(g) + 3H20 + 4H+ 

= 2Fe(OH)3 + 2Mg2+ + Si(OH)40 
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CLASS EXERCISE 

BALANCE THE FOLLOWING OXIDIZING-HALF 
REACTIONS [hint Fe(ll,lll)]: 

BALANCE THE FOLLOWING REDUCING-HALF 
REACTIONS [hint S(-II,VI)]: 

EXTRA CREDIT 
COMBINE REACTION 2 WITH REACTION 5 AND 
WRITE A COUPLED REDOX REACTION. 
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Some important half redox reactions • 

HYDROGEN 

OXYGEN 

NITROGEN 

SULFUR 

TRACE METALS 

Cr 

Mn 

!03(g) + H' + e- = !Oz(g) + !HzO 
~ 0 2(g) + H• + e- = ! H20 
~ H20 2 + H• + e- = H20 
(Note :also HO; + H• = H20; log K = 11.6) 

NOj + 2H' + e- = ! N20 4(g) + HzO 
(Note: N20 4(g) = 2N02(g); log K = -0.47) 
!NOj + H• + e- = !N02 + !H20 
(Note NO; + H• = HN02; log K = 3.35) 
~ NOj + ~ 11• + e- = ~ NO(g) + ~ H20 
i NO; + ~ H• + e- = ~ N20(g} + ~ H20 
JNOj + ~H· + e- = -f,;N2(g} + ~H20 
~NO; + ~ H' + e- = ~ NH: + l HzO 

! SOf + H• + e- = ! sor + ! H20 
(Note :also (sor + w = HSOj; log K = 7)] 
~ SOf + ~ H• + e- = 4 Szor + ~ HzO 
~ SOf + ~ H• + e- = fe- S~(s. ort.) + ~ H20 
(Note also~ sg(s. on.) = A S~(s. col.); log K = -0.6) 

-fi SOf + * H• + e- = -le Sf + * H20 
-fiSOf + iH• + e- = -fzsr + ~H20 
(Note also Sf + H• = HS;; log K = 6.1) 
2.. soz- + ~ u· + e- = I 52- + .!.. H 0 13 4 13 X 4 13 z 
(Note :also Sf + H• = HS;; log K = 7 .0) 
~ SOf + t H• + e- = ~ H2S(:aq) + ! H20 
(Note also H2S(g) = H2S(:aq}; log Kh = 1.0, and other 
acid-base, coordination, and precipitation reactions} 

~ HCrO; + ~ H• + e- = ~ Cr'• + ~ H20 
(Note HCrO~ = H• + ! Cr20f + ! H20, log K = -15; 
HCrO~ = H• + CrOf, log K = -6.5; :and various Cr(lll) 
precipitation and coordination reactions) 
~MnO~ + ;H• + e- = ~Mn2• + tH20 
! Mn02(s) + 2H' + e- = ! Mn2• + H20 
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pc0 =log 
K 

0 

+35.1 

+20.75 

+30.0 

+ 13.6 

+14.15 

+ 16.15 
+18.9 
+21.05 

+ 14.9 

-1.65 

+4.85 

+6.03 

+5.41 

+5.29 

+5.12 

+5.13 

+20.2 

+25.5 
+20.8 



(Continued) 

TRACE METALS 
(cont.) 

Fe 

Co 

Cu 

Se 

Ag 

Hg 

Pb 

Fe'• + e- = Fe2• 

~ Fez• + e- = ! Fe(s) 
~ Fe,04(s) + 4H• + e- = ~ Fe2• + 2H20 
Co(OH),(s) + 3H• + e- = Co2• + 3H20 
~ Co,04(s) + 4H• + e- = i Co2• + 2H20 
Cu2• + e- = cu• 
~ Cu2• + e- = Cu(s) 
~ SeOf + 2H• + e- = ~ H2SeO, + ~ H20 
~ H2Sc:O, + H• + e- = ~ Sc:(s) + f H20 
~ Sc:(s) + H• + e- = ! H2Sc: 
(Note: also H2Sc: = H• + HSc:-,log K = -3.9: H2Sc:O, = H• 
+ HSc:O;, log K = -2.4; HSc:Oj = H• + Seor.log K = 
-7.9: Sc:Of + H• = HSe04,Iog K = + 1.7) 
AgCI(s) + e- = Ag(s) + Cl 
Ag• + e- = Ag(s) 
i Hg2• + e- = Hg(l) 
Hg2• + e- = ~ Hgr 
~Pb02 + 2W + e- = ~Pb2• + H 20 
(Note many other reactions for Mn, Fe, Co, Cu, Se, Ag, 
Hg, Pb) 

pe0 =logiC 

+13.0 
-7.5 

+16.6 
+29.5 
+31.4 

+2.6 
-5.7 

+ 19.4 
+12.5 

-6.7 

+3.76 
-13.5 
-14.4 

+ 15.4 
+24.6 

• From Morel. F.M.M., 1983. Principles of Aquatic Chemistry. Copyright© 1983 by John Wiley & Sons, 
Inc. Reprinted by permission of john Wiley & Sons, Inc. 
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Some elements found with more than 
one oxidation state and examples of ions 
or solids formed from those elements • 

Element and 
oxidate state in brackets Example 

C(+IV) Hco- coz-
~ 3 

C(O) CH20, C 
C(-IV) CH,. 

Cr(+IV) cror. Crzor 
Cr(+III) Cr3+, Cr(OIIh 

Fe( +III) Fe3•, Fe(OH)3 
Fe( +II) Fe2• 

N(+V) NO; - \Je.r-'1 

N(+III) NO; 
N(O) N 
N( -III) NH:, NH3 

5(+VI) 50f 
5(+V) 520f 
5(+11) 5zor 
5(-11) H2S, Hs-

•from Morel, F.M.M., 1983. Principles of Aquatic 
Chemistry. Copyright © 1983 by John Wiley & 
Sons, Inc. Reprinted by permission of john Wiley 
& Sons, Inc. 

(14 0 lol" ( (. 

All redox reactions transfer elearons and involve elements with more than one oxi
dation number. Listed in the table. are some of the more important of these ele
ments, their typical oxidation states, and some of the ions and solids that form. A 
host of trace metals not included in the table also have variable oxidation numbers. 
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Pt wire 
electrode 

A 

APPENDIX 

Salt bridge 

n .;. . Fe + · · · · ··.·•. 
and •: 
Fe3 • 

B 

THE ELECTROCHEMICAL CELL 

• Two half-cells A and B connected by a saltbridge 

• Half-cell A - platinum wire acts as an inert means of 
transferring electrons to or from solution 

• Electrode reaction: Fe2+ = Fe3+ + e-

• Overall reaction: Fe3+ + 1hH2 = Fe2+ + H+ 
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pe and ·Eh 

Eh refers to: Potential of the electrode in 
halfcell and potential is 
measured relative to she 

Electron activity can be expressed as 

pe ( =- log10 ae-) 

By analogy with 

pH ( - log 10 aH + ) 

F 
pe = 2.303 RT Eh 

Where 

F = Faraday's constant (23.06 kcal/volt-gram 
equivalent) 

R =Gas constant (1.987 cal/deg mol) 

T =Absolute temperature 

2.303 conversion from natural to base 10 
logarithms 

At25C PE = 16.9 Eh Eh = 0.0592 pe 

NWWA 
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lll 
I 
w 
co 

MEASUREMENT. OF Eh 

• Combination platinum and reference 
electrode 

• The reference electrode is usually calomel 
(Hg2 Cl2) or Ag/ AgCI 

• The Eh measurement is usually that of a 
mixed potential composed of more than 
one redox couple 



+SO 
TIME (II) 

- s 10 IS 20 25 > 0 E 

..J 
Cl 
i= z 
YJ 

~ -100 

YJ 

8 ' Q: ' ~ ' u ' ~-200 ' ' &&I .... ..... _ 

-~~------------------------------~ 

Variation of electrode potential with time for an 
undisturbed clayey sample from the Sarnia Landfill, 
Ontario, Canada (Yanful, et al. , 1988) • 
Reducing conditions exist beneath the landfill, 
which are probably the rest~l-t: nf microbial activity. 



Eh - pH DIAGRAMS 

Eh- pH diagrams are a convenient way of 
displaying stability relationships where 
equilibrium redox reactions are involved. 

It must be remembered that departures from 
equilibrium are common in natural waters . 

• 
Systems to Consider 

Water 
Iron 
Carbon 
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Figure 4-3 Approximate position of some natural environments as characterized by Eh 

and pH. (After Garrels and Cltrist, Solutions, Minerals, and Equilibria, Freeman-Cooper, 

San Francisco, p. 381.) 



-0.2 

-0.4 

-0.6 

SYSTEM 

HCO~-

pH 

C-0-H 
25°C, 1 bar 

co:-

_ · Eh-pH diagram for part of the system C-0-H. 
The assumed activity of dissolved C = 10-3. 

Valence states for carbon include -4, -3, -2, -1, 0, 
1 , 2, and 4. The valence states of carbon in methane 
(CH4) is -4, in CHi)= 0, and H-p30, HCO), and coi= + 4. Methane is stable under relatively reducing 
conditions and H2C03, HCO), and co32- are stable 
under relatively oxidizing conditions. (Brookins, 1988) • 
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OXIDATION - REDUCTION REACTIONS OF ORGANIC COMFOUNDS 

The concept of chemical oxidation - reduction (redox) is rrore easily 

understood for sirrple inorganic:- reactions than for redox reactions 

involving organics. In soil, redox reactions involving roth inorganic 

and organic species are important. Organic oxidation reactions frequently 

involve a gain of oxygen and a loss of hydrogen atans. The reverse is 

true for reduction reactions. 

The table l::elow provides a sumnary of the relative oxidation states 

of several functional groups. Conversion of a functional group into one 

in a higher oxidation state category characterizes oxidation of the 

original group. Reduction is defined by the conversion to a group in a 

lower oxidation state. 

RELATIVE OXIDATION STATES 

INCREASING OXIDAT-ION STATES 

LEAST OXIDIZED M:>ST OXIDIZED 

RH ROH RC(O)R R:XX)H C02 

RCl (R) 2cc12 RC(O)NH2 cc14 

RNH2 -c=c- RCC13 
Cl H H H Cl Cl 

' / ' / 

' / 
C=C C=C C=C 

/ ' / ' / ' H H Cl Cl Cl H 

l::enzene 

various 
toluene intermediates 

xylene cOI'rpJUilds 

SOURCE: March (1977). 



An oxidation carmot cccur without a reduction. In canplex organic 

reactions, the rrechanism involves the exchange of an equal arrount or 

number of electrons. For exanple, the oxidation of :benzene to car :ton 

dioxide and H2o by oxygen can rewritten as: 

an oxidation 

a reduction 

In many cases, half reactions can re written that do not descril:e 

the real rrechanism rut are only a convenient "l:::ookkeeping" nethod to 

correctly balance the net reaction as is the case for the oxidation 

of :benzene shown a1:ove. 

Evidence for the existence of redox reactions in soil care fran 

the identification of reaction products that are characteristic of redox 

reactions. Very little is known, however, al:::out the oxidants and reductants 

or reaction nechanisms and kinetics of inportance in soil. Oxygen (02) is 

probably the rrost irrp::>rtant oxidant in soils. Atrrospheric and soil oxygen 

are capable of directly oxidizing many organic and inorganic corcpounds. 

The rate of oxidation, however, is usually slow. 
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A more detailed reaction path for benzene oxidation in presence of 

bacteria (Pseudorronas putida 39/D) is given below. Carl::.on dioxide is the 

final cCXIq?OUnd produced via cis, ~-Muconic acid and 2-Hydroxynuconic 

semialdehyde. 

0 02 

Bacteria 

H 

~OH 
~OH 

H 

----ooH OH 

~0 

0
,, .o~ .,, 
~, .. 

CCOOH 

COOH 
cis, cis-Muconic 

acid 

Benzene ili-1, 2 • Dih y dra JC y 
1, 2 • dihydrob.en zen e 

..t'.~(OI 
Catechol ,,..,.. . 'o 

'o CHO 
r(-·cooH .., 

~OH 
2 -Hydrox ymuconic 

semialdehyde 

As organic conpounds such as aromatic hydrocarl:::ons become oxidized, 

the electrons that are lost by the organics can be gained by minerals. 

The minerals that can undergo chemical reduction (gain of electrons) 

iriclude iron oxyhydroxides and manganese oxyhydroxides. Organic oxidation 

products can in addition conplex or bind on the mineral surface, which 

causes the solubility of the mineral to increase. The mineral begins to 

undergo dissolution caused by chemical reduction. An example of an organic 

and inorganic oxidation - reduction reaction is: 

L +soil Fe(OH)
3 

+ H+ + e = Fe(II)L + 3H2o 
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'Where L =catechol (an oxidation pro:iuct of benzene); soil Fe(OH) 3
""'= 

soild carpound; Fe(II)L = iron-organic conplex. The I..c:xj10 K (stability 

constant) for the al::ove reaction is 23.87. Reduction of soil Fe (OH) 3 

without organic compounds is: 

+ - 2+ 
soil Fe(OH) 3 + 3H + e =Fe + 3H20 

and the r..og10 K (equilibrium constant) for this reaction is 15.92. 

Organic corrplexation can increase solubility of Fe(OH) 3 
by approximately 

eight orders of magnitude according to the ab:Jve reactions. Such reactions 

may explain 'Why concentrations of iron are elevated al::ove background within 

dissolved hydrocarton plumes. 
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REDOX REACTIONS OF ORGANIC 
COMPOUNDS 

OXIDATION REACTIONS WITH ORGANIC 
COMPOUNDS FREQUENTLY INVOLVE A GAIN 
OF OXYGEN ATOMS AND A LOSS OF 
HYDROGEN ATOMS (PROTONS). 

EXAMPLE OF BENZENE OXIDATION 

CsHs + 02 + BACTERIA ~ CsHs02 (CIS-1,2 -
DIHYDROXY 1, 2 - DIHYROBENZENE) ~ 

CsHs02 (CATECHOL) + CsHs04 (CIS, CIS -
MUCONIC ACID) 

OVERALL REDOX REACTION 
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OXIDATION STATES OF CARBON IN 
SELECTED ORGANIC COMPOUNDS 

BENZENE 

C(-1); H(l) 

INORGANIC CARBON 

0( -2); C(IV) 
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REDOX REACTIONS OF ORGANIC 
COMPOUNDS 

REDUCTION REACTIONS WITH ORGANIC 
COMPOUNDS FREQUENTLY INVOLVE A LOSS 
OF OXYGEN A.ND HALOGEN (CI, Br) ATOMS 
AND A GAIN OF HYDROGEN ATOMS. 

EXAMPLES OF REDUCTIVE DEHALOGENA TION 
REACTIONS WITH TETRACHLOROETHENE 

GAIN OF HYDROGEN ATOMS 
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OXIDATION STATES OF CARBON IN 
SELECTED ORGANIC COMPOUNDS 

TRICHLOROETHENE 

Cl /CI 
"c=c 

Cl/ "-H 
C(ll); C(O) Cl( -I); H(l) 

1,2 CIS - DICHLOROETHENE 

C(O); C(O) Cl( -I); H(l) 

VINYL CHLORIDE 

C(O); C(-11) Cl(-1); H(l) 
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• 

SOME REDOX PROCESSES THAT CONSUME ORGANIC 
MATTER AND REDUCE INORGANIC 
COMPOUNDS IN GROUND WATER 

Process Equation* 

Denitrificationt CH20 + 4/s NO a= o/s N2(g) + HC03 + 1/sH+ + o/s H20 

-Vl Manganese (IV) reduction CH20+2Mn02(s)+3H+=2Mn2++HCOa + 2H20 I 
Vl 
0 

lron(lll) reduction 

Sulfate reduction 

Methane fermentation 

CH20 + 4Fe(OH)3(s) + 7H+ = 4Fe2+ ·+ HC03 + 10H20 

CH20 + 1l2S042- = 1f2HS- + HC03 + 1f2H+ 

CH20 + 1l2H20 = 1f2CH4 + 112HCOa + 1f2H+ 

*(g), gaseous or dissolved form; (s), solid 
tCH20 represents organic matter; other organic compounds can 
also be oxidized 

SOURCE: Freeze and Cherry, 1979 
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A pE-pH diagram for selected iran minerals at 25CC, 
assuming activites of 10-4 for dissolved iron, io-4 
for dissolved p::>tassium, and 1 o-2 for dissolved sulfur, 
and assuming Pco2 = 1 o-2atm. 

Oxidation of pyrite generates high concentrations of 
Fe and an acidic pH. Reactions describing pyrite 
oxidation are: 

Fes
2 

+ 3.50
2 

+ H
2
0 = Fe2+ + 2SO~- + 2H+ 

Fe2+ + 0.250
2 

+ 2.5H
2
0 =Fe (OH)

3 
+ 2H+ 

Acidification of water sanples for rretal analysis puts 3+ 
all the rretals in solution, for exanple Fe (Fe2+ and Fe ) , 
to prevent precipitation of metals. 
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Water oxidized 
1.20 

1.00 

0.80 

0.60 

0.40 

Cl) 
1-
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0 
> 0.20 
~ 
.£ 
w 

0.00 

-0.20 

-0.60 Water reduced 

pH 

Figure 15. Equilibrium activity of dissolved iron as a function 
of Eh and pH at 25°C and 1 atmosphere pressure. Activity of 
sulfur species 96 mg/L as so~-. and carbon dioxide species 
61 mg/l as HC03-. 

THIS FIGURE SHOWS VARIATION OF IRON CONCENTRA
TIONS WITH RESPECT TO STABILITY FIELDS OF IRON SOLIDS 
(Fe(OH)a, FeO, FeS2, and FeS). INCREASING CONCENTRA
TIONS OF DISSOLVED IRON RESULT IN EXPANSION OF 
STABILITY FIELDS FOR SOLID PHASES. 
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EXAMPLE OF WATER QUALITY 
ANALYSES 

Species/Parameter 

Silica 
Iron 
Manganese 
Calcium 
Magnesium 
Sodium 
Potassium 
Bicarbonate 
Sulfate 
Chloride 
Dissolved Solids 
pH 

Concentration 
(mg/L) 

26 
10 

8.8 
8.4 

34 
2.9 

65 
71 

2.0 
187 

6.4 
Location: Marysville, Tennessee 

THIS ANALYSIS TYPIFIES IRON-coNTAINING GROUND WATER WHERE A PYRITE
OXIDATION MEX:liANISM IS PLAUSIDLE. AS OXIDATION OF PYRITE OCCURS, 
HYDRCX;EN IONS ARE RELEASED TO SOLUTION 1 AS WELL AS FERRIC IRON 
WHICH MAY RESULT IN AN llCIDIC pH. 
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EXAMPLE OF WATER QUALITY 
ANALYSES 

Species/Parameter 

Silica 
I ron i r-o r-1 i > ~:. G'. • ,..r ~ 

Manganese 
Calcium 
Magnesium 
Sodium 
Potassium 
Bicarbonate 
Sulfate 
Chloride 
Dissolved Solids 
pH 
Eh (mV) - ~ .. ut'/ eiJv. , 

Concentration 
(mg/L) 

30 
(tt!Jc....c..J -~~ 
c{J,·s;'!Jol~ ~ 

3.4 

.., 

101 
20 

223 
12 

869 
131 
98 

1540 
7.14 

-150 

Location: Albuquerque, New Mexico 

THE ABOVE ANALYSIS IS FRa-1 A GROUND WATER SAMPLE FROM AN ALLUVIAL 
AQUIFER e<::NTAMINATED FRCM UNLEADED GASOLINE. CHEMICAL REDlCI'ION OF 
HYDROUS IRON OXIDES BY OXIDATION (BIODEG~ATION) OF ORGANIC 
COMPOUNDS HAS OCCURRED. FERROpS IROO (Fe . ) :IS M)BILE UNDER 
RElATIVELY REDUCING CONDITIONS _IN 'lHE ABSENCE OF ·SULFIDE AND AT 
I.Dfl CONCENTRATIONS OF BICARBONATE. 
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1.2 

1.0 

0.6 

0.4 

> 
-0.2 
~ 
w 

0.0 

-0.2 

-0.4 

-0.6 

2 4 

Fe-0-H 
25°C, 1 bar 

Fe (QH)3 

6 8 
pH 

10 12 14 

Eh-pH diagram for part of the system Fe-0-H assuming Fe(OH)3 
as stable Fe(III) phase. Assumed activity of dissolved Fe= t0-6• 
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Fe(OH)3 SOLUBILITY AT pH 7 
-3 

-4 z 
0 a: 

-5 
> 
t--.J 
-( -6 
.J 
0 := 

-7 
(!) 
0 
.J 

-8 

-9 

-1 0 ~--~.__.__.__ .......... -"'-_.__ .......... -"'-_.__ ........... _,___.__ ........ _,__"""'-"'--"-...,__. 
-0.2 -0.1 ·0.0 0.1 0.2 0.3 0.4 0.5 0.6 0. 7 0.8 0.9 1.0 

Eh (V) 

I • ~)rt'fl ~ 
'~ ~..e~''-

This figure shows the solubility of Fe(OH)3 as a function of Eh at 
pH 7. The solubility curve was calculated using the geochemical 
computer code, PHREEQE with the following dissolution 
reaction: 

Fe(OH)3 + 3H+ + e· = Fe2+ + 3H20; Log K = 15.70. 

This reaction helps quantify dissolution of Fe(OH)3 under 
reducing conditions. For example, below Eh values of 0.2 V, at pH 
7, concentrations of Fe are predicted to increase 63 times per 0.1 
V decrease in Eh. Precipitation of Fe(OH)2 occurs at pH 8.6 
according to the previous Eh-pH diagram. 
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( ,_ 

Oxic Spray Zone 

Carbon dioxide production 
Carbonate dissolution 
Aluminosiliucate dissolution 

Oxic Background Zone 

Anoxic Zone 

Dissolution of Quartz 

Oil Body Mobilization iron, manganese 
Possible precipitation of carbonate 

Oxic Downgradient Zone 
Carbon dioxide degassrng 
Precipitation of carbonates 
Precipitation of srhca 
Precipitation of iron oxides 

About 20m 

I I 

Oxic Background Zone 

Redox environments relaled lo a crude oil spill al Bemidji. Minnesota (from Siegel, 
1987). 

Based on detailed studies of major ions, some trace elements. pH, Eh, and 
dissolved oxygen, Siegel (1987) defined four redox environments related to a 
pipeline spill at Benidji, Minnesota. These processes are shown in the above 
figure. This study shows the importance of characterizing aquifer materials as 
well as the water chemistry, including inorganic and organic solutes. Microbial 
degradation was shown to be dominant process for removing organic 
contaminants from solution. 
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Iron concentrations in ground water containing dissolved 
petroleum products can be substantially increased by chemical 
reduction involving ferric oxyhydroxides and complexation reactions 
with organic ligands. Modeling of the chemical reactions along the 
ground-water flow path was attempted by determining the 
equilibrium state of ground water by using the geochemical code, 
WA TEQFC. The saturation indices (S.I. = Log10 activity 
product/solubility product) of waters with respect to calcite, ferric 
hydroxide, and PC02 are given below. Iron concentrations may be 
controlled by ferric hydroxide upgradient from a gasoline station in 
Albuquerque, New Mexico. The SI for ferric hydroxide calculated 
from an upgradient water sample is 0.28, which implies that 
equilibrium may occur. Ferric hydroxide, however becomes 
progressively unstable along the ground-water flow path in response 
to a declining Eh. The PC02 increases downgradient due to the 
oxidation of organic compounds (benzene, toluene, xylenes). 
Reduction of ferric hydroxide in the presence of organic-rich 
(gasoline contaminated) ground water is given by: 

llH+ + CH2 + 6Fe(OH)3 = 6Fe2+ + lSH20 + HC03-. 

Parameter 
and Species 

pH 

Eh (mV) 

Fe (OH)a 

Calcite 

Total Fe (mg/L) 

Log1 o PC02 (atm) 

Upgradient 

7.40 

-115 

0.28 

0.35 

0.3 

-1.88 
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Source 
Area 

7.14 

-150 

-1.07 

0.41 

56 

-1.26 

Downg radient 

7.22 

-120 

0.38 

-0.19 

34 

-2.01 



Oxidation Rate of Ferrous Iron 
10--------------------------------~ 

8 

6 

- p02=0.2atm. 
4 

2 

04-~~~--~~~~-T~~~~~~~ 
6.8 7.0 7.2 7.4 7.6 7.8 8.0 8.2 

pH 

This figure shows that the oxidation 
rate of ferrous iron is nuch faster 
at higher pH values. Aeration caused 
by sarrpling methods will cause less 
chemical alteration at a pH of 6.8 
than a pH of 7.3. 
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SUMMARY OF CARBON 
REDOX CHEMISTRY 

Carbon (IV) species (H2COaD, HCOa·, and COa2·) 
are stable under oxidizing conditions, whereas 
carbon (-IV, -111, -11, -1, 0, I, II, Ill) species (CH4(aq), 
trichloroethene, and benzene) are stable under 
reducing conditions conditions. 

As aromatic species, such as benzene, become 
oxidized or degraded to C02(g), dissolved oxygen 
becomes reduced to H20. The aqueous solution 
then becomes depleted in dissolved oxygen and 
reducing conditions can prevail. 

• 
Microbes often mediate or control reaction rates 
for redox processes involving carbon. 

Occurrences 

Hydrocarbon plumes 

Landfills 

Chlorinated solvent plumes 
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SUMMARY OF IRON 
REDOX CHEMISTRY 

Iron (Ill) species (Fe(OH)3(s), Fe3+, and Fe(OH)4-) 
are stable under oxidizing conditions, whereas 
Fe(ll) species (FeS04(aq), FeS2(s), FeCOa(s)) are 
stable under reducing conditions. 

Oxidation of pyrite results in acidic conditions and 
Fe(ll) oxidizes to Fe(lll) aqueous and solid phases. 

As iron-bearing solids such as Fe(OH)a(s) become 
reduced to Fe(ll) species, the solid dissolves and 
concentrations of iron increase under reducing 
conditions. 

Ferrous iron (Fe2+) tends to be mobile under 
reducing conditions in the absence of hydrogen 
sulfide. 

Microbes often mediate or control reaction rates 
for redox processes involving iron. 
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SUMMARY OF IRON 
REDOX CHEMISTRY 

Occurrences of elevated iron concentrations 

Hydrocarbon plumes 

Landfills 

Chlorinated solvent plumes 

Acid-mine drainage 

Natural organic-rich environments 
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OXIDATION AND REDUCTION 
CONDITIONS IN NATURAL 
WATERS 

Redox Buffering 

Buffering refers to the ability of a system to 
maintain a particular condition.when it is 
perturbed 

Example: NH4+ I N03- redox couple 

NH 4+ + 3H20 = N03- + ae- + 10 H+ 

Log K = -119.1 

at pH 7 

Eh = 0.36 V 
pe = 6.1 
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7 

pH 

Fe2 0 3 /Fe2• 

H20tH• 

8 ' 

Range 1 - Ground. water contains free 
oxygen, residence tilte is 
shOrt (alluvial ground 
waters), little organic 
matter is present. 

Range 2 -Majority of ground waters 
plot in Range 2. NO free 
oxwen, no sulfate reduction 
irOn and manganese are 
typically 1 m;/L or greater. 

Range 3 - Long residence tiltes are 
ccm:on and oraanic matter 
is prese."'lt. SUlfide is 
usually present. 

Range 4 - Rare types of ground waters, 
oilfield brines, old waters. 

Remarks. 
1 . !-1anganese and iron redox couples 

cOntrol redox levels in oxidized 
ground water. 

2. Young waters terrl to :be oxidized, 
whereas older waters tend to :be 
reduced. 

to3. Redox l::uffers are calculated from 
Nernst equation. 

Positions of redox ranges discussed in the text (Drever, 1982) 

Sane possible redox buffers in a groundwater system. 
Solid/solution boundaries are drawn far activity of 
solute = 10-6. 
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FIG. 6.3 Relative changes in 0 2 , NO;, Mn(IV), and Mn(III) solid phases, and Fe(II) content of a 
soil with time elapsed after flooding. Changes in pE are also shown and labeled on the right side. 
[Data from F. T. Turner and W. H. Patrick, Chemical changes in waterlogged soils as a result of 
oxygen depletion, 'Irarls. IX Congress, Int. Soil Sci. Soc. (Adelaide, Australia) 4:53-65 (1968).] 
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IMPORTANT VARIABLES CONTROLLING 
REDOX 

• The oxygen content of recharge water 

• The distribution and reactivity of organic matter and other 
potential reductants 

• The distribution of potential redox buffers (Mn02, Fe2 0 3, 
Fe(OH)3) . 

• The circulation rate of ground water 



Vertical Exaggeration lOX 

-- Ground water flow direction 

~ Gyttja 
~ 0 Sand, medium and fine 

0 Piezometer nest 

o 2 Piezometer tip 
and number 

n::,.1:::1 ~~J~~E~· 
nw~.M Bedrock or till 

~ 
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0 200m 

~ 
Equipotentialline 
of hydraulic head 

in meters 
o (0.3-m intervals) 

<()' 

~ 

Cross section through the lower Perch Lake basin aquifer at Chalk River Nuclear Labora
tories, Canada, showing equipotential lines, piezometer tips, and the position of the 
water table. Hydraulic head measurements averaged over the period of 1973-1975 
(from jackson and Patterson). Water Resources Res., v. 18, p. 1255-1268, 1982. 
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The pH, EH, 0 2 , and total dissolved iron and sulfide values for the dcq>, confined 
Lower Sands aquifer. The piezometer numbers are shown on the top 2bscissa (from jack
son and Patterson). Water Resources Res., v. 18, p. 1255-1268, 1982 Copyright by 
American Geophysical Union. '5-.J-67 
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Hydrogeochemical Studies at Chalk River Nuclear Laboratories 

Jackson and Peterson (1982) studied hydrogeochemical conditions, specifically the redox conditions along the ground water flow path, at Chalk River Nuclear Laboratories near Ottawa, Canada. By careful measurements of pH, Eh, dissolved oxygen, and concentrations of trace elements, including iron and sulfur, they defined three redox zones. The main geological units of interest include two fluvial sand aquifers shown in the above figure. Ground water flows southward from the upland area toward Perch Lake. The lower aquifer in the recharge area contains dissolved oxygen and has an Eh of approximately 0.55 V. Dissolved concentrations of Mn2+ and Fe2+ are low and sulfide is below detection limits. Depletion of oxygen within the deep flow system coincides with declining Eh values. High concentrations of iron and manganese occur when oxygen becomes depleted. Concentrations of iron and manganese, however, decrease further downgradient due to precipitation of ferrous sulfides. 
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REDOX POTENTIAL MEASUREMENT 

oxygen reduct ron 

nr trate reduct ron 

MIXED IRON 

POTENTIAL 
suI fate reduct ron 

+3 
Fe+ e-~Fe 

+2 

HS- methane prod. 

NWWA 
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GENERAL CHARACTERISTICS OF 
OXIDIZING GROUND WATER

AQUIFER MATERIAL 

MINERALS OR SOLID PHASES 

Goethite (FeOOH) Fe(III)-Sil icates 

Fe(OH)a · Fe(III)-Ciay Minerals 

MnOOH 

WATER CHEMISTRY 

Fe2+ > 5 mg/L (acidic conditions) 

Mn2+ >1 mg/L (acidic conditions) 

N03- > 5 mg/L S042- > 5-1 00 mg/L (variable) 

Fe2+ < 1 mg/L Mn2+ < 0.5 mg/L 

Positive or High Eh Value 

Dissolved Oxygen > 1 mg/L 
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GENERAL CHARACTERISTICS OF 
REDUCING GROUND WATER

AQUIFER MATERIAL 

MINERALS OR SOLID PHASES 

Pyrite (FeS2) Fe(II)-Silicates 

Siderite (FeCOa) Fe(II)-Ciay Minerals 

Solid Organic Matter Metal Sulfides 

WATER CHEMISTRY 

Fe2+ > 5 mg/L (absence of H2S(g, aq) or HS·) 

Mn2+ >1 mg/L (absence of H2S(g, aq) or HS-) 

H2S or HS- > 1 mg/L 

Organic Species- CH4, CsHs, C2CiaH 

Negative or Low Eh Value 

Dissolved Oxygen< 0.1-1 mg/L 
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NON-EQUILIBRIUM 
CONSIDERATIONS 

From equations for Eh (and pe) and 
measured analytical data 

Fe3+ I Fe2+ 

S04
2- I Hs

Ass+ I As3+ 

an Eh value can be calculated. 

If the solution is in electrochemical 
equilibrium, the calculated Eh should be the 
same as the measured Eh. 

Disequilibrium Prevails in 
Most Natural Systems 
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SUMMARY 

Eh-pH (OR pe-pH) DIAGRAMS ARE A USEFUL 
WAY TO ILLUSTRATE OXIDATION-REDUCTION 
REACTIONS. 

CARBON, IRON, MAGANESE, NITROGEN, AND 
SULFUR ARE ELEMENTS THAT CONTROL 
REDOX STATES IN NATURAL WATERS. 

NATURAL WATERS ARE IN DISEQUILIBRIUM 
WITH RESPECT TO OXIDATION-REDUCTION 
PROCESSES. 
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SOLUTIONS TO CLASS EXERCISE 

BALANCE THE FOLLOWING OXIDIZING-HALF 
REACTIONS [hint Fe(ll,lll)]: 

1. FeCI2( aq) = Fe3+ + 2CI- + 1 e· 

2. Fe2+ + 3H20 = Fe(OH)3(s) + 3H+ +1e· 

3. CH
4
(g) + 3H

2
0 = HCo

3
- + 9H+ + ae-

BALANCE THE FOLLOWING REDUCING-HALF 
REACTIONS [hint S( -II, VI)]: 

4. HS04- + 9H+ + ae· = H2S0(aq) + 4H20 
5. S04

2- + SH+ + ae- = S2-(aq) + 4H20 

COUPLED REDOX REACTION (NOS. 3 AND 5) 

2Fe(OH)3(s) + 4H+ + 0.25S2-(aq) 
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PROBLEM SET FOR OXIDATION - REDUCI'ION LECTURE 

1. Calculate the slope of the line representing the Fe2+;Fe(OH) 
3 

redox Wffer 
with the following information. (HINT - look at section on oxidation and 
reduction conditions in natural waters). The activity of Fe = 10-4 , and 
the equation for the redox buffer is Fe2+ + 3H

2
0 = Fe (OH) 

3 
+ 3H + + e-. 

4G . AG jG react1on = products - reactants 

Species/solid 4 G (kcal/nole) 

Fe2+ 

Fe(OH)
3 

H20 .a. 

H+ 

-e 

4 Gr = nFE
0 (first calculate 4Gr' then calculate E0

) 

n = number of electrons 

-18.85 

-166.50 

-56.69 

0 

0 

F = Faraday's Constant ( 23. 06 kcal per volt gram eqv. ) 

E0 = standard electrode potential 

0.0592 (activity product of oxidized species) 
Eh = E0 + log 

n 

+ pH=-logaH 

(activity product of reduced species) 

Plot the slope of the redox tuffer on the graph provided. 

Plot the following data on the graph provided. 

Eh(v) pH Eh(v) pH 

0.28 5.25 -0.05 7.00 
0.23 5.35 -0.07 7.15 
0.22 5.70 -0.09 7.25 
0.16 5.80 -0.15 7.73 
0.02 6.50 -0.17 8.00 
0.00 6.85 

5-76 



-------

I ' I • I, ' i' il ! I I ' i I' I I ' 11 i i i ! i i I ! ! I i : l l I 

I :1 n::l u::~~~+-~~~· +~~-=-~~:~ -1~1 ~, ==~==~==~==~==~===~· =:1 == 1=:=:1 ==~ ==! ==~ ==i ==~==~==~==~==+-j._ --; ........ ) 1 II I. ! ~ l : ! ! ! l t I ! I l : i ! i ! ! I : : [ ,. l II 
lit--"""'"'", -+---;-1 -...,..~ -~--,. •. ,---~---,,.---1 --,i _.;.__-,_1 --"'~-~~ I I I I I : ! 1, !: I ! I ' i I ! ' ! ! : ! i I ! ! ; : : i i I ' ,, !~. -r--r-+i-~-4--~--;-~~r--r--~.--+--+-·r:-~~---~--~-r-r-~:-~~--~~~--~-r--r~~~ l i l : ! I I ( I I : ! : I : : ' I _i i ' I -· I -- L.. j __ il 
I:""":~ ~!L.ji ~~--~----+I' _...,:_~!------~~---~:----~;---LL : i -- ! I j - i - - :-- : 1- ; : ! I I l i i l i 
i L \ I I I i I ! I i : I I ; ; 1 I : I ; I I ; ! i Eh [\i:J I l : 1 i i I I i : i i ; I I \ _: _ __,.~-__ • ______ ;_: ___ ~ _j __ : __ l: ,, ·-.;-1-+----!--....,.1--~----,-,-----~-------:-~- --,-. ---,-----1- : ' i !I II ! ! ! I 1 ; : . ; I : I : ' I i ; I i i! )jr-~~-~~-~~--,.,---,-,-~~~~--~:--~~:-~,-~~,--~-~-+--,---~---~! ------- : ; ,! 
~~~:,--~_.'-~'1.-~: __ ,,--:--~

1 

-~· --i--~: .. ---:,.-~:,--l---:--l---!~~---.---~--_: _______ , __ ~: --~:--~~~:~ 1l l I I j I : i j ' I : I ' ! !i 
I'~~'--~-'~' __ ....,.\--....,.'--~'-___ ! ___ \_~'-~~-·~~--~!-~~-~~ __ :~: -~i--~~-+---:--~'-~'---'--: _______ ~:--~:-~'-~'~~~ 
tl I I : ! i : : : I ' i ! \ ' : : : ! :! 
lh~;~·~~~~~~~~:~~i~~~~~·~----·~~~.~~~:~~~~·:~~--~~-~-==·===~===~=========~~~~~~---~~-~-~-~--~--:--:--r~;~ll " 5 6 + Ei'---...,---,.---q_,_~---: : / ;r! --~~--...,-~--~~'--~~~--~~ -

!i n/i !!-----------------------7~~ ! ------------~---·-----·------------~ 
:i 
" 

~!-~-+-~--+--;---'-~ ~--~---'---, ------, -~---;-_ ~-"---. ~--"----- ~--~c II 
J, I. I • I I • ' • ' ' I • ~ • I ! ....--r---r-"""T---, ~,---~---, --r-··-, --;-----,---.---r- -r-----, ----'7" . ~----,-------:-·-··--· ----, -·-·.. ·----- :· -- -----, -· r--·;---, I 
II \ : I ! i I ' I II 
l
i , 1 i 1 , I 1 1 , 1 

1 1 I , ""7"--,--:------;--~---:---r-··-

1 

; lj i 1
. : t I i \ ; ; I i : l i j i ~ ) ; l I ' II I I r---r---, ---,--;-----;--·-,--~--~ --,-~---~-, --~--. -~---·-;- --1 -----~-------r· I ; --1. j' I I i i . i 1 · l! 

I' ( I I I 

i l ! ! : I ' i ' I ! i I I i I i I I I I I 
I ! I I 

! I 
I I I I I I i ' i I I ' i 

i I j I I I ' I ' ; 
' 

,. 
' I ! I I I I j ! I I I ! ' I I i I ' ! I i i I i I i ' I I 

I I I I I I I I I I i I I I I j I 

i ' I I I I I I ! I I I ! I I I I i I 
I ! I ! I 

I, 

I I I I I i I I i I i I I l l 
' I I I I I I l i i I I i I i ' I ! ! i I I I 

I I I I ' l I ii ' I I ' ' : i ' i ' I i I : l ! i ' ! ! ' ' I ! : I I ' : I ! ' : ' I I 
1 ' 

~ 
I 

___!_ ---,----, --. --- ----~ 

I 
I 

I 

I 
I 
II 
II il 

FORM 91·005-1 (4/81) 5-77 
. , ___ ..... - ......... -·6-,ll---~·---··-

.. ---~-- ·------ .. ~--~ ..... ·~---.., .......... _ .. _______ , ··-. .,_ .. _.....,. __ .. _ 



The data that you have nCM plotted are from an acid mine drainage site 
in Colorado. Answer the following questions. 

1. Do equilibria conditions exist tetween Fe2+ and Fe(OH) 
3

? 
Justify your ansv.;er • 

2. Is this redox couple useful, and if so, under 'Nhat geo::hernical 
conditions would the Fe2+/Fe(OH) 3 redox apply? 

3. The oxidation of l:enzene by bacteria present under relatively 
oxidizing conditions is shown telow. What are the oxidation 
states of carl:x:m in the different carrp::mnds shown telow? 
(HINT - the oxidation state of H is +1 and Oxygen is -2) 

0~ Bacr•ria 

Benzene 

COOH 

OOH 
~0 

0
,, -a(!-

H ~ 

cis, cis·Muconic 
acid 

~H OH 
~OH --- OOH \'" 

cis-1.2-D~ydraxy Catechol ~.;;eo,o 
1.2-dihydrob.enzene 'a., CHO 

r(-·cooH 
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V...oH 
2-Hydroxymuconic 

semialdehyde 



Write the oxidation reaction (half reaction) of toluene (C7 H8) 

oxidizing to co2• How many electrons and protons are required for 

this reaction to cx::cur? Then "Write the reduction reaction (half 

reaction) of o2 reducing to water. Canbine the tv.o half reactions. 

How many It()les of oxygen are consl.llred in the oxidation of toluene? 

Is this arrount of oxygen typically found in ground water? Justify 

your an~. 
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SOLUTION 'ID CAI..CULATICNS OF Fe2+/Fe(OH) 
3 

REDOX BUFFER 

This redox buffer is .:i.npJrtant for groundwaters characterized by relatively oxidizing, acidic conditions such as acid mine drainage. Surface waters are also included. 

Steps: 

1. write redox reaction, activity of Fe= 10-4 

2+ + -Fe + 3H20 = Fe(OH)
3 

+ 3H + e 

2. Calculate AGr 

Species/solid AGr (kcal/nole) SOurce: Drever, 1982 
Fe2+ -18.85 

H20 -56.69 

Fe(OH)
3 -166.50 

H+ 0 

e 0 

AG =4G -4G r products reactants 

AGr =4G(Fe(OH)
3

) - 34G(H
20) - 4G(Fe2

>t-) 

6Gr = -166.50 -(3) (-56.69) - (-18.85) 

6Gr = 22.42 kcal 

5-80 



3. Calculate E0 and Eh 

AG = nFE
0 

where n = number of electrons 1 F = Faraday • s constant ( 23. 06 
kcal per volt gram equilvent) 1 and E" = standard electrode 
potential · 

0 
A G 22.42 kcal, E

0 = 0.972v 
E = -;:-- = ( 1 ) ( 23 • 06) kcal per volt 

gram equivalent 

0.0592 (activity product of oxidized species) 
Eh = E0 + log 

n (activity product of reduced species) 

([H+] 3i 0 0.0592 
Eh = E + --- log 

1 [Fe2+] ' 

+ rDW, pH =-logaH 

the activities of Fe(OH) 
3 

and H20 = 1 

Eh = 0.972 - 3(0;0592) PH- (0.~592) log (Fe2:J ' aFe2+ = 10-4 

(0.0592) l t1 Eh = 0.972- 0.178pH- log 10-~ 
1 

Eh = 1.21 - 0.178pH 

This equation is the slope of the line representing the Fe 
2+ /Fe (OH) 

3 
redox 

b.lffer. 
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PLOITING SLOPE OF Fe2+/Fe(OH) 
3 

REDOX BUFFER 

At pH= 5 
At pH= 7 

Eh = 1.21 - 0.178(5) Eh = 1.21 - 0.178(7) 

Eh = 0.32v Eh = -0.04v 

At ph= 6 At pH= 8 

Eh = 1.21 - 0.178(6) Eh = 1.21 - 0.178(8) 

Eh = 0.14v Eh =-Q.21v 

Now plot the Eh values at different pH values. 

2+ 
Eh values calculated fran the Fe /Fe (OH) 

3 
redox couple versus pH are plotted 

below. If field rreasured Eh values on the line, then Fe2+;Fe(OH) 
3 

couple is 

i.rcportant. 

Eh (volt) 

2+ 
Fe /Fe (OH) 

3 
redox hlffer 

0.6•P-------~--------~--------~-------, 

5 6 7 
5-82 
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THE NERNST EQUATION 

~G~is~G 0 =nFE~-r r 

n =number of electrons 

~Go r 

nF 

E9 = Standard electrode potential 

Eh = Eo + RT In { Activity prod. oxidized species ) 
nF Activity prod. reduced species 
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CLASS EXERCISE 

LIST HALF REDOX REACTIONS IN ORDER OF 
DECREASING OXIDATION. 

REACTION log K 

H+ e- = 112H2(g) 0 

1t402(Q) + H+ + e- = 112H20 20.75 

Fe3+ + e- = Fe2+ 13.0 

112Se(s) + H+ + e- = 112HSe -6.7 

5-85 



CLASS EXERCISE 

LIST SEVERAL REDOX COUPLES THAT COULD 
BE USED TO DEFINE A RANGE OF Eh VALUES 
FOR A GIVEN GROUND WATER SAMPLE. 

DISCUSS POTENTIAL LIMITATIONS IN USING 
ONLY ONE Eh VALUE AS INPUT FOR 
GEOCHEMICAL MODELING. 

LIST SEVERAL CHARACTERlSTICS (WATER 
CHEMISTRY, MINERALOGY) OF OXIDIZING AND 
REDUCING GROUND WATER. 
OXIDIZING REDUCING 
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CLASS EXERCISE 

WHY IS GROUND WATER CONTAMINATED 
FROM GASOLINE REDUCING NEAR THE 
SOURCE? 

WRITE A COUPLED REDOX REACTION FOR THE 
OXIDATION OF BENZENE (C 6 H 6 ) TO 
BICARBONATE. (HINT, BALANCE NUMBER OF 
ELECTRONS IN BOTH HALF RACTIONS.) 

WHAT GROUNDWATER TRACERS WOULD YOU 
USE TO DETERMINE THE EXTENT OF A 
HYDROCARBON PLUME CONSISTING OF A 
MIXTURE OF GASOLINE AND DIESEL FUEL? 
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SOLUTION TO CLASS EXERCISE 

LIST HALF REDOX REACTIONS IN ORDER OF 
DECREASING OXIDATION. 

REACTION log K 

H+ e- = 112H2(g) 0 

113HCr04· + 7t3H+ + e- = 1t3Cr3+ + 4t3H20 20.2 

1t402(9) + H+ + e- = 112H20 20.75 

Fe3+ + e- = Fe2+ 13.0 

112Se(s) + H+ + e- = 112HSe -6.7 

REACTION NUMBERS (DECREASING 
OXIDATION): 8 > 4 > 3 > 2 > 6 > 5 > 1 > 7 
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SOLUTION TO CLASS EXERCISE 

LIST SEVERAL REDOX COUPLES THAT COULD 
BE USED TO DEFINE A RANGE OF Eh VALUES 
FOR A GIVEN GROUND WATER SAMPLE. 

DISCUSS POTENTIAL LIMITATIONS IN USING 
ONLY ONE Eh VALUE AS INPUT FOR 
GEOCHEMICAL MODELING. 

Natural waters do not have one master Eh value 
due to disequilibrium between redox couples. A 
range of calculated/measured Eh values is 
required to bound the redox potential of the 
aqueous solution. 
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SOLUTION TO CLASS EXERCISE 

LIST SEVERAL CHARACTERISTICS (WATER 
CHEMISTRY, MINERALOGY) OF OXIDIZING AND 
REDUCING GROUND WATER. 

OXIDIZING 
low concentrations 
of Fe, Mn, H2S 
dissolved oxygen 
N03-, S042-

Fe(OH)3, Mn02 

5-90 

REDUCING 
detectable amounts 
of Fe, Mn, H2S, NH4+ 

metal sulfides 
Fe (II) silicates 



SOLUTION TO CLASS EXERCISE 

WHY IS GROUND WATER CONTAMINATED 
FROM GASOLINE REDUCING NEAR THE 
SOURCE? 

Oxidation of benzene and other organic species 
results in depletion of 0 2 and the ground water 
becomes reducing. Solubilities of Fe(OH)3 . and 
Mn02 increase under these reducing conditions 
and subsequently dissolved concentrations of Fe 
and Mn increase. 

WRITE A COUPLED REDOX REACTION FOR THE 
OXIDATION OF BENZENE (C 6 H 6 ) TO 
BICARBONATE. (HINT, BALANCE NUMBER OF 
ELECTRONS IN BOTH HALF RACTIONS.) 

30H+ + 30e- + 7.502 = 15H20 
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SOLUTION TO CLASS EXERCISE 

WHAT GROUNDWATER TRACERS WOULD YOU 
USE TO DETERMINE THE EXTENT OF A 
HYDROCARBON PLUME CONSISTING OF A 
MIXTURE OF GASOLINE AND DIESEL FUEL? 

Dissolved oxygen, Fe, Mn, Benzene, and MTBE 
could be used as chemical tracers for 
hydrocarbon-contaminated ground water . 

• 
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CLASS EXERCISE 

Write the oxidation reaction (half reaction) of 
toluene (C7Ha) ox.idizing to C02 gas. How many 
electrons and protons are required for this 
reaction to occur? Then write the reduction (half 
reaction) of 02 reducing to water. Combine the two 
half reactions. (Hint, balance number of electrons 
in both half reactions.) How many moles of 02 are 
consumed in the oxidation of toluene? 
Concentrations of dissolved oxygen (02) in 
surface water in equilibrium with the atmosphere 
are typically 8 ppm (1 0-3.6 molar). What processes 
are required to enhance oxidation of aromatic 
species in ground water with lower concentrations 
of dissolved oxygen? 
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SOLUTION TO CLASS EXERCISE 

OXIDIZING REACTION 

REDUCING REACTION 

COUPLED REACTION 

Soil microbes (for example, Pseudomonas putida 
39/D) catalyze redox reactions involving organic 
and many inorganic species. Sufficient 
concentrations of oxygen, however, are required 
to enhance oxidation of aromatic species. 
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INTRODUCTION TO ORGANIC CHEMISTRY 

STRUCTURE AND NOMENCLATURE 
by Richard Meyerhein 

N.M. SCIENTIFIC LAllORATORY DIVISION 

ORGANIC CLASSIFICATIONS AND N0~1ENCLATURE 

It must be understood possible "organic contaminants" comprises a very large, 

complex, and diverse group of compounds. Organic contaminants range from natural 

gas to complex biochemical compounds such as proteins and deoxyribonucleic acids 

(DNA). While there are over seven million known and characterized organic 

compounds, these comprise only a small fraction of the. total possible organic 

compounds. The intent here is to describe some of the organic chemicals found in 

ground water and/or specified for analysis in ground water by the Environmental 

Protection Agency (EPA). 

There are gasses, liquids and solids. Some are water soluble while others are oil 

soluble. Some are extremely similar chemically and physically. For example, there 

are at least 53 possible halogenated (containing chlorine, bromine, iodine, or fluorine) 

compounds with one carbon ato1n. This can make it very difficult to separate and 

identify one of these compounds that might be a contaminant in water, soil, etc. 

Organic compounds can generally be grouped into laq~e classes based on their 

chemical structure, physical or chemical properties, and/or their use in society. For 

practical reasons in the analytical laboratory all of the above categories are used in 

grouping chemicals. 

Some of the more common categories based on chemical structure used are: 

Aliphatic compounds - contain mainly carbon and hydrogen in straight and 

branched chains, and rings. However, the nature of an aliphatic 

compound can be changed greatly by the addition of one or more 

functional groups with oxygen, nitrogen or other atom capable of 

chemical reactions. These functional groups create many more classes 

or organic compounds. Some or these classes, along with their 

structures are listed below: 

Acyclic Hydrocarbons - (chains containing carbon and hydrogen only) 

Alkanes have the general formula H(CH 2
)nH where n is the 

number of carbon atoms in the molecule. Fossil fuels such as 

gasoline, diesel fuel, motor oils, etc. are comprised mainly of 

complex mixtures of aliphatic hydrocarbons. These hydrocarbons 

Organic Introduction 



are commercially fractionated by their boiling points to give the following products: 

USE AND BOILING RANGE OF MAJOR ALKANE FRACTIONS 
Principal Alkanes Boiling Range 
N•mber of Carbons Product ( 0Q ~~~C~~~~-2-=~~~--------N~a~tu~r~a~I~G~a-s--------------~G~as at 25°C 

C 3-4 Liquid Petroleum gas Gas at 25°C 
C 4-6 Petroleum ether 20-60 
C 5-7 · Petroleum Benzin 40-90 
C 6-8 Petroleum naphtha 65-120 
C 5-10 Gasoline 36-210 
C 7-9 Mineral spirits 150-210 
C 7-12 Stoddard sohent 160-210 
C 9-16 Kerosene 170-300 
C 5-16 Jet and turbo fuels 40-300 
C 17 and higher Lubricating oils 300-700 
C 20 and higher Waxes 204-750 

Aliphatic hydrocarbons with more than six carbons are not very soluble 
In water. Generally these compounds will be found floatina on top or 
the water and/or bound to clays. 

Aliphatic hydrocarbon chains are named as follows where n indicates the 
n•mber or carbon atoms: 

n Name 
1 Methane 
2 Ethane 
3 Propane 
4. Butane 
5 Pentane 
6 Hexane 
7 Heptane 
8 Octane 
9 Nonane 
10 Decane 
11 Undecane 

n Name 
12 Dodecane 
13 Trldecaae 
14 Tetradecane 
15 Pentadecane 
16 Hexadecane 
17 Heptadecane 
18 Octadecane 
19 Nonadecane 
20 Elcosaoe 
21 Henelcosane 
30 Trlacontane 

As aliphatic hydrocarbons lose hydroaen (become more oxidized) they 
form "Unsaturated" (haYing bonds to which other atoms can add) 
aliphatic compounds such as alkenes and alkynes. These compounds are 
•uch less stable In the environment and tend to be further oxidized to 

alcohols, aldehydes, ketones, and acids. The classes of aliphatic 

compounds are Indicated below: 

R- • Aliphatic chain 

Alkanes: R-C H3 Primary (1 °) or "straiaht chain" 

R-CH2-R Secondary (2°) or "branched" 

R3CH Tertiary (3°) or "branched" 

Organic Introduction 



6-3 
Alkenes: R2C=CR2 

H, ,..R 
C=C trans- (t-) alkene 

R.,.... 'H 
H, ,H 

C=C cis- (c-) alkene 

R....- 'R 

Alkynes: R-C'=C-R 

C1:clic Alil!hatics - Aliphatic hydrocarbons can also form rings as shown 

below: 

0 OCH3 0 1 

2 
3 

Cyclohexane Methylcyclohexane Cyclopentane 

Whenever one or the Carbon (C) atoms or Hydrogen (H) atoms is replaced 

with a different atom lt changes the character of the molecule and creates a 

different class of compounds. There are literally hundreds of classes of 

organic compounds. Most aerobic bacteria will use hydrocarbons as an energy 

source when necessary and will tend to oxidize these compounds to alcohols, 

ketones, acids and eventually to carbon dioxide. These intermediate oxidized 

compounds are more soluble In water than the aliphatic hydrocarbon. This 

type of compound Is also frequently used in Industrial processes. A few of 

the more common oxygen, sulfur and nitrogen classes are listed below: 

0 = Oxygen; S • Sulfur; N • Nitrogen 

Alcohols: R-0-H 

Ethers: 

Aldehydes: 

Ketones: 

Esters: 

R-0-R 0 
II 

R-C-H 
0 
II 

R-C-R 
0 
II 

R-C-OH 
0 

II 
R-C-0-R 

Organic Introduction 



functional Groups: 

Halides: Chlorine (CI); Bromine (Br~ fluorine (F); 

Iodine (I) 

Thiols: R-S-H 

Sulfides: R-S-R 

.. •• 
Amines: 

Nitroso: -N=O 

Bicvclic compounds - Many natural products are bicyclic in structure such as 

terpines. Often naturally occurrin& products from plants contain 10 or 

15 carbons because they are synthesized from the 5 carbon isoprene unit 

(CH2•C(CH3)CH•CH2). 

d~~ 
Camphene alpha-Terpineol 

Aromatic compounds - contain at least one aromatic rina. Crude oil contains an 

appreciable percentaae or aromatic compounds. While the percentaae or 

aromatic compounds is not hlah it is si&niflcaat in that aromatic compouads 

are much more soluble ia water than their saturated aaaloas. For instance ia 

the case of an underaround aasoline leak it is difficult to fiad aay saturated 

hydrocarboas dissolved in the water while Benzene, Tolueae, aad Xylenes 

(BTX) can be found at the ma/1 (PPM) levels. Generally hydrocarbon fuels 

hi&her boilina than aasoline do not contain the BTX compounds. 

00 . I 
~ 

~CH:3 
0 

Benzene Toluene Ethylbeozene 

Oreaoic Introduction 



o-Xylene 
1,2-Dimethylbenzene 

H, ,H 

aC=C,H 

Styrene (Vinylbenzene) 

c;--s 

m-Xylene 
1,3-Dimethylbenzene 

p-Xylene 
1,4-Dimethylbenzene . ;;3 

H3cA.JlcH3 
1,3,.5-Trimethylbenzene 

Polycvclic Aromatic Hvdrocarbons (PNA's or PAH's): &enerally when 2 or more 

aromatic rin&s are fused to&ether they form a class of compounds called the 

polynuclear aromatic hydrocarbons. These compounds are important because 

many han been found to be carcin_()&enic. These compounds are found in 

crude oil and are produced durin& the combustion or hydrocarbon fuels. A 

few or the possible rin1 systems are shown below: 

Naphthalene Biphenyl Acenaphthene 

Acenaphthalene Fluorene Anthracene 

·Phenanthrene Pyrene Fluoranthene 

Or&anic Introduction 



Benzo(a)antbracene Benzo(a)pyreoe 

Baloce•ate• compounds - contain at least one fluorine, chlorine, bromine or Iodine 

atom. Many of the Industrial solvents used today are chlorinated compounds. 

Because of their common usaee and relathely bleb water solubility this class 

of compounds Is the one most frequently found contamlnatlne around water. 

Some of the haloeenated compounds (trlhalometbanes) are aenerated by the 

chlorination of drlnkine water. A few of these compounds baloeenated are 

shown below: 

Dlchloromethaae Chloroform 1,1-Dlchloroethane 

1,1,1-Trichloroethane Trlchloroethene 1,1,2,2-Tetrachloroetbaoe 

There are too many other possible oreanlc compounds to try to cour here, but below 

are some representathe names and structures of compounds on the EPA Priority 

Pollutant list: 

0 

H 3 C ~'CH{C~'CH{CH3 
2-Hexanone 2-Cbloroeth ylvlnylether 

Ore~tnic: Introduction 
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N-Nitroso-Di-n-Propylamine 

trans-1,3-Dic:hloropropene 

3-Nitroaniline 

Isopherone 

t-Butylmethylether 

PCB (Aroc:hlor-1254 isomer) 
(Mixture of PCB's with 54% chlorine) 

Oraanic Introduction 

o ,Et 
C-O""C~-C~H" 

1Et 
):- O,CH -cs-11, 
() 

bis(2-E thy I hexyi)Ph thala te 

h8o-CaH9 
lV-s-o-cHi() 

G 'V 
Butylbenzylph thala te 

~ethyl-2-Pentanone 

HO~ 
V.No2 

OH 
2,4-Dinitrophenol 

aamma-BHC (Lindane) 

2,4,5-Tric:hlorophenoxyacetic: acid 

(A chlorophenoxy acid herbicide, Silvex) 



Parathion 
(An Oreanophosphate Pesticide) 

Oreanic: Introduction 

,.H 
O=C-N 

I ' 0 CH3 

Carbaryl (Suin) 
(A Carbamate Pesticide) 
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ORGANIC CHEMIST'S 
PERIODIC CHART 

~ 
G mr · 

w 

ORGANIC COMPOUNDS ARE BASED ON CARBON (C) 
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INTRODUCTION TO 
ORGANIC CHEMISTRY 

+TOPICS 
- STRUCTURE OF ORGANIC COMPOUNDS 

- PHYSICAL PROPERTIES 

- CHEMICAL PROPERTIES 

-ORGANIC NOMENCLATURE 

- COMMON CLASSES OF ORGANIC COMPOUNDS 

» HYDROCARBONS 
• ALIPHATIC 

• AROMATIC 

• POLYNUCLEAR AROMATIC 

» HALOGENATED 

» OXYGEN CONTAINING 
• ALCOHOLS 

• KETONES 

• ESTERS 

• ACIDS 



ENVIRONMENTAL CLASSIFICATION 

+ INDUSTRIAL 
- Fuels 

- Solvents 
- Products and By-products 

+AGRICULTURAL 
- Pesticides 

- Herbicides 

- Nutrients 

+ LANDFILLS AND DUMPS 
- Everything 
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NOTALWAYSA 
SIMPLE CORRELATION 

ORGANOCHLORINE 

+PESTICIDE ORGANOPHOSPHATE 

CARBAMATES 

CHLOROPHENOXY ACIDS 

+HERBICIDE 
TRIAZINES 

GLYPHOSATE 



ANALYTICAL CLASSIFICATION 

+ PHYSICAL PROPERTIES 
- Water Solubility 
- Volatility 
- Acidic/Basic Character 

+ CHEMICAL PROPERTIES 
- Electronic configuration 
- Containing Specific Elements: Cl, Br, P, N, S 



C--1~ 

HELP IS AVAILABLE! 

• Talk with Chemists 
- Develop a personal relationship with lab 

- Learn from the facility 

j/t, h Ll e. re;J + Use literature resources ~ t 4,-el ersc 
- Handbook of Environmental Data ~'eiSds; ~)~I Jo.o()) 

- The Merck Index 
- Patty's Industrial Hygiene and Toxicology 

- Farm Chemicals Handbook 

- Laboratory Chemical Catalogs( frc.c... F~,.,. 
, fYI-Ii,-..lfA ~ cft-fN I() 

(~45 cA5 # 
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ORGANIZATION OF ALL ORGANICS 

ALL ORGANICS 

I HETEROCYCLIC I 

0 
I ALICYCLIC I I AROMATIC I 

0 
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THE SIMPLEST ORGANIC COMPOUND 

H ,, .. 
I 1\ 

I ' I I \ 
I I • 

I I ' 
I c I \ 

t/~~H ·/-- -- -, . 
H .... _ ', -----.:. 

METHANE 

H 
I 

H-C-H 
I 

H 

GtJ v4/ (rJ 1- bop~~5 ,.-

~J t-o 5~~ h1e-t'4Vl 

ft 1-v ,.. l c;..r<- ,._. s <t ,:, rk, I. k v ' fl. ~ ef evf c<,.-J 

f'l 0 l.v kt. s L1f ~ 
Me¥~<'.... (Arb.Pr> S J--Q,-c..S J h 4- c: { ~h-o~ '-"!/-''-' 

-r'V-- 4 e..f e,'-'J..~ -fro~ '-1 H v _, ,_ 1 (11,-.f e/' a,...,."'? 



o-1? 
THE COVALENT BOND 

ATOMIC ORBITALS OF CARBON (SP3) 

,.,,t,, 
l·:.:·· ;:'·>~. 

_J~~~:,J:;;i!t 
THE COVALENT BOND 

H . .. 
H· + ·H H:H 3H· + ·N: --+ H:N: ---+- . .. 

H .. .. . ... 
:F· + ·F: ~ :F:F: 

H .. .. . ... . .. .. .. 4H· + ·C· --+ H:C:H H· ·F: . .. + ---+- H:F: H .. .. 
H .. 

:F: . .. 2H· ·0: .. . ...... + --+ H:O: 4:F· + ·C· --+ ·F·C·F· •• •• . . . . .. • ...... 
:F: .. 

The covalent bond Is tbe sharlna of two electrons by two atoms. Tbls bond Is typical of compounds of carbon and Is very Important to understandlna tbe structure and properties of or1anlc compounds. 

CARBON CARBON SINGLE (SIGMA) BOND 

,/. B 

~~.... /~. 
B 

The C-C sln1le bond Is a strona bond and Is not easily brokea. This bond will not break or dissociate under normal environmental conditions. 
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VALENCE OR OXIDATION STATE 

+ General Assumptions for Organic Compounds 
- H- (+1) Gives up 1 electron 
- 0- (-2) Accepts two electrons 
- Cl- ( -1) Accepts 1 electron 
- C- (-4 to +4) depending on attached atoms 

+ Bonds between identical atoms (C-C) assumed to 
equally share electrons (Valence = 0) 

+ Bonds in Organic Molecules are Covalent 
- Share electrons 
- Not ionic 
- Not easily broken 



NAMES OF NORMAL ALKANES 

Num6tr of 
Nomt Structur•l formu/• 

Moltcultlr 
cor6o11 otonu formt~l• 

H 
I 

1 M~than~ H-C-H CH, 
I 

H 

H H 
I I 

2 Ethane H-C-C-H ~H. 
I I 
H H 

H H H 
Propane I I I 

3 H-C-C-C-H ~He (pro' pin) I I I 
H H H 

H H H H 
Butane I I I I 

4 (bu' tin) -H-C-C-C-C-H C,H,, 
I I I I 

H H H H 

H H H H H 
Pentane I I I I I s 
(~n· tin) H-C-C-C-C-C-H CsH12 

I I I I I 
H H H H H 

H H H H H H 
Hexan~ I I I I I I 

6 (hh In) H-c-c-c-c-c-c-H C.H,, 
I I I I I I 
H H H H H H 

H H H H H H H 
Heptane I I I I I I I 

7 H-c-c-c-c-c-c-c-H C,H .. (hl!p tin) I I I I I I I 
H H H H H H H 

H H H H H H H H 
Octane I I I I I I I I 

8 (6c' tin) H-c-c-c-c-c-c-c-c-H C.H,. 
I I I I I I I I 

H H H H H H H H 

H H H H H H H H H 
Nonane I I I I I I I I I 

9 (no' nin) H-c-c-c-c-c-c-c-c-c-H c.H. 
I I I I I I I I I 
H H H H H H H H H -

H H H H H H H H H H 
Decane I I I I I I I I I I 

10 (dl! cln) H-c-c-c-c-c-c-c-c-c-c-H C,oH22 
I I I I I I I I I I 
H H H H H H H H H H 
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COMPOSITION AND USE OF COMMON 
HYDROCARBON FUEL FRACTIONS 

No. of Boiling Class of 
Carbons Product Pt. (C) Use Compounds 

C1-2 Natural Gas -76 Fuel Methane, Ethanes 
Chemical 

C3-4 Liquefied or -45.4 Synthesis Paraffins 
Bottled Gas Fuel 

C4-5 Petroleum Ether 20-60 Solvents Paraffins 
C5-10 Gasolines 32- 149 Aviation/ Paraffins Olefins 

Motor Fuel Aromatics 
C5-11 VM&P naphtha 95- 160 Thinners Paraffins 

Cycloparaffins 
alkylbenzenes 

C6-12 Mineral Spirits 150-200 Thinners Paraffins 
Naphthalenes 

Olefins Aromatics 
C7-12 Stoddard 160 - 210 Cleaning Paraffins 

Solvent Fluids Cycloparaffins 
Solvents Alkylbenzenes 

C5-16 Kerosines 40- 300 Heating/ Jet Paraffins 
Fuels Cycloparaffins 

AlkyJbenzenes 
C11-18 Diesel/Gas Oil 177-400 Fuel, Heating Paraffins, Olefins, 

Oil Cycloparaffins, 
Alkylbenzenes 

PAH's 

C17-higher Lubricating 204-400 Lubricating Stocks 
Oils and 
Greases 

Cycloparaffins 
Alkylbenzenes 

PAH's 

C1-50+ Crude Oil <0- >1000 Fuel Stock Paraffins, Olefins, 
Aromatics, Cyclo-
paraffins, PAH's, 

Asphalts 



6-22_ 
STRUCTURE-PROPERTY RELATIONSHIPS 

SOLUBILITY OF IONIC SPECIES 

+ -ION-DIPOLE Interactions keep the Na and Cl Ions hydrated and thus In solution 

NON-POLAR ORGANICS 

H H H H H H H H 
I I I I I I I I H-c-c-c-c-c-c-c-c-H· 
I I I I I I I I 
H H H H H H H H 

OCTANE 

The non-polar oreanic molecules eenerally hue very small dipole moments and thus 
would have to disrupt some of the dipole Interactions of the water to stay In 
solution. This requires more eneray than If the oraanic molecules were excluded 
from the water. & 

I_ lo KR.rl h <'-\61.. ~'5 Q,..,j<. C<>Mfeu.rJ 

B J7 ty..V\~t- I?~ (I' 

OJ" ~ la.~{,/L ~\t.t"'-~e.> -\-t;..\CR.. ~"- e,..;~f'l5 "~ 
I \. "'\p \.£.. ' t 

5o'" . \-1. ) o u 'tiotJ. 
-tv '(? \) '\ t~ "" ' r-> 

.Jlft: 
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CO-SOLVENCY 

----------------------------------------~----------------------------------------..:----------------- -+--c-oo-- -----.:---------------------------------..;.Na .:. ~-------------_-_-_-_-_------------- -------------------------- --------------------- -00-- N + .:N +----- a :.: a --
-------------------------------------------------------- -----------_-_---------..:coo---------· --------------------------------------- ------- ------------- ------------------------------..;.Na +_-____ _ ---- ----_______________________ ._, __ 

:-:-:coo-:-:-:-:-=-=-coo-= ::-:-:-: --· ----- ·------- ----------------- --::::::=:~N.--.:::::=:=:=:-_ --
------.---------N ·+------------ --

----~coo-~--- _a_-:-:-:-:-:-:-:: coo 
_-_-- :..-_-C-00-: -------------.-_-_ -_-_-- +-..: -----_-: N +--------Na -- ------ a ------ -- ------------, __ ..____ __________ ------------

---------- ------------ --------- ----------------:.coo------------------ ------ ------------------------------------ --------------------- -------=:=: "N; + :=:=:=:=:=:=:=:=:------------------------------------------------- -----------------------------------------------------------------------------~---------------------------------------------------------------------------------------------------------- -------- -

Polar and/or ionic substituents increase solubility. 

Once au oraaolc molecule has become "soluble" In water It has created a "hole" Ia 
the water "structure• which means that It will take less eoeru (break fewer dipole
dipole water bonds) when aa additional molecule Is added to that hole. Non-polar 
oraaolc molecules hue little or no attraction for one another, but are "forced" 
toaether (excluded from the water) by the hydroaeo boodloa of the water. This co
solvency is aenerally a areater factor when one of the oraanlc molecules has a polar 
and a non-polar "end". That way the polar end c:ao help to create the "hole" Ia the 
water while the non-polar end c:ao make an environment where other oraaalcs c:aa 
exist without dlsturbloa many more hydroaeo bonds. 



t)--2'j 
THE "CHAIN" OF CARBON ATOMS IS THE BASIS OF 

ORGANIC COMPOUNDS 

I 
-~- .METHANE CH4 

CARBON CHAIN NAME No. CARBONS 
I 

-C- METHYL (1) 
I 

I I 

-t-~- ETHYL (2) 

-c-t-¢- PROPYL (3) I I 

-¢-~-?-{- BUTYL (4) 

-t-c-{-c-~- PENTYL (5) I f I 

C I C I I I - -C- -C-C-~- HEXYL (6) I I I I I 

till II I 
(7) - -C-~-~-C-C-<;:- HEPTYL I I I I 

-t-c-c-¢-t-c-¢-¢-- OCTYL (8) I I r t I 



NAMING CYCLIC HYDROCARBONS 

0 0 
CYCLOPENTANE CYCLOHEXANE 

Me~Me 

0 
1,3-01 M ETHYLCYCLOHEXANE 

2,3-DIMETHYLCYCLOHEXENE 

e ~h-1<-NJJ do .... blc.. 

bOJ-Jcf 

1, 7, 7-TRIMETHYLBICYCL0[2.2.1]-2-HEPTANONE 

(CAMPHOR) 

1- f..-erp/-v '- Cc ~_;)o"'-'cl
~ b 7 ;o I~.Nf:r-
us ~4.((~ /.v.~,.c /c:J UrboNJ 
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DOUBLE (~) BONDS 

ATOMIC ORBITALS FOR PI BONDS (SP 2 ORBITALS) 

ETHENE (ETHYLENE) AN ALKENE - j)L)-r<.. 5"{ u r.:Jol ~ 
fh&~.v 'i(l<evves 

H H 
• • •• 

H:C: :C:H 

THE PI BOND 

H H 

H H " / C=C 

/ " H H· 

2 Since the SP orbitals are planar, the atoms associated with a pi bond are also 
planar. Also1 since there Is not free rotation about a pi bond, there can be two 
different Isomers for alkenes when there are different aroups attached to the pi 
bond. These isomers are called "cis-• (or sometimes Z- for zusammen) for 
toeether /same side, and "trans-" (or sometimes E- for entaeaen) meanln& across 
from/opposite sides. 



THE TRIPLE BOND 

ACETYLENE MOLECULE (SP ORBITALS) 

H 

The triple bond Is made by two urbons sharloa six elec:troos (two eac:h p orbitals 
aod o e eac: sp orbital. This Is like a slama (sloale) bood aod two pi (double) 
boods. Triple boods are linear boods. 

The pi c:loud forms a c:yliodric:al sheath. The triple bond has a total bond streoath 
or 123 kc:al. It is stroncer than a C-C double bond (100 kc:al) or the sioale C-C 
bond (83 kc:al). Generally Alkynes are muc:h more reac:the (c:bemlc:ally) than alkeoes 
or alkanes. 



5-2? 
ALIPHATIC HYDROCARBONS 

ALKANES 

HEXANE (C6H14) 

CH3-CH2-CH2-CH2-cH2-cH3 

ALKENES 

HEXENE (C6H12) 

~2-HEXENE 
~H3 /CH2CH2CH3 ,, r( or-> .J... ~ C=C 

..sa~~· H" 'H 

ALKYNES 

2-HEXYNE 

CH3c=ccH2CH2CH3 

~o~IJ.. 
Ct:u-'~t-4+-vM:i 

SATURATED /J 
NOT VERY SOLUBLE 
NOT CHEMICALLY REACTIVE 

UNSATURATED 
MORE SOLUBLE 
FAIRLY REACTIVE 

'
1 

{-{,..""" e.rfoS/k ~;&..,. 

r.::::~HEXENE 
~·- ~H 

C=C 
/ ' H CH2CH2CH3 

UNSATURATED 
EVEN MORE SOLUBLE 
VERY REACTIVE 



o-~7 
NAMING SUBSTITUTED ALKANES 

CH 3-CH2-CH2-CH2-CH2-CH 2-CH2-CH2-CH 3 
NONANE 

/CH3 
CH3-CH2-CH-CH2-cH2-CH2-CH2-CH2-CH3 

3-METHYLNONANE 

CH3 Cl 

CH3-CHrlH-CHrCH2-{-cH2-cH2-CH3 
Cl 

6,6-DICHLOR0-3-METHYLNONANE 

CH3 Cl 

CH3-cH2-tH-CH2-CH2-t-cH2-CH=CH2 

' Cl 

4,4-DICHLOR0-7 -METHYL-1-NONENE 



RULES FOR ORGANIC NOMENCLATURE 

+ Name compound as longest chain or largest ring 

+ List substituents and side groups in alphabetical order 

- Disregard prefiXes: ortho-, meta-, para-, alpha-, beta-, gamma-, 

sec-, tert-, sym-, as-, uns-, cis-, trans-, d-, 1-, dl-, n-, N-, and all 

numbers 

- Use Prefixes: iso-, di-, tri-, bi-, bis-, cyclo-, bio-, neo-, pseudo-

+ Number groups from end of longest chain or position 

on ring to give the lowest numbers 



6-3/ 
TRIHALOMETHANES (THM's) 

-HCI 
OH ~ .. , 

R-C-Ci-H 
H Cl 

2 

0 Cl 0 .. , ~ 

R-C-C-CI -----> R-\.. AND 
~o .. c1 'oH 

H H ACID 

Cl 
I 

H-C-CI 
\ 
Cl 

Cl , 
H-C-CI 

'c1 

THM 

Cl 
I 

H-C-Br 
\ 
Cl 

c:h l"r-/;-.. h:; fl'?>,U 2 
Cl ~;;kc-e$ H 

CHLOROFORM BROMODICHLOROMETBANE 

Cl 
I 

H-C-Br 
\ 
Br 

DIBROMOCBLOROMETBANE 

' 

Br 
I 

H-C-Br 
\ 
Br 

BROMOFORM 

brof11 ofo/liVI iS rvo t l-1..5~ ~lot- c.r;-..~ b.e_ ~~ t:i..f 

5 pe c. :-hi. J rr; .. iftt_ S ./lpt1f"81.-h#N 
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OTHER HALOCARBONS 

DICHLOROMETHANE (01-CHLORO-METHANE) 

1,1-DICHLOROETHENE 

H H 
Ct-'c-C-H 
cf H 

Cl Cl 
Ct-l::-C-CI 

I \ 

H H 

( fv!£ rf'h '7 ( (/Jt- c4 /I# M* ) 
;wf· Rt ,o~r/ N~fh.C. 5 

Cl H 
'c=c , \ 

Cl Cl 

H H 'c=< c( H 

'\ 

4
1 

1
1
2- -frt'chn)oroe-1-he.;J --c 

o (1.-- e-r-lv1 kV -t 

C 41 O!'~ et~ ,ve. 

tu; .N7 A c~ loi'J'"ck) 
b-tA Nt:;~ 

e t-he_rJ e ~ & O~b{~ 
b~:WJ 

e t~ £A...v e:. 4 5 iAI'j I e 

foo...,J 
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AROMATIC COMPOUNDS 

BENZENE: THE SIMPLEST AROMATIC COMPOOUND 

COMPLETE OVERLAPPING OF "PI" (SP2) ORBITALS 

"PI CLOUD" ABOVE AND BELOW PLANE OF RING 

The aromatic nature of compounds cannot be accurately represented by drawlna 
alternatlna slnale and double bonds. The pi doud of electrons abon and below the 
rlna alve the molecule a considerably lower enern state which makes the rlna much 
more stable, and thus much less reactive chemically. Normally aromatic compounds 
are stable In the environment with the exception of blo-dearedatlon. However, the pi 
cloud of electrons makes aromatic compounds more water soluble than aliphatic 
hydrocarbons of the same •size•. 

ez1-e. c:l-rv,.; s i,..; 

So l 'r qble.. 

p,. cJcJ_ N4 
J- rru> ~ .s 'f-.c fo le 

If-



f!~ +t> 
h~ f'NJ'f'"(. -1-o X { G 

(AROMATIC HYDROCARBONS 

0 01 
~ 

BENZENE TOLUENE ETHYLBENZENE 

o-XYLENE m-XYLENE p-XYLENE 
1,2-DIMETHYLBENZENE 1,3-DIMETHYLBENZENE 1,4-DIMETHYLBENZENE 



DOUBLE (Pi) BONDS 
INCREASE SOLUBILITY 
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SOLUBILITY OF HYDROCARBONS 

/ .,....__ 

t 
. .......... t ALD ~~· . 

at' I 

I . 
I 

I 
'I' 

f· UCN rs r ~I ~"""' ' ~~ '-
... 010 ~FIN I 

1'- ... . .,. 
"' '\. I I 

"' '\; " PAl~ Nl..- ,~ 

ti ~ " I 

'\ 
I I 
I I 
I 

" I 

\: 

' \ ......:. 

10 • JO .. lf 110 • 10 10 ... no "' tJO .. 1(0 llo .. .. Moue.,.,.. ~T 

Relationship between aqueous solubility and molecular weight for saturated and unsaturated suaight-<:hain hydrocubons. 

FROM: HANDBOOK OF ENVIRONMENTAL DATA ON ORGANIC CHEMICALS 



Influence of Functional Groups on n-Octanol/Water 
Partition Coefficient of Benzene Derivatives 

5 

4· 

3 

; 2 
1ii 

~ 1 
0 
a. 

~ 0 

-1 

-2 

-3 

FUNCTIONAL GROUP 

0 ..... I co t.l) 
m :I: :I: I I co co 

() () 
I I 

0 
I 

=~=~~ --= ~ ~~--- -
14lD 1~--.~---·----_1m>r== 
!~E -~---

m>·--- ·--·---··-

~ 
~ 
'J 
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)?c iG rG- ~6' 
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~ ~v- ~J ' 
(POLYNUCLEAR AROMATIC HYDROCARBONS 

(PAH's or PNA's) 

Naphthalene Blpbeayl Aceaaphthene 

Aceaaphthaleae Fluorene Anthracene 

Pbeaaatbreat Fluoraatbeae 

Btazo{a)aatbraceat Benzo{a)pyrene 
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OXYGEN COMPOUNDS 

ALCOHOLS: 

METHANOL 

ETHANOL 

ALDEHYDES: 

FORMALDEHYDE 

PROP ANAL 

KETONES: 

ACETONE 

BUTANONE 

ESTERS: 

ETHYL ACETATE 

DIOCTYLPHTHALATE 

ACIDS: 

BUTYRIC ACID 

R 
\ 

R-C-OH 
I 

R 

R2C=O 

90 
R-C 

'o-R' 

Jl 
R-C /&N ,·c.. ut 

'oH f/f 5 ( 'f -5) 

/ow 



(AROMATIC RING)-OH 

PHENOL -
2,4-DIMETHYLPHENOL 

CRESOL 

6 --'-! ZJ 

PHENOLS 

ACIDIC 
VERY WATER SOLUBLE 
VERY LOW TASTE/ODOR THRESHOLD 

• 
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POLYCHLORINATED BIPHENYLS (PCB's) 

AROCHLORS 

1221 

1016 

1242 

1248 

1254 

1260 

PERCENT CHLORINE 

21% 

42% 

42% 

48% 

54% 

60% 

re!tt fz'v-e/" 

/~ so f" e. 1:, I c.. 

(A._..) 1( s s f-'t...e ~ 

l> ~ 

Coso /ve,._, t 



DIOXINS 

DIBENZOFURANS 

}v1"" ~f"Lf' h r-0 t.Jirtv P ce '; 
Gill fon.~"-~ J~· be!li<...CJf-u~-"' 



ODOR THRESHOLDS FOR ORGANIC CHEMICALS 

MOL. ODOR 100°/o ODOR 

CHEMICAL FORMULA WT. INDEX RECOGNITION 

AROMATICS (BETEX) 

BENZENE C6H6 78 300 300 ppm! 

TOLUENE C6H5-CH3 92 720 40 ppml 

XYLENES C6H5(CH3)2 106 360-18,200 0.4-20 ppm 

1 ,2,3,5-TETRAMETHYLBENZENE C6HS(CH3)4 134 136,000 2ppb 

ESTERS 
I 

ETHYLACETATE ICH3COOC2H5 88 1,900 50 ppmi 

ETHYLBUTYRATE IC3H7COOC2H5 116 I 1,982,000 7ppb I 

KETONES 

ACETONE CH3COCH3 58 720 300 ppm 

BUTANONE (MEK) CH3COC2H5 72 3,800 30ppm 

2-HEPTANONE CH3COC5H11 114 171,000 20 ppb 

2-0CTANONE CH3COC6H13 128 4 250 ppm 

SULFUR COMPOUNDS 

ETHYLMERCAPTAN C2HSSH 62 289,000,000 2ppb ! 

BUTYLMERCAPTAN C4H9SH 90 49,000,000 0.8 ppb I 

ISOPROPYLMERCAPTAN (CH3)2CHSH 76 1,052,000,000 0.2 ppb 

HYDROGEN SULFIDE H2S 34 17,000,000 1ppm, 

I ODOR INDEX: OI=VPI1CiO%RECOGN-friONODOR-- - - - - - - -, 

FROM: H•nclbook of Envlronmenhll D•hl on Ora•nlc Compounds 

~ 
~ 



Volatility 

Volatile Semivolatile Nonvolatile 

&L~~ 
.... ,<j_H COjOH 

-

CH,J-cH, ~ 
r -0 .. 
:..: l ~~ l HO J S 

Acetone H OH CH 
Chlorohydroxy benzophenone '- Pectin _ " 

~ 

@-o-@ 
HO\ HCH::-o i ~H .. 

! CH3-c~--o---c~-cH3 ( Hydraphobic aroups) e 
J; Ether Oiphenyl ether H6 N~2 Humic ctHl acid 

~ CI-I-a ®:§Xe) [~-~ J .!! 
& lianin 

0 s z Anthracene CH30 OCH3 
Carbon tetrachloride 0 " 

low Medium Hiatt 

Molecular weiaht 

FIGURE 16-3. Example compounds in classification schematic. (Reprinted from 
JA WWA, Vol. 70, No. II (November 1978) by permission. Copyriaht 1978, The Ameri
can Water Works Association.) 

Montgomery, James M .. Consulting Engineers, 198j, Water Treatment Principles and 
Desigra, Chapter 16 ·organics• 



Volatile 

... Alcohols 

l Ketones 

Carboxylic acids 

l Ethers 

j Esters 

Aldehydes 

... Aliphatic • l hydrocarbons 
' g Aromatic z hydrocarbons 

low 

6-~~ 
Organics 

Volatility 

Semivolatile 

Alcohols 

Ketones 

Carboxylic acids 

Phenols 

Ethers 
Esters 

Aldehydes 
Epoxides 

Heterocyclics 

Aliphatics 

Aromatics 

Alicyclics 

Arenes 

Medium 

Molecular weiaht 

Nonvolatile 

Polyelectrolytes 

Carbohydrates 

fulvic acids 

Proteins 

Carbohydrates 

Humic acids 

Nonionic polymers 

lianins 

Hymatomelanic acid 

Hilh 

FlGURE 16-2. Schematic classification of oraanic compounds found in water. (Re

printed from JA WWA. Vol. 70, No. II (November 1978) by permission. Copyriaht 

1978, The American Water Works Association.) 

Montgomery, James M., Consulting Engineers, 1985. Water Treatment Principles and 

Design. Chapter 16 •organics· 
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The Carbonate System 

• It is the most important acid/base system 
in natural water 

• Can act to neutralize strong acids or bases 
added to a system 

• Tends to buffer the pH within a particular range 

• C02 is important in biological processes 

• Carbonate ions form strong complexes with 
cations 

• Carbonate minerals are common in many rock 
types and these minerals are reactive with 
groundwater 

7-1 



Topics 

• Carbonate speciation 

• Open/ closed systems with respect to C0
2 gas 

• Carbonate mineral solubility 

• pHbuffers 

• Alkalinity 

7-2 



C02 (gas) and Water Equilibrium 

C02 Air 

HC03 = CQ32- + H+; K = lQ-10.3 

7-3 



Carbonate Species Concentrations 
in Open Systems 

• Carbonate species are in equilibrium with C0
2 gas 

in the atmosphere above the solution 

• Common condition for the soil and vadose zone 

• The atmosphere acts as an unlimited source of 
carbon 

• The total amount of dissolved carbon will 
change with the pH 

• The dominant carbonate species will also change 
with pH 

7-4 



System Open to C02 Gas 

Use equilibrium constants to calculate 
concentration and distribution of species 

7-5 



Carbonate Species in an Open System 

0 

c: 
0 --l! -5 . -c: 
CD 
u 
c: -a- H2C03 0 
u .... HCCX3 C) 

-10 0 -a- C03 -
I 

-1 5 +-__,.~..,..-~-.,.--....-..-----ro-.;,..-__ ___, 
2 4 6 8 1 0 1 2 

pH 

7-6 



Carbonate Species Concentrations in 
Closed Systems 

• No external source of carbon such as C02 gas 

• Typical situation for groundwater 

• Total dissolved carbon will remain constant 
as pH changes 

• Dominant carbonate species will change in 
response to pH changes 

7-7 



System Closed to C02 Gas 

Total carbonate in system is constant 

7-8 



Carbonate Species in a Closed System 

0 

-2 

-4 
c: 
0 - -6 -e -c: 

-8 G) 
(,) 
c: 
0 -1 0 (,) -a- H2C03 

~ ... HCa3 
- - 1 2 .... C03 

-1 4 

-1 6 

2 4 6 8 1 0 1 2 
pH 
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Solubility of Calcite in Open and Closed Systems 

• C02 gas produces carbonic acid which increases 
the solubility of calcite 

• Calcite is more soluble in a system open to C02 
than a closed system 

• In recharge zones, groundwater may be open to 
C02 gas exchange whereas downgradient it 
may be closed 

• The amount of calcite dissolved will depend on 
whether equilibration with the mineral occurred 
under open or clo.sed conditions 

7-10 



pH and Log pC0
2 in Solution in Equilibrium 

with Calcite 

8.5 

8.0 

:::t: 7.5 
c. 

7.0 

6.5 

6.0 -+--...... ---.---...------------1 
-4.5 -3.5 -2.5 

Log PC02 
Qr'J pi~ (;.Ji 1/ I

1

NCNii.5 r 

c 0-z._ 5~5 will b v.b~k_ b ~t /1 0f y Ol.i h.~ 'S f.Mfie 

~t ~s r-e-e..~ e__~ "'".'/,' j,. r.v j<f't... Ce,v(e--a'k c;t,t 

l D ""' ~ o,A- kD ~ p lt..c-<- 5 J_ ~ > - /., 0 C. f 1'-t • 

fk 4tf C1'.J< Wilt rJ,tqa.~ J. p~ C.tfi~K ()~ b-e Vf',L S 

k~5 so(v.t.~k- 7~1lplt (rf c~ses 



Concentration of Dissolved Calcium in Water 
in Equilibrium with Calcite as a Function of pC0

2 

4 

- 3 ..J -0 
E 
E -

2 

1 

-4 -3 -2 

Log PC02 

c....u. I Gt'k 5 ~ !"i b: Iii-a /.,;(J-{,1.54 tt5 

- 1 

fr<.SsiA..r- IN CKASe) ------~ 
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Packed Tower Air Strippers 

VENT 

~ VOLATILE 
ORGANICS 
C02 

VENT 

~VOLATILE 
ORGANICS 
C02 

.. W.J\T·E·R-IN.LETIIIIIII=8j.: u Hi 

WELL 

•• -L-

AIR BLOWER 

CLEAN WATER 
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pH Buffers 

• Buffered solu-q.ons are capable of maintaining their 
pH as considerable amounts of acid or base are added 

• pH buffering in groundwater is mainly a consequence 
of carbonate equilibria 
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Calculation of Buffering Capacity 

1. Starting solution: 

H
2C03 = 0.01 moles/liter 

HC0
3
- = 0.01 moles/liter 

pH=? 

2. Add enough acid to change H
2C0

3/HC0
3- ratio 

from 1 to 2 (3 ml of 1 molar HCI to a 1 liter solution) 

pH=? 

Without buffering the pH would equal 2.5 if this 
amount of acid was added to pure water 
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Calculation of Buffering Capacity (continued) 

If a base were added instead of an acid 
the reaction would be: 

The presence of a carbonate solid can also 
buffer a solution according to the reactions: 

CaCO + H+ = Ca2+ + HCO -3 3 
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Alkalinity 

Jov~ ~ 
• Alkalinity is a measure of the acid neutralizing~ ' 

capacity of a solution 

Total alkalinity = mHco - + 2mc0 
2

- + mB(OH) -+ 
(equiv./L) 3 3 4 

m - m m m m H SiO + HS- + organic anions + ··· + 0~ - H+ 3 4 

• An alkalinity titration is generally perfomed on 
water samples to obtain the inorganic carbon 
concentration 

• This assumes the other constituents are present in 
very small concentrations compared to inorganic 
carbon 
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Alkalinity (continued) 

• The alkalinity titration is performed by adding small · 
increments of dilute acid to the sample and measuring 
the resulting change in pH 

• The reactions that occur are: 

OH-+H+=HO 
2 

CO 2- + H+ = HCO -3 3 

-3 

0 
Q.-5 
E 
2 • ii 
-~ 
~ 
8' 

...l 

3 5 6 7 

pH 

A 

8 & 10 11 

F1Pft 3-l Titratioa cane (heavy line ABCD) for 5 X to-• m Na.CO. with .ad. 
ad BjerNm ploC for U::0. - 5 X to-•. B il cartiOiaas.e ead-poillt. C is rqioa of 
la'OIII bul'eriq. ad D i1 ~ CDd-9oi"1 
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Alkalinity (continued) 

• Alkalinity is generally reported as mg/L CaC0
3• 

This is not a normal concentration value. Alkalinity 
must be converted to concentration of the carbonate 
species 

Alkalinity conversion: 

Alkalinity (mg/L CaC0
3) x 61 = "mg/L HC0

3-" 

( 
1 + 2 x 1 o-103 

) · [H+] X 50 

m L CaC03) x 60 = "mg/L CO/-" 
x50 
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Alkalinity {continued) 

Alkalinity Conversion Example: 

Alkalinity measured at 100 mg/L CaC03; pH= 8.5 

100 
(1 + 2x 10-10·3) x 50 X 61 = 118 mg/L 

[ 10-8.5] 

100 
(2 + [10-85 ]) x 50 X 60 = 1.8 mg/L 

1Q-10.3 
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Summary 

• Dominant inorganic carbon species are strongly pH
sensitive over the natural pH range of groundwater 

• pC02 gas pressure influences the solubility of 
carbonate minerals 

• Dissolved inorganic carbon species provide pH 
buffering capacity to water 

• Alkalinity is a measure of a solution's acid 
neutralizing capacity and can be used to 
determine inorganic carbon species concentrations 
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The Chemical Evolution of Groundwater 

• Important water/rock processes 

• General evolutionary se_quences 

• Examples 
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Aquifer Geochemical Processes 
and Redox Zones 

fvtfl...e?"'- s S-r~,; 
~~~~ 

j " ,._ 1<- b ro u;rJ 

b\v-c...K 
~~)' 
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Important Chemical Processes 

• Cation exchange 

• Specific adsorption 

• Calcite and gypsum equilibrium 

• Dolomite equilibrium 

• Oxidation of iron minerals and organic matter 

• Reduction of manganese and iron oxides 

• Reduction of dissolved sulfate 

• Alteration of silicate minerals 

8-3 



• Reactions of the type: 

CaX + 2Na+ = Na X+ Ca2+ 2 

• Relatively fast equilibration compared to 
groundwater flow rates 

• More important for major cations (Ca, Mg, Na, K) 
than for minor or trace constituents 

• Required data: 

1. Distribution of cation exchange capacity in the aquifer 

2. Composition of exchangeable cations in the aquifer 

3. Equilibrium constants for ion exchange reactions 
W ct'ttr s v. ft' I 'J 

------------~~ 



Specific Adsorption 

• Direct complexation of aqueous species with 
the solid surface 

Ag+ + XOH = [XO--Ag+] + H+ 

where XO is the adsorption site 

• Very important influence on the mobility of trace 
elements because they are strongly adsorbed into 
iron and manganese oxide and hydroxide solids 

• Required data: 

1. Distribution and concentration of solids that 
adsorb solutes 

2. Initial composition of adsorbed solutes 

3. Equilibrium constants for the adsorption 
reactions K :::- C\_ 111 +->< 0--- '2 t 

IVC.J. c .. 
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Dissolution and Precipitation of Calcite and 
Gypsum {and any other soluble salts) 

• Assumed to be rapid compared to groundwater 
flow rate 

• Requires information on the distribution of soluble 
salts in the aquifer 
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Dissolution and Precipitation of Dolomite 

• Slow to equilibrate 

• May be affected by incongruent dissolution, i.e., 

• Need data on the presence of dolomite and rate 
equations for dissolution and precipitation 
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Oxidation of Pyrite, Organic Matter, Ferrous 
Iron Silicates and Carbonates 

• Consumes dissolved oxygen 
f'(r-lk 
1(, 

2 FeS2 + 7.5 0 2 + 7 H20 = ' ( {.tA. fc. rjt1' a. 
F(~-l''" t..., tM>~ Jls"' b 

2 Fe (0H)
3 
+ 4 50

4
2- + 8 H+ 

5 2-~> 256+ (in so 2-) 2 4 

0~ ~> 2Q2- (in so 2-) 
4 
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Oxidation of Pyrite, Organic Matter, Ferrous 
Iron Silicates and Carbonates (continued) 

• Lowers the redox potential (EH) of the solution 

• Required data: 

1. Oxygen content of recharge water 

2. Distribution of pyrite and other ferrous minerals 

3. Distribution and reactivity of organic matter 

4. Rate equations that are available for pyrite but 
not for most of the organics 
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Reduction of Manganese Oxides Followed 
by Reduction of Reactive Iron Oxides 

• Critical in predicting trace element distribution 
because of the strong adsorption of trace elements 
on these solids 

• Required data: 

1. Distribution of iron and manganese oxides 

2. Distribution of reactive organic matter 
(the reducing agent) 
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Reduction of Sulfate to Sulfide by 
Reactive Organic Matter 

SO 2- + CH 0 = S2- + 2 CO + 2H 0 4 2 2 2 

• Great influence on both major and trace element 
chemistry 

• Sulfide forms very insoluble solids with most heavy 
metals under reducing conditions 

• Increased carbonate concentration may lower the solubility 
of calcite and increase degree of carbonate complexation 

• Requires data on distribution of organic matter and 
rate constants 
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Alteration of Silicate Minerals 

• Feldspars and mafic minerals .(biotite, hornblende, 
pyroxenes) more reactive than quartz 

• Possible equilibrium of groundwater with secondary 
minerals (clays and zeolites) produced by chemical 
weathering 
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Nonchemical Processes that Affect the 
Composition of Groundwater 

• Hydrodynamic dispersion 

• Diffusion 

• Evolution/transport of gases from deep 
sedimentary aquifers (e.g., CH

4 
and H

2
S) 
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The Soil and Vadose Zones 

• Water flows through these chemically-active zones 
on its way to the water table 

• Reactivity is mainly due to the presence of: 
organic matter 
gases (0

2 
and C0

2
) 

clay minerals 
soluble minerals 

• The occurrence and concentration of these reactive 
phases may vary greatly with the seasons and topography 
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Processes in the Soil and Vadose Zones 

SOLUBLE 
MINERALS 
DISSOLVE 

8-15 

CARBONIC ACID ACTIVELY 
LEACHES SOIL MINERALS 



Anion Evolution Sequence (Chebotarev) 

RECHARGE 

Upper Zone: Active groundwater flushing. HC03 from 
PC02 and dissolution of calcite and dolomite. 

Intermediate Zone: Less active groundwater 
circulation. Higher TDS. Gypsum present. 

Lower Zone: Sluggish 
groundwater. Highly soluble 

minerals present. High TDS. 

• This sequence is understandable in terms of mineral 
availability and solubility 

• Reversals may occur (e.g., reduction of sulfate and 
production of bicarbonate by anaerobic decay) 
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Cation Evolution 

• Variations in dominant cations are also observed in 
groundwater systems 

• No general trend has been established because cation 
exchange on clays often causes alterations or reversals 
in the sequence 
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Redox Evolution 

• As the redox potential decreases the following sequence 
is possible in groundwater 

-~> 50 2-/HS > 4 2 

• Reactions must be biologically catalyzed 

• Sequence rarely proceeds past the nitrogen couple 
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Chemical Evolution of Groundwater - Case 
Study - Acid Mill Tailings 

Concentrations of Selected Constituents in Acid Tailings Solutions (milligrams/liter) 

pH 

u 

Fe 

Mo 

Mexican Hat, 
Utah 

4.37 

3.3 

1,070 

<0.01 

7,800 

Gunnison, 
Colorado 

1.62 

0.4 

35,400 

9.5 

130,000 

S4 I ph v.n'c 6-.t,•J Wc..f ~-ts.eJ -h 

l-e.. " c.. fo.. t-k 0 rc:... 
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Seepage Movement Below a 
Tailings Pile 

sz UNSATURATED ZONE 

GROUNDWATER 

sz CARBONATE MINERALS PRESENT 

NEUTRAL-pH GROUNDWATER 
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,~Seepage Movement Below a 
Tailings Pile 

NEUTRAL-pH GROUNDWATER 
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Distribution of Indicator Parameters in 
Foundation Material 
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Contaminant Plume Characteristics 
at Uranium Mill Tailings Site 

LEGE~ 

0 ACID ZONE 

E2j NEUTRALIZATION ZONE 

~ NEUTRAL pH ZONE 
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Chemical Evolution of Groundwater
Summary 

• The principle types of chemical reactions are well 
established 

• The minerals that affect major ion chemistry have 
been identified 

• Reaction rates for many of the important minerals 
are not known 

• The soil and vadose zones in recharge areas can play 
a major role in removing oxygen from infiltrating 
water and adding carbon dioxide 
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Chemical Evolution of Groundwater
S~mmary (continued) 

• The anion evolutionary sequence is well established, 
but reversals do occur 

• A cation evolutionary sequence does not normally exist 

• Redox evolution requires bacterial mediation 

• Changes in groundwater chemistry can occur over 
short distances if there is significant disequilibrium 
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ADSORPTION OF SOLUTES 

I. INTRODUCTION 

II. THE SORPTION PROCESS 
A. Physical Adsorption 
B. Electrostatic Adsorption 
C. Specific Adsorption 
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ADSORPTION OF SOLUTES 

• Introduction 

• The sorption process 

• The Kd concept 

• Multi-parameter sorption models 

• Effects of organics on adsorption 

• Practical examples of adsorption 

• Summary 
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INTROD.UCTION 

DISSOLVED SUBSTANCES HAVE A TENDENCY 
TO PARTITION THEMSELVES BETWEEN THE 
SOLUTION AND SURFACES OF SOLIDS. 

SORPTION INCLUDES: 

ADSORPTION 
ABSORPTION 

ADSORPTION- CONTROLS SOLUTE 
TRANSPORT AT ALL CONCENTRATIONS BELOW 
MINERAL SATURATION, AND BECOMES MOST 
IMPORTANT AT THE LOWEST SOLUTE 
CONCENTRATIONS. 

Adsorption is a process for separating inorganic and organic 
contaminants from waters and waste waters. The most common 
environmental applications of this process are used in ion exchange 
(inorganic solutes) and activated carbon systems (organic solutes). 
During the mid-1970s, interest in adsorption as a process for removal 
of organics from drinking water heightened as the public became 
increasingly concerned about water sources contaminated by 
industrial wastes, agricultural chemicals, and sewage discharges. 
Adsorption is the physical and/or chemical process in which a 
substance is accumulated at an interface between phases. The 
adsorbate is the substance being removed from the liquid phase to 
the interface. The adsorbent is the solid phase onto which the 
accumulation occurs. 
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DEPENDENCE OF TYPES OF ADSORPTION ON ENVIRONMENTAL 

PHYSICO-CHEMICAL PARAMETERS 

6!7f t;Nt"t:.. <1- clay5 2~(, •f<- cfq 'r f'l1.(f...Je~.s 

..t- j 
Physical Electro- Specific 
adsorption static adsorption 

adsorption 

pH variable appreciable appreciable 

Eh variable large large 

Temperature small appreciable appreciable 

Speciation of sorbate large large large 

Concentration of sorbate small large large 

Concentration of complexing large large large 
or competing solutes 

Ionic strength small large variable 

Properties of the sorbent small large large 

Time small small variable 
c Ast-J 

Physical adsorption includes non-ionized organic compounds; electrostatic adsorption includes 
cation exchange by clay minerals; and specific adsorption of cations and anions by metal 
oxides. The sensitivity of each type of sorption to changes in the physical-chemical · 
environment is summarized in this table. All three types of adsorption are strongly influenced 
by the speciated form of the adsorbate. Other parameters including Eh, pH, and concentration 
of competing and complexing species influence adsorption by controlling speciation of the 
adsorbate. 
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THE Kd CONCEPT 

A measure of the ratio of the amount of the 
element bound to the solid phase relative to 
the amount that is in solution has been used 
to this effect 

• Empirical value measured in laboratory 
experiment 

• Does not imply reversibility or equilibrium 

• Adsorption mechanism is not known 
Ad has the units of L3 X M-1 

~ \'\ ""::::::.__ t-;- ~ ~ t \. ~ 
~ (' ~ ~·1 

' V\ "" ~ 
A "i ~ \::~ 
~. ~ ~ ~ 

~ ~ \\ 1 ~ 
~ ~ \/\ 
~ ~ ~ 
~ "' r\ r\ 
~ ~ t' 
t " ~~;, 

) :· 
The distribution coefficient (Kd) indicates the extent to which adsorption takes place for a particular ion. The Kd is the ratio of the mass of an element adsorbed onto the solid phase per unit weight of solid to the mass of an element remaining in solution per unit volume of liquid: 

(g of sorbed element/g of solid) 
Kd (ml/g) == ---------------------------------------------------------(g of element remaining in solution/ml of solution) 
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The Kd for Cr04-2 on amorphous iron hydroxide (Fe~O~ ·H ,P} (am}} varies strongly with both 
pH and ion composition of the bulk solution. The d1stnbution coefficient fails as an invariant 
predictor of attenuation, because it depends on both aqueous and solid phase properties. 

COMPARISON OF Kd FOR Cr04-
2 ON 

Fe
2
0

3
·H

2
0 IN DIFFERENT SOLUTIONS 

Solution pH 
5.65 
6.53 
6.94 

l.50 

7.80 

Na, N03 

478,630 
281,838 
112,202 

10,471 

6,607 

SOURCE: EPRI, 1985 

.\. .... 

Kd (ml!g) 

Na, N03, 804, Ca, C02 

18,621 
11,482 

5,370 

1,413 

132 
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Kd is related to the transport velocity of the trace element to 
that of the water by determining the retardation factor R. 

The retardation equation: 

R = 1 + pKd 
cfJ 

h~-1--t/(. +"-<- If. / ~~ 5 /p (...J ('>c_ / f- ~VC:5 
tO==/{) -LA__ ( 

V\ / '._..,...~ fvt-::>ve5- o.,C f"'-< 1./e~ 'I.. I' . '-
/ Q c, 'if or t....; 4 t""r--t_ 

Where 

P = Bulk density (MIL 3) 
¢ = Effective Porosity (L 3JL 3) 

The Kd is measured experimentally, either by batch or column methods. Because Kd varies 
with the experimental conditions, experiments must be carefully controlled. The solution 
composition must have the same composition as natural ground water in equilibrium with the 
rock type used in the experiment. For modeling contaminant migration, the retardation factor is 
used. When there is no adsorption, Kd equals zero, and A is equal to one (its minimum value). 
A major problem in estimating the retardation factor is the dependence of Kd on the laboratory 
conditions under which it is measured. 
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Schemaeic illustration of the reeardaeion concepe: 
the ideal laboraeory case and a hypothetical field 
case (Cherry, et.al., 1984) 

The retardation concept is illustrated in this figure for laboratory conditions and for a 
hypothetical field situation. For the field sample, the groundwater velocity is assumed to have 
little spatial or tempera! variability. 
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RETARDATION FACTORS FOR SOME 
RADIONUCLIDES IN ROCK MATERIALS 
BEING CONSIDERED FOR REPOSITORY 

SITING 
ELEMENT GRANITE BASALT TUFF SHALE SALT 

Sr 20~4000 50-3000 1 00-1 00000 100-1 00000 10-50 ~<:.. 
c: 

Cs 200-100000 200-100000 500-100000 200-100000 40-1 00 
'l 

t Tc 1-40 1-100 1-100 1-40 1-10 

u 40-500 100-500 40-400 100-2000 20-100 

~ \.0 
I I 1 1 1 1 1 ....... 

0 

Pu 20-2000 20-10000 20-5000 50-1 00000 200-2000 

Am 500-10COO 100-1000 100-1000 500-1 00000 200-2000 "± 
Ra 50-500 50-500 100-1000 100-200 20-50 b 

c:_ 

SOURCE: Krauskopf, 1986 



Table 6-5. Ranges of sorption ratios (mL/g). 

Element Devitrified Tuff 

Cs, Sorption 150-870 
Cs, Desorption 310-630 

Sr, Sorption 53-190 
Sr, Desorption 56-200 

Ba, Sorption 430-1500 
Ba, Desorption 440-1300 

Ce, Sorption 80-15,000 
Ce, Desorption 400-15,000 

Eu, Sorption 90-7500 
Eu, Desorption 800-7300 

Am, Sorption 130 
Am, Desorption 2200 

Pu, Sorption 110 
Pu, Desorption 1100 

Tc (air), Sorption 0.3 
Tc (air), Desorption 1.2 

Tc (N2), Sorption 8-26 
Tc (N2), Desorption 18-79 

U (air), Sorption 1.6-2.2 
U (air), Desorption 6-13 

U (N2), Sorption 0.5-1.5 
U (N2), Desorption 2-14 

I, Sorption 0 

Source: From Wolfsberg (1980). 

8600-29,000 
13,000-33,000 

1800-20,000 
2700-20,000 

15,000-130,000 
34,000-190,000 

550-2000 
1200-13,000 

1200-2500 
2100-8700 

180 
1100 

120 
340 

0.2 
2.0 

13 
118 

2.3-5.1 
15 

15 
57 

0 

Wolfsberg, K. 1980. Sorptive properties of tuff and nuclide transport and retardation. 
In: J.K. Johnstone and K. Wolfsberg, Eds., Evaluation of TufT as a Medium for 
Nuclear Waste Repository: Interum Status Report on the Properties of Tuff. 
Sandia National Laboratory Report SAND80-1464, p. 39-48. 

9-/oA 



Table 7-7. Empirically derived Rd (ml/g) values from batch experiments at 25°C. 
0.1 MPa for selected radionuclides in order of ranking. 

Element Salt Basalt Tuff Granite 

Tc 2a 20,b 0 10,b 0 4a 
Pu 500,b 50 200,b 100 500,b 40 500,b 100 
Np 30,b 7 50,b 3 50,b 3 50,b 1 
I 0 0 0 0 
u Ia 6a 4a 4a 
Cs 1,800 300 100 300 
Ra 5 50 200 50 
Sr 5 100 100 12 
c 0 0 0 0 
Am 300 50 50 200 
Sn l,b, 50 10,b100 50,b 500 IO,b 500 
Ni 6 50 50 10 
Se 20; 100,b 20 20,b 5 2 2 
Cm 300 50 50 200 
Zr 500 500 500 500 
Sm 50 50 50 100 
Pd 3 50 50 10 
Th 50, IOO 500 500 500 
Nb 50 100 100 100 
Eu 50 50 50 100 
Pa 50 100 IOO 100 
Ph 2 25 25 5 
Mo 0, 5,b I 10 b 4 

' 
10,b 4 5,b I 

0 No significant difference beween value measured in oxidizing and reducing Eh's. 
bReducing conditions, second-value oxidizing conditions. First value for dome salt, second for 

bedded salt 

Johnstone, J.K., and K. Wolfsberg, Eds. 1980, Evaluation of Tuff as a Medium for 
Nuclear Waste Repository: Interim Status Report on the Properties of Tuff. 
Sandia National Laboratory Report SAND80-1464. 
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RELATIONSHIP BETWEEN Kd AND RETARDATION 

• Not Simple 

• Cannot assume a single Kd value for an element along the flow path considered 

• Assumes that the entire mass of solid is equilibrated with solution 

Most Kd measurements involve crushed rock or soil equilibrated with trace amounts of solutes 
in solution. The measured Kd depends on the particle size of the sample, the pH, the time of equilibration, and the temperature. In addition, it is not known how Kd values measured in 
static experiments related to the retardation factors in ground water, which may flow interstitially, along grain boundaries, or through fractures. 

9-11 



CLASS EXERCISE 

GIVEN THAT Rd = 1 + pKd, where 
n 

Rd =RETARDATION FACTOR, 
p = DENSITY (g/cm3), 
n = POROSITY, AND 
Kd = DISTRIBUTION COEFFICIENT (mllg) 
CALCULATE Rd FOR THE FOLLOWING: 

SPECIES 
Cl 
Fe 
Pb 

Kd(ml/g) 
0 
10 
50 

p/n Rd 
8 I 
8 ~( 

8 Lfr> I 

BELOW IS AN ISOCONCENTRATION MAP FOR A 
HYPOTHETICAL WASTE SITE WITH GROUND 
WATER CONTAMINATION. LABEL 
ISOCONCENTRATION LINES WITH 
APPROPRIATE SPECIES BASED ON Rd. 

cf 
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PHYSICAL ADSORPTION 

• The organic carbon content of a soil is the primary factor 
governing. theJ.d.sorption of neutral organic chemicals. 

~r...V _,\'t' 
ei-f "~f'l' 
J~ 

(KOC) (g% organic carbon) 
Kcj == -------------------------------------------------100 

The cjegree that a neutral organic chemical (benzene, toluene, xylene, ancj carbon tetrachloride) partitions between water and soil is a measurement of the magnitude of the Kd or Koc. 
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This table is a proposed classification scheme for the mobility of anthropogenic organic 
contaminants. Organic contaminant mobility is related to partitioning of contaminants into s~ 
organic matter or humic substances. When partitioning into solid organic matter incree 
(high KOC values), the mobility of the organic contaminant decreases. 

SOLVENT Koc MOBILITY 
CLASS 

methanol, acetone, metny1 etny1 ketone, pyna•ne, ethyl V~ry Highly 
acetate, Isobutyl alcohol, diethyl ether, cyclohexanone, 
n-butyl alcohol, o-cresol, p-cresol, methyl Isobutyl Mobile 
ketone, methylene chloride 

m-cresol, carbon disulfide, benzene 100 Highly Mobile 

trichloroethylene, 1,1, 1-trichloroethane 

carbon tetrachloride 200 1-
toluene 

tetrachloroethylene 
Medium chlorobenzene 300 ~ 
Mobility 

o-xylene 

400 ~ 

500 

p-xylene 

m-xylene -
600 !-

ethyl benzene 

700 ~ Low Mobility 

800 ~ 

o-dichlorobenzene 

900 ~ 

SOURCE: Utah Water Research Laboratory 

9-14 



"' I ,_. 
l.ll 

RETARDATION FACTORS 
FOR ORGANIC SOLUTES 

R = 1 + 3.2ffoc (kow) 0·72p (1- Nt) /Nt 

where 

f = fraction of material < 125pm 
foe =fraction organic carbon on < 125pm 

· material 
p = bulk density (g/cm3) 

N1 = total porosity 
kow = octanol/water partition coefficient 

The parameters f, foe, p, N_t, and kow are measured experimentally. The above equation is empirical based on the worR of Schwarzenbach, et al. {1983). Retardation factors calculated from this equation are valid only at sorption equilibria. This equation is useful for predicting the magnitude of the velocity at wh1ch a specific hydrophobic {water disliking) organic compound is transported in a given aquifer. 



CLASS EXERCISE 

GIVEN THAT Rd = 1 + pKd, where 
n 

Rd =RETARDATION FACTOR, 
p = DENSITY (g/cm3), 
n =POROSITY, AND 
Kd = DISTRIBUTION COEFFICIENT (ml/g) 
CALCULATE Kd AND Rd FOR THE FOLLOWING: 

SPECIES KOC oc Kd p/n Rd 
BENZENE 100 0.01 8 
TOLUENE 200 0.01 8 
M-XYLENE 600 0.01 8 
Note: Kd = KOC x Organic Carbon Content. 

BELOW IS AN ISOCONCENTRATION MAP FOR A 
HYPOTHETICAL WASTE SITE WITH GROUND 
WATER CONTAMINATION. LABEL 
ISOCONCENTRATION LINES WITH 
APPROPRIATE SPECIES BASED ON Rd. 
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Removal of Organic Constituents 
During Pump-and-Treat 

\ •.• Phenanthrene 
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Removal of o-Xylene During a Pump-and-Treat 
Process as a Function of Organic Carbon Content 
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·······.... . ·- -.-
-.......... . ··· ... ...... ·········· 

20 60 100 120 

Pore Volume 

The upper figure illustrates the change in the concentration of 
benzene, o-xylene, naphthalene, and phenanthrene after 100 pore 
volumes of solution have been extracted. Benzene is the most mobile 
(greatest removal) of the four organic compounds listed in the upper 
figure. The lower figure shows the difference in o-xylene removal as 
a function of the solid-organic carbon content of the soil. These 
estimation techniques predict much greater removal efficiencies 
when the solid-organic carbon content is low. These relationships are 
probably not valid when the solid organic carbon content is below 
0.5 percent. 
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MULTI-PARAMETER SORPTION MODELS 

ADSORPTION EQUATIONS 

Adsorption of a single solute species by a solid can be evaluated mathematically by several 
different types of equations. An adsorption isotherm is a mathematical equation for relating 
concentrations of adsorbed and free adsorbate at a surface at a constant temperature. 

For the adsorption of a solute X from solution by a mass of solid, m, the Freundlich isotherm is: 

X 
-- = K [C]Vn 
m 

where X is mass of solute adsorbed, K is the distribution coefficient, [C] is the active 
concentration of C in the solution, and n is a constant. For most systems, K is constant only 
over a limited concentration range, when the quantity x/m is a simple mass ratio. 

A more realistic representation of the adsorbed fraction is to use units for M that express the 
adsorption capacity of the active solid surface. This is done by using surface area or the 
number of available adsorption or charged sites per unit area on the active surface. This 
concept of finite adsorption capacity enters into the Langmuir isotherm. 

x b[C] = -----
xm 1 + b[C] 

where x/xm is the fraction of the adsorption capacity that is occupied by x, and b is a constant. 
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FREUNDLICH EQUATION 

The simplest of the isotherm equations is the Freundlich 
equation 

x/m = KCI/n 

or in logarithmic terms 

LOG x/m = LOG k + 1/n LOG C 

x/m = The weight of sorbate divided by weight of sorbent 
{t.tg/g or mg/g) 

C = The dissolved conce'ntration of the sorbate 

k and n = Constants 



1 o-~ 

lQ-6 

Bromodichloromethane 

l0- 7 ~--~~--~----_.----~----~----~----~-----lQ-9 lQ-8 lQ-7 lQ-6 lQ-S lQ-4 lQ-3 lQ-2 lQ-1 

Equilibrium concentration, mole/L 

This figure shows some Freundlich isotherms graphically. All these compounds are adsorbed on granular activated carbon (GAC) to different degrees; substituted phenols (common odorcausing industrial contaminants) are generally more readily adsorbed than halogenate""' · methanes and ethylenes. The greater the amount of adsorption, the higher Kf is, that is, t' adsorption constant. The slope of the isotherm is the parameter 1/n. Readily adsorb'" organics onto GAC include aromatic solvents (benzene, toluene), chlorinated aromatics 
(PCBs, chlorobenzne), phenols and chlorophenols, polynuclear aromatics, pesticides and herbicides, chlorinated non aromatics (carbon tetrachloride), and high MW hydrocarbons (gasoline, humic substances). Alcohols, ketones, aldehydes, colloidal organics, and low MW 
aliphatics are poor adsorbates with GAC. 
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LANGMUIR EQUATION 

Developed to describe the adsorption df gas molecules onto 
the surface of homogeneous solids 

X 
XM 

bC 
1 +bC 

X = Amount of solute adsorbed per mass of solid 
Xm = Maximum amount which can be adsorbed by the solid 
C = Equilibrium solute concentration of sorbate 
b = Constant related to the energy of adsorption 



MASS ACTION MODELS 

Mass action models include ideal ion exchange (exchange of cesium or strontium on a single
site aluminosilicate) and multi-site exchange. These models describe ion exchange with 
alkaline earth (magnesium, calcium, barium, etc.) and alkaline metals (sodium, potassium, 
cesium, etc.). The adsorbents (usually clay minerals) have a constant cation exchange 
capacity, and the sorbate ions are not complexed. 

ELECTRICAL DOUBLE-LAYER MODELS 

A theoretical model of the cation adsorption process can be developed from electrostatic 
considerations. The surface of a mineral or an amorphous solid immersed in a solution 
typically has a net negative electrostatic charge that attracts cations from the solution to 
maintaJn electroneutrality. The charge tends to immobilize a "fixed layer'' of cations at the solid 
surface. 
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SOILS, LOS ALAMOS, NEW MEXICO 
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SOIL SERIES, LOS ALAMOS, NEW MEXICO 
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CATION EXCHANGE 
CAPACITIES FOR VARIOUS 

MATERIALS 

Material 

Organic matter 

Kaolinite 

Illite 

Smectite 

Feldspars 

Quartz 

Basalt 

Zeolites 

Source: Birkeland (1984) 

Approximate Cation 
Exchange Capacity 

(meq(100g) 
150-500 

3-15 

10-40 

80-150 

1-2 
1-2 
1-3 

230-620 

This table summarizes the cation exchange capacities (CEC) for different materials. The CEC varies with the material and it is expressed in milliequivalents (meq) per dry weight of the material. One meq is defined as 1 mg of H+ or the amount of any other cation that will displace it. For example, if the CEC is 1 meq/1 OOg, 1 mg of H+ is adsorbed. If Ca2+ displaced the H+, the amount of Ca2+ has to be equivalent to 1 meq of H+. The amount of Ca2+ required to displace 1 meq of H+ is 40/2 (atomic weight/valence), or 20 mg, the weight of 1 meq of Ca2+. 
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IMPORTANT PROPERTIES OF A SORBENT 

• Surface Area 

• Surface Charge 

• Effects of Solution Species on Surface Charge 

• Properties of Electrical Double Layer 

The important properties of a sorbent are given above. The surface area is experimentally 
determined and varies between different minerals and amorphous solids, ranging from 2 meter 
squared per gram (m2/g) for hematite (F~0:3 ) to over 1000 m2/g for solid organic matter, 
known as humic substances. The net surface charge is usually negative above a certain pH 
called the zero point of charge (ZPC). The speciated form of the adsorbate also influences 
adsorption. Generally, under highly acidic conditions, anions can be adsorbed because the net 
surface charge of the adsorbent is positive below the ZPC. 
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SURFACE AREA 
OF SELECTED SOLIDS 

Solid Phase 

Kaolinite 
Montmorillonite 
Attapulgite 

1 Fe (OH)s (am) 
· y-FeOOH. 

Fe203 

9-25 

Surface Area 
(m2/gm) 

10-20 
600-800 
70-120 

306 
45 
1.8 



ZERO POINT OF CHARGE 

• At some intermediate pH, the number of net positive and negative 
surface sites will be equal 

• The solid surface has no net surface charge at a given pH called 
zero point of charge {ZPC) 

• At pH values below ZPC a mineral will be positively charged, and 
can adsorb anions, whereas at higher pH's they become cation 
exchanger 
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ZERO POINT 

OF CHARGE42 

Material 

cx-Al 20 3 

cx-Al(OHh 
)'·AlOOH 
CuO 
Fe30 4 

2-FeOOH 
y-Fe20 3 

·• Fe(OHh "(amorph) 
MgO 
~-Mri02 
P-Mn02 

Si02 

ZrSi04 

Feldspars 
Kaolinite 
Montmorillonite 
Albite 
Chrysotile 

pHzpc 

9.1 
5.0 
8.2 
9.5 
6.5 
7.8 
6.7 
8.5 

12.4 
2.8 
7.2 
2.0 
5 

2-2.4 
4.6 
2.5 
2.0 

> 12 

a The values are from different 
investigators who have used 
different methods and are not 
necessarily comparable. They 
are given here for illustration. 

SOURCE: Stumm and Morgan, 1981 
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This figure shows that many suspended and colloidal solids found in aquifer materials have 
surface charge, and that the charge may be strongly affected by pH. The above minerals can 
adsorb anions when the net surface charge is positive and conversely, they can adsorb cations 
when the net surface charge is negative. Surface charge can originate from chemical reactions 
at the surface, by isomorphous replacement within the lattice, and by adsorption of a surfactant 
ion. 

9-28 



u 
Q) 
.D 
~ 

0 
U) 

0 -Q) 

~ 

-c 
'V 
u 
"-
Q) 

a.. 

20 

Humic acid 
Mr = 5x,o-4 ., 

2 4 

pH 

(b) 

6 8 

This figure shows the effect of pH on adsorption of metals onto coagulated humic acid (Kemdorff and Schnitzer, 1980). The curves show that an increase in pH, or an increase in OH- activity, increases the extent of trace metal adsorption. Hydrolysis reactions with trace metals enhance adsorption onto humic acid. 
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Cd Adsorptiori by Iron Oxide 
(10-8 ~ Cd, 0.1~ NaN0 3 ,10·3 ~ Fer, N2(gJ) 

%Adsorbed <EPRJ:, .1.985 

100r-----------------------~--~ .. --~----, 

0~----~----~------~------------------~ 4 . 8 9 10 

Of the main anionic and cationic constituents commonly present in ground water and leachate, Ca exerts the strongest influence on Cd adsorption by amorphous iron oxide. Calcium displaces the adsorption edge to the right, which represents a decrease in adsorption. Calcium will compete with Cd for available surface sites in soil and aquifer materials and increase Cd desorption. Anions (e.g. SOl-, H4Si04CO 3 HCO ~have little influence on Cd adsorption. 
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SUMMARY OF LEACHING 
TESTS ON OXIDIZED 

STEEL CASING 
TRACE 
ELEMENT pH 1 (pg/g) pH 5 (pg/g) 

As 12.57 0.20 
Ba <13.5 <4.0 
Cd 0.13 0.4 

Cr 43.65 <0.20 
Pb 1.08 <0.29 
Se <0.68 <0.20 

Mn 1276.0 6.4 
AI 93.24 <10.0 
u 22.43 <0.2 

v 8.51 <0.40 
Co 10.81 <0.40 
Ni 16.22 2.08 

Zn 9.46 <2.0 
Mo 1.35 <0.40 

Leaching tests were performed at pH 1 (nitric acid) and pH 5 (acetic acid) on oxidized steel 
monitor well casing. The oxidized iron was in contact with a high TDS ground water (TDS is 
approximately 19,200 mg/L) with a pH value of 6.8. Arsenic, selenium, uranium, and possibly 
other metals are desorbed from the oxidized iron. What is the long-term integrity of steel casing 
in contact with high TDS solutions when adsorption of contaminants onto the steel casing is 
occurring? 
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TOWNSITE SOIL (EG&G SITE) 
EG&G SOIL, LOS ALAMOS, NEW MEXICO 
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EFFECTS OF ORGANICS ON ADSORPTION 

• Organic ligands increase the solubility of adsorbing metals 

• Organic-metal complexes are not significantly adsorbed by hydrous 
metal oxides and clay minerals 
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The effect ofligand:metal ratio in coppcr(ll) removal (adsorption and/or precipitation). Con
centrations of copper, y-AI 20 3 and ionic strength arc 10- 4 M, g/liter. and 0.025 M, respectively. ligand 
(NTA) concentration is varia hie. The dashed line represents the typical removal pattern ofCu(ll) alone 
due mainly to precipitation (Elliott and Huang, 1979) 

The effect of llaand to metal ratio is shown in this figure, where NTA denotes nitrilotriacetic acid. When cu·h is In excess to NTA, hydrolysis reactions dominate; however, when NTA: Cu>1.0, it is clear that an increase in ligand concentration results in a decrease of Cu2+ adsorption. Conceptually, this effect can be visualized as a competition for surface site between the CuNT A- complex and the free NTA ligand. Nitrilotriacetic acid occurs naturally in humic substances. 



SUMMARY 

ADSORPTION IS AN IMPORTANT ATTENUATION 
MECHANISM. 

-

FACTORS THAT INFLUENCE ADSORPTION 
INCLUDE: 

SORBING SPECIES 

SORBENT CHARACTERISTICS 
SURFACE AREA 
SURFACE CHARGE 

SOLUTION PROPERTIES 
pH 
Eh 
IONIC STRENGTH 
ORGANIC LIGANDS 
COMPLEXING LIGANDS 
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PROBLEMS FOR ADSORPTION LECTURE 

Calculation of retardation factors for CrOi· at different pH values. 

Calculate retardation factors (F\t) for Cr042· with the data provided. 

Retardation Equation: 

Rd = 1 + p/n Kd 

where 

p = bulk density (m/L3) 

n =porosity 

(Freeze and Cherry, 1979) 

Kd =distribution coefficient (L3fm) 

Solution pH 

5.65 
6.94 
7.80 

Kd (ml/gm) 
Na, N03 

478,630 
112,202 

6,607 

assume that pb = 2.32 g/cm3 and n = 0.20 

Calculate Rd at different pH values using the above equation. 

pH Kd Rd 
--------------------------------------------------------......-.-------------------------------
6.65 
6.94 
7.80 

478,630 
112,202_ 
-- "6,607 

5,548,977 
~ ,301,544 

76,642 
------------------------------------~~-----------------

Questions: 

Why does Rd decrease with increasing pH for Cr042-? 

What are some limitations using Kd values to calculate adsorption constants? 

How do Eh, solution composition, and ionic strength affect Rd and Kd values? 
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SOLUTION TO CLASS EXERCISE 

GIVEN THAT Rd = 1 + pKd, where 
n 

Rd =RETARDATION FACTOR, 
p = DENSITY (g/cm3), 
n = POROSITY, AND 
Kd = DISTRIBUTION COEFFICIENT (ml/g) 
CALCULATE Rd FOR THE FOLLOWING: 

SPECIES 
Cl 
Fe 
Pb 

Kd(ml/g) p/n 
0 8 
10 8 
50 8 

Rd 
1 
81 
401 

BELOW IS AN ISOCONCENTRATION MAP FOR A 
HYPOTHETICAL WASTE SITE WITH GROUND 
WATER CONTAMINATION. LABEL 
ISOCONCENTRATION LINES WITH 
APPROPRIATE SPECIES BASED ON Rd. 

Pb Fe Cl 
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SOLUTION TO CLASS EXERCISE 

GIVEN THAT Rd = 1 + pKd, where 
n 

Rd = RETARDATION FACTOR, 
p = DENSITY (g/cm3), 
n = POROSITY, AND 
Kd = DISTRIBUTION COEFFICIENT (ml/g) 
CALCULATE Kd AND Rd FOR THE FOLLOWING: 

SPECIES KOC oc Kd g/n Rd 
BENZENE 100 0.01 1 8 9 
TOLUENE 200 0.01 2 8 17 
M-XYLENE 600 0.01 6 8 49 
Note: Kd = KOC x Organic Carbon Content. 

BELOW IS AN ISOCONCENTRATION MAP FOR A 
HYPOTHETICAL WASTE SITE WITH GROUND 
WATER CONTAMINATION. LABEL 
ISOCONCENTRATION LINES WITH 
APPROPRIATE SPECIES BASED ON Rd. 
M-XYLENE TOLUENE BENZENE 
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CALCULATION OF RETARDATION FACTORS FOR SEVERAL ORGANIC SOLUTES 

Given that the retardation equation is, 

Ad = 1 + 3.2ffoc (kow)0.72p {1 - Nt}/Nt Schwarzenbach et.al., {1983} 

where 

f = fraction of material < 125 urn 

foe = fraction organic carbon on < 125-um materal 

p = bulk density {g/cm3) 

Nt = total porosity 

kow = octanoVwater partition coefficient 

Calculate the relative mobilities of organic solutes and assume 

f = 0.05; foe= 0.001; p = 2.60 g/cm3; and Nt = 0.20. 

Species 

Acetone 
Benzene 
Ethyl benzene 
tetrachloroethylene 
trichloroethylene 
DDT 
MTBE 

Questions: 

kow 

0.58 
135 

1413 
759 

0.02 
2 X 106 

1.66 

Ad 

Which of the above organic solutes are mobile in ground water? 

Are these Ad values realistic and reasonable? 

What effects do other organic solutes have on the solubilities of the above compounds? 
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INTRODUCTION TO ORGANIC CHEMISTRY 

LABORATORY METHODS FOR ORGANIC COMPOUNDS 
by Richard Meyerhela 

N.M. SCIENTIFIC LABORATORY DIVISION 

ANALYTICAL AND SAMPLING TECHNIQUF.S 

Since compound classlllca.tlons can be based on chemical properties, physical 

properties, and/or their use In society, It Is often dlUlcult for a person 

desirln1 an analysis for several compounds to know what analysis to request. 

Even dirterent laboratories will list compounds under diUerent analysis. 

1roupinas. In most cases the field person will be looklna for a aroup or 

chemicals based on their usaae. 

For rleld personnel, most analytical requests are based oa environmental usaae 

or Impact. Examples or frequently requested analyses are "Pesticides•, 

"Solvents", "Hydrocarbon fuels", and "Poisons•. For Instance one mlaht be 

interested In "pesticides" It he suspected water contamination from a nursery. 

However, for the laboratory, "pesticides" would mean chlorinated hydrocarbon 

pesticides, oraanophosphate pesticides, carbamate pesticides, chlorophenoxyacid 

herbicides, triazine herbicides, etc. Because or the nature of analytical 

methods, the chemist can only "screen• for a relatively small class or 

compounds at one time. This class Is based oa their physical and/or chemical 

properties so that they caa all be extracted from the matrix (water, soil, etc.), 

separated from one another for ldentlrlcatlon, and then detected at very low 

concentrations. Oftea the compounds and classes or compounds that a 

laboratory wlll detect depends on the equipment anllable to the laboratory. 

Contrary to popular belle! and wishful thlnklna,· there Is .!!!!. ••tack hs• which 

can analyze a sample for anythlna and/or eurythlna that It contains. To aet 

the "best" results when analyzln1 a sample It Is necessary that the field 

personnel and the lab 

Laboratory Methods 
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personnel work closely to1ether to plan what to look for aad how to look for 

it. Orsanic analyses are not inexpensive and It is very easy to spend a lot of 

money for an analysis and still not get an answer to your question. To a 

great exten-t, It Is up to the person requestlns the analysis to become aware of 

the analytical methodology so that he can "talk" with the laboratory. 

Below are listed some of the more common analytical classes of compounds 

used by most laboratories today: 

Volatiles (puraeables) • those compounds which have a low enough 

boiling point that they caa be purged out of water with nitrogen 

or helium gas at room temperature. Examples would be the 

trihalomethanes, low molecular weight halogeaated or aromatic: 

solvents, and gasoline. 

Extractable (Semlvolatlle) compounds - Those compounds (generally 

nonpolar and/or hydrophobic) which can be extracted from water 

with an orcanlc: sohent. Extrac:tables are ceaerally dhlded Into 

three croups: 

Ac:l.lc fraction - compounds which are soluble In a basic 

(pH > 7) solution of water. Examples of compounds 

from the add fraction would be phenols, 

c:hlorophenoxy add herblddes, and oraanlc: adds. 

Basic fraction - Compounds which are soluble Ia an addle 

(pH < 7) solution of water. This group would 

include most organic compounds containing a basic 

aitroaen such as amiaes. 

Nntral fraction - compounds which are nonpolar, nonionlc 

and do not carry aa electric charge. This class of 

compounds Is not very soluble Ia either an acidic or 

basic solution of water. Exa•ples would be 

hydroc:arboa fuels, maay chlorinated pesticides, and 

polynuclear aromatic hydrocarbons. 

Often the basic and neutral fractions are extracted 

together and are called the Base/Nutral (B/N) fraction. 

Sometimes the add fraction Is added back Into the B/N 

fraction and it ls analyzed as the B/N/ A fraction. 

Laboratory Methods 
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II STEPS IN THE ANALYTICAL ANALYSIS 

The laboratories are capable of detecting orzanic contaminants at a level of a 

part per billion (PPB) or less. To perform an analysis generally It Is 

necessary to &o through the following steps: 

(a) Decide what to look for; 

(b) Separate the compound class In question (remou impurities); 

(c) Concentrate the compounds; 

(d) Separate the compounds within that class; 

(e) Detect, Identify, and determine the amouat of the compouad; 

(f) Confirm the identity of the compouad 

Orten this must be done wllh less compound than can be seen. 

Without the maaic black box which says that a sample has 

"poisons" or "pollutants" the laboratory must depend oa the 

physical and chemical properties of the compound for which It Is 

analyzlna. 

GROUP EXTRACTION/SEPARATION: 

For tbe separation step of the analysis some of the more common techniques 

used at most laboratories are: 

EXTRACTION - separation of a class of compounds based oa their 

solublllty Ia acids, bases and oraaalc soheats. Used Ia pesticide, 

basic, neutral, aacl acidic fraction analyses. 

DISTILLATION - Separation of a class of compounds based oa their 

bolliaa polats (npor pressure). Used Ia ethylene dlbromlde 

(EDB) analysis Ia food. 

PURGE AND TRAP - Purataa of a the class of compounds from the 

sample and trapptaa them oa a small column prior to analysis by 

aas chromatoaraphy. This Is the technique used Ia the analysis 

of most water samples for Yolatlles. 

COLUMN CHROMATOGRAPHY - Passlnt a sample throuah a column 

of adsorbent material uslna sohents of .nrlous polarities and 

collectlaa the fraction of Interest. 

Laboratory Methods 
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SEPARATION OF COMPOUNDS WITHIN A GROUP: 

Once a &roup (volatiles, acid extractables, etc.) of or&anlcs bas been Isolated, 

then further separation of that &roup Is required to detect and Identify any 

indhldual compounds within that &roup. The most common methods used at 

the laboratory are aas liquid chromatoaraphy (GC or GLC), blah performance 

liquid chromatography (HPLC), and thin layer chromatoaraphy (TLC). 

Gas chromatography Is used extensively to detect and Identify many oraanlc 

pollutants. With aas chromatoaraphy a concentrated extract or the 

sample Is vaporized at a blah temperature, and this upor is pushed by 

an Inert aas throuah a column coated with a very thin CUm or a very 

blah boillna liquid. Eac:h compound will pass throuah the column in a 

consistent and somewhat unique period of time. From the lenath of 

time it takes a compound to pass throuah the c:oluma, It is sometimes 

possible to identify the compound. The laboratory will use about 10 

different types of columns to separate the different classes of 

compounds. U the chemist were to use an aromatic: Yolatlle columa for 

a pesticide analysis he could wronaly assume that there was ao pesticide 

Ia the sample, because the pesticide would not quickly come throuah 

that column. 

Hl1h Performance Liquid Chromato1rnhy uses a similar principle except that: 

1) the sample extract Is dissolved Ia a soheat and aot nporlzed; and 

2) the compounds are pushed throuah the column with a liquid under 

blah pressure rather than with a aas. 

Hlah Performance Liquid Chromatoaraphy Is. used wheaever a compound 

Is not stable enouah to be uporlzed or It bas too. bleb a bollln1 point 

to be uporlzed. 

Thin layer chromato1raphy separat" compounds based on their solubility Ia a 

soheat and their attraction to a llnely diYided adsorbent solid. TLC is 

used exteashely Ia laboratories for the analysis ol druas. 

DETECTION/IDENTI!ICATION: 

·oetec:tion ol a coanpouad dter it has been separated by a chromatoaraphlc 

method Is one ol the more challenaiaa aspects ol the analysis. Some or the 

dlllereat detectors used by laboratories are: 

Laboratory Methods 
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GAS CHROMATOGRAPHIC DETECTORS 

PHOTOIONIZATION DETECTOR • uses a hl&h eneru IIcht to Ionize 

compounds with a double bond, an aromatic rlna, or an easily 

Ionizable electron. This detector would not "see• a haloaenated 

or aliphatic compound. 

HALL ELECTROLYTIC CONDUCTIVITY AND COULSON 

DETECTORS • will only see compounds with a haloceo In them. 

The Hall detector reduces all oraanlc compounds with hydrocen 

aas at hlch temperature and measures the electrical conductivity 

of the products In solution. The Hall detector cao also be made 

specific for Nltroaen or Sulfur rather than haloaens. 

FLAME IONIZATION DETECTOR - buras the compounds and detects 

Ionized products from the combustion. This Is a ury aeneral 

detector which will .detect almost any compound which will burn. 

It Is non-specific and not as senslthe as the most other detectors. 

NITROGEN-PHOSPHOROUS DETECTOR - detects' certain products 

which are formed on the surface of a special bead. This 

detector Is very seaslthe to compounds coatalnlaa either nltroaen 

or phosphorous. It Is relathely lasenslthe to other elements. 

FLAME PHOTOMETRIC DETECTOR - buras the compound aod detects 

the amouat of llaht or a specific wau lenatb which Is produced 

Ia the flame. This detector caa be made spectrlc for either 

sulfur or phosphorous coatalnlna compounds. 

ELECTRON CAPTURE DETECTOR - detects compounds which "capture• 

low enern electrons ahea off from a radloacthe foil. Aa . 
extremely senslthe detector for compounds which contain a 

haloaea such as chlorinated pesticides. It Is relathely lnsenslthe 

to aliphatic compounds. 

MASS SPECTROMETER - this detector measures the mass 

fraameatatloa pattern or compounds after they haft been "hit" by 

blah eaern electrons. The mass spectrometer ahes considerable 

Information about the structure aad/or Identity of the compound. 

However Mall Spectrometers are complicated and expeashe to 

buy and keep up. 

Laboratory Methods 
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HIGH PERFORMANCE LIQUID CHROMATOGRAPHY DETECTORS 

ULTRA-VIOLET I VISIBLE DETECTOR - This detector determines the 

amount or ll&ht or a &lven wue len&th that a compound absorbs. 

This can &he some information about the identity or a compound. 

FLUORESCENCE DETECTOR - This detector determines the amount 

or li&ht &hen orr by a compound alter it bas been "excited" by a 

hl&h eneru ll&ht. It also can be used ·to ahe some Information 

about the Identity or a compound. 

To be sure that the analyst looks for all or the types or compounds 

which the field collector requires, the analyst mlaht hue to analyze the 

sample oa sneral dlUerent columns. With a possiblllty or 10 diUerent 

columns, 7 different detectors, and at least 3 different temperature 

conditions, there are over 200 possible aas chromatoaraphic conditions to 

detect most or the possible oraanlcs which can be aas chromatoaraphed. 

With. each. aas chromatoaraphlc analysis taklna altout an boar, that 

would mean oYer a moath or aaalytlcal chromatoaraphlc time per 

sample. 

III REQUESTING ANALYSES FROM THE LABORATORY 

Whea requestlaa analyses from the iaboratory, It Is esseatlal that the field 

personnel pro•lde as much iaformatloa as possible reaardlna the compound(s) 

to be analyzed for and backaround about the sample. This alves the chemist 

the necessary Information to plaa the analysis so that the compounds or 

coacera will aot be missed. It Is possible to say that a certain compound Is 

aot Ia the sample but It Is Impossible to say that there were "no poisons or 

pesticides" Ia the sample. . 
The nst majority or analyses laYohe aas or liquid chroaiatoaraphy. With 

these procedures, tr the "rlaht" columa, the "rlaht" detector, the rlaht 

coadltloas, etc. are chosen thea the oaly Indication tllat there Is somethlna Ia 

the sample Is a "peak" oa a chart which occurs at a consistent time after the 

sample was Injected. This time Is characteristic or, ltat not necessarily unique 

for, aay ahea compound. With oYer seYea mlllloa oraaaic compounds It is aot 

al~ays easy to match that ped.t~~..Jwlth the correct compound without any 

addltioaal backaround inrormation to help. 

Laboratory Metllods 
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Since th~ sample cleanup sometimes extracts Impurities from the sample alona 

with the compounds of Interest (I.e. pesticides), It Is very difficult to try to 

identify all of the peaks observed. If one Is only interested In pesticides or a 

small namber of pesticides It Is very helpful to list them. That way the 

analyst can be sure to look specifically for those pesticides and be sure that 

they are or are not In the sample. Perhaps It Isn't Important that there are 

10 parts per billion (PPB) of phthalates from the plastic pipe Ia the sample. 

In aeneral if an unidentified compound, which is felt to be sllalficant, Is seeu 

In the sample the submitter would be Informed. Many laboratories use what Is 

called •tar1et compound analysis.• That Is they look for only the compounds 

which they list In a analysis class. U other compounds are present they will 

not be reported - even if they are detected. 

Remember that while It Is not possible to say that •there Is nothla1 Ia the 

sample•, If the analyst is screeala1 for a compound or class of compounds he 

will see similar compounds and will 1eaerally report them. Often a certain 

analytical methodolon Is required by the State or Federal Government Ia 

order to comply with their re1ulatloas. Most re1ulatloas require or accept the 

EPA methodolo1les listed Ia "Test Methods for Euluatla1 Solid Wastes• (SW-

846) for RCRA analyses, or the 500 series analyses (for driakin1 water) or 

the 600 series analyses (for 1rouad water pollution). Most or the analyses are 

quite similar analytically. 

Some or the more common screeas Performed by laboratories are: 

EPA Methods (Drinkln1 Water, Ground Water, Waste) 

502.1 601 8010 Volatile Halocarboas - up to about 3 carbons 

503.1 602 8020 Volatile Aromatics - benzene, tofueae, xylenes, etc. 

603 8030 Acrolein and Acrylonitrile 

604 8040 Phenols 

605 Benzldlae 

606 8060 Phthalate Esters 

607 Ni trosamlaes 

608 8080 Pesticides and PCB's 

609 8090 Nltroaromatlcs and lsophoroae 

610 8100 Polynuclear Aromatic Hydrocarbons 

611 Haloethers 

612 8120 Chlorinated Hydrocarbons 

Laboratory Methods 
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EPA Methods (con tlnued) 

613 8280 2,3,7,8-Tetrachlorodibenzo-p-dloxla 

524.1 624 8240 8250 Volatiles (by Mass Spectrometry) 

(Equivalent to 601 plus 602) 

625 8270 Base/Neutrals, Acids, and Pesticldes 

(Equivalent to methods 604 plus 606-612) 

There are many other classes of compounds and speclrtc compounds which It 

misht be necessary to analyze for, and which could be aaalyzed for if the 

laboratory Is aware to check for the compound(s) required. Some of the 

classes are listed below: 

a) Aliphatic Hydrocarbons (Fossil fuels) 

b) Carbamate pesticides 

c) Chlorophenoxyacid herbicides 

d) Natural aas 

e) Triazine herbicides 

Screenlnc (lndlcatlnr) Tests 

Considerable attentloa has beea alnn to trylna to denlop a simple screenin1 

test or flndlna a simple parameter which would Indicate that there Is or Is n-.. 

"contamination" Ia arouad water. 

Total Oraaalc Halide (TOX) aad Total Oraanlc Carbon (TOC) hue beea used 

to test for "aay" baloaea which miabt be Ia the water aad for excesshe 

amouats of. oraaalc material. Ultra-•lolet absorptloa scaas hue beea made to 

search for "any• aromatic compounds which mlaht be Ia the sample. 

Generally, such tests haYe aot proYea too useful because ~f lack of senslthlty 

and/or specificity aad because of lasufflcleat backarouad laformatloa. 

Howuer, work doae by Plum aad Pitchford Indicates that of all of the 

Indicator tests tested, the around water Yolatlles (puraeables) screea aan the 

best Indication of contaminatioa •. Not oaly were •olatlles detected more 

frequeatly than aay. other class of compound, but also it was unlikely to find 

non-•olatiles without the presence of •olatlles. It has also beea my experieace 

that around water contamination Is most likely to be caused by •olatlle 

compounds because of their relathely blah water solubillty and mobility In 

soil. 

Laboratory Methods 
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APPENDIX A 

ORGANIC SAMPLE COLLECTION GUIDE 



AIIALI'fiCAL IIBI'IKJDS, RIIQUIRBD a.rAJ ... S, PRBSBRVATIOII TIDIIUQUES 
AND IIUI .. IMJLDIIM: Tl- 108 IIIIVIROIIIIDftAL AIIALYSIS 

P810RITW POLLUIAMra - Gcouadwatec and Waatewatec Organic• Analyaia (Federal Regiater Vol. 49, No. 209, October ~984) 

MAXIMUM 
VOUMB HOLDING METHOD FOR 

PARAIIE'I'BR RIQUIRBD a.rAJIID PRESERVATION TIME ANALYSIS 

Purgeable •o •1 Glaaa, 7eflon- Cool, ••c, if there ia preaence 1• daya Method 601, 

Halocarbon• (2) liMCI Septua, of r~aidual chlocine, then GC/Hall or 

•o .t capacity preaecve with 0.001\ Na2&201 Method 624, 
GC/MS 

Peaticidea 1 liter sa .. aa Below Cool, ••c, pre-rinae with Extract Method 608, GC 

(Organochlorine (1) 
Sa~le ll within 7 or 

Peatlcidea) daya and Method 62~, GC/MS 
analyze 
within 

. •o day• 

Baae/Heutrah 1 11 ter ~r glaaa, Cool, ••c, if there ia preaence sa .. aa Method 625, GC/MS 

aAd Acid& (.'I') Teflon-lined of reaidual chlocine, then above 
Septua, preaecve with 0.001\ Na2&201 
1 liter or 
1 gal. capacity 

Chlorinated Approx. 1 Glaaa, Teflon- Cool, ••c Extract Method 61S, 

Herbicide• litec for lined &eptua within 7 Extraction/ 

( .... I 2,.-D. liquid daya and E•terification/ 

2, •• s_,. aaaple coapletely GC/F£0 

C.~) 
analyze 
within 
lO daya 

..__ 

. 

' 
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AIIALIYJCAL lm!'IIOOS, IU!IQUJRBD <XJII'I'AJIIBRS, PRESDVA71011 YIIIC'IIIUQU!S 

AIID IIUJ.. IIOLOIIIG 711188 .oR BIIVIIlOIMI!II'rAL AMLYSI S 

SOLID MA878 EVALOAYIO.- a.aa.ICS AIIALY818 (Ye•t Method• fo~ •valuating 8olid Wa•te, KPA, 1982) - continued 

MAXIMUM 

VOUJIIB HOLDING Mf!'I'HOD POR 

PAilAME'I'D RIIQUIUD COift'AJ•a PRESERVAYJOII 7111£ ANALYSIS 

Chlo~inated Approx. 1 Glaaa, Yeflon- Cool, 4•c Ext~acted Method llSO, 

He~blcldea liter for lhaed Septua within 7 Extraction/ 

(l.e., 2,4-D, llquld (l) 
day• and Eaterification/ 

2,4,S-'f aa!lple coapletely GC/fX:D 
analyzed 

Approx. 100 within JO 

graaa for day a 

aludge or 
aolid 
aaapl• . 

Volatile 40 al Glaaa, Yeflon- Iced or ~•f~igerated, p~otected 14 daya Method 8240, 

Organica (VOA'a) (2.) lined Septua, froa light PurCJe and Trap 

40 al capacity GC/MS Method 

Seaivolatlle Approx. 1 Gla••• 'feflon- Cool, 4•c Extracted Method 82SO, 

Organic• Ute~ for lined Septua within U Packed coluan/ 

liquid day• and GC-MS 

.. aple (2.) coapletely 
analyzed Method 8270, 

App~ox. 100 within 40 Capill iacy 

graaa for day a Coluan/GC-HS 

aludge or 
aolid 
aaaple 

-- - - --- ·-
-

" 
' 
' 
r-
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THE QUICKER A RESULT IS NEEDED 

THE LONGER IT SEEMS TO TAKE KIMBLE 
- . 02 
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Information Found in EPA 
Analytical Methods 

+ SCOPE AND APPLICATION 

-Applicability (program, matrix, etc.) 

-List of Compounds Detected 
• SUMMARY OF METHOD 

-Type of Instrumentation 

-Methods of conformation 
• DEFINITIONS 

•INTERFERENCES 

-Common Contaminants 

-Factors Causing High/Low Results 
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STEPS IN THE ANAL VTICAL PROCEDURE 
{elf LA!o 1-

hi~k1 ~. 0~ l.o~ 1. DECIDE WHAT TO LOOK FOR:- CcAlce.....r~·6.J<> 

2. SEPARATE COMPOUND(S) FROM IMPURITIES; 
3. CONCENTRATE THE COMPOUND(S): 
4. SEPARATE THE COMPOUNDS WITHIN THE CLASS; 
5. DETECT A GIVEN COMPOUND: 
6. IDENTIFY THE COMPOUND: 
7. DETERMINE THE AMOUNT; 
8. CONFIRM THE IDENTITY: 

9. REPORT THE RESULTS. 
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USING EQUILIBRIUM TO PURIFY COMPOUNDS 

AIR 
VAPOR PHASE 

+- POLAR WATER _o1 + = _ : 
- + - -+ -AQUEOUS PHASE - + - + + + 

+ + + + + + + + + + + + + + 
+- + - + •• + -+ -+. -+-

Cl H ' ~ c:c 
~ \ 

Cl H 

c.-.. 
0 

- f\)o,v fo }a r-
Oraaaics, depeadlaa oa thelr bolllaa poiat aad polarity, will tead to be maialy Ia the Vapor Phase, aqueous phase, or the Oraaaic phase. 

5o ( u e;vt-
() 0 a.AJ ;L f ~t; .Se 



EXTRACTION SCHEME FOR ORGANICS /0-/f? 

ORGANICS 

I 
J 

VOLATILES 

(PURGEABLE) 

J 
BASE/NEUTRAL 

FRACTION 

1 
SEMIVOLATILES 

(EXTRACTABLE) 

J 
1 

ACID 

FRACTION 

ORGANIC COMPOUNDS CAN BE DIVIDED INTO 3 MAJOR 

ANALY-TICAL GROUPS 
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.Jf 

Gas chromatograph or GC/MS 

.....---
f--

0 0 

og •• 
0 0 0 

0 0 0 

SchefMtlc tor nee CN'g8nlc polhant ~ • / 

1. Purgeablea l ~ 0 5-mL ... .., Jf.·· _The_rma_Hy~de_aorb_ 
•O.ml vial \v\W·\~J. ·:-;! • Trapped sample or 

chilled at 4 •c ~ ~'li'O purgeables 

2. Peatlcldea Purge & trap device 

·o--
3. Baae/neutrala 
4. Phenola 

~~" Concentrate 11 ,. ., ., 

Three 10-ml concentrate• ..J.l.J.l.J.l o1 pesticides ···- \ r-----' 

00 

og •• 
0 0 0 

0 0 0; ·~ 
Reextract with I 

methylene chloride Gas chromatograph or GC/MS 

H. L. Keith 
Environmental Science 

& Technology, 1981 

b_.l1f ~)1( 
conc:entralion ~ c:oncentration ~ 

1·ml concentrate or .,.._,.,. ... 1-ml concentrate 
or phenola 

~ 
~ 
~ 



Boat Chromatography 

At"tiftart of a boat race all boats are together 

~ 

~ 
t::~ 

At a later time: 
,,,,,,~ 

~ 

~ 
~ 
\:) 

-~' L.-. 
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Gas Chromatography 

Inlet At time zero all the molecules are together 
fie/ juM _ ,j 1 

fie.~ 

He~ 

Chromatography 
Column 

q 

Detector 

At a later time the molecules have separated according to their 
vapor pressure in the column. 

0 

0 0 
0 0 

0 q 
He Gas carries the molecules through the column whenever they are 
in the gas phase. 

~ 
~ 
.....__ 
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GAS CHROMATOGRAPHY DETECTORS 

DETECTOR 

1. PHOTOIONIZATION 
2. HALL 

3. FLAME IONIZATION 
4. N-P 

5. FLAME PHOTOMETRIC 
6. ELECTRON CAPTURE 

COMPOUNDS/ELEMENTS DETECTED 
UNSATURATED AND AROMATIC 
HALOGENATED OR NITROGEN ch/o;-,:v~, m. 

CARBON CONTAINING 
NITROGEN & PHOSPHORUS 
SULPHER OR PHOSPHORUS 
ELECTRONEGATIVE ELEMENTS 
(CI > 0 >>C) 

hret>->'.J c. 

7. THERMAL CONDUCTIVITY ALL (LOW SENSITIVITY) 
8. MASS SPECTROMETER ALL COMPOUNDS 

EACH GAS CHROMATOGRAPH DETECTOR IS DESIGINED TO WORK BEST FOR A CER. TYPE OF COMPOUND. THE ELECTRON CAPTURE DETECTOR, WHICH CAN "SEE" PICOCRAMS OF A CHLORINATED PESTICIDE, CAN'T •sEE• A THOUSAND TIMES THAT MUCH OF A HYDROCARBON. 

lA 11e5 

---------5 s 0 '2-

co'V 
No~ 



Data file: USER$DIA1:[DATA.ODIN]73A93004 
None Report: 

Acquired: 19-MAR-1993 12:27:29 
0.00-29.98 Time range: 

Vert. scale/offset: 1.0/0 
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Report: 
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Time range: 
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ORGANIC ANALYSES FOR VOLATILES 

TYPE OF ANALYSIS EPA METHODS METHOD/ 
ow GW sw DETECTOR 

AROMATIC COMPOUNDS 503.1 602 8020 GC/PID 
HALOGENATED COMPOUNDS 502.2 601 8010 GC/ELCD - ~ 
ACROLIEN, ACRYLONITRILE 603 8030 GC/FID 
MASS SPECTROMETER 524.2 624 8240/50 GC/MS 

ORGANIC BASEJNEUTRAUACID ANALYSES 

TYPE OF ANALYSIS EPA METHODS METHOD/ 

BASBNEUTRALEXTRACTABLES ow GW sw DETECTOR 

BENZIDINE 605 HPLC/EC 

DIOXINS 1613 613 8280 GC/HRMS 

CHLORINATED HYDROCARBONS 612 8120 GC/ECD 
HALOETHERS 611 GC/ELCD 

NITRO AROMATICS 609 8090 GC/ECD/FID 

NITROSAMINES 607 CG/NPD 

ORGANOCHLORINE PESTICIDES 508 609 8080 GC/ECD 

ORGANOPHOSPHORUS PEST. 507 8140 GC/NPD 

PHTHALATE ESTERS 606 8060 GC/ECD 

POLYNUCLEAR AROMA TICS 550.1 610 8100 HPLC/UV/F 

GC/MS SEMIVOLA TILES 525 625 8270 GC/MS 

ACID EXTRACT ABLES 
I PHENOLS 604 I 8040 I GC/FID 
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CHROMATOGRAM OF DAILY STANDARD 

22-Hou-89 
22HOUC 

89 29 DEPT OF HEALTH I EHUIROHKEHT - STATE OF MEW "EXICO 
Scientific Laboratory Diuision Trio-1 GCIKS 

22NOVC 
198 7 3 

DAILY OO.IBRATIOH STAHDARD "I ~lURE 
MSS OOOMTOGRM 

2 2 
3' 8 

268 
I 

678 
\ 

6 4 

5 I 

881 
I 

9 8 lUI 

1832 

1174 
I 

13~9 

1259 
1789 

The chromatoaram Itself only Indicates that a compound Is commlna off of the 
column at a certain time. While this Is a aood indication that a certain compound 
mlaht be present, It is not conclusive proof. Generally, lf a peak is detected for a 
certain compound on two dissimilar columns, it is assumed that the compound has 
been identified. This •proof• would probably not hold up under a riaerous attack. 



22-Hou-89 
22HOUC 
22NOVC 
1B9 

89 Z9 DEPT OF HEALTH I EHVIROHKEHT - STATE OF MEW KEXICO 
Scientitic Laboratory Division Trio-1 GCIMS 

4 2 2563&2 
tl 
I 

439 
\ 

B IS C2-cHLOROETHOXY )11ETHAHE (SCAM 412) 
2 2 

8 
Min 

2j 5 

\J~ 
?.88 

2 8 

~ 

?.511 

3 4 

2~ 2 3 2 

328 

} \ ~ 
I 

I 

8.81 8.58 

3" 8 434 
4J2 \ 

3 9 

3~9 
v\.. \..J'-... .A 

9.81 9.58 18.88 111.58 
I_ I I I T 

6 c 
1 

Abon, the scale bas beea expaaded to ahe a better •lew of some of the peaks 

detected Ia tbe dally callbratloa standard. It Is expected, based oa retention time, 

that the peak at scaa ~12 is Bls(l-thloroethoxy)metbaoe. Howe•er, without 

additional information it is Impossible to be tertain that the peak at scan 412 is due 

to Bls(l-thloroetboxy)methaoe. 



h~~{ 

Xit Hcpy ? Operate: ON 
SIR a.au 

+ 

Set point 

SEE 
7fileU 

ST 228°C 

IT 278°C 

Actual 

22.1•c 

267•c 

SF.l 
.l.lU 

I 
I 

TUNE EDITOR Ref gas: OFF Ion ~ode: EI+ 

I 
I 

SF2 
.lfilfiiU 

QL 
.16.8 

• • 
QIE 

3.8U 

QH 
.12.8 

QIR 
.l.3MU/aMU 

Manual Tuning 

tJ 
DM 

248U 

Peaks 
P1 UHI 
P2 OH 
P3 OH 
P4 OH 

1 

FilaMent Status IY.FS 

FilaMent cu~~ent 4.6A 

Sou~ce cu~~ent .l3fii3PA 

.lfil.lPA T~ap cu~~ent a. ' .. , d 
M/Z 

~ \:5 
I 

~ 
~ 
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Theory of Mass Spectrometry 

79 93 109 ~ 
49~:'tb 

123 

c td 
~ 

t (±) • CICHl-- lll--0-- Hl-0-- Hl-HlCCI 

J ~ 
CI=3S, 37 'a.. 49 

C=l2 63 

0=16 
a=f H=1 79 
b=e 

93 c=d 
123 

109 



/0-32 

22-Hov-89 89 29 DEPT OF HEALTH I EHVIROtw:HT - STATE OF HEW l1EXICO 
2ZHOUC Scientific Laboratory Diuision Trio-1 GCIKS 
22NOVC 412 (9 .883) 
188 93 35 r x18 512M 

ClOO-Qi2-o-tH:l. rrapent ion 

YJS 

~ 

63 35 
CIOO-oo- frag~ent ion 
~ 

65 
I 

9S 
I 

"W OF BIS(2-Q[OROETHOXY>f1ETHAHE IS 172 

22HOIJC 412 
188. x18 73712 

1 1 

1 3 
Y.lS 

Above ls a mass spectrum of the peak at scan ~12. One can see major mass 

fra&ment ions at m/z 63, 93, and 123. These masses a&ree with fraaments from 
35 + 35 + 

Bls(2-chloroethoxy)methaae as follows: 63: Cl CH2-CH2 ; 93: Cl CH2-cH2-0 ; and 
35 + 123: Cl CH

2
-CH

2
-0-CH

2 
. The Ions at those masses plus 2 are due to the 

37 chlorine _isotope. One can also see that there is not an loa for the molecular loa 

(MW=172). Apparently the molecule looses a Hydroaen very easily so that the parent 

ion (moleculer welaht) Is not seen. The Ions at m/z 173 and 175 are also due to 

the chlorlne37 isotope. 
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22-Hou-89 89 29 DEPT OF HEALTH I EHUIROHI1EHT - STATE OF HEU "EXICO 
22HOVC Scientific Laboratory Diuision Trio-1 GCIKS 

OIJC 412 (9 .1113) HBS 48 Hits : 48 Searched 

1eal 63 
9
1
3 
95 B IS (2-cHLOROETHOXY )r1ETHAHE STAHDAfdt

28 

xrs_ 1(5 J q a I I II I II I I I I I f1 ".. I I p I ' II I :1 I I 'II I I!. I ' I I I I I II j'1 
I I I I II I I I I II I I I 11 F:968 11832:METHAKE, BIS<2-CHLOROETHOXY>-

255 9~ . 

~I.. ' 0 I -~~ r I" n J:~~•' "'!'" 1 if.~ • " 1 • "~i~ 0 I • • I oo oo I oo oo 1 " "1'"'" 1 " 12 F: 82? 6133: $-DICHLOROETHYL ETHER 
I I i 01 I I I " I I ' 

~La.~~~~~~.~~. ~;rr.~ ... , . . ~'U.~. . I .... I ... I .... I .. "I ... ·1 .... I .... I .. ·~ .... I .. .,. ~-~:. 13 F:632 1769:SILAHE, CHLOROTRIMETHYL-

~l.. o 1 ~ .. , ~~~''"~~l.~l~ ~~~:.61. 1 oo 1 'I" 1" 1 • 1 oo o 1 • 

255 

I I II I I 14 F:545 14299:SILAHE, <BROMOMI.'l'HYL>CHLORODIMITHYL-
Uta 9 255 

95 
Y.FS _.., 43 5965 I 171 a~~---~~,~~53~~~~~7~~~·'~'1~~~~~~~~15_'~~~1~~----.vz 21 41 61 81 191 121 141 161 181 211 221 

It Is possible for most mass spectrometers to search a larae (about .. 0,000 eatry) 
data base to flad the closest matches to the mass spectrum obtalaed. Ia this case 
the first choice was Bls(l-chloroethoxy)methane with a "fit" of 960 out of 1000. 
The second choice was s-dichloroethylether (a very similar compound) with a fit of 
827. The (it's (a measure of the probability of the match bein1 correct) for the 
other matches drop off rapidly lndlcatln& that either the Clrst or second compound 
are the correct matches or the compound spectrum Is aot Ia the library. 



15-Hou-89 
DIESEL 
DIESEL 
188 

YJS 

/0-3t 

16 31 DEPT OF HEALTH I FJIIJIROMEHT - STATE OF HEW 11EXICO 
Scientitic Laboratory Diuision Trio-1 GCIMS 

5 6 8 

4 2 

1 8 4841641 
f1ASS OOOMTOGRM OF DI~EL FUEL r'f 

7 4 a 7 C-17 

9 5 
C-18 

8 I 

C-19 
g " 

C-28 
1 53 

C-21 
1 2 

Abon Is a man chromato1ram of diesel fuel. It Is obYlous that there are a aumber 

of different compounds In diesel fuel. The more abundant compounds that are nenly 

spaced throu1hout the chromato1ram are "normal" (stral1ht cbala) hydrocarboas. The 

smaller peaks between them are mostly branched chain hydrocarboas and PNA's. 



15-Hou-89 
DIESEL 
DIESEL 
189 

829 
YJS I 

8 8 

10-3:;-

16 31 DEPT OF HEALTH a EHVIROHnEHT - STATE OF MEW ftEXICO 
Scientific Laboratory Division Trio-1 GCIKS 

8 7 C-1? 

8 1 PRISTAHE 

C-18 
9 5 

9 2 
PHYTAfiE 

35123?6 
TIC 

11 

9~----~--------~--~--~----~---r--~----T----Min 17.18 1?.SI 18.81 19.81 

When the scale oa lhe c:hromatoaram Is expanded, oae ua easily see larae peaks 
after the c17 aad the c18 aormal bydroc:arboas. These c:ompouads are Prlstaae aad 
phytaae whlc:h are c19 aad the c20 braac:hed c:hala hydrourboas. 



10-3~ 

15-Hou-89 16 31 DEPT OF HEALTH I EHVIRONI1EHT - STATE OF HEW 19:<ICO 
DIESEL Scientific Laboratory Division Trio-1 GCit18 

IESEL 932 ua.srn HBS 35 Hits : 35 Searched. 
199 57 7 421888 

"ASS SPECTRI.M OF COt1POlltD AT SCM 932 
85 

7 

3 
t1ASS SPECHIJt OF PHYTAHE IH LIBRARY 

D IFFERIXE BEMEH COftPOOtm MD LIBRARY 

The plot abo•e shows a method of comparlaa au unknown spectrum with a library 

spectrum. As can be seen Ia the lower plot, the match between the uakno~n and 

library was nry aood. The Ions below m/z 50 are not Included because the 

unknown spectrum did not scan below m/z 50. The "fit" Is 928/100 or an aareemeat 

of about 93%. 



15-Hou-89 
DIESEL 
DIESEL 
199 

10-37 

16 31 DEPT OF HEALTH I EHVIROHI1EHT - STATE OF ttEW ~ICO 
Scientific Laboratory Diuision Trio-1 GCIKS 

SCAM FOR ota.V I1ASS 128 (BPIMAPH 

89896 
128 
12 

9~----~----~~~--~~~~~~~~~~ 
199 

TOTAL I OH CHR011A TOGRAtl 

HAPHnw.JB PEAK TO SttALL TO BE S 
AT SCM 444 

1828339 
TIC 
11 

91+-------~------~------~----------------------~ Scn431 435 441 445 451 455 461 

Often, many compounds would be missed If only the laraer peaks were examined. In 
the above expanded chromatoaram of the diesel fuel, a plot of only mass 128 
Indicates that there mlaht be a small amount of naphthalene (BP•128) burled under 
another peak. Often this method Is used to llad compounds suspected of bela& Ia 

the sample •.. 



15-Hou-89 
DIESEL 
DIESEL 

/0-3~ 

16 31 DEPT OF HEALTH I EHVIROHI1EHT - STATE OF PfEW MEXICO 
Scientific Laboratory Division frio-1 ~ 

Pred :18 .337 
BHA 26 Naphthalene 
198 

YJS 

188 

YJS 

316848 
TIC 

HAPHTHALEHE BURIED OOEH ANOTHER PW 

CHROHATOGP.Afl FOR OHLV MSS 128 

ANa 
89896 

128 
12 

&~~~~~~~~~~~~~~~~~~~~-.~ 

188 

YJS 

11.26111.28111.38811.32111.34111.36111.38111.48811.42111.441 

Most mass spectrometers hue a method of searchlaa for specific compounds. Ia the 

abon plots the proaram Indicates that aaphthaleae Is present Ia the sample. The 

top plot Is the total loa chromatoaram centered around the time whea aaphthalene Ia 

supposed to elute. The middle plot shows that a m/z 128 loa Is elutlaa around sea• 

444. The lower plot shows that at scaa 444 the •purity" for aaphhalene Is 51%. 

Most contrac:.t· labs use this method to look for desired (EPA) compounds. This Is 

called "Taraet Compound Analysis". The dlsadvaotaae to Taraet Compound Analysis 

Is that it Is easy to lanore larae peaks (compounds) aod look only at the computer 

prlater report. 



;o-3ct 
Total Recoverable Hydrocarbons By Infrared 

Analysis • EPA Method 41 8. 1 
Gasoline 

• I 
1 
i 

• J 

• 49'4 
Recovery 

• Low CH 2 
• High CH, 

3200 2100 2800 
2.'30 

Wavenumbere 

Fuel 011 f6 

• 115% 
Recovery 

• High CH2 

I J h_ 

v 
\.. 

3200 2.'130 2100 2100 

Wavenumbera 

. Calibration Standard 

• 

I 

CH2 - (In Phase H) 
Asymetrlc -CH3 

Symetrlc ~ at, 
CH3 

-v (Out of 
Arom1Uc Phase H) 

CH 
l.J \.. ,...._. ~ 

3200 2.9~0 2100 2800 

Wavenumbera 

Creosote 011 

• 16% 
Recovery 

• High 
Aloma tic 
CH 

3200 2100 2100 z.no 
Wavenumbera 

p rohleiY\ 

t.J i +-~ 

{fletJw~ 41 &,/ 

The 418.1 aethod aeaaures the concentration of •hydrocarbons• by aeasurinq the aaount of Carbon Bydroqen bond stretchinq. The problem is that the stretching frequency which is measured is more specific for methylene ( -CH2-) stretching and does not measure methyl (-CH3 ) or Aromatic (•CH) stretching. Thus mixtures that have a high percentage of methyl or aromatic hydrogen (i.e. Gasoline) give low results while mixtures that have a higher percentage of methylene hydrogen than the standard tend to give high results. For any analysis it is important to know exactly what you are measuring.· 
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The graph above illustrates the percent recoveries (VI a 
gravimetric standard) for various types of hydrocarbon mixtures 
using the 418.1 aethod. The THC \ R!C. shows the analytical bias 
of the 418.1 method due only to the difference due to their percent 
of methylene carbons. TPH \ R!C. shows the results after the freon 
extract has been treated with silica gel to "remove non petroleum 
hydrocarbons". (Now gasoline is down to about 30\ of the true 
value.) The FAST EXT. shows the results when a spiked dirt sample 
is extracted by a modified method used at the Scientific Laboratory 
System to reduce as much as possible the evaporation of the sample 
during preparation. (Gasoline is about 20\ of the true value.) The 
NORMAL EXT. shows the results when the sample is extracted 
according to the EPA protocol. (Gasoline at 100 mg/l was not 
detected- 0\ recovery.) 
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Chromatograms showing the hydrocarbon distribution of three different samples. 
This chromatographic uses a carbon disulfide extraction with a flame ionization 
detector. 
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Expanded view of the previous chromatograms showing how 
in some cases it is possible to show a 1 to 1 correspondence 
between a sample and a standard. In other cases weathering 
may cause some compounds to "disappear" while others seem to 
persist. 
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DETECTION MAXIMUM AVERAGE HAZARDOUS WASTE DISPOSAL FREQUENCY CONC. DETECTABLE SITE CONTAMINANT '4 (miLl} (ugLI} 1. TRICBLOROETBINI (V) 51.3 790 3,816 2. TITRACBLOROEmt:NE (V) 36.0 21,750 9,676 3. 1,2-t-DICBLOROimt:NE (V) 29.1 75 .c. CHLOROFORM (V) 28.4 220 s. 1,1-DICBLOROITBENE (V) 25.2 

6. MimYLENE CHLORIDE (V) 19.2 7,800 11,209 7. I, 1,1-TRICBLOROimANE(V) 18.9 618 I. 1,1-DICBLOROITBANE (V) 17.9 
9. 1,2-DICBLOROETBANE (V) 1 ... 2 .... 0 6,327 10. PHENOL (A) 13.6 7,713 33,952 11. ACETONE (V) 12. .. 250 9,524 12. TOLUENE (V) 11.6 1,100 5,182 13. .ls-(2-ITBYLBEXYL)PBTBALATE (B) 11.5 
l.C. BENZINE (V) 11.2 1,200 4,977 IS. VINYL CHLORIDE (V) 1.7 
16. •ls-(2-CBLOROITBYL)EmER (B) 3,300 282,189 17. p-CBLORO-•-CRISOL (A) 1,800 225,320 18. 2-BUT ANON& (V) 190 11,404 19. STYRENE (V) 81 
20. NITROBENZENE (B) 9,524 21. 2,4,5-TRICBLOROPB!NOL (A) 4,407 22. •ls-(2-CBLOROISOPROPYL)ETBER (B) 3,816 2,4-DICBLOROPBENOL (A) 3,686 

V)•VOLATILI; (A)•ACID EXTRACTABLE; (B)•BASI/NEUTRAL EXTRACTABLE 
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M£THOO 502 • 2 

VOLATILE ORGANIC C(I4POUNDS IN VATER BY PURGE AND TRAP 
CAPillARY COLUMN GAS CHROMATOGRAPHY WITH PHOTOIONIZATION 

AND ElECTROLYTIC CONDUCTIVITY DETECTORS IN SERIES 

1. SCOPE AND APPLICATION 

1.1 This is a general purpose method for the identification and 
simultaneous measurement of purgeable volatile organic compounds in 
finished drinking water, raw source water, or drinking water in any 
treatment stage (1-3). The method is applicable to a wide range of 
organic compounds, including the four trihalomethane disinfection by
products, that have sufficiently high volatility and low water 
solubility to be efficiently removed from water samples with purge 
and trap procedures. The following compounds can be determined by 
this method. 

Analyte 

Benzene 
Bromobenzene 
Bromochloromethane 
Bromodichloromethane 
Bromoform 
Bromomethane 
n-Butylbenzene 
sec-Butylbenzene 
tert-Butylbenzene 
Carbon tetrachloride 
Chlorobenzene 
Chloroethane 
Chlorofon1 
Chloromethane 
2-Chlorotoluene 
4-Chlorotoluene 
Oibromochloromethane 
1,2-0ibromo-3-chloropropane 
1,2-0ibromoethane 
Oibromomethane 
1,2-0ichlorobenzene 
1,3-0ichlorobenzene 
_1,4-Dichlorobenzene 
Dichlorodifluoromethane 
1,1-0ichloroethane 
1,2-0ichloroethane 
1,1-Dichloroethene 
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Chemical Abstract Services 
Registry Number 

71-43-2 
108-86-1 
74-97-5 
75-27-4 
75-25-2 
74-83-9 

104-51-8 
135-98-8 
98-06-6 
56-23-5 

108-90-7 
75-00-3 
67-66-3 
74-87-3 
95-49-8 

106-43-4 
124-48-1 
96-12-8 

106-93-4 
74-95-3 
95-50-1 

541-73-1 
106-46-7 
75-71-8 
75-34-3 

107-06-2 
75-35-4 

( 



cis-1,2-Dichloroethene 
trans-1,2-Dichloroethene 
1,2-Dichloropropane 
1,3-Dichloropropane 
2,2-Dichloropropane 
1,1-Dichloropropene 
cis-1,3-Dichloropropene 
trans-1,3-Dichloropropene 
Ethyl benzene 
Hexachlorobutadiene 
Isopropyl benzene 
4-Isopropyltoluene 
Methylene chloride 
Naphthalene 
Propyl benzene 
Styrene 
1,1,1,2-Tetrachloroethane 
1,1,2,2-Tetrachloroethane 
Tetrachloroethene 
Toluene 
1,2,3-Trichlorobenzene 
1,2,4-Trichlorobenzene --
1,1,1-Trichloroethane 
1,1,2-Trichloroethane 
Trichloroethene 
Trichlorofluoromethane 
1,2,3-Trichloropropane 
1,2,4-Trimethylbenzene 
1,3,5-Trimethylbenzene 
Vinyl chloride 
o-Xylene 
m-Xylene 
p-Xylene 

156-59-4 
156-60-5 
78-87-5 

142-28-9 
590-20-7 
563-58-6 

10061-01-5 
10061-02-6 

100-41-4 
87-68-3 
98-82-8 
99-87-6 
75-09-2 
91-20-3 

103-65-1 
100-42-5 
630-20-6 
79-34-5 

127-18-4 
108-88-3 
87-61-6 

120-82-1 
71-55-6 
79-00-5 
79-01-6 
75-69-4 
96-18-4 
95-63-6 

108-67-8 
75-01-4 
95-47-6 

108-38-3 
106-42-3 

1.2 This method is applicable to the determination of total 
trihalomethanes and other volatile synthetic compounds as required by 
drinking water regulations of 40 Code of Federal Regulations Part 
141. Method detection limits (MDls) (4) are compound and instrument 
dependent and vary from approximately 0.01-3.0 pg/l. The applicable 
concentration range of this method is also compound and instrument 
dependent and is approximately 0.02 to 200 pg/l. Analytes that are 
inefficiently purged from water will not be detected when present at 
low concentrations, but they can be measured with acceptable accuracy 
and precision when present in sufficient amounts. 

1.3 Two of the three isomeric xylenes may not be resolved on the 
capillary column, and if not, must be reported as isomeric pairs. 

2. SUMMARY OF METHOD 

2.1 Highly volatile organic compounds with low water solubility are 
extracted (purged) from the sample matrix by bubbling an inert gas 
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through a 5 mL aqueous sample. Purged sample components are trapped 
in a tube containing suitable sorbent materials. When purging is 
complete, the sorbent tube is heated and backflushed with helium to 
desorb trapped sample components onto a capillary gas chromatography 
(GC) column. The column is temperature programmed to separate the 
method analytes which are then detected with a photoionization 
detector {PID) and a halogen specific detector placed in series. 

2.2 Tentative identifications are confirmed by analyzing standards under 
the same conditions used for samples and comparing resultant GC 
retention times. Additional confirmatory information can be gained 
by comparing the relative response from the two detectors. Each 
identified component is measured by relating the response produced 
for that compound to the response produced by a compound that is used 
as an internal standard. For absolute confirmation, a gas 
chromatography/mass spectrometry{GC/MS) determination according to 
method 524.1 or method 524.2 is recommended. 

3. DEFINITIONS adele£ n et:tc.l, eNvt'!b,..ro-t ... tJ .Sqt'iip/IZ.. .• 
,7l /'1 &~.~Jiel~ aFf-<-<- e~d,·o.u J... N.,~t- ~fct-~ J"'.J~C"hiiN 

3.1 Internal standard -- A pure analyte(s) added to a solution in known 
amount(s) and used to measure the relative responses of other method 
analytes and surrogates that are components of the same solution. 
The internal standard must be an analyte that is not a sample 
component. 11 adde.l. h> e"'n, ~tvuim~~,Ait-a.P sc,ml'lc. 

?') f.ISu4 '(oR. S J..o,,.(&, I.. c.. ( 

3.2 Surrogate analyte -- A pure analyte{s), which is extremely unlikely I 

to be found in any sample, and which is added to a sample aliquot in 
known amount{s) tefore extraction and is measured with the same 
procedures used to measure other sample components. The purpose of a 
surrogate analyte is to monitor method performance with each sample. 

3.3 Laboratory duplicates (LD1 and LD2) -- Two sample aliquots taken in 
the analytical laboratory and analyzed separately with identical 
procedures. Analyses of l01 and LD2 give a measure of the precision 
associated with laboratory procedures, but not with sample 
collection, preservation, or storage procedures. 

3.4 Field duplicates (FOl and F02) -- Two separate samples collected at 
the same time and place under identical circumstances and treated 
exactly the same throughout field and laboratory procedures. 
Analyses of FDl and FD2 give a measure of the precision associated 
with sample collection, preservation and storage, as well as. with 
laboratory procedures. 

3.5 Laboratory reagent blank {LRB) -- An aliquot of reagent water that is 
treated exactly as a sample including exposure to all glassware, 
equipment, sol1ents, reagents, internal standards, and surrogates 
that are use~ with other samples. The LRB is used to determine if 
method ana1 1 tes or other interferences are present in the laboratory 
environme·~; the reagents, or the apparatus. 
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3.6 Field reagent blank (FRB) -- Reagent water placed in a sample 

container in the laboratory and treated as a sample in all respects, 
including exposure to sampling site conditions, storage, preservation 
and all analytical procedures. The purpose of the FRS is to determine 
if method analytes or other interferences are present in the field 
environment. 

3.7 laboratory performance check solution (LPC) -- A solution of method 
analytes, surrogate compounds, and internal standards used to 
evaluate the performance of the instrument system with respect to a 
defined set of method criteria. 

3.8 laboratory fortified blank (LFB) --An aliquot of reagent water to 
which known quantities of the method analytes are added in the 
laboratory. The LFB is analyzed exactly like a sample, and its 
purpose is to determine whether the methodology is in control, and 
whether the laboratory is capable of making accurate and precise 
measurements at the required method detection limit. 

3.9 laboratory fortified sample matrix (LFM) -- An aliquot of an 
environmental sample to which known quantities of the method analytes 
are added in the laboratory. The LFM is analyzed exactly like a 
sample, and its purpose is to determine whether the sample matrix 
contributes bias to the analytical results. The background 
concentrations of the analytes in the sample matrix must be 
determined in a separate aliquot and the measured values in the LFM 
corrected for background concentrations. 

3.10 Stock standard solution --A concentrated solution containing a 
single certified standard that is a method analyte, or a concentrated 
solution of a single analyte prepared in the laboratory with an 
assayed reference compound. Stock standard solutions are used to 
prepare primary dilution standards. 

3.11 Primary dilution standard solution -- A solution of several analytes 
prepared in the laboratory from stock standard solutions and diluted 
as needed to prepare calibration solutions and other needed analyte 
solutions. 

3.12 Calibration standard (CAL) -- a solution prepared from the primary 
dilution standard solution and stock standard solutions of the 
internal standards and surrogate analytes. The CAL solutions are 
used to calibrate the instrument response with respect to .analyte 
concentration. 

3.13 Quality control sample (QCS) -- a sample matrix containing method 
analytes or a solution of method analytes in a water miscible solvent 
.which is used to fortify reagent water or environmental samples. The 
QCS is obtained from a source external to the laboratory, and is used 
to check laboratory performance with externally prepared test 
materials. 
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4. INTERFERENCES 

4.1 During analysis, major contaminant sources are volatile materials in 
the laboratory and impurities in the inert purging gas and in the 
sorbent trap. The use of non-polytetrafluoroethylene (PTFE) plastic 
tubing, non-PTFE thread sealants, or flow controllers with rubber 
components in the purging device should be avoided since such 
materials out-gas organic compounds which will be concentrated in the 
trap during the purge operation. Analyses of laboratory reagent 
blanks (Sect. 10.3) provide information about the presence of 
contaminants. When potential interfering peaks are noted in 
laboratory reagent blanks, the analyst should change the purge gas 
source and regenerate the molecular sieve purge gas filter. 
Subtracting blank values from sample results is not permitted. 

4.2 Interfering contamination may occur when a sample containing low 
concentrations of volatile organic compounds is analyzed immediately 
after a sample containing relatively high concentrations of volatile 
organic compounds. A preventive technique is between-sample rinsing 
of the purging apparatus and sample syringes with two portions of 
reagent water. After analysis of a sample containing high 
concentrations of volatile organic compounds, one or more laboratory 
reagent blanks should be analyzed to check for cross contamination. 

4.3 Special precautions must be taken to analyze for methylene chloride. 
The analytical and sample storage area should be isolated from all 
atmospheric sources of methylene chloride, otherwise random ·f 
background levels will result. Since methylene chloride will 
permeate through PTFE tubing, all gas chromatography carrier gas 
lines and purge gas plumbing should be constructed from stainless 
steel or copper tubing. laboratory clothing worn by the analyst 
should be clean since clothing previously exposed to methylene 
chloride fumes during common liquid/liquid extraction procedures can 
contribute to sample contamination. 

4.4 When traps containing combinations of silica gel and coconut charcoal 
are used, residual water from previous analyses collects in the trap 
and can be randomly released into the analytical column. To minimize 
the possibility of this occurring, the trap is reconditioned after 
each use as described in Sect. 11.4. 

5. SAFETY 

5.1 The toxicity or carcinogenicity of chemicals used in this method has 
not been precisely defined; each chemical should be treated as a 
potential health hazard, and exposure to these chemicals should be 
minimized. Each laboratory is responsible for maintaining awareness 
of OSHA regulations regarding safe handling of chemicals used in this 
method. Additional references to laboratory safety are available 
(5-7) for the information of the analyst. 
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METHOD 8010 10-~ 
HALOGENATED VOLATILE ORGANICS 

1.0 SCOPE AND APPLICATION 

1.1 Method 8010 is used to determine the concentration of various volatile halogenated organic compounds. Table 1 indicates compounds that may be analyzed by this method and lists the method detection limit for each compound 1n reagent water. Table 2 lists the practical quantitation limit for other matrices. 

2.0 SUMMARY OF METHOD 

2.1 Method 8010 provides gas chromatographic conditions for the detection of halogenated volatile organic compounds. Samples can be analyzed using direct injection or purge-and-trap (Method 5030). Ground water samples must be analyzed using Method 5030. A temperature program is used in the gas chromatograph to separate the organic compounds. Detection is achieved by a halogen-specific detector (HSO). 

2.2 The method provides an optional gas chromatographic column that may be helpful in resolving the analytes from interferences that may occur and for analyte confirmation. 

3.0 INTERFERENCES 

3.1 Refer to Methods 5030 and 8000. 

3.2 Samples can be contaminated by diffusion of volatile organics (particularly chlorofluorocarbons and methylene chloride) through the sample container septum during shipment and storage. A field sample blank prepared from reagent water and carried through sampling and subsequent storage and 
handling can serve as a check on such contamination. 

4.0 APPARATUS AND MATERIALS 

4.1 Gas chromatograph: 

4.1.1 Gas Chroaatograph: analytical system complete with gas 
chromatograph suitable for on-column injections or purge-and-trap sample 
introduction and all required accessories, including detector, analytical 
columns, recorder, gases, and syringes. A data system for measuring peak 
heights and/or peak areas is recommended. 

8010 - 1 
Revision 0 
Date September 1986 
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TABLE 1. CHROMATOGRAPHIC CONDITIONS AND METHOD DETECTION LIMITS FOR 

HALOGENATED VOLATILE ORGANICS 

Compound 

Benzyl chloride 
Bis(2-chloroethoxy)methane 
Bis(2-chlorofsopropyl)ether 
Bromobenzene 

\sromodichloromethane 
\ Bromofonn 

Bromomethane 
\carbon tetrachloride 
. Chloroacetaldehyde 
;ch1orobenzene 

\~ch 1 oroethane 
Chlorofonn 
1-Chlorohexane 

\ 2-Chloroethyl v1nyl ether 
j Ch 1 oromethane 
Chloromethy1methy1 ether 

\
Ch 1 oro to 1 uene 
Dfbromochloromethane 
Dibromomethane 

~1,2-D1chlorobenzene 
~1,3-Dichlorobenzene 
1,4-D1chlorobenzene 

"D1chlorod1fluoromethane 
~1,1-D1chloroethane 
~1,2-D1chloroethane 
~1,1-D1chloroethylene 
\trans-1,2-D1chloroethylene 

D1chloromethane 
\1,2-D1chloropropane 
\trans-1,3-D1chloropropylene 

~ 1,1,2,2-Tetrachloroethane 
1,1,1,2-Tetrachloroethane 

.~ Tetrachloroethylene 
"'l 1, 1, 1-Tr1 ch 1 oroethane 
" .. 1, 1, 2-Tr1 ch 1 oroethane 
~Trichloroethylene 
}rr1chlorofluoromethane 
~ Tr1chloropropane 

V1nyl chloride 

Retention time 
(m1 n) 

Co 1. 1 Col. 2 

13.7 14.6 
19.2 19.2 

13.0 14.4 

24.2 18.8 
3.33 8.68 

10.7 12.1 

18.0 
1.50 5.28 

16.5 16.6 

34.9 23.5 
34.0 22.4 
35.4 22.3 

9.30 12.6 
11.4 15.4 
8.0 7.72 

10.1 9.38 

14.9 16.6 
15.2 16.6 
21.6 

21.7 15.0 
12.6 13.1 
16.5 18.1 
15.8 13.1 
7.18 

2.67 5.28 

Method 
detection 

11m1ta 
(ug/l) 

0.10 
0.20 

0.12 

0.25 
0.52 
0.05 

0.13 
0.08 

0.09 

0.15 
0.32 
0.24 

0.07 
0.03 
0.13 
0.10 

0.04 
0.34 
0.03 

0.03 
0.03 
0.02 
0.12 

0.18 

a Us1ng purge-and-trap method (Method 5030). 
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METHOD 8020 

AROMATIC VOLATILE ORGANICS 

1.0 SCOPE AND APPLICATION 

1.1 Method 8020 is used to determine the concentration of various aromatic volatile organic compounds. Table 1 indicates compounds which may be determined by this method and lists the method detection limit for each compound in reagent water. Table 2 lists the practical quantitation limit (PQL) for other matrices. 

2.0 SUMMARY OF METHOD 

2.1 Method 8020 provides chromatographic conditions for the detection of aromatic volatile compounds. Samples can be analyzed using direct injection or purge-and-trap (Method 5030). Ground water samples must be determined using Method 5030. A temperature program 1s used 1n the gas chromatograph to separate the organic compounds. Detection 1s achieved by a photo-ionization detector (PID). 

2.2 If interferences are encountered, the method provides an optional gas chromatographic column that may be helpful in resolving the analytes from the interferences and for analyte -confirmation. 

3.0 INTERFERENCES 

3.1 Refer to Method 5030 and 8000. 

3.2 Samples can be contaminated by diffusion of volatile organics (particularly chlorofluorocarbons and methylene chloride) through the sample container septum during shipment and storage. A field sample blank prepared from reagent water and carried through sampling and subsequent storage and handling can serve as a check on such contamination. 

4.0 APPARATUS AND MATERIALS 

4.1 Gas chromatograph: 

4.1.1 Gas Chromatograph: Analytical system complete with gas chromatograph suitable for on-column injections or purge-and-trap sample introduction and all required accessories, including detectors, column supplies, recorder, gases, and syringes. A data system for measuring peak heights and/or peak areas is recommended. 

8020 - 1 
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TABLE 1. CHROMATOGRAPHIC CONDITIONS AND METHOD DETECTION LIMITS FOR AROMATIC 

VOLATILE ORGANICS 

Compound 

Benzene 
Chlorobenzene 
1,4-Dichlorobenzene 
1,3-Dichlorobenzene 
1,2-Dichlorobenzene 
Ethyl Benzene 
Toluene 
Xylenes 

Retention time 
(min) 

Co 1. 1 

3.33 
9.17 

16.8 
18.2 
25.9 
8.25 
5.75 

Col. 2 

2.75 
8.02 

16.2 
15.0 
19.4 
6.25 
4.25 

a Using purge-and-trap method (Method 5030). 

Method 
detection 

1 imita 
(ug/L) 

0.2 
0.2 
0.3 
0.4 
0.4 
0.2 
0.2 

TABLE 2. DETERMINATION OF PRACTICAL QUANTITATION LIMITS (PQL) FOR VARIOUS 
MATRICESa 

Matrix 

Ground water 
Low-1 evel soil 
Water miscible liquid waste 
High-level soil and sludge 
Non-water miscible waste 

Factorb 

10 
10 

500 
1250 
1250 

asample PQLs are highly matrix-dependent. The PQLs listed herein are 
provided for guidance and may not always be achievable. 

bpQL • [Method detection limit (Table 1)] X [Factor (Table 2)]. For non
aqueous samples, the factor is on a wet-weight basis. 

8020 - 2 
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METHoo 8040 

PHENOLS 

1.0 SCOPE AND APPLICATION 

1.1 Method 8040 1s used to determine the concentration of various phenolic compounds. Table 1 indicates compounds that may be analyzed by this method and lists the method detection limit for each compound in reagent water. Table 2 lists the practical quantitation limit (PQL) for other matrices. 

2.0 SUMMARY OF METHOD 

2.1 Method 8040 provides gas chromatographic conditions for the detection of phenolic compounds. Prior to analysis, samples must be extracted using appropriate techniques (see Chapter Two for guidance). Both neat and diluted organic liquids (Method 3580, Waste Dilution) may be analyzed by direct injection. A 2- to 5-uL sample is injected into a gas chromatograph using the solvent flush technique, and compounds in the GC effluent are detected by a flame ionization detector (FlO). 

2.2 Method 8040 also provides for the preparation of pentafluorobenzylbrom1de (PFB) derivatives, with additional cleanup procedures for electron capture gas chromatography. This is to reduce detection limits of some phenols and to aid the analyst in the elimination of interferences. 

3.0 INTERFERENCES 

3.1 Refer to Methods 3500, 3600, and 8000. 

3.2 Solvents, reagents, glassware, and other sample processing hardware may yield discrete artifacts and/or elevated baselines causing misinterpretation of gas chromatograms. All these materials must be demonstrated to be free from interferences, under the conditions of the analysis, by running method blanks. Specific selection of reagents and purification of solvents by distillation in all-glass systems may be required. 
3.3 Interferences coextracted from samples will vary considerably from source to source, depending upon the waste being sampled. Although general cleanup techniques are recommended as part of this method, unique samples may require additional cleanup. 

4.0 APPARATUS AND MATERIALS 

4.1 Gas chromatograph: 

4."1.1 Gas Chromatograph: Analytical system complete with gas chromatograph suitable for on-column injections and all required 
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TABLE 1. FLAME IONIZATION GAS CHROMATOGRAPHY OF PHENOLS 

Compound 

2-sec-Butyl-4, 6-d 1 n1 t ropheno 1 (DNBP) 
4-Chloro-3-methylphenol 
2-Chlorophenol 
Cresols (methyl phenols) 
2-Cyclohexyl-4,6-d1nitrophenol 
2,4-Dichlorophenol 
2,6-Dichlorophenol 
2,4-Dimethylphenol 
2,4-Dinitrophenol 
2-Methyl-4,6-dinitrophenol 
2-Nitrophenol 
4-Nitrophenol 
Pentachlorophenol 
Phenol 
Tetrachlorophenols 
Trichlorophenols 
2,4,6-Trichlorophenol 

Retention t1me 
(min) 

7.50 
1.70 

4.30 

4.03 
10.00 
10.24 
2.00 

24.25 
12.42 
3.01 

6.05 

Method 
Detect1on 

11m1t (ug/L) 

0.36 
0.31 

0.39 

0.32 
13.0 
16.0 
0.45 
2.8 
7.4 
0.14 

0.64 

TABLE 2. DETERMINATION OF PRACTICAL QUANTITATION LIMITS {PQL) FOR VARIOUS 
MATRICEsa 

Matrix 

Ground water 
Low-level soil by sonication w1th GPC cleanup 
High-level so11 and sludges by sonication 
Non-water miscible waste 

Factorb 

10 
670 

10,000 
100,000 

asample PQLs are highly matrix-dependent. The PQLs listed herein are 
provided for guidance and may not always be achievable. 

bPQL • [Method detection limit (Table 1)] X [Factor {Table 2)]. For non
aqueou.s samples, the factor is on a wet-weight basis. 
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METHOD 8080 

ORGANOCHLORINE PESTICIDES AND PCBs 

1.0 SCOPE AND APPLICATION 

1.1 Method 8080 is used to determine the concentration of various organochlorine pesticides and polychlorinated biphenyls (PCBs). Table 1 indicates compounds that may be determined by this method and lists the method detection limit for each compound fn reagent water. Table 2 lists the practical quant1tatfon limit (PQL) for other matrices. 

2.0 SUMMARY OF METHOD 

2.1 Method 8080 provides gas chromatographic conditions for the detection of ppb levels of certain organochlorine pesticides and PCBs. Prior to the use of this method, appropriate sample extraction techniques must be used. Both neat and diluted organic liquids (Method 3580, Waste Dilution) may be analyzed by direct injection. A 2- to 5-ul sample is injected into a gas chromatograph (GC) usfng the solvent flush technique, and compounds in the GC effluent are detected by an electron capture detector (ECD) or a halogenspecific detector (HSD). 

2.2 The sensitivity of Method 8080 usually depends on the level of interferences rather than on instrumental limitations. If interferences prevent detection of the analytes, Method 8080 may also be performed on samples that have undergone cleanup. Method 3620, Florisil Column Cleanup, by itself or followed by Method 3660, Sulfur Cleanup, may be used to eliminate interferences in the analysis. 

3.0 INTERFERENCES 

3.1 Refer to Methods 3500 (Section 3.5, in particular), 3600, and 8000. 

3.2 Interferences by phthalate esters can pose a major problem in pesticide determinations when using the electron capture detector. These compounds generally appear in the chromatogram as large late-eluting peaks, especially 1n the 151 and 501 fractions from the Flor1sil cleanup. Common flexible plastics contain varying amounts of phthalates. These phthalates are easily extracted or leached from such materials during laboratory operations. 
Cross contamination of clean glassware routinely occurs when plastics are handled during extraction steps, especially when solvent-wetted surfaces are handled. Interferences from phthalates can best be minimized by avoiding 
contact with any plastic materials. Exhaustive cleanup of reagents and glassware aay be required to e11m1nate background phthalate contamination. The contamination from phthalate esters can be completely eliminated with a 
microcoulometric or electrolytic conductivity detector. 

8080 - 1 
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TABLE 1. GAS CHROMATOGRAPHY OF PESTICIDES AND PCBsa 

Retention time {min} Method 
Detection Compound Co 1. 1 Col. 2 lfmi t (ug/L) 

Aldrin 2.40 4.10 0.004 a-BHC 1.35 1.82 0.003 p-BHC 1.90 1.97 0.006 6-BHC 2.15 2.20 0.009 7-BHC (Lindane) 1.70 2.13 0.004 Chlordane (technical) e e 0.014 4,4•-Doo 7.83 9.08 0.011 4,4•-DDE 5.13 7.15 0.004 4,4•-oDT 9.40 11.75 0.012 Dieldrin 5.45 7.23 0.002 Endosulfan I 4.50 6.20 0.014 Endosul fan II 8.00 8.28 0.004 Endosulfan sulfate 14.22 10.70 0.066 Endrin 6.55 8.10 0.006 Endri n a 1 de hyde 11.82 9.30 0.023 Heptachlor 2.00 3.35 0.003 Heptachlor epox1de 3.50 5.00 0.083 Methoxychlor 18.20 26.60 0.176 Toxaphene e e 0.24 PCB-1016 e e nd PCB-1221 e e nd PCB-1232 e e nd PCB-1242 e e 0.065 PCB-1248 e e nd 
PCB-1254 e e nd PCB-1260 e e nd 

au.s. EPA. Method 617. Organochloride Pesticides and PCBs. 
Environmental Monitoring and Support Laboratory, C1nc1nnat1, Ohio 45268. 

e • Multiple peak response. 

TABLE 2. DETERMINATION OF PRACTICAL QUANTITATION LIMITS (PQL) FOR VARIOUS 
MATRICESa 

Matrix 

Ground water . · 
Low-level soil by sonication w1th GPC cleanup 
High-level soil and sludges by sonication 
Non-water miscible waste 

Factorb 

10 
670 

10,000 
100,000 

asample PQLs are highly matrix-dependent. The PQLs listed herein are 
provided for guidance and may not always be achievable. 

bpQL = [Method detection limit (Table 1)] X [Factor (Table 2)]. For non
aqueous samples, the factor is on a wet-weight basis. 
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METHOD 8270A 

SEMIVOLATILE ORGANIC COMPOUNDS BY 
GAS CHRQHATOGRAPHY/MASS SPECTROMETRY (GC/MSl: CAPILLARY COLUMN TECHNIQUE 

1.0 SCOPE AND APPLICATION 

1.1 Method 8270 is used to determine the concentration of semivolatile 
organic compounds in extracts prepared from all types of solid waste matrices, 
soils, and ground water. Direct injection of a sample may be used in limited 
applications. The following compounds can be determined by this method: 

Aoorooriate Preoaration Techniques 

Compounds CAS No• 3510 3520 3540 3550 3580 

Acenaphthene 83-32-9 X X X X X 
Acenaphthene·d~ (I.S.) X X X X X Acenaphthylene 208-96-8 X X X X X Acetophenone 98-86-2 X NO NO NO X 2-Acetylaminofluorene 53-96-3 X NO NO NO X 
1-Acetyl-2-thiourea 591-08-2 LR NO NO NO LR 
Aldrin 309-00-2 X X X X X 
2-Aminoanthraquinone 117-79-3 X NO NO NO X 
Aminoazobenzene 60-09-3 X NO NO NO X 
4-Aminobiphenyl 92-67-1 X NO NO NO X 
Anilazine 101-05-3 X NO NO NO X 
Aniline 62-53-3 X X NO X X 
o-Anis idi ne 90-04-0 X NO NO NO X 
Anthracene 120-12-7 X X X X X 
Aramite 140-57-8 HS(43) NO NO NO X 
Aroc1or - 1016 12674-11-2 X X X X X 
Aroclor - 1221 11104-28-2 X X X X X 
Aroc1or - 1232 11141-16-5 X X X X X 
A roc 1 or - 1242 53469-21-9 X X X X X 
Aroc1or - 1248 12672-29-6 X X X X X 
A roc 1 or - 1254 11097-69-1 X X X X X 
A roc 1 or - 1260 11096-82-5 X X X X X 
Az1nphos-methy1 86-50-0 HS(62) NO NO NO X 
Barban 101-27-9 LR NO NO NO LR 
Benzidine 92-87-5 CP CP CP CP CP 
Benzoic acid 65-85-0 X X NO X X 
Benz(a)anthracene 56-55-3 X X X X X 
Benzo(b)f1uoranthene 205-99-2 X X X X X 
Benzo(k)f1uoranthene 207-08-9 X X X X X 
Benzo(g,h,i)perylene 191-24-2 X X X X X 
Benzo(a)pyrene 50-32-8 X X X X X 
p-Benzoquinone 106-51-4 OE NO NO NO X 
Benzy 1 a 1 coho 1 100-51-6 X X NO X X 
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Appropriate Preparation Techniques 

Compounds CAS No• 3510 3520 3540 3550 3580 

a-BHC 319-84-6 X X X X X 

/3-BHC 319-85-7 X X X X X 

6-BHC 319-86-8 X X X X X 

"Y-BHC (lindane} 58-89-9 X X X X X 

Bis(2-chloroethoxy}methane 111-91-1 X X X X X 

Bis(2-chloroethyl) ether 111-44-4 X X X X X 

Bis(2-chloroisopropyl} ether 108-60-1 X X X X X 

Bis(2-ethylhexyl} phthalate 117-81-7 X X X X X 

4-Bromophenyl phenyl ether 101-55-3 X X X X X 

Bromoxynil 1689-84-5 X NO NO NO X 

Butyl benzyl phthalate 85-68-7 X X X X X 

Captafol 2425-06-1 HS(55} NO NO NO X 

Capt an 133-06-2 HS(40) NO NO NO X 

Carbaryl 63-25-2 X NO NO NO X 

Carbo fur an 1563-66-2 X NO NO NO X 

Carbophenothion 786-19-6 X NO NO NO X 

Chlordane 57-74-9 X X X X X 

Chlorfenvinphos 470-90-6 X NO NO NO X 

4-Chloroanil ine 106-47-8 X NO NO NO X 

Chl orobenzil ate 510-15-6 X NO NO NO X 

5-Chloro-2-methylaniline 95-79-4 X NO NO NO X 

4-Chloro-3-methylphenol 59-50-7 X X X X X 

3-(Chloromethyl)pyridine 
hydrochloride 6959-48-4 X NO NO NO X 

1-Chloronaphthalene 90-13-1 X X X X X 

2-Chloronaphthalene 91-58-7 X X. X X X 

2-Chlorophenol 95-57-8 X X X X X 

4-Chlorophenyl phenyl ether 7005-72-3 X X X X X 

Chrysene 218-01-9 X X X X X 

Chrysene-d,2 (I. S.} X X X X X 

Coumaphos 56-72-4 X NO NO NO X 

p-Cresidine 120-71-8 X NO NO NO X 

Crotoxyphos 7700-17-6 X NO NO NO X 

2-Cyclohexyl-4,6-dinitro-phenol 131-89-5 X NO NO NO LR 

4,4'-000 72-54-8 X X X X X 

4,4' -ODE 72-55-9 X X X X X 

4,4 I -DOT 50-29-3 X X X X X 

Demeton-o 298-03-3 HS(68) NO NO NO X 

Oemeton-s 126-75-0 X NO NO NO X 

Oiallate (cis or trans} 2303-16-4 X NO NO NO X 

2,4-Diaminotoluene 95-80-7 OC,OE(42) NO NO NO X 

Oibenz(a,j}acridine 224-42-0 X NO NO NO X 

Oibenz(a,h}anthracene 53-70-3 X X X X X 

Oibenzofuran 132-64-9 X X NO X X 

Dibenzo(a,e)pyrene 192-65-4 NO NO NO NO X 

Di-n-butyl phthalate 84-74-2 X X X X X 

8270A - 2 Revision 1 
Novenber 1990 



10-t/ 

A~~ro~riate Pre~aration Technigue~ 

Compounds CAS No• 3510 3520 3540 3550 3580 

Diehl one 117-80-6 OE NO NO NO X 
1,2-Dichlorobenzene 95-50-1 X X X X X 
1,3-Dichlorobenzene 541-73-1 X X X X X 
1,4-Dichlorobenzene 106-46-7 X X X X X 
1,4-01chlorobenzene-d4 (I.S) X X X X X 
3,3'-Dichlorobenzidine 91-94-1 X X X X X 
2,4-Dichlorophenol 120-83-2 X X X X X 
2,6-Dichlorophenol 87-65-0 X NO NO NO X 
Dichlorovos 62-73-7 X NO NO NO X 
Dicrotophos 141-66-2 X NO NO NO X 
Dieldrin 60-57-1 X X X X X 
Diethyl phthalate 84-66-2 X X X X X 
Diethylstilbestrol 56-53-1 AW,0$(67) NO NO NO X 
Diethyl sulfate 64-67-5 LR NO NO NO LR 
Dimethoate 60-51-5 HE,HS(31) NO NO NO X 
3,3'-D1methoxybenz1d1ne 119-90-4 X NO NO NO LR 
Dimethylaminoazobenzene 60-11-7 X NO NO NO X 
7,12-Dimethylbenz(a)-

anthracene 
57-97-6 CP(45) NO NO NO CP 

3,3'-Dimethylbenzidine 119-93-7 X NO NO NO X 
a,a-Dimethylphenethylamine 122-09-8 NO NO NO NO X 
2,4-Dimethylphenol 105-67-9 X X X X X 
Dimethyl phthalate 131-11-3 X X X X X 
1,2-Dinitrobenzene 528-29-0 X NO NO NO X 
1,3-Dinitrobenzene 99-65-0 X NO NO NO X 
1,4-Dinitrobenzene 100-25-4 HE(l4) NO NO NO X 
4,6-Dinitro-2-methylphenol 534-52-1 X X X X X 
2,4-Dinitrophenol 51-28-5 X X X X X 
2,4-Dinitrotoluene 121-14-2 X X X X X 
2,6-Dinitrotoluene . 606-20-2 X X X X X 
Dinocap 39300-45-3 CP,HS(28) NO NO NO CP 
Dinoseb 88-85-7 X NO NO NO X 
Diphenylamine 122-39-4 X X X X X 
5,5-Diphenylhydantoin 57-41-0 X NO NO NO X 
1,2-Diphenylhydrazine 122-66-7 X X X X X 
Di-n-octyl phthalate 117-84-0 X X X X X 
Disulfoton 298-04-4 X NO NO NO X 
Endosulfan I 959-98-8 X X X X X 
Endosulfan II 33213-65-9 X X X X X 
Endosulfan sulfate 1031-07-8 X X X X X 
Endrin 72-20-8 X X X X X 
Endrin aldehyde 7421-93-4 X X X X X 
Endrin ketone· 53494-70-5 X X NO X X 
EPN 2104-64-5 X NO NO NO X 
Ethion 563-12-2 X NO NO NO X 
Ethyl carbamate 51-79-6 DC(28) NO NO NO X 
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Appropriate preparation Techniaues 

Compounds CAS No• 3510 3520 3540 3550 3580 

Ethyl methanesulfonate 62-50-0 X NO NO NO X 
Famphur 52-85-7 X NO NO NO X 
Fensulfothion 115-90-2 X NO NO NO X 
Fenthion 55-38-9 X NO NO NO X 
Fluchloralin 33245-39-5 X NO NO NO X 
Fluoranthene 206-44-0 X X X X X 
Fluorene 86-73-7 X X X X X 

2-Fluorobiphenyl (surr.) 321-60-8 X X X X X 

2-Fluorophenol (surr.) 367-12-4 X X X X X 
Heptachlor 76-44-8 X X X X X 

Heptachlor epoxide 1024-57-3 X X X X X 
Hexachlorobenzene 118-74-1 X X X X X 

Hexachlorobutadiene 87-68-3 X X X X X 

Hexachlorocyclopentadiene 77-47-4 X X X X X 

Hexachloroethane 67-72-1 X X X X X 

Hexachlorophene 70-30-4 AW,CP(62) NO NO NO CP 
Hexachloropropene 1888-71-7 X NO NO NO X 

Hexamethyl phosphoramide 680-31-9 X NO NO NO X 
Hydroquinone 123-31-9 NO NO NO NO X 

lndeno(1,2,3-cd)pyrene 193-39-5 X X X X X 

Isodrin 465-73-6 X NO NO NO X 

Isophorone 78-59-1 X X X X X 

Isosafrole 120-58-1 DC( 46) NO NO NO X 

Kepone 143-50-0 X NO NO NO X 

Leptophos 21609-90-5 X NO NO NO X 

Malathion 121-75-5 HS(5) NO NO NO X 

Maleic anhydride 108-31-6 HE NO NO NO X 

Mestranol 72-33-3 X NO NO NO X 

Methapyrilene 91-80-5 X NO NO NO X 

Methoxychlor 72-43-5 X NO NO NO X 

3-Methylcholanthrene 56-49-5 X NO NO NO X 

4,4'-Methylenebis(2-chloraniline) 101-14-4 OE,OS(O) NO NO NO LR 
Methyl .ethanesulfonate 66-27-3 X NO NO NO X 

2-Methylnaphthalene 91-57-6 X X NO X X 

Methyl parathion 298-00-0 X NO NO NO X 

2-Methylphenol 95-48-7 X NO NO NO X 

3-Methylphenol 108-39-4 X NO NO NO X 

4-Methylphenol 106-44-5 X NO NO NO X 

Mevinphos 7786-34-7 X NO NO NO X 

Mexacarbate 315-18-4 HE,HS(68) NO NO NO X 

Hi rex 2385-85-5 X NO NO NO X 

Monocrotophos 6923-22-4 HE NO NO NO X 

Naled 300-76-5 X NO NO NO X 

Naphthalene 91-20-3 X X X X X 

Naphthalene-de (I.S.) X X X X X 

1,4-Naphthoquinone 130-15-4 X NO NO NO X 

1- Naphthy 1 amine 134-32-7 OS(44) NO NO NO X 
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Compounds CAS No• 3510 3520 3540 3550 3580 

2 -Naphthylami ne 91-59-8 X NO NO NO X 
Nicotine 54-11-5 OE(67) NO NO NO X 
5-Nitroacenaphthene 602-87-9 X NO NO NO X 
2-Nitroanil ine 88-74-4 X X NO X X 
3-Nitroanil ine 99-09-2 X X NO X X 
4-Nitroaniline 100-01-6 X X NO X X 
5-Nitro-o-anisidine 99-59-2 X NO NO NO X 
Nitrobenzene 98-95-3 X X X X X 
Nitrobenzene-di (surr.) X X X X X 
4-Nitrobipheny 92-93-3 X NO NO NO X 
Nitrofen 1836-75-5 X NO NO NO X 
2-Nitrophenol 88-75-5 X X X X X 
4-Nitrophenol 100-02-7 X X X X X 
5-Nitro-o-toluidine 99-55-8 X NO NO NO X 
Nitroquinoline-1-oxide 56-57-5 X NO NO NO X 
N-Nitrosodibutylamine 924-16-3 X NO NO NO X 
N-Nitrosodiethylamine 55-18-5 X NO NO NO X 
N-Nitrosodimethylamine 62-75-9 X X X X X 
N-Nitrosomethylethylamine 10595-95-6 X NO NO NO X 
N-Nitrosodiphenylamine 86-30-6 X X X X X 
N-Nitrosodi-n-propylamine 621-64-7 X X X X X 
N-Nitrosomorpholine 59-89-2 NO NO NO NO X 
N-Nitrosopiperidine 100-75-4 X NO NO NO X 
N-Nitrosopyrrolidine 930-55-2 X NO NO NO X 
Octamethyl pyrophosphoramide 152-16-9 LR NO NO NO LR 
4,4'-0xydianiline 101-80-4 X NO NO NO X 
Parathion 56-38-2 X NO NO NO X 
Pentachlorobenzene 608-93-5 X NO NO NO X 
Pentachloronitrobenzene 82-68-8 X NO NO NO X 
Pentachlorophenol 87-86-5 X X X X X 
Peryl ene-d,2 (I. S.) X X X X X 
Phenacetin 62-44-2 X NO NO NO X 
Phenanthrene 85-01-8 X X X X X 
Phenanthrene-dw (I.S.) X X X X X 
Phenobarbital 50-06-6 X NO NO NO X 
Phenol 108-95-2 OC(28) X X X X 
Phenol-d, (surr.) OC(28) X X X X 
1,4-Phenylenedia.ine 106-50-3 X NO NO NO X 
Phorate 298-02-2 X NO NO NO X 
Phosalone 2310-17-0 HS(65) NO NO NO X 
Phosmet 732-11-6 HS(15) NO NO NO X 
Phosphamidon 13171-21-6 HE(63) NO NO NO X 
Phthalic anhy~ride 85-44-9 CP,HE(1) NO NO NO CP 
2-Picoline 109-06-8 NO NO NO NO NO 
Piperonyl sulfoxide 120-62-7 X NO NO NO X 
Pronamide 23950-58-5 X NO NO NO X 
Propylthiouracil 51-52-5 LR NO NO NO LR 
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Aoprooriate Preparation Techn1aues 

Compounds CAS No• 3510 3520 3540 3550 3580 

Pyrene 
Pyridine 
Resorcinol 

· Safrole 
Strychnine 
Sulfallate 
Terbufos 
Terphenyl-d,4 { surr.) 
1,2,4,5-Tetrachlorobenzene 
2,3,4,6-Tetrachlorophenol 
Tetrachlorvinphos 
Tetraethyl pyrophosphate 
Thionazine 
Thiophenol {Benzenethiol) 
Toluene diisocyanate 
a-Toluidine 
Toxaphene 
2,4,6-Tribromophenol (surr.) 
1,2,4-Trichlorobenzene 
2,4,5-Trichlorophenol 
2,4,6-Trichlorophenol 
Trifluralin 
2,4,5-Trimethylaniline 
Trimethyl phosphate 
1,3,5-Trinitrobenzene 
Tris{2,3-dibromopropyl) phosphate 
Tri-p-tolyl phosphate 
0,0,0-Triethyl phosphorothioate 

129-00-0 
110-86-1 
108-46-3 
94-59-7 
60-41-3 
95-06-7 

13071-79-9 

95-94-3 
58-90-2 

961-11-5 
107-49-3 
297-97-2 
108-98-5 
584-84-9 
95-53-4 

8001-35-2 

120-82-1 
95-95-4 
88-06-2 

1582-09-8 
137-17-7 
512-56-1 
99-35-4 

126-72-7 
78-32-0 

126-68-1 

X X 
NO NO 

OC,OE(lO) NO 
X NO 

AW,OS(55) NO 
X NO 
X NO 
X X 
X NO 
X NO 
X NO 
X NO 
X NO 
X NO 

HE{6) NO 
X NO 
X X 
X X 
X X 
X X 
X X 
X NO 
X NO 

HE(60) NO 
X NO 
X NO 
X NO 
X NO 

a Chemical Abstract Se · ce Registry Number. 

X 
NO 
NO 
NO 
NO 
NO 
NO 
NO 
NO 
NO 
NO 
NO 
NO 
NO 
NO 
NO 
X 
X 
X 
NO 
X 
NO 
NO 
NO 
NO 
NO 
NO 
NO 

X 
NO 
NO 
NO 
NO 
NO 
NO 
X 
NO 
NO 
NO 
NO 
NO 
NO 
NO 
NO 
X 
X 
X 
X 
X 
NO 
NO 
NO 
NO 
NO 
NO 
NO 

X 
NO 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
LR 
X 
X 

AW • Adsorption to walls o: glassware during extraction and storage. 
CP • Nonreproducible chromatographic performance. 
DC • Unfavorable distribution coefficient (number in parenthesis is percent 

recovery). 
HE • Hydrolysis during extraction accelerated by acidic or basic conditions 

(number in parenthesis is percent recovery). 
HS • Hydrolysis during storage (number in parenthesis is percent stability). 
LR • low response. 
NO • Not determined. 
OE • Oxidation during extraction accelerated by basic conditions {number in 

parenthesis is percent recovery). 
OS • Oxidation during storage {number in parenthesi1 is percent stability). 
X • Greater than 70 percent recovery by this technique. 

Percent Stability • Average Recovery {Day 7) x 100/Average Recovery {Day 0). 

8270A - 6 Revision 1 
November 1990 



!0-bS 
1.2 Method 8270 can be used to quantitate most neutral, acidic, and basic organic compounds that are soluble in methylene chloride and capable of being eluted without derivatization as sharp peaks from a gas chromatographic fusedsilica capillary column coated with a slightly polar silicone. Such compounds include polynuclear aromatic hydrocarbons, chlorinated hydrocarbons and pesticides, phthalate esters, organophosphate esters, nitrosamines, haloethers, aldehydes, ethers, ketones, anilines, pyridines, quinolines, aromatic nitro compounds, and phenols, including nitrophenols. See Table 1 for a list of compounds and their characteristic ions that have been evaluated on the specified GC/MS system. 

1.3 The following compounds may require special treatment when being determined by this method. Benzidine can be subject to oxidative losses during solvent concentration. Also, chromatography 1s poor. Under the alkaline conditions of the extraction step, a-BHC, r-BHC, endosulfan I and II, and endrin 
are subject to decomposition. Neutral extraction should be performed if these compounds are expected. · Hexachlorocyclopentadiene is subject to thermal decomposition in the in 1 et of the gas chromatograph, chemica 1 reaction in acetone solution, and photochemical decomposition. N-nitrosod1methylamine is difficult to separate fro~ the solvent under the chromatographic conditions described. N-nitrosodiphenyla.ine decomposes in the gas chromatographic inlet and cannot be separated from diphenylamine. Pentachlorophenol, 2,4-dinitrophenol, 4-nitropheno1,4,6-dinitro-2-methylphenol,4-chloro-3-methylphenol,benzoicacid, 2-nitroaniline, 3-nitroaniline, 4-chloroaniline, and benzyl alcohol are subject to erratic chromatographic behavior, especially if the GC system is contaminated with high boiling •aterial. 

1.4 The estimated quantitation limit (EQL) of Method 8270 for determining an individual compound is approximately 1 mg/Kg (wet weight) for soil/sediment samples, 1-200 mg/Kg for wastes (dependent on matrix and method of preparation), and 10 ~g/L for ground water samples (see Table 2). EQLs will be 
proportionately higher for sample extracts that require dilution to avoid 
saturation of the detector. 

1.5 This 111ethod is restrJcted to use by or under the supervision of analysts experienced in the use of gas chromatograph/mass spectrometers and skilled in the interpretation of mass spectra. Each analyst must demonstrate 
the ability to generate acceptable results with this method .. 

2.0 SUMMARY OF METHOD 

2.1 Prior to using this method, the samples should be prepared for chromatography using the appropriate sample preparation and cleanup methods. This method describes chromatographic cond1 t ions that will all ow for the 
separation of the compounds in the extract. 

3.0 INTERFERENCES 

3.1 Raw GC/MS data from all blanks, samples, and spikes.must be evalua~ed for interferences. Determine if the source of interference is 1n the preparat1on 
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and/or cleanup of the samples and take corrective action to eliminate the 
problem. 

3.2 Contamination by carryover can occur whenever high-concentration and 
low-concentration samples are sequentially analyzed. To reduce carryover, the 
sample syringe must be rinsed out between samples with solvent. Whenever an 
unusually concentrated sample is encountered, it should be followed by the 
analysis of solvent to check for cross contamination. 

4.0 APPARATUS AND MATERIALS 

4.1 Gas chromatograph/mass spectrometer system 

4.1.1 Gas chromatograph - An analytical system complete with a 
temperature-programmable gas chromatograph suitable for spl i tless injection 
and all required accessories, including syringes, analytical columns, and 
gases. The capillary column should be directly coupled to the source. 

4.1.2 Column - 30 m x 0.25 mm 10 (or 0.32 mm 10) 1 ~-&m film 
thickness silicone-coated fused-silica capillary column (J&W Scientific 
DB-5 or equivalent). 

4.1.3 Mass spectrometer - Capable of scanning from 3S to SOO amu 
every 1 sec or less, using 70 volts (nominal) electron energy in the 
electron impact ionization mode. The mass spectrometer must be capable 
of producing a mass spectrum for decafluorotriphenylphosphine (OFTPP) 
which meets all of the criteria in Table 3 when 1 ~-&l of the GC/MS tuning 
standard is injected through the GC (SOng of OFTPP). 

4.1.4 GC/MS interface -Any GC-to-MS interface that gives acceptable 
calibration points at SO ng per injection for each compound of interest 
and achieves acceptable tuning performance criteria may be used. 

4.1.S Data system - A computer system must be interfaced to the 
mass spectrometer. The system must allow the continuous acquisition and 
storage on machine-readable media of all mass spectra obtained throughout 
the duration of the chromatographic program. The computer must have 
software that can search any GC/MS data file for ions of a specific mass 
and that can plot such ion abundances versus time or scan number. This 
type of plot is defined as an Extracted Ion Current Profile (EICP). 
Software must also be available that allows integrating the abundances in 
any EICP between specified time or scan-number limits. The most recent 
version of the EPA/NIST Mass Spectral library should also be available. 

4.2 Syringe - 10 ~-&l. 

4.3 Volumetric flasks, Class A - 10 ml to 1000 ml. 

4.4 Balance -Analytical, 0.0001 g. 

4.S Bottles - glass with Teflon-lined screw caps or crimp tops. 
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TOC Dctcrn1inations in Ground Water 

by Michael J. Barcelonaa 

ABSTRACT 
Determinations of total organic carbon (TOC) can 

provide valuable diagnostic evidence of the extent of 
ground-water contamination by organic compounds. The 
usefulness of conventional TOC results in monitoring 
efforts is limited by the bias introduced during the purging 
of inorganic carbon prior to analysis. A modified TOC 
procedure has been evaluated to permit the quantitation of 
the volatile organic carbon (VOC) fraction in water 
samples. The methodology consists of trapping the VOC in 
a manner analogous to commercial purge and trap instru
ments which are used for specific organic compound separa
tions. The method has been found to be sensitive. accurate 
and reasonably precise for TOC determinations of standard 
solutions as well as on ground-water samples. Volatile 
organic carbon levels can range from 9-SO% of the TOC in 
both uncontaminated and contaminated ground waters. 
The reporting of the volatile and nonvolatile fractions of 
the TOC will enhance both monitoring and research efforts, 
since it permits more complete characterization of the 
organic carbon content of ground-water samples. 

INTRODUCTION 
Monitoring total organic carbon (TOC) in 

ground-water samples is useful because contamina
tion by synthetic organic compounds may be indi
cated when TOC concentrations are detected above 
background levels. This surrogate parameter pro
vides a rapid, inexpensive indication of the extent 
of organic contamination and has been used exten
si,·ely in studies of contaminant plume migration 
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P .0. Box SOSO. Station A. Champaign. Illinois 61820-9050. 
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(Robertson and others, 1974; Spiker and Rubin, 
1975; Leenheer and others, 1976; Kimmel and 
Braids, 1980). In this respect, TOC determinations 
permit the screening of samples prior to specific 
organic compound identification and quantitation. 

TOC measurements are considered superior to 
laborious manual determinations of chemical 
(COD) or biological (BOD) oxygen demand as the 
latter methodologies may be significantly biased 
by the presence of reducing agents, refractory com
pounds or toxic materials. For these and other 
reasons, TOC determinations are frequently 
required by regulatory agencies for compliance 
monitoring (for example, RCRA, NPDES or 
CERCLA programs). The usefulness of TOC data 
has been limited though, because it is an opera
tionally defined parameter which may be represen
tative of the total dissolved organic carbon content 
of a water sample. 

The nonvolatile organic carbon levels of un
contaminated ground water are generally obsen·ed 
to be quite low, 0.1-4 mg!l (Leenheer and others, 
1974; junk and others, 1980). Inorganic carbon, 
comprised of aqueous carbon dioxide, bicarbonate 
and carbonate ions, may exceed 100-200 mg!l, 
depending on the pH, temperature and partial 
pressure of C02• The routine TOC procedure 
consists of three steps. Firstly, acidification and 
purging of the water sample are performed to re
move inorganic carbon species as C02. CO: purging 
is followed by an oxidation procedure to com-en 
organic carbon to C0 2• The principal procedures in 
use are wet-chemical oxidation (Menzel and 
Vaccaro, 1964; Sharp, 1973; Goulden and 
Anthony, 1978) and ultra,·iolet photooxidation 
(Collins and Williams, 197i; Mueller and 
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Bandaranayake, 19ll3 ), as well as high-temperature 
oxidation. The relative oxidation efficiencies of 
these procedures may vary relative to the mixture 
of organic compounds making up the TOC 
(Gershcy and others, 1979). Thirdly, the quantita
tion of the C02 produced in the oxidation step is 
then usually performed by infrared absorption 
spectrometry. 

Regardless of the oxidation or quantitation 
steps employed in various instrumental methods, a 
common source of bias in TOC measurements 
results from purging volatile forms of organic 
carbon along with inorganic carbon. Variations in 
C02 purging methodologies may explain, in part, 
the poor interlaboratory comparisons of TOC 
measurement performance which has resulted in 
suggestions that TOC be dropped entirely from 
recommended methods for landfill leachate 
analysis (De Walle and others, 1981). Several 
authors have recognized the fact that such TOC 
data must be reported as a lower limit, since only 
the nonvolatile fraction of the organic carbon is 
available after purging (Baedeker and Back, 1979; 
Kimmel and Braids, 1980). 

There are instruments commercially available 
which determine both the volatile (VOC, purged 
with C02 on acidification) and nonvolatile 
fractions of total dissolved organic carbon 
(NVOC). Several of these instrument designs are 
quite sensitive. These instruments convert the C02 
produced by oxidation of organic materials to 
methane which is then detected by a flame ioniza
tion detector. However, many laboratories have 
earlier instrument designs which are limited to the 
determination of NVOC. VOC concentrations have 
not been reported, since standard methodologies 
do not distinguish between the two fractions of 
TOC (USEPA, 1979). Therefore, the available data 
on the organic carbon content of ground water are 
biased by the omission of the VOC fraction. 

Knowledge of the volatile organic carbon 
fraction of TOC in ground-water samples is impor
tant for several reasons. lnterconversion of TOC 
between the volatile and nonvolatile fractions due 
to chemical reaction or microbial activity limits the 
capability to quantitatively assess net organic corn
pound migration if only NVOC is reported. ·More
over, volatile organic solvents are among the most 
frequently observed substances in untreated 
ground-water supplies for potable uses (Dyksen 
and Hess, 1982). These compounds are mobile in 
the subsurface since they are water-soluble, and 
they frequently appear as early indicators of con
taminant release and transport. Observed levels of 
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volatile compounds in {!round-water supplies 
have been reported to be two to three orders of 
magnitude higher than those in surfan· supplit·s 
(CEQ, 1981 ). 

Therefore, a study was undertaken of the 
determination of TOC (VOC and NVOC) in 
ground-water sampks. Emphasis was focused on 
the development and application of a precise, 
accurate methodology which was verifiable for 
volatile and nonvolatile organic compounds pre
viously identified in ground water. It v.·as therefore 
necessary to identify standard compounds which 
show comparable analytical performance in both 
carbon fractions. 

METHODS AND MATERIALS 
The 12 compounds chosen for this study, in 

addition to the usual TOC standard, potassium 
hydrogen phthalate (KHP), are shown in Table 1. 
They range from volatile halocarbon and aromatic 
solvents frequently observed in ground-water 
samples to low molecular weight, carboxylic acids 
which have been identified in landfill leachate 
(Colenutt, 1979; Chian, 1977). Acetone and 
trichlorophenol were included as partially volatile 
standards for both the VOC and NVOC fractions. 

The modified TOC procedure was developed 
on an Oceanography International Model 5 24 
Total Organic Carbon Analyzer with standard 
direct injection module (DIM), purging and glass 
ampoule sealing units. Five rnl water samples were 
first acidified and purged with oxygen for five 
minutes at 80 ml/rnin in a flow system incorpora
ting a 25 ern X 2.5 mm i.d. stainless steel trap filled 
with Tenax-GC® support (6D-80 mesh) which ad
sorbed the volatile organics and allowed H20 and 
inorganic C02 to vent. The volatile compounds 
were desorbed from the trap in an oxygen stream 
(140 rnllmin) into the combustion tube (950"C) of 
the DIM module for conversion to C02. The 
purging step and subsequent reversal of gas flow 
through the trap as it was heated (180" C) for fi,·e 
minutes (to desorb the volatiles) is analogous to 

Table 1. Model Compounds Used in This Study 

Chloroform 
Trichloroethylene 
Benzene 
Dichloromethane 
Toluene 
Trichlorophenol 
Acetone 

Acetaldehyde 
Dimcth)·lformamide 
Acetic acid 
Propanoic acid 
Pentanoic acid 
Potas:;ium hydrogen phthalate 



tiH· routine purgr and trap separation of volatile 
organics in the priority pollutant analytical proto
_culs (Bellar and Lichtenberg. 19i4; EPA, 1982). 
From thr combustion tube, tht· gases passrd 
through a series of columns to remove water 
(anhydrous magnesium perchloratr) and hydro
chloric acid (finely di\·ided tin particles) prior to 
entering the infrared detector. After purging the: 
TOC samples of the volatile fraction and inorganic 
C02, the ampoules were sealed and processed for 
NVOC by the usual persulfate wet oxidation pro
cedure. Standard solutions (0.05-1 0 mg-C/1) of the 
model compounds were made by careful dilution 
of 50-1 ,000 mg-C/1 stock solutions gravimetrically 
prepared in 1 0" 3 N bicarbonate solution immedi
ately prior to usc. All standards and most samples 
were processed in triplicate where volume per
mitted. All TOC determinations on model 
compound solutions were calculated relative to 
calibration curves determined for KHP. 

RESULTS AND DISCUSSION 
TOC Method Performance 

The primary objectives of the work were to 
develop and apply a TOC methodology which 
would reproducibly recover the volatile organic 
carbon fraction of water samples. In the concentra
tion range of 0.1 to 10.0 mg-Cl, acetone and tri
chlorophenol were found to be the most suitable 
combined VOC and NVOC standards. Both of 
these compounds exhibited better than 90% re
covery throughout the TOC procedure and an 
average 30% higher sensitivity than did KHP 

standards. Details of the ~dative performance of 
the method for acetone arc shown in Table 2. The 
volatile fraction of aqueous acetone standards 
averaged 9% of the TOC. No significant diffcrenn:s 
in VOC were noted in parallel standard runs made 
with a 1o-3 M NaHC03 background solution. 
Therefore, no observable carryover of inorganic 
C02 occurred through the trapping, desorption and 
combustion steps. Trichlorophenol results were 
comparable to those for acetone. The slight losses 
of volatile organic carbon in the desorption and 
combustion steps were more than compensated for 
by the more complete wet oxidation of both 
trichlorophenol and acetone relative to KHP. 
Trichlorophenol standard solutions were found to 
be less stable than those for acetone and for this 
reason acetone was chosen as a more suitable 
volatile standard compound. 

A comparison of the TOC results for the 
model compounds is presented in Table 3. The 
percent volatile carbon for each compound was 
determined by the difference between purged and 
unpurged standard solutions as described above, 
for acetone and trichlorophenol. In general, the 
volatile fraction observed for each volatile organic 
solvent standard was quite similar to that predicted 
from purging efficiencies reported by previous 
workers (Bellar and Lichtenberg, 1974; Kuo and 
others, 1977). 

The sensitivity of the modified method for 
volatile compounds was found to be very 
dependent on the ease of persulfate oxidation. 
Compounds which were less volatile under the test 

Table 2. Average Performance Data for Acetone in the TOC Procedure 

-------------h~rnt-------------

Standard co11ce11tration 
(mK·CI/) (pg-C/5 m!) 

1.0 
2.0 
5.0 

10.0 
Mean 

(:\) 

5 
10 
25 
so 

Perce lit 
volatile6 

8.2 
8.6 
9.3 
9.9 
9.0 

. (12) 

Higb temperature Trappi11gl 
combustion desorption 
efficiency• efficie,Icy• • 

98 88 
94 88 
91 84 
93 78 
94 85 

(12) (24) 

Overall procedure 
efficiency• • * 

133 
149 
120 
118 
130:!: 11 °o (relati\"e 
standard deYiation) 

(12) 

Determined by difference between purged and unpurged standards after wet combustion relati\"e to KHP. 

* 
Carbon reco\·ered by \"apor injections ______ ___.:__.;___.;__ __ X 100. 

Volatile carbon 

Carbon reco\"ered b\" purging. trapping and desorption . . . . • • · X 100; corrected for combustion cttJ.:Jcn.-~. 
\'olatile carbon 

* • • Instrument response for acetone (\'OC + !'\\'OC) relati\"e to KHP. 
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Table 3. Average Performance Data for Model Compounds in the TOC Procedure (mg-C/11 (relative to KHP) 

\ 'o/,7tilr fractioll Srnsitit•ity• R ran•rry • • Umit of 
• Cnmpmmd (",,) (i11tr~rator cmmt.~IJ.I.[.:·C) (•,. bi.7~) quam it ut im1 

Chloroform ~4 143:! 69 21 0.52 
Trichloroethylene 59 115±54 9.8 0.65 
Bcn7.cnc 53 113± 16 -)9 ()_(l(l 

Dichloromcthanc 48 51 ± 28 -)7 1.46 
Toluene 46 91 ±55 -]3 0.82 
Trichlorophenol 8.8 208 ± 80 9.1 0.30 
Acetone 9.0 196 ± 38 10 0.38 
Acetaldehyde <O.l 178 ± 33 16 0.42 
Dimethylformamide <o.1 202 ± 32 21 0.37 
Acetic acid <0.1 199 ± 29 9.5 0.38 
Propanoic acid <O.l 165 ± 28 10 0.45 
Pentanoic acid <o.l 155±21 -9.0 0.48 
KHP <0.1 150 ± 17 0.50 
All compounds 151 ± 32 4.0 0.57 

• Average sensitivity for TOC values between 1 and 10 mg-C/1. Mean value and the relative standard deviation in percent 
are tabulated. 

• • Recoveries calculated as percent bias from the mean value relative to KHP at the 1.0 mg-C/1 level. 
Defined as the equivalent carbon content of 1 o·3 M NaHC03 solution blanks plus 10 times the standard deviation of the 
blank values. 

conditions and resistant to persulfate oxidation 
showed marked reductions in sensitivity relative 
to KHP or acetone. Nonetheless, the sensitivity for 
all model compounds with the exception of 
dichloromethane and toluene was within two 
relative standard deviations of the value for KHP. 
The average recoveries varied ± 20% from the KHP 
standard. The limits of quantitation (ACS, 1980) 
of the modified roc procedure for the model 
compounds (excepting dichloromethane) were 
quite comparable to that of KHP, acetone or 
trichlorophenol. The average quantitation limit of 
0.57 mg-C/1 may be accepted as the lowest TOC 
concentration that can be reliably determined by 
infrared detection methods. Since most shallow 
ground-water samples have exhibited NVOC values 
alone greater than 0.5 mg-C/1, this is not a serious 
drawback for screening purposes. 

The preceding performance data on the modi
fied roc procedure establish that, within experi
mental error, volatile organic carbon represented 
by a range of model compounds can be reliably 
determined on a routine basis. Overall, precision 
and accuracy for replicate carbon standards at 
1.0-1 0 mg-C/1 over an 18-month period averaged 
less than ± 20% relative standard deviation and 
± 20% bias, respecti\'ely. Sample analysis times for 
the modified roc procedure were approximately 
20 minutes, excluding setup and overnight wet 
chemical oxidation. The need to individually 
process each sample for VOC results in longer 
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sample analysis times, but the value of complete 
TOC data seems to be well worth it. This is particu
larly true when TOC is used as a surrogate param
eter for contaminant plume definition (Leenheer 
and others, 1976), a contamination screening tool 
(Hughes and others, 1974), or as a basis for 
evaluating the reactivity of the organic carbon in 
ground-water samples-for example, sorption inter
actions (Humenick and Mattox, 1978). 

TOC Determinations on Ground-Water Samples 
The analysis and reporting of both VOC and 

NVOC have potential application for the screening 
of volatile organic carbon contaminant plumes, 
particularly when "background" VOC levels are 
quite low. The modified TOC procedure described 
above was applied to selected ground-water 
samples. Ground-water samples were collected in 
40-ml Teflon-sealed vials directly from the pump 
outputs. The intent in this part of the study was to 
determine both the amount of volatile organic 
carbon present in shallow ground-water samples in 
the absence of organic contamination, as well as 
in a situation where large amounts of organic 
matter have been introduced anthropogenically. 

Replicate TOC determinations were made on 
11 samples of ground water from a residential area 
in northern Illinois. The wells were privately
owned, steel-cased wells, finished between 60-70 
feet (18.3 m) in sand and gra\'el outwash deposits, 
described by Berg and others (1981 ). The 



Table 4. TOC Determinations in Shallow Ground Water 
(mg-C/1) 

Sample l'OC l\'FOC TOC ~" t'ol. 

l 0.2 3 3.20 3.43 6.6 
2 0.21 2.24 2.45 8.4 
3 0.39 3.57 3.96 9.8 
4 0.33 2.34 2.67 ] 2.3 
5 0.31 3.25 3.56 8.6 
6 0.18 2.60 2.78 6.6 
7 0.10 2.60 2.70 3.7 
8 0.25 2.10 2.35 10.5 
9 0.31 2.16 2.47 12.6 

10 0.35 2.72 3.07 11.4 
11 0.31 2.68 2.99 10.4 

Limit of quantitation • 0.10 0.24 0.34 
Mean TOC 2.95 
Average percent VOC 9.2 
• Limit of quantitation defined as blank value in py.·C + 

10 a (relative standard deviation) relati\•e to the response 
for KHP. 

analytical results from these samples are compiled 
in Table 4. The levels of TOC in these samples 
averaged 2.95 mg-Cil of which 0.27 mg-Cil or 
9.2% was present as VOC. Precision of the 
modified TOC determination on these samples was 
better than ± 5% (relative standard deviation) from 
triplicate analytical runs. The improved precision 
for natural samples relative to acetone (Table 2) 
was probably the result of less handling prior to 
analysis. Parallel determinations of conductivity, 
pH, TDS, nitrate and Kjeldahl nitrogen were 
performed on these samples, and the results 
showed essentially no correlation with the TOC 
data. Although the volatile organic carbon contents 
of these TOC results was low, each was above the 
limit of quantitation established for the procedure. 
Therefore, a significant percentage of VOC may be 
expected in uncontaminated ground-water samples. 

Complete TOC determinations can provide 
valuable diagnostic evidence of contaminated 
subsurface situations. Two examples of the applica
tion of the modified TOC procedure include the 
investigation of the effects of organic drilling fluids 
and natural organic substances (petroleum) on 
ground-water organic content. 

In the course of establishing a ground-water 
research field site near Havana, Illinois, in Mason 
County, an array of large-diameter PVC obsern· 
tion wells was installed in shallo\\' sand and gravel 
deposits (Naymik and Sievers, 1983 ). Se,·eral of 
these wells were rotary drilled using an organic 
drilling fluid (Re\'ert ® ), while the bulk of the 
wells were constructed by either hollow-stem auger 

or driven-sand point techniques. Those wdb drilled 
with organic drilling fluids were chlorinated and 
developed when they were completed in March 
1982. Figure 1 shows the results of TOC determi
nations on ground-water samples from the site for 
one year after construction. Augured or dri,·en 
wells screened through two water-yielding strata 
showed an average background TOC level of 
4.38 mg-C/1 (N = 6) with a relative standard dc,·ia
tion (r.s.d.) of 11%. The VOC made up an average 
of 15 ± 40% r.s.d. of the total organic carbon. The 
wells drilled with the organic fluid, however, 
showed average TOC levels two to three times the 
background concentrations (• SRl and c• SR2) 
during a three to six month period after construc
tion. VOC made up nearly 95% of the TOC in 
samples collected prior to November 1982. There· 
after, the TOC content of the rotary-drilled well 
samples increased to O\'er five times the back· 
ground, and the VOC fraction gradually decreased 
to within background levels of 0.4-1.0 mgll. 
Although exhaustive pumping of wells SR 1 and 
SR2 in April 1983 yielded samples that were only 
twice the background levels, the effect of the 
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1982 
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Fig. 1. Drilling mud effects on TOC levels in ground water 
I• SR 1, :-· SR2 wells driiled with Revert .:0 ). 
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introduction of foreign organic matter during the 
drilling operation was clearly persistent. Major 
cations, anions and alkalinity showed little or no 
correlation with the variations in TOC or VOC 
concentrations. Total iron, however, showed 
significant increases which may be linked to 
organic carbon content. 

. The TOC results after well construction 
demonstrate the impact of organic drilling muds on 
ground-water quality. High levels of VOC during 
this period may have been the result of the initial 
breakdown of the drilling mud near the well bore 
by microorganisms. If this indeed occurred, then 
the TOC increases over the later study period may 
be due to the release of nonvolatile, soluble organic 
materials or other biotransformation products. The 
large increases in TOC over background levels 
could have important effects on the separation and 
identification of specific organic compounds, given 
the shift in organic carbon from predominately 
volatile to nonvolatile forms. 

The second example of the diagnostic applica
tion of TOC determinations in contaminated 
shallow ground-water systems involved the investi
gation of a complaint of an abrupt change in taste 
and odor of a private well supply near Sullivan, 
Illinois, in rural Moultrie County. The 36 foot 
(11 m) steel-cased well was finished in glacial till, 
and provided the potable and livestock water for a 
farmstead. Initial measurements of TOC showed 
that 50% of the total organic carbon (1.4 ± 0.2 
mg-Cil) was volatile. Samples taken several months 
later were analyzed, and TOC levels were signifi
cantly higher than the previous results (3.23 ± 0.1 
mg-C/1). Greater than 95% of the observed increase 
was due to volatiles (excluding methane which was 
present at 11 ml/1). It was known that investigation 
of shallow petroleum deposits in the area using 
seismic prospecting methods had been conducted 
about six months before the water quality change 
was noticed. Dynamiting during the prospecting 
acti\"ity may have permitted the migration of 
petroleum-related constituents into formations 
intercepted by the potable-water well. 

CONCLUSIONS 
The routine wet digestion IR detection 

procedure for TOC determinations in ground-water 
samples has been modified to include the volatile 
organic fraction. The method was nlidated for 

quite comparable to that ohscr\"ed for the usual 
TOC standard, potassium hydrogen phthalate. 

The \"aluc of TOC determinations as a 
screening tool for contaminated ground-water 
situations is markedly improved hy the quantita
tion of VOC, as well as NVOC. The VOC fraction 
can make up from 9-50% of the total organic 
carbon in ground-water samples. The usefulness 
and reliability of future monitoring efforts can be 
significantly enhanced by the determination of 
volatile organic carbon. 
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ORGANIC GEOCHEMISTRY OF GROUND WATER 

INTRODUCTION 

Organic geochemistry has historically been the study of the origin of petroleum, coal, and oil 
shale. Organic geochemistry of natural waters, including ground water, is different from this 
definition and is the application of organic chemistry to study earth processes involving the 
hydrologic cycle. Lecture material is derived from Thurman's "Organic Geochemistry of Natural 
Water." 

The purpose of this lecture is to provide an overview of organic geochemistry and to illustrate 
its importance to ground water systems. This lecture will be concerned mainly with natural 
orgamc matter, e.g., humic materials. 

Humic substances are important because they are precursors to trihalomethanes {THM's), they 
can complex with toxic metals, and they influence the fate of "man-made" organic compounds 
such as aromatic hydrocarbons and pesticides. 
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CLASSIFICATION OF ORGANIC CARBON 

ACRONYMS OF COMMONLY USED TERMS FOR ORGANIC MATTER IN WATER 

ACRONYM 

DOC 
soc 
POC 

MEANINGS 

Dissolved Organic Carbon 
Suspended Organic Carbon 
Particulate Organic Carbon 

TOC 
voc 
DOM 
POM 
TOM 
COM 

Total Organic Carbon 
Volatile Organic Carbon 
Dissolved Organic Matter 
Particulate Organic Matter 
Total Organic Matter 
Colloidal Organic Matter-t"'r· t-r~s;?S1AJ-(}T /?A.)t'e;.tt c.fJbe.. o~-~ 

DOC is less than 0.45 micron and only contains carbon. 

SOC is greater than 0.45 micron (silver filter} and only contains carbon. 

POC is greater than 0.45 micron (glass-fiber filter} and only contains carbon. 

TOC is the summation of DOC and SOC or DOC and POC. 

Co,vsn·~fs 

VOC is the amount of volatile organic compounds in water that are measured by purging them 
from the sample and trapping them on an adsorbent. 

DOM is less than 0.45 micron and contains carbon, oxygen and hydrogen. 

POM is greater than 0.45 micron and contains carbon, oxygen and hydrogen. 

TOM is the summation of DOM and POM. 

COM mainly contains DOC and is associated with clay-humic metal complexes. 
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Organic Carbon Continuum 

Zooplankton 
.·.· .··:. 

··-::::..· .... :-: .. :·:.:.· 

Phytoplankton 

POC 

Bacteria 

.45 micron 
boundary 

·I· ::.: .... _::_: 

I ' 

10"10 meters 
I 

saze 
ot water 
molecules 

1o• 103 102 10' 
Molecular Weight 

t-- General colloid range ----1 

a Fatty acids I CHO I Carbohydrates B A~ino Acids ~ Hydrocarbons 
L..-..J 

Figure 1. Continuum of particulate and dissolved organic carbon in natural waters( T.h ~.trmon., !'ISS). 

This figure shows the continuum of organic carbon in natural waters. Filtration removes macroscopic particulate organic carbon (POC}, such as zooplankton, algae, bacteria, and detrital organic matter from soils and plants. The majority of dissolved organic carbon (DOC) present in water are polymeric organic acids, called humic substances. 
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· ~9M~T OF ORGANIC CARBON IN SURFACE AND GROUND 

Total Organic Carbon, mg/1 . 

0 5 10 15 20 25 30 35 

sea water 

ground water 

precipitation 

oligotrophic lake 

river 

marsh 
1----,---,...-~ 

C=:J Dissolved Organic Carbon 

.. Particulate Organic Carbon 

Approximate concentrations of dissolved and particulate 
organic carbon in natural waters/ T..turi1<7A_, 1'18$). 

This figure shows the average concentrations of DOC and POC in surface and ground waters. DOC varies with the type of water from approximately 0.5 mgC/L for ground water and sea water to over 30 mgC/L for colored waters from swamps. TOC mainly contains DOC with 
lesser amounts of POC. 
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DOC IN GROUND WATER 

• Range of DOC: 0.2 to 15 mg C/L 

• Median concentrations: 0.7 mg C/L 
I . 

Coal deposits: 5 to 1 o mg C/L 
I • 

• Oil shale: up to 40,000 mg C/L 
~ 

Oil field brines: 1 ,000 mg C/L ~ • I 
~ 

V1 

• Hydrocarbons: 1 OOs mg C/L 



...... ...... 
I ...... 

0\ 

WHY IS THE CONCENTRATION OF ORGANIC CARBON IN 
GROUND WATER SO SMALL? 

• Long residence time 
Carbon oxidizes to C02 (g) 

Contributes to alkalinity 
Forms methane 

• Adsorption onto aquifer material 

• Aquifer materials contain trace amounts of organic matter 
that is water soluble 



0 5 10 15 20 
DOC, mg/1 

Podzolization and decrease of organic carbon in interstitial 
water of soils( Thurmo.n_, 1995). 

Interstitial soil waters have a range of DOC from 2 to 30 mg C/L. This figure shows the podzolization process. The organic matter is dissolved humic and fulvic acid originating from 
the decay processes of plants and soil. l .;. 

eery .ey.~/ 



COLLOIDAL ORGANIC MATTER 

• Aggregates of humic acids- 2 to 50 nanometers (10-9m) 

in diameter 

• ·commonly associated with clay minerals or oxides of 

aluminum and iron 

• Constitutes approximately 10°/o of DOC 

• Molecular weight is from 2000- 100,000 
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Age of organic carbon in various soil horizons, compiled from 
the data of O'Brien and others (1981 ). 

Age of organic carbon in various soil horizons is illustrated in this figure. Humic and fulvic acids 
from soil are older than DOC in water. Oxidation of these acids is inhibited in deeper portions 
of the soil column because of reduced biological activity. 
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HUMIC AND FUL VIC ACIDS 

HUMIC SUBSTANCES 

• The majority of DOC present in surface and ground water 

• Polyelectrolytes of carboxylic, hydroxyl, and phenolic functional 
groups 

• Comprise 50°/o to 70°/o of DOC 



6 

6 

At pH =1 fulvic acid 
remains in solution 

humic acid is precipitated 

Separation of humic and fulvic acids by acid precipitation(7"hurmQn/ /98S). 

Humic Acid 

Fulvic Acid 

I ""(trJ.s ~ 5 s <''"-• e.) 

The dark colored organic material which can be .- ,..,,.. c.:ttv<. 
AI()+- a. s J .._-extracted from soil by various reagents and which is ~· 

insoluble in dilute acid. 

The colored material which remains in solution after ~ yv'l-()1'<... c:LVhve 
removal or humic acid by acidification. 
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HUMIC ACID 

• The dark-colored organic matter which can be extracted from soil 
by various reagents and which is insoluble in dilute acid 

• Associated with clay minerals and metal oxides 

• Fewer carboxylic acid functional groups enhances precipitation. 

• Molecular weight is greater than 2,000 



HC=O 
I 

IHC-CHl4 IS..qorl 
I 

COOH HC•O 

~·Q; , R-r0· ~o· .... "'o· "'J-CHzb 
OH OH f 0 \N~ 0 

0 

. h ~ ~ 
O R-CH 

I 
C•O (Pwpticle) 
I 

NH 
+ 

Hypothetical structU~ of humic acid. (From l. l •. MortVc~t. P.M. Giordano, an~ 
W. L. Undsay (Eds.), Micronurrienrs in A.gricu/rllrc, Amcnc:an Society of Agronomy, Mad•· 
son, Wisconsin, 1972.) 

Humic acids are very complex organic polymers that contain different functional groups. Some 
of these functional groups include carboxylic acids (R-COOH), phenols (R-OH), and alcoholic 
(R-OH) groups where R denotes the carbon atom or organic molecule attached to the 
particular functional group. 
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FULVIC ACID 

• The colored material which remains in solution after removal of 
humic acid by acidification 

cvJ d {V\ 0 N:. ~ c.. hue. 

• Fulvic acid is more water solublefhecause it contains more 
carboxylic and hydroxyl funtiona(groups 

-- molecular weight ranges from 800 to 2, 000 
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STRUCTURE OF FULVIC ACID {Schnitzer, 1972} 

0' I UH--u=v 1 oH-:...o=r 
H I ,.... 

........ J C-QH OH 
II 

I 
I 9 I I , I 

I· I I I 0 . 
H I II 0 C-OH 

0 ° 0 II A HO-C ... J)H II All ;to-e /""""\ c-OH, 
I 

C=O 
O=C" I '~ HO~~ I. O 6H JH C=O OH 

I 
OH 

0 
II 
C-OH 0 

-:? 
c,OH 

OH 
I 
I 
I 
I 

OH / 
c~ 
~a. 

0 .... o II OH .... II. 
c.,.,. C-oH 

OH 

Fulvic acids are more soluble than humic acids because of the greater amounts of carboxylic acid functional groups {R-COOH} and, therefore, fulvic acids are geochemically more reactive than humic acids. 



GENERAL PROPERTIES OF HUMIC AND FULVIC ACIDS 

Property Remarks Effect of Soil 

Color The typical dark color of May facilitate wanning 
many soils is caused by 
organic matter 

Water retention Organic matter can hold Helps prevent drying and 
up to 20 times its shrinking. May 
weight in water significantly improve 

the moisture-retaining 
properties of sandy 
soils 

Combination with Cements soil particles Permits exchange of gases 
clay minerals into structural units Stablizes structure 

called aggregates Increases permeability 

Chelation Forms stable complexes May enhance the 
with Cu2":, Mn2 ... , availability of 
Zn2 ... , and other micronutrients to higher 
polyvalent cations plants 

Solubility in water Insolubility of organic Little organic matter is 
matter is because of its lost by leaching 
association with clay. 
Also, salts of divalent 
and trivalent cations 
with organic matter are 
insoluble. Isolated 
organic matter is partly 
soluble in water 

Buffer action Organic matter exhibits Helps to maintain a 
buffering in slightly uniform reaction in the 
acid, neutral, and soil 
alkaline ranges 

Cation exchange Total acidities of isolated May increase the cation 
fractions of humus exchange capacity 
range from 300 to 1400 (CEC) of the soil. From 
meq/100 g 20 to 70% of the CEC 

of many soils (e.g .. 
Mollisols) is caused by 
organic matter 

Mineralization Decomposition of organic A source of nutrient 
matter yields C02. elements for plant 
N~·, NO;, PO!-, and growth 
sol-

Combines with Affects bioactivity, Modifies application rate 
organic molecules persistence and of pesticides for 

biodegradability of effective control 
pesticides 

Source: Stevenson, 1982 

11-26 



RESULTS OF BATCH TESTS 
{All concentrations in mg/L 

except as noted) 
Acid Tailings 

Acid ~~i!ings plus Peat 

Species/parameter 

AI 

As 

Ca 

Cl 

Fe 
K 

Mg 

Mn 

Mo 

.Na 

Ni 

Pb 

804 
u 

Concentration 

550 

22.4 

271 

4.6 

2070 

0.31 

48.7 

4.63 

2.1 

10.3 

7.33 

0.64 

6790 

6.21 

1.9 

0.54 

40.2 

0.02 

1.75 

4.6 

5.2 

0.67 

0.02 

3.82 

0.05 

0.03 

TDS 13300 

134 

0.0036 

196 I 
-r- CAA ~.-~.s 42.> 

oe-W' • . r' h' ' ; 
w pr--t'-•P' 

pH 

1. 

2.2 3.18 

Batch test (72 hours) contains tailings plus 10% by weight fibric 
peat. Batch test consists of 250 g tailings to 600 ml deionzed 
water. 

Seventy-two hour batch tests were performed on acid-leach 
tailings containing very high concentrations of heavy metals, 
including iron, lead, molybdenum, and nickel. Fibric peat was 
added to the tailings to investigate the adsorption capacity of 
solid organic matter. The addition of peat resulted in 
concentration decreases of several metals, although the pH 
increased only slightly. 

11 
_ 
2 7 

a- h t;.) 
CA~ so•P 

I/ e., t\<- tL ~~ 
(,o....,.pi<:Ar>? 

c(~-hor~ $ as 

t'ArJ jo,J S 



ell 
> 
0 
E 
Q) 

a: 
~ 0 

100 

50 

0 

-50 

-100 

-150 

-200 

-250 

As Mo 

' 

N03 

f')... 

• 2.5% CaC03 - pH = 6.3 

II 2.5% Ca(OH)2 - pH = 12.0 

II 2.5% CaC03-Ca(OH}2 - pH = 1 0.0 

~ 5% Peat - pH = 3.6 

Se TDS u 
Contaminant 

PERCENT RDXNAL (FOSITIVE VAT .... tJE) AND EUJI'ION (NEGATIVE VALUE) 
FOR l\s, Mo, N03 , Se, TDS, and U USING SPHAGNUM PEAT, caco

3
, AND 

Ca(OH) 2 • 

Batch experiments, mineralogical studies, and geochemical modeling were conducted to 
evaluate the effectiveness of sphagnum peat, calcium carbonate, and hydrated lime in 
removing dissolved concentrations of As, Mo, N03, and U present in uranium-tailings pore 
water at Gunnison, Colorado. Amounts of As, Mo, U removal by sphagnum peat, calcium 
carbonate, and hydrated lime at 5.0, 2.5, and 2.5 wt%, respectively, were typically above 97%. 
This resulted in contaminant decreases up to four orders of magnitude. Nitrate removal ranged 
between 55 and 80%. Highest contaminant removal was achieved by sphagnum peat along at 
pH 3.18. Addition of 2.5 wt% calcium carbonate to the sphagnum peat-tailings system resulted 
in formation of solube uranyl carbonate complexes, which decreased the amount of U{VI) fixed 
onto sphagnum peat by a factor of 2. Addition of 2.5 wt% hydrated lime to the acidic tailings 
increased Mo concentrations by a factor of 2 under moderately alkaline conditions (pH 12). 
During neutralization of tailings-pore water, precipitation of ferric oxyhydroxides may provide 
additional removal of As, Mo, and U(VI) from solution through adsorption and coprecipitation 
processes. " 
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V/0-z. pH 'f-ro 

/Jo2 -cao/-1 
Co71~)(- wrh.. J-1. CI/"VC 1/-c.~ 

ELEtv1ENTAL COMPOSITION OF AQUATIC HUMIC SUBSTANCES 
FROM DIFFERENT AQUATIC ENVIRONMENTS (THURMAN 
AND :MALCOL:tv1, UNPUBLISHED DATA} 

SAMPLE - c H 0 N p s ASH 

GROUND WATER (MEAN OF 5 SAMPLES} 

FULVIC 59.7 5.9 31.6 0.9 0.3 0.65 1.2 w+· "lo 

HUMIC 62.1 4.9 23-.5 3.2 0.5 0.96 5.1 

SEA.WAT~~R {STUERlvfER AND HARVEY, 1974; STUERMER AND 
P A 'TNE 1o-···' A~ · ~ ·.1 f b) - ' 
FULVIC 
HUMIC 

50.0 6.8 36.4 6.4 --- 0.46 3.4 
--- --- --- --- --- --- ---

RIVER WATER (MEAN OF 15 SAMPLES) 

FUT vTr• 
.&.1 1 '-· 

Hu~nc 

t:,.-'4 (t 
0 l.. ·-' 

50.5 
5.0 40.3 
4.7 39.6 

1.1 0.2 0.6 1.5 
2.0 --- --- 5.0 

This table shows the elemental analysis for typical aquatic humic substances {humic and fulvic 
acids) from ground water, sea water, and river water. 

There are number of simple, important ways of characterizing humic substances based on 
elemental analysis of C, H, 0, N, P, S, halogen atoms, ash, and elemental ratios, H/C and C/N. 
Carbon is the major element in aquatic humic and fulvic acids; it varies from 45 to 55 percent, 
with an average of 52% by weight. 
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This figure shows the distribution of humic substances in natural waters, where fulvic acid is 
approximately 20%; humic acid approximately 5-8%; identifiable compounds approximately 
25%; and hydrophilic acids "water liking" approximately 50%. 
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FUNCTIONAL GROUPS OF DOC 

The atom or group of atoms that defines the structure of a particular family of organic 
compounds and determines their properties is called the functional group. 

• Acidic functional groups -- donates a proton in water 

• Neutral functional groups -- neither donates nor accepts a proton 
in water 

• Basic functional groups -- accepts a proton in water 
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IMPORTANT FUNCTIONAL GROUPS OF 
DISSOLVED ORGANIC CARBON 

Functional group Structure Where found 
Acidic Groups 

Carboxylic acid R-C02H 90°/o of all dissolved 
organic carbon 

Enolic hydrogen R-CH=CH-OH Aquatic humus 
Phenolic OH Ar-OH Aquatic humus, phenols Quinone Ar=O Aquatic humus, . 

qu1nones -
Neutral Groups 

Alcoholic OH R-CH20H Aquatic humus, sugars Ether R-CH2-0-CH2-R Aquatic humus 
Ketone R-C ... O(~R) Aquatic humus, vola-

tiles, ~eta-acids 
Aldehyde R-C=O(-H) sugars 

_ Ester, lactone R-C=O(-OR) Aqua~ic humus, tannins, 
hydroxy acids 

These functional groups contain oxygen and form hydrogen b:>nds with water, and the solubility of rxx:: increases where the OH (hydroxyl) group irrparts greatest solubility. 

Amine 
Amide 

· Basic Groups 
R-CH2-NH2 
R-C=O(-NH-R) 

Amino acids 
Peptides 

The basic functional groups form hydrogen l:onds with water, which increases the solubility of organic :rratter. These groups. ac::cept protons and cah be sorbed by sediment, especially onto s1.l1ca surfaces. 
Where R is an aliphatic backbone, and Ar is an aromatic ring. 

SOURCE: Thurman, 1985 
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Hydroxyacid 

r;do1f···.·· 
.••... ·.·.·.... ,.........cH : .•.. ·. !\tcvcH. p9~~~:1 
{ .. H~~CH2 ;• . -.....: CH OH. 

Aromatic I "- CH2 
dicarboxylic OH Q 

acid 

.·. CQii •' 
. ···:···:· ..... ···· 

·::::::·-::.: .; .. :;.;.<.;·:;:·. 

Aromatic 
acid 

OH 

Aliphatic 
d_icarboxylic 

acid 

cc:>ii / .. 
CH 
~·-·.·. ·:. 

C0:2H 

AJ iphatic 
acid 

Various types of carboxylic adds on natural organic carbon, 
shown here as a complex polymerl lJ,ur.mo'l_, IP8G"). 

This figure shows some of the various carboxylic acid functional groups found in humic substances. They include aromatic acids, aliphatic acids, and different aromatic and aliphatic dicarboxylic acids. Carboxylic acid group is an important functional group because it contributes to aqueous solubility and acidity of humic substances. 
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FOR SOME ORGANIC ACIDS 
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pK. 

4.9 

3.1 

1.2, 4.2 

4.2 

2.9 

2.9, 5.5 

·-10 12 Figure 3-1 Distribution of pK. values 
for simple carboxylic acids (after Perdue, 
1985). 

Figure 3-2 Distribution of pK. values 
for phenolic groups (after Perdue, 1985). 



EXAMPLE OF pKa CALCULATION 

THE MOST IMPORTANT FUNCTIONAL GROUP IN 
NATURAL DOC IS THE CARBOXYLIC ACID 
GROUP. 

RCOOH = H+ + RCOO-

Ka = aH+aRCOO- log1oK = -4.8 
aRCOOH 
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VARIOUS pKas OF ORGANIC ACIDS 

ORGANIC ACID 

Phenol 

Acetic Acid 

Benzoic Acid 

Carboxylic Acid 

Source: Thurman, 1985 

Weak 

Strong 

Strong 

Strong 

9.9 

4.9 

4.2 

4.8 

Between pH6-8 organic acids exist as ions and make up 90% of organic carbon in water. An 
example of the dissociation of an acidic organic functional group such as carboxylic acid is 
shown below, and the acid dissociation constant, ka, is a measure of dissociation. 

R - COOH = R - coo- + H+ 

Ka = {R - coo->JH+) _ 
( R.- coo ) 

Log Ka = -4.8, pH = 4.8 

The negative log of Ka is the pka of an acid. Different pka's are listed above. Because water 
generally has a pH of 7 (neutral), organic acids with a pka below pH7 are ionic, and those 
above are nonionic. Thus, phenols are not ionized. Natural orgamc matter ranges in acidity 
from a pka of 1 .2 to 13. 
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CLASS EXERCISE 

DISSOCIATION CONSTANTS FOR SOME ORGANIC 
ACIDS ARE GIVEN BELOW. 
CALCULATE pH ASSOCIATED WITH pKa. 

ORGANIC ACID gKa gH 
ACETIC 4.9 ~.'I 

LACTIC 3.1 3,1 

OXALIC 1.2, 4.2 /.2, 4-2 

BENZOIC 4.2 't.2-

SALICYCLIC 2.9 ~' 

a-PHTHALIC 2.91 5.5 J.'t, 5.5' 

AT pH 7, WHAT IONIC FORM DO THESE 
ORGANIC ACIDS OCCUR AS? 
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CLASS EXERCISE 

SUPPOSE A RIVER WATER CONTAINS 
NATURALLY OCCURRING ORGANIC ACIDS 
(DOC) AS FOLLOWS 

SPECIES MG/L MEQ/L 
COOH 270 

PHENOLIC 188 
NOTE: MW COOH = 45, PHENOLIC = 94 

HOW MANY MILLEQUIVALENTS (MEQ) PER 
LITER OF ORGANIC ANIONS WOULD BE 
PRESENT? [MEQ/L = MG/L X (VALENCE/MW)] 

IF THE ANIONS WERE BALANCED BY Ca2+, 
HOW MANY MG/L CALCIUM WOULD THIS 
REPRESENT? (AW Ca2+ = 40.08) 
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Relative Aqueous Sol ubi I ity 

1 10 100 1000 10,000 

Ether 

Ester 

Carbonyl 

Carboxyl 

Hydroxyl 

Amine 

Carboxylate 

Relative aqueous solubility of different functional groups (TIJurmon/ 1985). 

This figure shows the relative aqueous solubility of different functional groups present in humic substances. For example, the hydroxyl group (-OH) gives more aqueous solubility to an organic compound than the carboxyl group (-COOH). Solubility probably controls the types of functional groups on the natural organic matter in water, where the more water-soluble organic compounds (those containing many carboxylic or hydroxyl functional group) are dissolved. 
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CASE HISTORY 

The weathering of a late Tertiary volcanic ash: importance of organic solutes. By R.C. Antweiler and J.l. Drever. 

INTRODUCTION 

This study is based on the work of Antweiler and Drever {1983) which concerns the geochemical interadions of humic substances and the weathering of a late Tertiary volcanic ash near Jackson, Wyoming {Figure 1 ). Lysimeters were installed in the volcanic ash and pore fluid samples were obtained {Figure 2). Sodium, potassium, calcium, magnesium, silica, chloride, nitrate, sulfate, aluminum, iron, phosphate, oxalate, formate, acetate, and DOC were analyzed from the lysimeter samples. 

RESULTS 

The pH values of the samples are variable and generally range between 4.3 and 6.5 with an average of 5.2. The low pH values are due to the presence of organic acids {Figure 3), indicated by the high values of DOC. The DOC values ranged between 20 and 260 mg C/L. Based on charge balance calculations, Antweiler and Drever {1983) estimated that organic anions contributed at least 50% of the negative charge in solution. the pH shows a strong negative correlation with DOC {Figure 6). This suggests that the organic acids control pH. 
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Samples were separated into acid, base, and neutral fractions for DOC analyses (Table 1). The hydrophilic fraction consists of small organic molecules and some humic and fulvic acids with h1gh molar solubility, whereas the hydrophobic fraction consists entirely of humic substances. 

Concentrations of dissolved silica, calcium, magnesium, potassium, sodium, aluminum and iron follow the same pattern as the concentration of DOC (Figures 4, 5, and 8). Aluminum concentrations range up to 5 mg/1. This concentration of aluminum is several orders of magnitude higher than the concentration predicted by the solubility of amorphous (AI(OHh at pH 4.5) in the absence of complexing ligands. Antweiler and Drever (1983) attribute this to complexation by dissolved organic matter, namely humic and fulvic acids. These acids comprise 80-90% of the total DOC in the ash water. 

Table 1. Results of fractionation of DOC (reported as % of total DOC) 

DX Hydrophobic Hy&opr.ilic Hole (r;g/1) TO""...al Base Neutral Acid TO""..al Base Neut=al k"""' 
_ ......... 

(day) 

152 27 0 3 24 72 3 5 64 6 (5) 

18 25 10 14 74 11 8 8 9(8) 

spr.·.~., 
-~ 196 41 1 . 2 38 60 6 0 54 11(16) 

.-?'f 89 so 10 39 51 5 3 43 11(101) S~.o~lv\.....af1.: -

SOURCE: Antwe:iler ar.d Dr ever ( 1983) LPt "'~ 

Or9· 
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SUMMARY 
Organic material provides the major control on the chemistry of near-surface waters in the 
volcanic ash by complexation of aluminum and iron and by lowering the pH. Biological activity 
is probably important for the mass transfer of the aqueous species (highest solute 
concentrations occur in the spring). 

REFERENCE 
Antweiler, R.C. and Drever, 1.1., 1983. The weathering of a late Tertiary volcanic ash: 
importance of organic solutes: Geochemica et Cosmochimica Acta, Vol. 47, pp. 623-629. 
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SOLUTION TO CLASS EXERCISE 
~ ()rqa_,;(l- c:tt/1J ~l't-M ~J-v btk/ye/2.£?....

+ftt~tJ',.;J 00/i.-J/i ~~ 

DISSOCIATION CONSTANTS FOR SOME ORGANIC 
ACIDS ARE GIVEN BELOW. 
CALCULATE pH ASSOCIATED WITH pKa. 

ORGANIC ACID gKa gH 
ACETIC 4.9 4.9 
LACTIC 3.1 3.1 
OXALIC 1.2, 4.2 1.2, 4.2 
BENZOIC 4.2 4.2 
SALICVCLIC 2.9 2.9 
a-PHTHALIC 2.9:1 5.5 2.9:1 5.5 

AT pH 7, WHAT IONIC FORM DO THESE 
ORGANIC ACIDS OCCUR AS? 

ANSWER: ANIONIC 
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SUMMARY 
• Total organic carbon consists of dissolved organic carbon (<0.45 

micron) and particulate organic carbon (>0.45 micron) 
• The majority of DOC present in ground water are polymeric 

organic acids called humic substances (40-60°/o) 
• Humic acids are insoluble in dilute acid 
• Fulvic acids are soluble in dilute acid 
• Humic substances contain several functional groups including 

carboxylic acid, phenolic OH, alcoholic OH, Ketone, and ether 
• Decomposition of organic matter yields C02, NH4 +, N03-, P04

3-, 

and SO 2-4 

• Organic solutes are geochemically important for complexation 
reactions of many transition metals (Fe and A 1) and contribute to 
the weathering of rocks and minerals 



SOLUTION TO CLASS EXERCISE 

SUPPOSE A RIVER WATER CONTAINS 
NATURALLY OCCURRING ORGANIC ACIDS 
(DOC) AS FOLLOWS 

SPECIES MG/L MEQ/L 
COOH 270 6 
PHENOLIC 188 2 
NOTE: MW COOH = 45, PHENOLIC = 94 

HOW MANY MILLEQUIVALENTS PER LITER 
OF ORGANIC ANIONS WOULD BE PRESENT? 
[MEQ/L = MG/L X (VALENCE/MW)] 

EIGHT MEQ OF ORGANIC ACIDS ARE PRESENT. 

IF THE ANIONS WERE BALANCED BY Ca2+, 
HOW MANY MG/L CALCIUM WOULD THIS 
REPRESENT? (A W Ca2+ = 40.08) 

MG/L Ca2+ = MEQ/L X ATOMIC WEIGHT 
VALENCE 

MG/L Ca2+ = 8 X 40.08 
2 

MG/L Ca2+ = 160 

11-53 



c 

> 

c 

Section 12 

Geochemical Reaction 
Modeling 

Lecture by: 
William Deutsch 

Woodward-Clyde Consultants 



SECTION CONTENTS 

Lecture Illustrations ............................................................................... 12-1 

A Review of Geochemical Computer Models for Equilibrium 
Calculations with Applications in Natural Aqueous Systems, 
by Kevin Ault, International Ground Water Modeling Center, 
Holcomb Research Institute, October 1982 ....................................... 12-31 

BALANCE -- A Computer Program for Calculating Mass 
Transfer for Geochemical Reactions in Ground Water, by 
D.L. Parkhurst, LN. Plummer and D.C. Thorstenson, U.S.G.S. 
Water-Resources Investigations 82-14, 1982 ..................................... 12-63 

i 



Geochemical Reaction Modeling 

0 Chemical Processes 0 Site Data 

• ion speciation • pH, Eh 
• ion complexation + • solution composition 
• oxidation/reduction • mineralogy 
• mineral precipitation/dissolution 
• sorption 

I I 
+ 

I Conceptual Geochemical Model I 
+ 

Computer Code 

Computerized Geochemical Model 
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Geochemical Reaction Modeling 

Topics 

• Data requirements 

• Conceptual model development 

• Computer modeling codes 

Mass balance approach 
Equilibrium approach 

• Limitations of modeling 
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Site Geochemistry 

{mg/1} 

Ca 163 200 659 
Mg 89 200 448 
Na 197 1200 1370 
CJ 315 900 2550 
804 460 2000 2430 
HC03 353 984 280 
Fe <0.03 0.08 0.61 
pH 6.9 7.0 6.7 
TDS 1450 5100 8000 

Reactive Solid Phases 

Unweathered Zone: pyrite, calcite, siderite, clays 

Weathered Zone: gypsum, ferric hydroxide, clays 
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Data Requirements 
Water Chemistry 

Physical Parameters 

Temperature 

~~ j (AN+n>l Sp•u·.t;,,. 

Alkalinity -l.JJD~~,..I'- C4.rbo.-..- .Pl·e{ J f-i+-r~t+-totv 

Specific Conductivity 
Total Dissolved Solids 
Total Suspended Solids 
Color- k.vr t.. c.c.~~J s, hrt>t,.>tJ- c._lvJ a4 +o a/J<.dr"'n~- Fo~e.sts 

Major Cations and Anions 

Other Metals and Nonmetals-f:l)tereJ- Dr~sot~ 
q\vlll"\S J\'\<.£\S\.1.~ bc..c..o~o~H. ~~r N-'""ls S&~"V ~ t--h.A.""" 

~ Fe, Mn, AI, As, Se, Mo NH
4
, Ba, B, 

Ag, CN, H 2S, F, P04 ~-\-c... 
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Data Requirements 
Water Chemistry (continued) 

Stable Isotopes 

Radioactive Isotopes 

Gases 

Organics 

Volatiles, Semi-Volatiles, Humic and Fulvic Acids, 
Herbicides, Pesticides· 
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Data Requirements 
Soil/Rock Mineralogy and Chemistry 

• 

• Mineralogy of major minerals and clays 

• pH 

• Total clay fraction 

• Cation exchange capacity 

• Exchangeable cations 
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Soil/ ock Data (continued) 

• Carbonate mineral content 

• Acid neutralizing capaci~ 

f~,tti(.. __ f/ed- C~ oF • ~Reactive Fe and ~n oxides and hvdroxides -~e~ ~-1-t.i~ £" tK. Ct'fr~:tf< -bi c..a,..bo,Ne~ k -d 1 f-1, i OAJ /1-c- - C BD tne.f~.O -h.€ ~r ~~«.t (.. ~ fVVV C \ft~ l_fjf)tiVItMJi~., Dxylc<k i...s t-k.L Oa.rl<- ~f) ()1d-~~ ~.f;£--7C77?'r~- y·p:t • Organic matter content (;,-(. ot4.- P",..fPS('s 
KJ =foe. l<oc.(/e.~ fo'"' to ute-~.,t.J:A ~~~+~~,;) 

• Pyrite content 

• Gypsum content 

• Petrographic analysis 

Mineral identification 
Mineral distribution- f(tlc.,~rt.> ~ 
Proportion of matrix material vs. interstitial grains 
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~l~ J 
h,v< . I c.,J ~ 

~~~~ /~{~ ~ 
t,~ uJ (/P' {fl~ ~ f-t/1-' 

Data Requirements a.~ 1~ 
Thermodynamic Data 

C.Jt(' c+? fc.tt te t"'f f ,pr.+c. ,.... 

Equilibrium Constants and Enthalpies for all Important Reactions 

• Complexation- Ca2+ + HC0
3
- = CaHC0

3
+ 

• Solubility- Ca2+ + C0
3 
2- = CaC0

3 
(calcite) 

• Adsorption- NaX + NH4+ = NH
4
X + Na+ 

• Redox - Fe2+ = Fe3+ + e-
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Data Requirements 
Hydrology 

• Hydrostratigraphy 

• Flow speed and direction 

• Mode of flow - matrix vs. fracture 

• Degree of interaquifer connection c &(,..J ch.e.N5 ~ u, ,J c..~ oJ 

q{o.;7 floL-> pa.H. 
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8ootk- tJi/1'-'rJ. Lt'tvdSot'1-- CAei?'llc.ai't!::t~ll.lbl"/t:A.. ;'.tv 5o!ls. 

c:/i5Ct45.~~:s 2., &o-z.~,.l el~~roJf-s 
1/t:-~ J......elp~/ ~cA.-J J l~cf 'to~ h> c....>~s,·t:U..c r'""" c..lt-e!c:v5 

t:tdcl,·-h·~>~ ele"-"-.Jfs /,.; 't •'f.l' 5 ef ~I.'J; _/re>f/if,., -.by lei!;~ 

yo4o- ;:>ofeNhJ c;..;,y/ejl'f~J rA-t ~ i.-e- /~A"' fz,wf-

Conceptual Model Development 

A conceptual chemical model is a mental picture of 
how a water/rock system interacts to produce the 
observed water composition and rock mineralogy 
and chemistry. 

Basis of the Conceptual Model: 

• Available site data 

• Speciation/ solubility calculations s ""+-' L/(by, 

• Experimental data on reaction rates and products 

• Field experience- soils and groundwater literature 
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Site Geochemistry 

(mg/1) 

Ca 
Mg 
Na 

200 
200 
1200 
900 Cl 

so4 
HC03 
Fe 

163 
89 
197 
315 
460 
353 

2000 
984~~lssol .. fiQ...j of. ~lc.ik 

pH 
TDS 

<0.03 
6.9 

1450 

0.08 
7.0 

5100 

J Reactive Solid Phases 
t~ 

c)P" L Unweathered Zone: pyrite, calcite, siderite, clays 
~\r'rti, ._t 
~ (, ,> ~tr' 

/};

0 

~7' Weathered Zone: gypsum, ferric hydroxide, clays 
\{.~~? 
~ 
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Development of Multiple Hypotheses 

More than one set of chemical reactions may account for 
the observed changes in chemistry along the flow path. 
For example: 

• Reducing conditions may be caused by the 
presence of methane, pyrite, hydrogen sulfide 
gas, or organic matter 

• Changes in dissolved carbonate concentration in 
groundwater will be affected by whether or not 
the system is open or closed to C02 gas 
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Computer Modeling Codes 

Basic Approaches 

• Mass balance 
• Equilibrium thermodynamic 
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Mass Balance Approach 

BALANCE Code: w 5 G- S 

Calculates the mass transfer (amount of material entering 
or leaving the water phase) necessary to account for the 
observed changes in composition between two solutions. 
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BALANCE Methodology 

"BALANCE" derives balanced reactions of the form: 

Initial solution (A) + reactant phases = 

Final solution (B) + product phases 

A chemical reaction model is defined by the selected 
phases and the calculated amount of each phase necessary 
to satisfy this equation. 

UPGRADIENT 
A 

12-15 

DOWNGRADIENT 
B 



Balance Modeling Schematic 

A 

Gypsum Calcite 

CH4 

.llFe = O.pyrite + <lterrihydrite 

.llCa = <Xcalcite + O.gypsum 

etc. 
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Balance Example Number 1 

Incongruent dissolution of dolomite accompanying 
dissolution of gypsum in a system closed to C0

2 gas. 

Total Concentration (mmol/kg) 
Element Water A 

Calcium 1.118 
Magnesium 0.950 
Sulfur 0.0 
Carbon 4.464 

Selected Reactive Phases 

Calcite: CaC03 
Dolomite: CaMg (C0

3
)
2 

Gypsum: CaSO 4 • 2~0 
C02 gas 

WaterB 

3.230 
2.668 
4.000 
4.294 
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Mass Balance Equations 

1. Change in dissolved mass of calcium=~ Ca 

3.230 -1.118 = 2.112 mmol/kg = 

1 *a calcite + 1 *a dolomite + 1 *a gypsum 

2. Change in dissolved mass of magnesium = ~ Mg 

2.668- 0.950 = 1.718 mmol/kg = 

1*a dolomite 

3. Change in dissolved mass of sulfur = ~ S 

4.000 - 0.0 = 4.000 mmol/kg = 

1*a gypsum 

4. Change in dissolved mass of carbon = ~ C 

4.294-4.464 = -0.170 mmol/kg = 

1 *a calcite + 2*adolomite + 1 *ac02 
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Amount of Reactive Phases Transferred 
In or Out of Solution 

acalcite = -3.606 mmol/kg 

ad 1 .t = 1.718 oonue 

agypsum = 4.000 

Balanced Reaction 

Initial Solution+ 1.718 mmol dolomite+ 

4 mmol gypsum= 

Final Solution + 3.606 mmol calcite 
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General Capabilities of the Balance Code 

• Mass balance on elements 

• Mixing end-member waters 

• Oxidation-reduction reactions 

• Simple isotope balance 
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Sources of Error in Mass Balance Modeling 

• Incorrect flow path chosen 

• An important process has been neglected. 
For example, mixing of waters 

• Non-steady state conditions exist for the 
time interval modeled 

• Selected phases may not be reactive or 
in equilibrium with the groundwater 
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Equilbrium Thermodynamic Modeling 

• Most commonly used chemical reaction modeling method 

• The majority of the computer codes have been written 
for this application 

• By using mass balance and mass action relationships 
these codes: 

determine the state of the solution with regard to 
ion speciation/ complexation and 

the likelihood that minerals will dissolve or 
precipitate from the solution - 5a-ft.r.o,.k~<>~ LJe.'~ 

• These modeling codes can be used to: 

characterize existing geochemical conditions and 

make predictions on the effect of changing conditions 
on solution and mineral chemistry 
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Equilibrium Modeling 

Solution A+ reactants = 
Predicted solution B + products 

UPGRADIENT 
A 

DOWNGRADIENT 

~~~~~~mw~~~e 

Model validated by comparing results with solution 
composition at point B. 
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C02 Gas Equilibrium with Water 

A 8 

C02 

! 
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Basic Equations 

Mass Balance 

Teo ·=~co + mHcO- + mco2-
3 2 3 3 

where, 

Teo~-= measured concentration 

mc0 2-= concentration of uncomplexed CO ~-
3 

mHCD3 = concentration of bicarbonate 

etc. 

Mass Action 

~ = lQ-1.5 

~ = lQ-6.4 

~ = 10-10.3 

Simultaneous solution of the set of equations to determine 
equilibrium solution composition. 
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Equilibrium Model Components 
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ON\ ( 

Equilibrium Modeling Code Capabilities 

, 
usc,-> 

J; ..v 

CAPABILITIES WATEQ MINTEQ PHREEQE 

lon Speciation • • • 
Temperature Correction • • • 
Redox Equilibrium • • • 
Gas Phase Equilibrium • • • 
Determines Saturation Indices • • • 
Database • •• • 
Mass Transfer • • 
lon Exchange • • 
Adsorption/Desorption • 
Titration • • 
Mixing • 
Reaction Path • 

~ 
pti,f.EOcX 

cG'-·llL 

-
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Limitations of Geochemical Modeling 

1. Field and Lab Data 

A. Water chemistry and physical parameters 

B. Soil chemistry and mineralogy 

II. Thermodynamic Data- Aqueous Species, 
Gases and Solids 

A. Accuracy and completeness of the data base 

B. Modification methods - e.g., temperature 
extrapolations, calculation of activity coefficients. 
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Modeling Limitations (continued) 
-_r. F Go-J~ ~ , i j yv..pv: ~""J ve "1 fo 5 t ft. ro Aqt,v~ /l 

e1~.e/(/b, M4f /V""" ,:>l.c'"<.a 

III. Equilibrium vs. Kinetic Control on Chemistry 

IV. Chemical Theories Upon Which the Code is Based 
Woll/< f 17/L fo-2v,voo "'1/L- Pre5h wt.~/ d#.Nof- wol't.K ~- bf'.-wes 

A. Ion association vs. ion interaction theory 
/~IY- ttr<- ~5 fp.< 1:/Y~~ (~f<.FG.U 

V. Capability of Code to Model all Important Processes 

A. Ion complexation 

B. Dissolution/ precipitation 

c. Redox changes 

D. Gas phase equilibria 

E. Adsorption/ desorption 

F. · Solid solution 

G. etc. 
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Modeling Summary 

• Modeling can help define the data collection 
requirements for specific sites 

• Site chemistry data can be understood with the 
help of chemical reaction modeling 

• Mass balance modeling can be used to determine 
the validity of conceptual chemical models 

• Equilibrium thermodynamic modeling can be 
used to predict the impact of future conditions on 
water and rock chemistry 
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ABSTRACT 

To facilitate the use of geochemical models in the analysis of ground water quality problems the current stateof-the-art in the modeling of equilibrium calculations is reviewed. An introduction to tbe chemical and physical characteristics of tbe modeling process includes a description of the equilibrium constant approach, which is basic to all discussed models. Corrections for interionic forces and temperature are generally accounted for. llost models also includes redox-reactions. 

There are two numerical methods used to solve tbe equations of equilibrium reactions in tbe reviewed . models: successive approximation 4Qd tbe Newton-Raphson method. Each of these approaches have led to the development of a "familV'' of models. Other prominent differences between the models are the number of species included, the equation used to calculate the activity coefficients, options include redox reactions, output facilities, error checking capabilities, numerical efficiency and accuracy, progralllllling language and the data base of equilibrium constants used in each model. ·The chemical characteristics and computer code information of selected models are summarized in tables for quick. comparison. 

The use of geochemical computer models bas some limitations related to such aspects as the accuracy of the chemical input data, the assumption that the solution is at equilibrium, and the lack. of a database of equilibrium constants for certain environmentally important chemicals as organic ligands and trace metals. 

12-35 



FOREWORD 

The International Ground Water Modeling Center (IGWMC) was 
established in 1978 to serve as an information and training 
center for 110del ing ground water related problems. From its 
start the Center has been emphasizing development and efficient 
use of mathemat i ca 1 aode 1 s in the 11anagement of ground water 
resources. 

In addition to prediction and optimization type models for 
ground water flow, solute and heat transport and deformation in 
porous •edia, the Center is interested in ground water related 
issues as data handling and hydrochemistr,y. 

In recent years the quality of ground water has become a 
frequently discussed topic. Its local and regional deteriora
tion have caused numerous enviromental problems. To assist 
related field and laborator,y studies, hydraulic and chemical 
11odels are suitable analytical tools. ·--· __ . ·--

In this report the results of an 1nventor,y of chemical 
equil i brh111 110de 1 s are presented to serve as a base for the 
Center's information activities· in hydrochemical modeling. 

This project has been carried oul in cooperation with Dr. 
J. Kirsch of Butler University's Chemistr.y Department. · 
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1. INTRODUCTION 

As there continues to be concern with both the quantity and quality 
of water resources, there is a need for understanding of the basic natura} 
processes affecting them and developing methods for prediction of the 
effect of changes on these resources. The chemical and physical behavior 
of aqueous (with water as the solvent) solutions is characterized ade
quately enough to allow us to build 110dels of natural systems. Such 
chemical •odels involve ntnerous calculations and large amounts of data 
and therefore lend themselves to calculation on modern digital computers. 
This paper presents a brief explanation of the chemistry involved, an 
inventory of the current state of the art in geochemical computer models 
and discuss their limitations. · - - ··-~· -- ··· 

. -...... .._ . -

The creation of such models requires an interdisciplinary approach, 
drawing on such fields as physical and geochemistry, environmental engi
neering, numerical analysis and computer programming. The computer models 
presented have t~ main thrusts, calculation of species distribution and 
testing of solubility hypotheses. All 110dels discussed have their own 
individual emphasis, and their individual characterhtics will be dis
cussed. Exemplary uses of these models include: examining the availability 
of free and reactive ions; determining the potential bioavailability of 
nutrients or toxic substances (Nordstrom !! !J.. 1979); predicting the 
chemical changes caused by seawater encroachment in a fresh water aquifer; 
predicting the solubility of minerals in a given solution (Plummer!! al. 
1975); examining the effects of the agricultural practices such as irriga
tion and fertilization on groundwater quality (Truesdall and Jones 1973); 
and examining the effects of the addition of pollutants, such as organic 
ligands, to a given system (Ball !! !J.. 1979). 

The species distribution problem can be solved in two different ways, 
the Gibbs free energy approach and the equilibrium constant approach. 
There are excellent reviews of the differences between the two approaches 
and other general aspects of chemical computer modeling (Perrin 1977, 
Legget 1977, Nordstrom et al. 1979, Mercer!! al. 1981) and here it will 
suffice to say that geochemical models reviewed in this report have used 
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the equilibrium constant approach .. There are more reliable and available 
data for the equilibrium constant approach (Nordstrom et !!· 1979). 

As will be shown later, for every chemica~ equation a unique equi
librium constant exists. The equilibrium constant is a function of the 
temperature and the nature of the reaction. 

All chemical reactions are also st~bject to the restraint of uss 
balance. Roughly 11ass balance is •chemical bookkeeping" .where computed 
sum of all free and complexed species must equal the given concentrations. 
Numerically stated, the system of chemical equations given is a set of 
nonlinear equations. The standard method of solving the problem by equi
librium constant approach is linearized aatrix inversion (Nordstrom!! al. 
1979). A more detailed treatment of the numerical aethods involved are 
given by the individual models and publications by Zeleznik and Gordon 
(1968), by Van Zeggeren and Storey (1970) and by Mercer ~ .!!.· (1981) . 

.. 
Before describing the individual models, a more detailed treatment of 

the interionic forces, temperature correction, and reduction and oxidation 
processes is needed. ----·.. . - . . - . - .. - . . -· ----
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2. CHEMICAL EQUILIBRIUM 

2.1 General 

For a reaction at equilibrium (ignoring charges for simplicity): 

zl: xX +" yY (1) 

where 

x, y, z are stoichmetric coefficients and X, Y, l are species re
acting 

there exists a constant, K, such that: 

(2) 
.. 

where 

[i] = molar concentration, moles of solute per ! of solution, of the 
ith ion at equilibrium (where i = X, Y or l). 

Equi 1 i bri um constants are determined by measurement of equi 1 i bri um 
concentrations and calculated using equation 2. For example, the K value 
for the reaction 

at 25° C and in aqueous solution is 3.53 x 10-4 • For the reaction 

at 25°C and in aqueous solution the K value is 4.30 x 10-7 • 
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2. 2 Corrections for Interionk Forc.es 

Because it ignores interionic forces, Equation 2 only holds true at 
low concentrations. Correcting for interionic forces, Equation 2 becomes 

(ax>x (ay)Y 
K= . 

<•z>z 
(3) 

where a1 =the activity of the ith ion (where i =X, Y, Z} 

Activity of the ith ion can be defined as 

(4} 

where 

yi = activity coefficient of the ith ion 
mi = molality, or mole concentration, of the ith ion. Molality can 

be defined as moles of solute per kg of solvent. 

The activity coefficient (y) approaches unity (l} at low concentra
tions. 

Individual activity coefficients can be calculated from the extended 
Debye-HUckel equation (Robinson and Stokes 1959, Lewis and Randall 1961} 

where 

-A z. 2 .ff 
log l· = 1 

+ bl 1 1 + Ba ..['! 
(S) 

A and 8 = Debye-HUckel parameters dependent on -dielectric constant, 
the absolute temperature and the density of solvent (i.e., 
water) 
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z1 = charge of ith ion 
a = "the distance of closest approach", i.e., hydrated ion size 
b = empirical parameter 
I = ionic strength 

By convention, ionic strength can be calculated from the equation 

I = ~ I •· zi2 i 1 
{6) 

The extended Debye-Htickel equation h generally accurate for ionic 
strengths less than .1 molal. For greater ionic strengths (less than .5 
•olal), the Davies equation is •ore accurate (Stumm and Werner 1970). 
Equation 7 is the version of the Davies equation used by Plummer !! !l· 
(1976). 

log l; (7) 

As a reference, the ionic strength of sea water has been calculated 
at approximately .67 molal (Nordstrom!! !l· 1979). 

2.3 Corrections for Temperature 

The equi 1 i bri um constant, K, is dependent on the temperature and 
nature of the reaction. Temperature correction of K values can be made by 
the Van't Hoff's equation. 

(8) 

where 

.6Ho = standard change in enthalpy of the reaction 
R = ideal gas constant 
T = absolute temperature (OK) 

.6So = standard change in entropy of the reaction 
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where 

Since ln K versus t is linear, it can be shown 

ln ~ = - AHo ( 1 - 1 ) K1 R · T2 . T1 

average change in enthalpy over T1 to T2 
equilibrium constant at T2 
equilibrium constant at T1 

(9) 

If the K value at 298°K (25°C) and AH0 are known, the K at any given 
temperature can be easily calculated. 

2.4 Consideration of Reduction and Oxidation Processes 

Reduction and oxidation reactions are reactions which involve the 
transfer of electrons. The processes of reduction and oxidation always 
occur together known as a redox reaction. The following example was taken 
from Freeze and Cher~ (1979, p. 119). It involves the oxidation of Fe++ 
to Fe+++ by free o~gen (e- represents an electron). 

Reduction half reaction 

Oxidation half reaction ++ +++ -2Fe = 2Fe + 2e 
Redox reaction ++ + +++ ~2 + 2Fe + 2H = 2Fe + H20 

Although these reactions always occur as redox reactions, not as half 
reactions, it is useful to define a relative electron activity. This 
quantity, pE, is defined as 

pE =-log [e-] 

and corresponds to the definition of pH 

+ pH = -log [H ] 

12-43 

(10) 

(11) 



which assumes that the hydrogen ion activity {yH+) equals one. 

For the reduction half-reaction 

(12) 

we can define an equilibriua constant {given that the activity coeffi
cients are unity, the concentration of H20 in. ~0 is 1, and the concentra
tion of 02 is directly in proportion -to the partial pressure of oxygen, 
po2) 

= 1041.55 (13) 

Taking the square root of and rearranging equation 13 gives 

(14) 

Taking the negative log of equation 14 and solving for pE results in 

pE = 20.78 + ~ log P
02

- pH (15) 

Equation 15 gives us a relative state of redox potential for a solu
tion using two important parameters, P

02 
and pH. 

In several of the models, the redox term Eh is also used, commonly 
referred to as the redox. potential. Eh can be defined as the energy 
gained in the transfer 1 mole of electrons from an oxidant to H2 • The h 
in Eh indicates that the potential is measured against a standard hydrogen 
electrode and E signifies electromotive force {Freeze and Cherry 1979). 
Eh can be related to pE by 

_ nF 
pE - 2.3RT Eh (16) 

where 
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n = Moles of electrons in the half reaction 
F = Faraday's constant {~.65 x 104 coulombs per aole of electrons) 

It should be noted that Eh was a conventi~n used mainly before 1970 
(Freeze and Cher~ 1979) and is quantitatively related only to the beha
vior of iron species {Barnes and Clarke 1969). 

2.5 Interface of Computers and ChemistrY in Natural Systems 
- . . . -- .. ·-- ·-· ·- ------ ---· ---------~~ -:--a---~··-_,..,._ ... ------··--- • •••• •• -- • • • • • 

All solutions, however complex, will obey LeChitelier• s principle: 
"If a system at equilibrium is altered, the system will shift so as to 
11inimize the effect of the change. • Examples of alterations that can 
occur are a change of concentration of the reactants in solution, a change 
in temperature, or addition or subtraction of reactants from the solution. 

To compute the new equilibrium when a large number of equations is 
involved, is complex. Such a problem is typically suited for computer 
solving. Computers are designed to handle the numerous tedious computa
tions involved in finding the most stable composition of a defined solu
tion. Each reaction can be represented by a non-linear equation and 
numerical methods can be used to find most stable composition of the 
overall system. 

Computers are also useful for storage and retrieval of numerous 
constants used in the chemical reactions, the Van't Hoff equation and the 
various ionic strength correction equations. The user can be freed from 
finding constants and concentrate on the required input. 

Computers become virtually essential when natural systems with 
hundreds of constitutents are solved. 
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3. REVIEW OF CURRENT GEOCHEMICAL COMPUTER MODELS 

3.1 Successive Approximation Based Models 

Current geochemical models can be divided into two families according 
to the numerical aethod used to solve the equations of equilibrium reac
tions. 

The first family of geochemical •odels evolved from the aqueous model 
for seawater developed by Garrel~s and Thompson (1962) and uses successive 
approximation as its numerical method. ·The geochemical computer 1todel 
SOLMNEQ was developed by Kharaka and Barnes in 1973 based on this ap
proach. SOLMNEQ requires the input of temperature (°C), pH, Eh and con
centrations of 2.7 •ajor species (see Table 1) in ppm, mg/.1., or 111eg/.t 
concentration units. Optional input includes the density of the solution 
and variations of the measured Eh. 

The data base for SOLMNEQ consists of K values over a range of tem
peratures from 0-350°C in increments of 2.5°C. The data base was generated 
from reported data, computer programs (using standard entropies, 
enthalpies, free energies and heat capacities) and extrapolation of K 
values known at single temperature. SOLMNEQ computes activity coefficients 
using the extended Debye-Huckel equation (equation 5). The b term is 
computed as a function of temperature as reported by Helgeson (1969). The 
distribution of species Fe+++, Cu++, Hg++ and Mn+++ may be computed using 
equations involving electron transfer. SOLMNEQ also uses the Gibbs free 
energy difference equation to show states of supersaturation, saturation 
or undersaturation relative to the solid phase. 

SOLMNEQ has been extensively updated since 1973. Updated equilibrium 
constants and correction for pressure effects on equilibrium constants are 
included. Subsurface pH can be calculated from surface pH of a given 
sample. The data base has expanded to include several more organic and 
inorganic complexes (Kharaka 1982). A published update is forthcoming. 

Another early computer mode 1 deve 1 oped from Garre 11 s and Thompson 
(1962) is WATEQ by Truesdell and Jones (1973). WATEQ requires the input 
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of temperature, pH, Eh and the concentration of 17 ujor species (see 
Table 1) in units of ppm, mq/1, .aq/1 or •ole/1. Optional input includes 
density, variations on the Eh measurement, ppm of dissolved oxygen and 
concentration of certain trace elements (Li, Sr and Ba). 

The program corrects for temperature using the Van•t Hoff equation. 
The data base for WATEQ comes from an extensive literature search. Acti
vity coefficients are computed from the extended Debye-HDckel equation 
with the Maclnness assumption for terms a and b (Maclnness 1939, Truesdell 
and Jones 1974). Eh is converted into pE within this program and is used 
to calculate equilibrium in redox reactions. WATEQ computes degree of 
saturation by comparing the activity product with the equilibrium constant 
(see Trusedell and Jones 1974). 

. -.:. : -=-:-:~:- • .t·- .· 

From the original WATEQ program, several •second generation•~ programs 
have been developed. WATEQ2 was developed by Ball !! !l· in 1979. The 
existing data base was updated using several analytic chemist~ computer 
programs. Ten elements, numerous complexes and some sparingly soluble 
salts were added to the data base. Additional input includes conductivity, 
total disso-lved solids, dissolved organic carbon and salinity. Organic 
.ligands fulvate and humate are optional and require user inputted equili
brium constants. Activity coefficients can be calculated using either the 
extended Debye-HUckel equation or the Davies equation (Equations 5 and 7). 
The option of using pE from dissolved oxygen for redox reactions was 
dropped and only 12 specific redox reactions were considered. An option 
to create a data base for program EQPRPLOT (Ball 1979} has been added. 
EQPRPLOT constructs ratio and scatter p 1 ots of di sso 1 ved canst i tuents, 
activity products or activity products/equilibrium constant ratios. 
Progated standard deviations are computed for a subset of the activity 
products. Also added to the output is specific conductance. 

Many of the changes from WATEQ to WATEQ2 involve the code itself and 
its error checking ability. Standard deviations have already been ·men
tioned; additional error checking includes a complete rejection of the 
input if the charge balance is off by more than 30%. WATEQ2 also includes 
improved documentation and faster, more reliable numerical methods for 
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checking mass balance. The structure of the program is taken from WATEQF, 
which is discussed later in this report. WATEQ2 was further updated by 
Ball et al. (1980). 

WATEQ3 (Ba 11 .!! !! . 1981) adds 7 species of uranium •nd further 
docuntentation to WATEQ2. There are no other notable differences between 
WATEQ2 and WATEQ3. 

WATEQF is a FORTRAN version of WATEQ developed in Pl/I in 1976 by 
Plummer .!! al. WATEQF has added 100 aqueous species including 14 species 
of manganese to the WATEQ data base. The data base can be directly aug
mented during the input phase by the. user. The program also uses either 
the extended Debye-HDckel equation or the Davies equation to compute the 
individual acthity coefficients. In addition to calculating pE from 
dissolved oxygen and Eh (as in WATEQ}, pE can be set by the dissolved 
oxygen relation of Sato (1960) and by the 504--/S-- ratio. The output has 
been modified to allow for several print o~tions, thus limiting the volume 
of output. WATEQF also includes improved numerical methods for checking 
mass balanc~ resulting in faster execution times. 

WATEQF was updated by Lueck (1978) to include 21 species of uranium 
and improved documentation and data ent~. 

WATSPEC (Wigley 1977) is a shorter version of WATEQF, designed for 
distribution of species problems in routine hydrological analyses. 

MIX2 (Plummer et !!.· 1975) is a different variation of the WATEQ 
family. MIX2 uses WATEQ data base and develops its model from reaction 
progress in closed system. Plummer et al. suggest three general classes 
of problems: 1) mixing of two solutions in fixed volume, 2) titration of 
one solution into another, 3) addition or subtraction of a net stoichio
metric reaction to or from the defined aqueous system. Input includes 
volume specifications, temperature, specific reactions to be followed~ pH, 
density of solution and concentrations of 6 species (see Table 1) and 
total carbon in concentration units of meq/t, mg/t, ppm or mole/kg. 
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Table 1. Required Chemical Analyses 

··r---·---. ··-- ---~ .:.:· .. ··--·- ~-- _::;_:..... ___ _:. ___ . ____ _.;.... ____ --- . - ··- .. MODEL NAME ANALYSES RE UIRED 

SOutNEQ -++ ++ + + Ca , Mg , Na , K , Cl-, so. , Hco;, Si02 , 
+ Al+++, ++ ++ ++ +++ H++ L.+ Ag • Ba , Cu , Fe , Fe , g • 1 • 
+ Mn , 

++ --
Pb , Sr, ++ Zn , As(OH);, Po;-. F- • H3 803 , 

WATEQ ++ ++ + Ca , Mg , Na , + -K , Cl , so;-, Hco;, ++ Fe , 
+++ Fe , H2S, co;-. Si02, + NH4 , 8+++, Po;-, Al++, 

F- and No; 

MIX2 ++ ++ + + - --Ca , Mg , Na , K , Cl and S04 
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The input also includes an option to balance the charge of the de
fined solution using K+ or Cl- {the defined solution must be electrically 
balanced for the program to worok). Activity coefficients are computed 
from the extended Debye-HUckel equation with given values for parameter b. 
Output includes volume changes, pH changes and thermodynamic data. 

EQ3/6 {Worley 1979) is actually a combination of two geochemical 
programs. EQ3 is a equilibrium constant/distribution of species program .. . . -
of the type already discussed in this paper. The data base was taken 
mainly from the work of Hegleson and others {1974, 1978) and covers in 
25°C increments and two possible pressures. Input is flexible in this 
program including such values as pH, several redox parameters, and concen
trations of specific ions, either "free" or "total" concentrations. Indi
vidual activity coefficients are computed from the extended Debye-Huckel 
equation. EQ6, the second geochemical program, is a reaction-path model. 
This is a member of a relatively small family of computer models based on 
the PATH! {also known as PATHCAL, Hegleson 1970) computer model. A more 

extensive review of these models and their approach can be found in Mercer 

~ !!· {1981). -----0- --- 0 -- - 0 00 ------0 -0 __ .. -

EQ6 takes the aqueous system defined by EQ3 and checks first for 
homogenous equi 1 ibri um. If there are any supersaturated constituents, 
they are "precipitated11 from the aqueous phase up to their solubility 
limits. The resulting solids may be retained or discarded from the 
system. Titration or irreversible reactions are then modeled for either 
closed to solids or a flow-thru model. The whole system (including 0 and 
H present in solvent) is subject to mass and charge balance. All these 
steps will change such parameters as pH, Eh and distribution of species. 

Most members of WATEQ family have been developed by the United States 
Geologica 1 Survey. and the geochemi ca 1 mode 1 PHREEQE (Parkhurst _!! .!!· 
1980) represents the most recent addition to that family. The authors 
suggest three general uses of PHREEQE~ additions of reactants to a solu
tion, mixing of two waters, and titrating one solution with another. 

The database for PHREEQE is comp 1 ete ly externa 1 to the actua 1 pro
gram. However, a preliminary database is suggested. Input includes 

12-50 



analytical concentrations of defined elements, pE, pH, temperature {in °C) 
and density. 

Individual activity coefficients are calculated by either the Debye
Huckel (without bl term- see equation 5), extended Debye-Huckel, or the 
Davies e_quation. If specified, PHREEQE can calculate two parameters as 
reactions progress: 1) pH as defined by electroneutrality and mass balance 
2) pE as determined by species whose valence might change in the defined 
system. Output also includes concentration of each element, distribution 
of species, mass transfer of specific mineral in and out of solution and 
the saturation state of specific minerals. As suggested above, PHREEQE 
has limited capacity to model reaction paths, similar to EQ 3/6. 

3.2 Newton-Raphson Based Models 

The second approach to solving the problem of speciation in complex 
solutions has been developed by Morel and Horgan (1972), resulting in the .. 
computer model REDEQL. Based on this initial work, McDuff and Morel 
(1973) developed REDEQL2. Both models use the Newton-Raphson numerical 
method to solve the set of nonlinear equations generated by the equili
brium reactions. Since the last update of the REDEQL2 program in 1976, a 
new generation of programs using the Newton-Raphson method has been 
developed. These programs differ considerably from REDEQL2. 

REDEQL.EPAK is one of these second-generation computer models and it 
was developed by Ingle et !l· (1980). The data base for REDEQL.EPAK comes 
from a literature survey. The database can also be directly augmented by 
the user. Input includes concentration of specified ligands and metals, 
print options, estimated ionic strength, estimated pH, redox reactions 
considered, partial pressure of C02 and N2 , and pE. Individual activity 
coefficients are calculated using the Davies equation. For temperature 
corrections, the Van't Hoff equation is used. There are twenty-four redox 
reactions that can take place which must be referenced by the user during 
the input. pH can be calculated by the program. The user can specify 
whether the solution is electroneutral or not. The program includes an 
adsorption routine using a surface complexation adsorption model. Only 
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the ligand surfaces are considered. A prototype of this model is des
cribed by McDuff and Horgan (1976). 

Output includes saturation data, speciation and various user speci
fied options. 

Another program based on the work of Morel and Morgan (1972) is the 
chemical computer model GEOCHEH (Mattigod and Sposito 1979). This model 
is especially suited to the speciation of trace, or 11 heavy11 metals. The 
database for GEOCHEM was generated by a literature search and estimation 
of values for unknown species, based on properties of the unknown species 
such as electronegativity, radius, charge and coordination number. The 
individual activity coefficients are calculated from the Davies equation. 
The program also includes a cation exchange routine for clay materials 
based on a thermodynamic model. 

MINEQL2 (Westhall et !l· 1976) is a di.rect descendant of the original 
REDEQL models. It includes a 11Swiss11 adsorption model and an external, 
user-augmen~ed data base. Several versions of MINEQL2 exist, but no 
information on any of them was available to include in this report. 

3.3 Summary of Comouter Model Characteristics 

Chemical characteristics and computer code information of the dis
cussed models are summarized in Tables 2 and 3. 

Table 2 lists the computer coding characteristics of the models. A 
comparison of utilized computer languages, program length and availability 
of user's manual and documentation is given. References including program 
listing are cited. 

Table 3 compares the number of elements, species, organic chemicals 
and redox reactions used in each model. 
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4. LIMITATIONS OF GEOCHEMICAL COMPUTER MODELS 

E.A. Jenne (1979) contends that support for pure research in environ

menta 1 science has weakened in . recent· years, hence ••. • . increasing 

emphasis has been given to the 'black-box• type of modeling solutions to 

environmental problems." Therefore, it is important to know the 1 imita

tions of such models. They provide a means for understanding rather than 

a method for precise solution of particular, real-world problem. Many of 

the weakenesses of the discussed geochemical models involve critical 

problems which must be further researched before they become useful in 

applications involving pollution chemistry. 

First of all, no computer program output is any better than the data 

it is given. Most geochemical models rely on chemical data which are 

easily measured by ana lyt i ca 1 chemistry techniques, however, a few com

monly-encountered chemicals are difficult to measure. Another source of 

inaccuracy lies in the field analysis of samples. Transport to the lab 

causes changes in partial pressure of gase~ and temperature as well as the 

possibility of contamination. Therefore these changes affect such vital 

parameters as pH and redox potential, and .force field analyses . 

... 
Secondly, a computer equi 1 i bri um mode 1 assumes that the described 

solution is at equilibrium. This is not always true, especially in regard 

to systems which involve biological activity (Ingle ~ !!· 1978). Micro

organisms act as catalysts in many reactions, especially redox reactions, 

and their action is hard to quantify. A corollary to the problem of 

equilibrium is that many models ignore chemical kinetics, the rate at 

which reactions occur. If a reaction is slow in proceeding to equili

brium, the model is not accurate. However in ground water systems movement 

and transport of water and so 1 utes are generally very s 1 ow and assuming 

equilibrium might be appropriate depending on the involved chemical 

species (Freeze and Cherry 1979) 

Thirdly, equi 1 ibri urn constants and other data for environmentally 

important chemicals such as organic (both natural and synthetic) ligands 

and trace metals do not exist. Jenne (1979) points this out as one of the 

most important problems facing researchers and modelers in quantifying and 

characterizing natural aqueous systems. 
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Finally, the aqueous models are constructed with certain assumptions. 
For example, such equations as the Davies, the extended Debye-HUckel and 
the Van•t Hoff equations ar~ derived· assuming medium or low ionic 
strength, low temperature and low pressure. Deviations from these condi
tions are a source of error. Related to this problem, the models contain 
numerical methods which can generate errors. Most programs reviewed here 
contain warning messages when such problems occur. 
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CONCLUSION 

The models reviewed in this report· require the input of a chemical 
analysis and relative redox potential. Most of the models are flexible in 
their input, allowing for different degrees of analysis and direct augmen
tation of the data base. The output includes chemical speciation and, in 
most cases, saturation data. Output options vary widely among the dis
cussed models. The practical consideration of actual running time is 
related to the complexity of the program, the efficiency of the computer 
and the complexity of the problem being solved. A comparision of the 
output of many of these models can be found in Nordstrom !! !l· (1979). 

The reviewed models are potentially useful tools for the hydrologist, 
the geochemist or the en vi ronmenta 1 engineer. Each mode 1 represents a 
synthesis of relevant work in several fields, and are generally enough to 
model 11 

••• an aqueous system, whether it be a. lake water or the fluid in 
the human digestive system ••• given the requisite input data as well as 
adequate reference data11 (Jenne 1979). Some potential uses were given in 
the introduction of this paper. 

However, there is a need for further pure and app 1 i ed research, 
especially in characterizing such natural system components as organic 
ligands and trace metals. As research progresses in these and related 
fields, geochemical computer models will become more useful and accurate 
tools in environmental problem assessment. 
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BALANCE - A COMPUTER PROGRA.~ FOR C.U.CUt.ATING !'!ASS 
TRANSFER FOR GEOCHE~ICAL REACTIONS IN GROUND WA:ER 

David L. Parkhurst, L. Niel PlWIIl:ler, and Donald c. Thorstenson 

ABSTRACT 

BALANCE is a Fortran computer program designed to define 
and quantify chemical reactions between ground water and 
minerals. Using (l) the chemical compositions of water 
samples from two points along a flow path and (2) a set of 
mineral phases hypothesized to be the reactive cons:ituents 
in the system, the program calculates the mass transfer 
(amounts of the phases entering or leaving the aqueous 
phase) necessary to account for the observed changes in 

· composition between the rwo water samples. Additional 
constraints can be included in the problem formulation to 
account for mixing of two end-member waters, redox reactions, 
and, in a simplified form, isotopic composition. The· co:
puter code and a description of the input necessary to ru~ 
the program are presented. Three .samples typical of ground
water systems are described. 

DESCRIPTlON OF THE PROGRAM 

BALANCE is a Fortran computer program designed to help define and quantify chemical reactions berween ground water and minerals. Data required to run the program are: (l) the chemical compositions of two water samples, generally assumed to represent points along a flow path, and {2) the chemical compositions of a set of minerals, organic sub
stances, or gases, which we will call phases, selected as the reactants or products in the system. Implicit in this treatment is the assumption that only these selected phases participate in the chemical reactions that deter=ine the composition of the final water. 

The program calculates the mass-transfer (amounts of phases entering or leaving the aqueous phase) necessary to account for the observed 
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changes in composition between the two solutions. The purpose of 
BALANCE is to derive balanced reactions of the form: 

Initial Solution + Reactant Phases • 
Final Solution·+ Product Phases (l) 

A "reaction model· is defined by the selected phases and the calcu
lated amount of each phase necessary to satisfy equation 1. In 
general. many reaction models can account for an observed change in 
water chemistry. B.\LANCE alone cannot determine if any one 1 unique 
set of phases governs the reactions in the ground-water system. 

BALANCE models are not constrained by any thermodynamic criteria 
and may imply reactions that are thermodynamically impossible. Meth
ods for identifying reaction models that do not satisfy thermodynamic 
or other criteria are presented in Plummer and others (1982). In the 
the ideal ease. all but one reaction model can be eliminated. leaving 
one unique chemical model consistent with the available data. 

The program BALANCE is designed specifically for mineral-water 
interactions, but essentially BALANCE aolves any .set of linear equa
tions formulated by the user. The report includes discussions of 
several processes which can be formulated as linear equations: (l) 
mass balance on elements, (2) mixing end-member waters • (3) oxidation
reduction reactions. and (4) simple isotope balance. Following these 
discussions. the input neeessary·to run the program and three .e~mples 
i~ a carbonate system are presented. 

Elements 

In order to use BALANCE. the chemical composition of two waters 
must be known. Only the total concentrations of each element are 
required for models in wh~edox reactions are not considered. 
BAlJL~CE accepts. two kinds of concentration data as input: . (1) the 
total concentration of each element in the initial and final solutions, 
or (2) the difference in total concentration for each element between 
the final and initial solutions (final - initial). If data are un
available for some element, reasonable assumptions maY describe the 
change !n concentration for tbat element. For example. !f the total 
concentration of iron is not known but can be assumed to be very low, 
then it may be reasonable to assume that iron is essentially conserved 
in any reaction and that the difference in iron concentration between 
the initial and final solution is zero. The problem of missing ana
lytical data is discussed more thoroughly in Plummer and others 
(1982). 
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Phases 

The phases to be used in the calculations are selected by the user on the basis of the geology, hydrology, or mineralogy of the system. These "plausible" phases generally are ~neral solids but 
ma~ also include gases, ion exchangers, or (in the special case of 
=!~~ng) other .!9~~~~-solution~. For the purposes of this program, a phase Tepresents a set of chemical elements that enter or leave the initial solution in fixed ratios. The objective in selecting phases is to provide a source or sink for each element in the initial and final solutions. The result is a set of linearly independent equations which can be solved simultaneously to yield values that describe the amount of each phase participating in the reaction. 

In general, the number of phases must equal the tnmher of •Jements in order to solve the set of eguat1ons. Although the calculated mass transfer for one or more phases might be zero, indicating that the phase(s) did not participate in the reaction, the phase(.s) must still be included in the input to BALANCE in order to perform the calculations. 

Ele~nt Mass ialance Equations 

The equations for mass balance on elements are: 

p 

L Cpbp,k • •T,k(final) - •T,k(initial) • AmT,k p-1 

for each element k • 1 to J. 

(2) 

where the notation is defined as follows: P is the number of total reactant and product phases in the net reaction, Cp is the calculated mass transfeT of the pth phase, bp k denotes the stoichiometr~c coefficient of the kth element in the pth phase, mT k is the total molality of the kth element in solution, and J is.the number of elements included in the calculation. In problems with only element mass balance equations (no redox or mizing), P • J. 

Mixing 

T~s program also allows for the following type of problem: Two end-member waters mix in unknown proportions and, in addition, phases dissolve and precipitate to produce a final water. In this problem, 
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the two initial solutions are treated exactly like other phases and 
=1 is the fraction of initial solution 1 and a2 is the fraction 
of initial solution 2 which combine, along with lllineral reactions, 
to produce the final solution. In addition to the element mass 
balance equations, an additional equat.ion is automatically included 
to ensure the sum of the two fractions is equal to 1. 

(3) 

For a mixing problem, the number of phases (other than solutions) 
that must be included is equal to the number of elements minus one, 
p - J - l. 

led ox 

Vben studying systems involving oxidation and reduction, it is 
necessary to conserve electrons in chemical reactions. Each mole of 
electrons released in oxidizing certain species must be consumed by 
reducing other species. We use the electron counting convention 
from the program PBREEQE (Parkhurst and others, 1980) to ensure 
conse:vation of ele-ctrons. (See also Plcmmer and others, 1982.) 
The convention defines a redox state for a solution as: 

where RS is the redox state of the solution, mi is the molaliry of 
the ith aqueous species, v1 is the ·operational valence" of the 
1th species, and I is the total number of species. 

(4) 

A redox species is defined as a species of any element which can 
occur in more than one oxidation state in natural aqueous environments. 
The rules for determining the operational valence of aqueous species 
are: (l) use the formal elemental valence for aqueous redox species, 
(2) use zero for non-redox species, (3) use the sum of the operational 
valences of species which associate to form redox complexes, (4) 
assign zero to the valences of H and 0 in aqueous species, (5) use 

+ - (6) 2 0 ° +4 0 f 0° zero for H and OH , use - • for H2(aq) and • or 2(aq)• 
The operational value of a phase is defined in the same way as for a 
dissolved complex. !able 1 lists examples of the operational valence 
of selected species and minerals. 

Using these definitions, a linear equation ensuring the conserva
tion of electrons can be formulated. !he redox state is included in 
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Table 1.-Definit!on of vi and up for selected aqueous species 
and minerals!/ 

Species 

r+" 
Fe2+ 
re3+ 

Cl

soz
B2So 
HS-

BCO-3 
cBf 
caacoj 

a2co3 
N~ 
N0-3 
NBt 
Fe(OB)! 

FeSOf 
H+ • OR-

~ 
0 0~ 
B20 

o.o 
o.o 
o.o 
o.o 
2.0 

3.0 

o.o 
6.0 

-2.0 

-2.0 
4.0 

-4.0 

4.0 

4.0 

o.o 
s.o 

-3.0 

3.0 

8.0 

o.o 
-2.0 

4.0 

o.o 

~neral 

CaC:>3 
CaMg(C03)2 
5 percent Fe-Dolomit~ 
NaCl 

CaS04 
FeOOB 

Fe2o3 
Feco3 
FeS 

FeS2 
CaS04 ·2~0 
-ca O" 2 
LUS1308 
A.l(OB) 3 
KOB 
a2s gas 

CB4 gas 

co2 gas 

s2 gas 

o2 gas 

N2 gas 

NB3 gas 

CaF2 

4.0 

8.0 

8.1 

o.o 
6.0 

3.0 

6.0 

6.0 

o.-o 
o.o 
6.0 

o.o 
o.o. 
o.o 
o.o 

-2.0 

-4.0 

4.0 

-2.0 

4.0 

o.o 
-3.0 

o.o 

ll The list is obviously incomplete but should serve 
as an example for other species and minerals that may 
be considered. 
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BALANCE input as an "element". In this report we have chosen the 
letters "RS" to designate this pseudo-element. 

p 

l Up~ • IS(final) - IS(initial) • ~IS 
p-1 

(5) 

where up is the operational valence of the pth phase and IS denotes 
the redox state of the solution. If we consider RS to be another 
element, then the same equalities hold for the number of phases and 
the number of elements. For non-mixing problems, P • J (including 
IS) and for mixing P • J - 1. 

Results 

The results of running the program BALANCE are a set of numbers 
indicating the moles of each phase which react with the initial solu
tion to produce the final solution (.positive for. dissoluti.on, .negative 
for precipitation). In the mixing case, the numbers for solution 
l (cl) and solution 2 (a2) are the mixing fractions for the 
two solutions • 

Error Messages 

Two error messages may be printed by the program. If the number 
of phas~s does not match the number of elements, the number of phases 
counted by the program is printed, followed by the number of elements 
counted, with the message, •NUMBER OF PBASES DOES NOT MATCH NUMBER OF 
EQUATIONs·. If the linear equations are found to be linearly depend
ent, then -rHE PHASE IDLE BAS BEEN VIOLATED" is printed. If the 
selected phases do not include a source or sink for each element or 
if they include minerals whose compositions can be derived by linear 
combinations of other minerals in the set, this error message will 
be printed. For example, if CaCOJ, MgC03, and CaMg(COJ)2 are 
chosen as phases, an error will result because: 

(6) 

In BALANCE, a division by zero often occurs before this message is 
printed which may result in an abnormal termination of the program. 
Although the reason may not be immediately obvious to the user, the 
cause of the latter error message nearly always lies in the choice 
of the mineral phases. 
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PROGRAM INPUT 

The prog:a= !~~CE requires three types of input to run: (1) A 
title, (2) a set of el~ents and their total concentrations or changes 
in concentrations, and (3) a set of minerals defined in terms of their 
elemental stoichiometry (and operational valence for redox problems). 
In the description that follows the Fortran format for each card is 
given in parentheses. The ioput is as follows: 

TYPE 1: TITLE (20A4) The title is any name or description of 80 
characters or less (one card). 

TYPE 2: Solution data. Only E.!!!. of the following type 2 forms of 
input may be used for a single simulation. 

2.a. EN~~. EDELTA (A2,F8.3) 

ENL~ - The standard element abbreviation (e.g. K, NA, or 
CL). The-abbreviation must be left justified 
and if redox is considered, IS must be one of 
the elements. 

EDELTA - The difference in total concentration of the 
element between the-f1Dal and the initial solution 
(final - initial). The units used may be molal, 
mmolal, or umolal. No distinction is made 
between 1110larity and molality. The same units 
must be used for all elements. 

2.b. !NAME, SFINAI., SINIT (A2,F8.3,Fl0.3) 

!NAME · - Same as above. 

SFINAL - The total concentration of the element in the 
final solution in mole, mmole or u=ole units, 
provided the same unit is used for all elements. 

SINIT - The total concentration of the element in the 
initial solution. 

2.c. ENAM!, SFINAL, SI~Tl, SINIT2 (A2,F8.3,Fl0.3,Fl0.3) 

ENA."iE - Same as above. 
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SFINAL - Same as above. 

SINI!l - !he total concentration of the element in one of 
the two end-member solutions which ·mix to form 
SFINAL. 

SINI!2 - The total concentration of the element in the 
other end-member solution assumed to mix in 
forming SFINAL. 

BALANCE calculates the fractions of the two initial solu
tions, with or without additional reaction, which combine 
to form the final solution. 

Any number of elements for which there are data may be included 
(one/element per card) but a m1neral source or sink must be included 
for each element. All elements for a single simulation must use a 
single type (2.a., 2.b., or 2.c.) of input. 

Note: The .!!!!!!. .:!!! of type 2 input must be blank. 

TYPE 3: Phase data. PNAME, (l'ELT(J), PCOEF(J'), .1•1,7) (A8,2X,7(A2,'F8.3)) 

PNAME - An eight character name for the phase. 

PELT - The standard abbreviation for a constituent ele
ment of the phase (must be left justified and 
identical to ENAME used in. type 2 input). Seven 
sets of PELT and PCOEF (see below) can be read on 
this card but only those necessary to define the 
mineral need to be entered. RS must be included 
if redox is being considered. Omission of an 
element or RS implies zero. 

PCOEF - Read as a pair with PELT, this is the stoichio
metric coefficient for the element in the phase. 
For RS, PCOEF is the operational valence of the 
phase. (See table l for examples.) 

A number of phases equal to the number of elements must be en
tered for types 2.a and 2.b. For mixing cases, the number of phases 
must be one.l~ss than the number of elements. Elements in the phases 
which are not included in the list of elements will be ignored in 
the calculations. 
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Note: The~~ in type 3 input must be~· 

Sequential mass balance calculations may be run by repeating the 
input sequence starting with the title. 
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EXAMPLES 

Three examples are.presented below to demonstrate how to code 
problems !or !ALANCE and to show some of the varieties of reactions 
and data tha~ can be considered. 

Example l 

The observed analytical data for initial and final waters for 
example 1 are given in table 2: 

Table 2.-Analytic:al data for example 1 ~/ 

Element 

Calcium 
Magnesium 
Sulfur 
Carbon 

Total concentration (mmol/kg B20) 
Final Water Initial water 

3.230 
2.668 
4.000 
4.294 

1.118 
0.950 
o.o 
4.464 

Note that accompanying the increases in total dissolved calcium, mag
nesium, and sulfur (sulfate in this ease), total inorganic carbon 
decreases in the final water. The four elements for which analytical data are given allow four phases to be included in testing reaction models. The four phases chosen for this example are calcite (CaCOJ), 
dolomite (CaMg(C03)2)• gypsum (CaS04•2B20), and C02 gas. 

The mass balance equations (equation 2) for this choice of phases are given as follows: 

~lllt,Ca • 3.230- 1.118 • laealeite + ladolomite + lagypsum 

~m!,Mg • 2.668 - 0.950 • 1adolomite 

~mr,s • 4.000- o.o • 1agypsum 

• 4.294 - 4.464 • lacalc:ite + 2aaolomite + 1aco · 
. 2 

~I Although the analytical data of table 2 are realistic, they 
were genera~ed from the~odynamic data using the equilibrium 
model PBREEQE (Parkhurst and others, 1980). Both solutions are 
eons~ruc:ted to be in eq~ilibrium with dolomite and calcite, but 
undersaturated wi:h gypsum. 
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Table 3 lists the input data set for BALANCE. Card 1 is the 
title card. Cards 2-5 define the element concentrations in the 
final and initial water using type 2.b input (as defined earlier). 
Card 6 is a blank card denoting the end of type 2 input. Cards 7-10 
define the selected phases for the reaction model, type 3 input, and 
card 11 is blank denoting the end of type 3 input. B~CE ~-~ 
accept successive reaction model data sets but only one daha s~t-~ 
given in table 3. 

Table 4 gives the results computed by BALANCE including the 
linear matrix of coefficients used to solve the reaction model and 
the computed mass transfers of the selected phases (DELTA PHASES). 
Note that the coefficients of the array are the same as the coeffi
cients in the mass balance equations in equations 7-10. The units 
of DELTA PHASES in table 4 are mmol/kg H20 (! mmol/L). Negative 
values indicate precipitation berween the i~itial and final water 
and positive values indicate dissolution. 

The results of table 4 show that if calcite, dolomite, gypsum, 
and ~ are the minerals reacting in the ground-water between the 
initial. and .final.solution, . then the .reaction b incongruent c!isso
lution of dolomite {dolomite dissolution with calcite precipitation) 
accompanying the dissolution of gypsum in a system closed to ~ gas. 

Example 2 

This example assumes that an observed final water composition has 
resulted from the mixing of two end-member (initial) solutions with 
subsequent reactions. The final observed water and the two initial 
solutions are summarized in table s. As with example 1, the water · 
chemistry. was constructed using PBREEQE {Parkhurst and others, 1980). 

The end-member waters are (l) a calcium bicarbonate water in 
equililibrium With calcite at a Pco of 10-2 atm, and (2) aeawater. 
The final water bas been constructed2 to be in equilibrium with 
calcite and dolomite. ln. this example, we are .interested in compu
ting the fractions· of solutions 1 and 2 in the mixture and the amounts 
of subsequent mineral-water reactions. The phases chosen for these 
calculations are calcite, dolomite, gypsum, C02 gas, NaCl, and 
ea2•-Na+ ion exchange~ Note that because this is a mixing problem, 
the number of phases (6) is one less than the number of elements 
(7). The ion exchange reaction is written 

(:&.l) 
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Table 3.-CBrd Images of Input data set for examrle t 

CARD I COLUMN 

1 0 2 0 l 0 4 0 5 0 ' 0 7 0 8 0 
+++++++++'+++++++++'+++++++++'+++++++++'+++++++++'+++++++++'+++++++++'+++++++++' 

1 EXAMPLE Ill NON-REDOX REACTION (TYPE 2.8 INPUT) 
2 CA 1.230 1.118 
l HG 2.668 0.950 ...... 4 s 4.000 o.o 

N 5 c 4.294 4.464 I 
-...J 6 
-...J 1 CI\LCITE CA 1.0 c 1.0 

8 DOLOHITB Cl\ 1.0 HG 1.0 c 2.0 
9 C02 GI\S c 1.0 

10 GYPSUM CA 1.0 s 1.0 
11 

+++++++++'+++++++++'+++++++++'+++++•+++'++•++++++'+++++++++'+++++++++'+++++++++' 
1 0 2 0 3 0 4 0 5 0 6 0 1 0 8 0 



Table 4.-Printout listing results for example l 

EXAMPLE tl: NON-REDOX REACTION (TYPE 2.B) 

DELTA CALCITE DOLOMITE C02 GAS GYPS OM 
2.112 CA 1.000 1.000 o.o 1.000 1.718 MG o.o 1.000 o.o 0.0 4.000 s o.o 0.0 o.o l.OOO -0.170 c l.OOO 2.000 l.OOO o.o 

DELTA PBASES 

CALCITE -3.6060 
DOLOMITE 1.7180 
C02 GAS 0.0000 
GYPSUM 4.0000 
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Table 5.-Analytical data for example 2 

End-member waters (mmol/kg H20) 
Element Final water Solution 1 Solution 2 

Calcium 11.567 1.651 10.661 
Magnesium 9.156 o.o 55.083 
Sodium 145.626 o.o 485.418 
Potassium 3.174 o.o 10.579 
Chloride 170.025 o.o 566.751 
Sulfur 8.778 o.o 29.259 
Carbon 3.029 3.635 2.138 

Table 6 lists the card deck to solve example 2. Card 1 is the 
title card. Cards 2-8 define the total concentrations of the elements 
in the final water and in the end-member solutions 1 and 2. Card 9 
is blank. Cards 1o-1s define the stoichiometry of the mineral reac
tions included in the model and card 16 is blank. 

- Table .7 gives .. the results computed by BALANCE which indicates 
that the final water contains 70 percent calcium bicarbonate water 
(solution l) and 30 percent seawater (solution 2). In addition to 
mixing, the water bas dissolved 14.58 mmol of calcite and precipi
tated 7.37 mmol of dolomite per kg H20• None of the other phases 
considered in this example have contributed significantly to the 
evolution of the final wa~er. 

Example 3 

This example uses observed chemical data from the Floridan 
aquifer and is similar to the modeling considered by Plummer and 
others (1982). The analytical data for the initial and final waters, 
including data on the sulfur isotopes, are summarized in table 8. 

In cal:ulating the mass transfer in the evolution of the initial 
water to the final water, three types of linear equations are solved 
simultaneously: (1) chemical mass balance, (2) conservation of elec
trons, and (3) a linear sulfur isotope balance equation. These 
equations are developed below for a reaction model that assumes the 
following set of seven phases: calcite (CaCOJ), dolomite (CaMg(C03)2), 
gyps1m (CaS04•2B20),. organic matter (CB20), carbon dioxide (C02), ferric 
hydroxide (FeOOB), and pyrite (Fe52)· It is important to note that 
these choices of phases are arbitrary. Other sets of phases will 
also lead to valid reaction models. That is, all the mass balance 
and redox criteria included in BALANCE can be satisfied by other 
sets of phases. 
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Table 6.-Card lmaBeB of Input data eet for example 2 

CARD I COLUMN 

1 0 2 0 1 0 4 0 5 0 6 0 7 0 8 0 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

1 t:XAMPLE 121 MIXING WITII NON-REDOX REACTIONS (TYPE 2.C INPUT) 
2 Cl\11.56664 1.651 10.66ll 

...... 1 MG9.15602l 55.081281 
N 4 NA145.6255 485.4181 
I 5 K 1.171669 10.57890 

00 6 CL110.0254 566.15ll1 0 
1 s 8.17178] 29.25928 
8 c 1.02941 1.615 2.111485 
9 

10 CALCITE CA 1.0 c 1.0 
11 DOLOMITE CA 1.0 MG 1.0 c 2.0 
12 C02 GAS c 1.0 
11 ION EXCII CA -1.0 NA 2.0 
14 GYPSUM CA 1.0 s 1.0 
15 NACL NA 1.0 CL 1.0 
16 

+++++++++'++++t++++'+++++++++'++tttttt+'+++++++++'++tt+t+++'+++++++++'+•+++++++' 
10 20 10 ·40 50 60 70 80 



Table 7 .-Printout listing results for exantJle 2 

EXJ\MPLE 12: MIXI~ WI111 ~REOOX RF.N:TIOOS (TYPE 2.C INM') 

FINI\L INITl INIT2 CALCITE OOIDUTE C02 GI\S 100 EXOI GYPSUM NOCL 
11.567 CA 1.651 10.661 1.000 1.000 o.o -1.000 1.000 o.o 9.156 K; 0.0 55.003 0.0 1.000 o.o o.o o.o o.o 145.626 NA 0.0 485.418 o.o o.o o.o 2.000 0.0 1.000 3.174 K o.o 10.579 o.o o.o o.o 0.0 o.o o.o 170.025 a. o.o 566. "/51 o.o o.o 0.0 0.0 o.o 1.000 0.710 s 0.0 29.259 o.o o.o 0.0 o.o 1.000 o.o . 3.029 c 3.635 2.137 1.000 2.000 1.000 0.0 o.o o.o ....... 1.000 MIX 1.000 1.000 0.0 o.o o.o o.o o.o o.o N 

I 
00 ....... 

DELTA PIIASES 

INIT1 0.7000 
INIT2 0.3000 
CALCITE 14.5816 
OOI..atiTE -7.3689 
C02 GAS 0.0000 
100 EXOI 0.0000 
GYPSUM o.oooo 
NI\CL 0.0001 



Table B.-Analytical data for example 3~/ 

Element Final water Initial water 
~ concentration 

(Final - initial) 

Calcium 
Magnesium 
Carbon 
Total Sulfur 

1.647 
1.193 
2.845 
1.649 
1.614 
0.035 

Sulfate 
Sulfide 

Iron 
o3'-scso > 

4 

-o.o 
24.9 

o3'-sc~s) -32.9 

1. Chemical mass balance -..;;;;.;;;;,;== 

0.848 
0.230 
2.055 
0.025 
0.025 
o.o 

-o.o 
14 .o 

0.799 
0.963 
0.790 
1.624 

-o.o 

Using the values of ~=T.k (in mmol/kg B20) from table 8, the 
·mass balance equations (equation 3) for Ca, Mg, C, S, and Fe are: 

~111T,Ca • 0.799 • ~calcite + ~dolomite + agypsum 

~=T,Mg • 0.963 • ~dolomite 

~-r.c • 0.790 - ~ciie + 2~dolomite + ~0 + aco2 
~mt ,S • 1.624 • ~gypsum + 2~yrite 

~lilT ,Fe • 0.0 • ~FeOOR + Cpyrite 

2. Conservation of electrons 

(12) 

(13) 

(14) 

(15) 

(16) 

Because our problem involves changes in oxidation state, one equa
tion of the form of equation 5, must be included. In this system, 
carbon, sulfur, and iron are the only redox elements we have included. 

~I All concentrations of elements are given in mmol/kg s2o and are 
taken from aack and Hanshaw (1970). Isotope values are in per 
mil (O/oo) by !ight=ire and others (1974) and Rye and others 
(1981). 
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Using equation 4, IS for the initial solution is given by RS • 
4(2.055) + 6(0.025) + 0 • 8.370. In the final solution, IS • 4(2.845) 
+ 6(1.614) -2(0.035) • 20.994, where each redox state of sulfur is 
considered. ~RS is then equal to 20.994- 8.370 ··12.624 and 
equation 5 is as follows: 

~llS • 12.624 • 4c.calcite + 8c.dolomite + 6Cgypsum + 

O~o + 4aco
2 

+ 3CfeOOB + Oapyrite (17) 

Note that the pyrite and organic .. tter teras drop out of the elec
tron conservation equation because their operational valence is zero 
(table 1). The coefficient for the dolcmite term, 8, is the product 
of the operational valence of carbon in dolomite, 4, and the stoich
iometric coefficient of carbon in dolomite, 2. 

3. Linear isoto~ eguation 

Linear isotope balance equations .. y be included with the aass 
balance and .elec:rou balauce equations provided the reaction is :either 
congruent (that is, mineral dissolution only), or, if incongruent, the 
fractionation between solution and solid can be neglected. Along our 
flow path, the aeasured fractionation is approximately SSO/oo in the 
reduction of sulfate to sulfide. Because of this large difference· in 
isotopic composition of sulfate and sulfide, ve will ignore the ..all 
fractionation between dissolved total sulfide and pyrite of perhaps l 
to 2°/oo. The general form for the linear sulfur isotope balance 
equation is 

where, 

and the subscript T denotes total sulfur (sulfide plus sulfate). 
ln this example, the isotope equation is as follows: 

(18) 

(19) 

(20) 

The isotopic composition of dissolved sulfur, 63-sr, in the final 
water is given by 
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mT,Soz- 03~Ssoz- + mT,H2sc 34Sa2s 

ST 

(21) 

Using the isotopic composition and total concentrations of sulfate and sulfide in the final water (table 8), the calculated o3~st is 23.6730/oo. Because dissolved sulfides are not present in the initial water, c34 Sr for this water is that of sulfate alone (14°/oo). 
Using these values of c34 Sf and the total concentrations of sulfur in the final and initial waters (1.649 aod 0.025, respec~ively), ~34 s from equation 19 is 38.687. Using a o3~s value of +220/oo for 
dissolving gypsum (Rightmire and others, 1974) and -32.90/oo for precipitating pyrite (table 8), the linear sulfur isotope equation 
(equation 20) is 

22.0agyp - 6S.8apyrite • 38.687 

Equations 12 to 17 and 22 are linear and may be solved simultaneously, 
using.!ALANCE, to yield values for the seven unknowns, Cp• 

Table 9 lists the card deck to solve the problem. Card 1 is the 
title card. Cards 2-8 define the delta values (final - initial) for the elements, redox State, as, and sulfur isotope, DS. Card. 9 is blank. Cards 1G-16 define the stoichiometry, redox state, and sulfur 
isotopic data for the phases. Card 17 is blank. 

Table 10 gives the results computed by BALANCE, indicating 

acalcite • -1.842, adolomite • 0.963, agypsum • 1.678, ~0 • 0.171, 

aco • 0.535, =FeOOH • 0.021, and apyrite • -o.027. This 2 
particular choice of phases gives the net reaction between initial 
and final water as follows: 

In1:1al water+ 1.678 gypsum+ 0.963 dolomite+ 

0.171 CB2o + O.S3S co2 + 0.027 FeOOH + 

(22) 

Final water+ 1.842 calcite + 0.027 pyrite. (23) 
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Table 9.-Card Images of lnpul data aet for example J 

CJ\RD I COLUMN 
1 d 2 0 l 0 4 0 5 0 6 0 7 0 8 0 •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

1 EXAMPLE llt REDOX REACTIONS WITII LINEAR ISOTOPE 01\LJ\NC£ (TYPE 2.1\ INPUT) 2 Cl\ 0.799 
J •tG 0.963 
4 s 1.624 
5 c o. 790 
6 F£ 0.0 
1 RS 12.624 
8 DS 38.687 
9 

10 
11 
12 
ll 
14 
15 
16 
11 

DOLOMITE 
CALCITE 
C02 GAS 
GYPSUM 
"CII20" 
GOETIIIT£ 
PYRITE 

CJ\ 1.000 
Cl\ 1.000 
c 1.000 
CJ\ 1.000 
c 1.000 
FE 1.000 
FF. 1.000 

MG 1.000 c 2.000 RS 8.000 
MG 0.000 c 1.000 RS 4.000 
RS 4.000 
s 1.000 RS 6.000 OS 22.000 RS 0.000 
RS J.OOO 
s 2.000 RS 0.000 OS -65.800 

+++++++++'+++++++++'+++++++++'+++++++++'+++++++++'+++++++++'+++++++++'+++++++++' 1 0 2 0 J 0· 4 0 50 6 0 7 0 8 0 



Table 10.-Printout listing results for example 3 

DEJ,TA · OOIDtiTE CALCITE C02 GAS GYPSUM "al2o" OOE'I11ITE PYRITE 

0.799 CA 1.000 1.000 o.o 1.000 o.o o.o o.o 
0.963 n:; 1.000 o.o . o.o 0.0 0.0 0.0 0.0 
1.624 s o.o o.o 0.0 1.000 o.o 0.0 2.000 0.790 c 2.000 1.000 1.000 o.o 1.000 o.o o.o o.o FE o.o o.o o.o o.o o.o 1.000 1.000 12.624 ns 8.000 4.000 4.000 6.000 o.o 3.000 o.o ....... 

38.687 00 o.o o.o o.o 22.000 o.o 0.0 -65.800 N 
I 

00 
0\ 

DELTA PHASES 

IX)L(JIIITE 0.9630 
CALCITE -1.8419 
C02 GAS 0.5348 
GYPSUM 1.6779 
"0120" 0.1711 
OOirniiTE 0.0269 
PYRITE -0.0269 



HO~ !0 RUN BALANCE ON THE USGS AMDAHl COMPUTER 

·In order to run BALANCE on the USGS Amdahl 470V/7 computer the 
first card of the job must be a legitimate JOB card as defined in the 
Computer Center Division's user's manual. 

//AAlyyyxx JOB ( •••• ),'user name',CLASS•x 

The following Job Control Language (JCL) statements will execute the 
program BALANCE: 

!! EXEC FORTRUN,PROG-BALANCE,ULIB-'BFJONES.PGMLIB' 

Insert input data deck here 

II 

Attachment A contains a listing of the Fortran. source code for 
... BAI.ANCE •.. This .code. is stored in a catalogued partitioned da:a set 

named BFJONES.CABDS. The member ume is BAI.ANCE. Cha?Ur tvo of 
the USGS Computer User's manual gives the JCL necessary to.obtain 
listings and card decks for a partitioned data set. 

The cards for the test problems in this report are stored in 
a card image file named PABK.BAI.ANCE.TEST. This is a catalogued 
sequential data set and can be listed or punched using the JCL from 
the user's manual. By using the folloWing JCL statements it is 
possible to run the test cases directly from the disk, without making 
a deck of the test cases. The cards for the run stream are: 

II EXEC FORTRDN, PROG-IAI.ANCE , ULIB- 'BF JONES. PGMI.IB' 
//SYSIN DD DSN•PARK.BALANCE.TEST,DISP•SRR 
II 

All jobs should end With II in the first two columns of the last card. 
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c 
C PRCX:iRAM BALANCE 
c 
C 'lmS PRcx;RAM CAI..CtJI..AnS 'mE MASS TRANSFER OF AN INPOT SET OF PHASES, 
C NEX:ESSARY TO PRaXJCE AN CBSER\7'£0 FDW. SCILUl'ICN. OR CBSE:R\1t0 OiANGES 
C IN CONCEN'l'RATICN. 
c 
c INPO'l': 
C l TITLE (20A4) 
C 2 SCILt1l'ICN INPtJT (A2,F8.3,2Fl0.3) 
C em: CARD FOR E:ACli El.EMOO' CXMSIDE:Rm. CNLY a£ OF THE 
C FOI..I..OnN; 'mREE TYPES a INPOT MAY BE OSED FOR A SINGLE 
C SOOIATIOO. 
C 2 .A. E:t.EMENl' NAME, DEU'A Et.!lmll' CCN:E:Nl'RATIOO. 
C 2.B. £t..E:MENl' NA!>lt, FDW. sa.tiriCN cna:Nl'RA.'"IOO, INITIAL 
C SOLUTIOO CON::ml'P.ATICN. 
C 2. C. £t..E:MENl' NAME, FINAL sa.O'l'IOO CCN:E:Nl'RATIOO, INITIAL 
C SOLO'l'IOO ~00, ADDITIClW. AQUECDS PHASE 
C CXNCENl'RA1'IOO. 
C 3 BLANK CARD ENDS SCLUI'IOO INPO'l'. 
C 4 PHASE lNPC'l' 
C CARD 4.A. IS R!QUIRm FOR F.N:B PHASE. CARD 4.B. IS OSED 

·C· ·FOR 'IBi· PBASE.WHICB a:Nl'AINS KlRE 'mAN 7 ~. MFLAG 
C K!S'l' BE !QUAL 'ro 1 'ro OSE CARD 4.B. FOR A PARTiaJLAR PHASE. 
C 4.A. PSASE NAME, HFIAG, c::t:MPOSITIGI (Et.EMENl' NAME, COEFFICIENl' 
C IN PHASE:). (AS,lX,n,7(A2,F8.3)) 
C 4.B. cc:mosiTIOO (Er..EMml' NAME, CX)EFFICiml' IN PHASE)·. (8(A ,F • 
C USE CARD 4.B. OOLY IF PBASE a:Nl'AINS fiCRE ~ 7 £r.D1EmS 
C AND MFI.N>1 IN PR£VICX1S CA.~. 
C 5 BLANK CARD ENDS SC1t1l'IOO INPC'l'. c 
C ~ Nm-18E:R a ~ CARtS !IJS'l' EQOAL ~ NOMBER a PHASE'S ONLESS '1'n'E 
C 2.C INPtJT IS OSED. IN 'mAT CASE 'lm: NUMBE:R a PHASES PLOS CH: (nm omER 
C ~S PHASE) MOST EJ:jOAL '1'BE Nt:IHBER a ELEmmS. 
c 
C . INPUT FOR foDRE S!MJIATICNS MAY Fa.I.ai. SIMEU RE:PE'.A:I' 'l'BE INP0'1' PRCO'SS. c 
C D.PAP.IamRS'l', N.PLOMME:R, AND D. 'lSOP.S'l'ENSCN 
c REVISm MARCi, 1982 
c 
c *********************** c 

RFAL * 8 'ruAME, P£LT(20,l5), m..a.NK lOlO 
REAL* 8 ENAME(20),BEAD,DEL~,D~,D~,DMIX,FINAL 1020 
RrAL * 8 DSL.ANK 1030 
REAL * 8 PNAM£ (20) 1040 
DlMENSI~ E:O£LTA(20) ,PCOEF(20,l5) ,nn.E(20) ·1050 
OlMENSICN A(20,20) ,O£I..TA(20) ,SINIT(20) ,SFINAL(20) ,SMIX(20) 1060 
DATA BI.I-.NIV'' I I ,DSI.ANK/' I I ,OE:I:1'Al/'DELTA' I ,OINITl/ 1 INI'l'l' 1070 

l/,DIN!:2/'INI!2'I,DMIX/'MIX'I,FINAL/'FINAL'I 1080 
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c 
C INPUT TI'll.E c 

c 

REA0(5,15,END=1000) (T!TLE(I),I=1,20) 15 FORMAT(20A4) 
PRIN'l' 25, (TI'IU:(I) ,I-=1,20) 

25 FOP.MATC1Bl,/ I /lX,20A4/ II> 
C BmiN INPO'I' WI'lE ELEMEm'S FOR MASS BAlANCE E'jOM'ICNS c 

c 
c 

I-=0 
ISCLN=O 
IMIXaO 

20 ~"TTNNE 
I-=1+1 
READ (5,10,END=1000) ENAME(l),SFINAL(I),SINIT(I),SMIX(I) 10 FORMA:I'(A2,F8.3,2F10.3) 
IF (SINI'l'(I) .GT.O.O) ~1 
IF(SMIX(I) .GT.O) IMIX=1 
ED~TA(I)=st!NAL(I)-SINXT(I) 
IF(mN!E(I) .NE.BUNK) GO TO 20 
m:t.'l'S= I -1 
NE;)=NE:LTS+ IMIX 

C ZEX> ARRAYS PELT AND A c 
00 35 J=1,20 
00 35 I-=1 ,l5 
PE:t.T(.J,I)-=BLANK 

35 o:N'l'INO'E 
00 200 I-=1,20 
00 200 J-=1 ,20 
A(!,J) =0.0 

200 CC'L"TTNNE 
c 
C ARRmiE ARRAY FOR MlXING IF IMIX=1 c 

c 

~DE:t.TAl 
IF ( IMIX. El:). 0) GO 'IO 220 
IF (ISCLN.GT.O) GO TO 230 
PRINT 250 

250 FORMA:'(lX, 70 (I* I) /lX, I A MIXIN:; Sc:tm'ICN WAS ENl'£REI) BOT NO' I 1 I INITIAL SCLOI'ICN WAS D-"l'ERED. I) sroP 

230 ~"'l''NUE 
PNAME (l) =DmiTl 
PNAME(2) =Dmi'l'.2 
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HEAD= FINAL 
mAME CNEO) =DMIX 
EDE:LTA(NEQ) =1. 0 
A(NEQ,1)=l.O 
A(NEQ,2)=1.0 
00 240 1=1 ,NE:LTS 
A(I,1)sSINIT(I) 
A(l,2) -sMIX(l) 
EDELTA(l) =SFINAL(I) 
PELT(l,1)=~m(I) 
PELT(I,2)=ENAME(I) 

240 c:c:Nl'INU£ 
c 
C ~JT PBAS£ DAl'A 
c 

c 

220 o::Nl'INrJ£ 
I=2'VI.IX 

40 a:NI'lNU£ 
I=I+1 
READ 50,PNAME(l),(PELT(I,J),PCOEF(I,J),J=1,7) 

50 FORMAT.(AS ,2X, 7 (A2 ,FS .3) ) 
IF(PNAME:(I) .NE:.IBLANK) G:) '10 40 
NMINS=I-1 
IF(NMlNS-IMIX.E:J.NE:Ll'S) G:> '10 60 
PJUN'l' 70 ,NMINS,NELTS 

70 FORMA:!' ( lX,100 ( I* I) I /lX, I NtJMBE:R OF PHASES OO£S tDl' MM'C3 NOMBER CF 
l.!t)OATI~ 1 ,2I4) 
SlOP 

60 CCNl'INtJ£ 
Jl•2*IMIX+1 
00 80 1•1 ,m:o 
'l'NAME=ENltME (I) 
00 90 J=Jl ,NMINS 
00 160 R=l,15 
IF (PELT (J, K) .NE. '!NAME:) G:> 'l'O 160 
A(I,J)cPOQEF(J,K) 

160 a:Nl'INU£ 
90 CCNriNO£ 

A(:,NEQ+1)=EDEL~(I) 
80 aNl'INtJ£ 

C PRINT .CDr ~ WHI~ IS '10 B£ sa.vm 
c 

PR-TNT lOO,BEAD,(PNAME(I),I=1,NMINS) 
100 ~(4X,A5,10X,l1Al0) 

PP.n."'l' 110 
110 FORMAT(lX) 
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c 

00 150 I=1,NEO 
PRINT 120,A(I,NEQ+1),ENAME(I) ,(A(I,J),J=l,NMINS) 

120 FORMAT(lX,F8.3,2X,A5,11F10.3) 
150 cc:NI'INUE 

C SCLVE SE:T CF IJNrAR EJUA!'IWS 
c 

CALL SLN:){NE;J,A,DELTA) 
c 
C PRINT SCLtl'l'I~ 
c 

~"'l'l30 
130 FORMAT(/ I ,25X, 'DELTA PHASES' ,/) 
~ 140,(PNAME(I),DELTA(I),l=1,NMINS) 

140 ~~(2lX,AB,Fl2.4) 
GJ ro 30 

1000 CQ.""l'lNUE 
S'l'OP 
EN) 
SOBRCDTINE st8J (N,A,X) 
DIMENSION A(20,20),X(20),I0Pr(10) c c .. .. ~··a N LINEAR "EOUAnCNS IN N ONKNGmS BY GAO~ 
Et.IMINA."'l~ OR DE."l'ERM!NANT EVALO"l'AICN. c 

c 
c ,.. 
. 

c 

A a:NrAlNS 'l'HE MATRIX OF 1BE CI>E!'FICIENl'S AND N INDICAT$ '1m: 
ORDER OF mE MM'RIX. IF J EC0ALS ZERO, D c:x:Nl'AINS 'l'BE VALtlE CF 'mE 
D~. IF J IX>ES NCTr EQUAL ZERO, X CCNl'AINS 'mE N VAWES CF 'mE UNKNGmS. 

IOPT\9)c0 
J-=1 

10 D=O.O 
NP1=N+1 
NMJ.-N-1 
IF(I0Pl'(9) .NE.1) 00 'l'O 120 
to 110 Il=1 ,N 
PRINT 210, (A(!I,JJ),JJ=1,NP1) 

110 cn."'l''NUE 
l20C!Nl'INOE 

IF (N. EQ.1) GJ ro 300 
to 130 !=1 ,NMJ.. 
M=I 
K=I+1 
B=A(!,I) 
00 30 L=K,N 
IF(ABS(B)-ABS(A(L,I))) 20,30,30 

20 M=L 
B=A(L,I) 

30 cn..·"l'INtJE 
IF (B) 40,170,40 
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c 
c 

40 CO=A(M,I) 
IF (l-M) 50,70,50 

SO ~-D 
00 60 L=I,NPl 
B=A(l,L) 
A(I,L)=A(M,L)/CC 

60 A(M,L)=B 
00 'ro 90 

70 00 80 L=I,NPl 
80 A(I,L)•A(I,L)/CC 
90 ~D'*CC 

00 100 M=K,N 
B=A(M,I) 
00 100 L=I,NPl 

100 A{M,L)=A(M,L)-B*A(I,L) 
130 a:Nl'INOE . 

~D'*A(N,N) 
IF (J) 140,200,140 

140 X(N)•A(N,NPl)/A(N,N) 
K=NMl 

150 ~K+1 
B=O.O 
00 160 L=M,N 

160 B=B+A(K,L)*X(L) 
X (K) =A(K,NP1) -B 
K=K-1 
IF (K) 170,200,150 

170.IF (J) 180,190,180 
180 P!UN'l' 230 

S'roP 
190 ~0.0 . 

IF(IOP!'(9) .LT.1) 00 '1'0 320 
PRINT 330 

330 FORMM'(lX, 'DE:t.TA VALDES') 
PRINT 340,(X(!),I=l,N) 

340 ~(SX,1Pl0Dl2.3) 
PRINT 220 

320 a::Nl'INOE 
200~ 
300 CCNl'!NOE 

IF (A(l ,1) .EQ. 000) 00 '1'0 180 
X(1)=A(1,2)/A(1,1) 
00 '1'0 190 

c -
210 ~~(/(5X,1Pl0Dl2.3)) 
220 FORMAT (lX) 
230 FORMAT (l.El, I THE PHASE RULE HAS BEEN VIOLATm' ) 

END 
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COMPUTER 
NOTES 

TRILINEAR DIAGRAM REVISITED: 
APPLICATION, LIMITATION, AND AN 
ELECTRONIC SPREADSHEET PROGRAM 

by Songlin Chenga 

Abstract. The trilinear diagram has been used extensively m ~ydrochemical studies. The concept of hydrochemical fac_Ies based on the: trilinear diagram can effectively charac· tenze the chemical composition of water in a qualitative manner. However, its application is rather limited for quantitative and precise study, because it is difficult, if nor impo~sible, to di~tinguish various mechanisms that may cause similar change m water chemistry by this diagram alone. This limitation is illustrated with various hypothetical water-rock interactions and mixing trends plotted on the trilinear diagram. 

Introduction 
The trilinear diagram (Hill. 1940; Piper, 1944) has been used extensively in hydrochemical studies. It effectively d~lineates the change of water types as the water migrates from one region of an aquifer to the other. In case of mixing between waters, the data distribution on the diagram may reveal the 

en.d _members of the intermediate mixtures. Simple mixmg between two end members should result in a straight line in all three fields of the trilinear diagram, provided all ions remain in the solution. 
However, the assumption that all ions remain in the solution may not be valid in most ground-water systems. For example, dissolution and precipitation of minerals are rather common in ground-

a Laboratory of Isotope Geochemistry, Department of )eosciences, University of Arizona, Tucson, Arizona 85721. Received April 1987, revised December 1987, accepted january 1988. 
Discussion open until january 1. 1989. 

Vol. 26, ~o. 4-GROIJ;>.;D WATER-July-August 1988 

water systems. Any post-mixing reaction may 
cause deviation from a straight mixing line. Besides, a straight line may be caused by reaction, rather 
than mixing. Therefore, identifying a mixing situa
~ion from straight alignment on a trilinear diagram 
IS not an accurate approach. In this paper, the data distribution on the trilinear diagram as a result of water-rock interactions and mixing will be 
illustrated. 

The speed and accuracy of computer plotting can relieve the tedium and remove the chance of 
~rror of hand plotting. Morris eta!. (1983) published a BASIC program for plotting data on the 
trilinear diagram. This program also checks for the possibility of mixing. They applied the tangent function to convert a tertiary system to X-Y 
coordinates. In this paper, a sine and cosine 
function set for coordinate conversion are pre
sented. This approach has the advantage of 
assigning 1 00 units to the side length of triangles of the trilinear diagram and easily scaling the diagram on the X-Y coordinate system. 

As it is becoming increasingly common to maintain chemical databases on electronic spreadsheets, it is desirable to be able to use the same 
database for various applications and manipula
tions. Based on these considerations and available programs on our computer the LOTUS 1-2-3 (TM) is ideal for trilinear application, as it has the 
spreadsheet, plotting routines, and capability for programming. The macros on a floppy diskette and users' instructions are available from the author 
upon request. 
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Na+K H~+COI Cl 

Fig. 1. The trilinear diagram. The cation and anion ratios of 
each sample are plotted in the cation (lower left) and anion 
(lower right) triangles (points a and b, respectively). The 
data point in the center diamond field is the intersection of 
the lines extended from the ion ratios and parallel to the 
sides of the triangles. 

The Geometry of Trilinear Diagram 
Hill and Piper's trilinear diagram (Figure 1) 

consists of a cation triangle on the lower left, an 
anion triangle on the lower right, and a diamond 
field in the center. The equivalent percentage of 
cations and anions are plotted first on the corre
spondent triangles (points a and b, respectively). 
Lines parallel to the sides of the triangles are drawn 
through these percentage points and extended into 
the diamond field. The intersection (point c) 
represents the sample in the diamond field. 

220~-------------------------------------------------~ -
1211 

100 .. 
10 

20 

Referring to Figure 2, if the triangles of the 
trilinear diagram are drawn as equilateral, the 
mathematics of computation will be simple. If a, 
b, and c on Figure 2 are sample point! rhe tri-
linear diagram, then the triangle cde i: ':1teral. 
The tertiary system can be converted ,,_,·o-
dimensional X-Y coordination. The d. 
cation and anion triangles, and in the l. 
field are then located by correspondent 
pairs. If the lower left apex of the cation ' 
f, is located on (20,20), the X-axis runs parallel to 
the base of the triangle, and theY-axis is perpen
dicular to the X-axis; then, ion ratios and (Xi,Yi)'s 
on the new X-Y coordination system have the 
following mathematical relationship (assuming side 
length equals 1 00 units and spacing between 
triangles is 10 units): 

Cation triangle: 
X1 = 20 + fg = 20 + fd + dg = 20 + fd +ad X sin30° 

= 20 + fd + fh X sin30° 
= 20 + (Na + K%) + (MgoA>) X sin30° 

Yl = 20+ag=20+adx cos30°=20+fhX cos30° 
= 20 + (Mg%) X cos30° 

Anion triangle: 
X2 = 20 + (side length)+ (spacing)+ ij + bj X sin30° 

= 20 +(side length)+ (spacing)+ ij + ik X sin30° 
= 20 + 100 + 10 + (Cl%) + (S04%) X sin30° 

Y2 = 20 + bj X cos30° 
= 20 + ki X cos30° 
= 20 + (S04%) X cos30° 

Diamond field: 
cd = de (equilateral triangle) 

= [(side length)- fd] + (spacing) + ie 
= [100- (Na + K%)] + 10 

+ [100- (HC03 +C03%)] 
= [100- (Na + K%)] + 10 + [504% + Cl%] 

X3 = 20 + fd + cd X sin30° 
= 20 + (Na + K%) + cd X sin30° 

Y3 = 20 + cd X cos30° 

The apex, f, can be any convenient location 
on the X-Y coordinate system. The trilinear 
diagram macro locates this apex on (20,20), and 
therefore, 20 units is included in each of the above 
equations for calculating (Xi,Yi). The spacing 
between triangles can be other than the 10 units 
selected here . 

Application of Trilinear Diagram 
Many graphic methods are commonly used 

0 c. - -~ a for representing hydrochemical data, such as the 
o .oo eo no 110 200 2.00 - Schoeller diagram, Stiff diagram, and Hill and 

Fig. 2. The tertiary plot of trilinear diagram can be converted Piper's trilinear diagram. The trilinear diagram has 
to X-Y plot by trigonometric function (see text for detail). the advantage of representing multiple parameters 
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Table 1. Chemical Compositions of Water Generated from Computer Simulation with the Program PHREEQE 
[See text section "Application of Trilinear Diagram: I. Gypsum Dissolution" for detail. lon concentrations are in meq/1. 

This table also includes the column designation (alphabetic) and row number (numeric) of the worksheet.] 

A B c D E F G H I J K L M -----------------------------------------------------------------------------------1 : SAMPLE II TE!iP(°C) pH ALKAL. 
2: 
3: 
4: 
5: END HEMBER A 22.50 7.40 2.82 
6: A+GYP1 22.50 7.46 2.88 
7: A+GYP2 22.50 7.42 2.85 
8: A+GYP3 22.50 7. 3 9 2.82 
9: END MEMBER B 22.50 7.36 2. 7 9 

10: 
1 1 : END HEMBER A 22.50 7.40 2.82 
1 2: MIXl 22.50 7. 3 9 2.81 
1 3: MIX2 2 2. 50 7.38 2.81 
14: MIX3 22.50 7.38 2.80 
1 5: MIX4 22.50 7.37 2.80 
16: MIX5 22.50 7. 3 7 2.80 
1 7: END MEMBER B 22. 50 7. 36 2. 7 9 

of a quantity of data on the same graph without 
losing clarity of data points; therefore, it is the 
most frequently used graphic method for hydro
chemical study. 

Si02 

0.55 
o.ss 
o.ss 
o.ss 
0.55 

0.55 
0. 55 
0.55 
0.55 
0. 55 
0.55 
0.55 

Because the locations of the data points in the 
trilinear diagram reflect the chemical characteristics 
of the water, the concept of hydrochemical facies 
is frequently used to describe the chemical 
property of water. This concept has been discussed 
in many hydrogeology textbooks. The concept of 
hydrochemical facies is very useful to illustrate the 
change in chemical characteristics as water migrates 
dO\vn the hydraulic gradient. The trend observed 
on the trilinear diagram would give an indication of 
the type of reactions that are responsible for the 
change in a qualitative way. For example, dissolu
tion of gypsum (CaS04 • 2H 20) may change a 
Ca-HC03 type water to a Ca-504 water. However, 
it is dangerous to define the mechanism responsible 
for the change of water type solely by the trend 
observed on the trilinear diagram. Alternative 
mechanisms should be considered and tested by 
other means. 

In addition t<_? the concept of hydrochemical 
facies, a straight line on the trilinear diagram may 
indicate a mixing system. Recently, Morris eta/. 
(1983) published a program in BASIC which plots 
a trilinear diagram and tests for the possibility of 
mixing. The two end-members mixing line bears 
the assumption that all the ions remain in the solu
tion after mixing. Therefore, a mixing line conclu
sion hinges on the validity of this assumption. Pre
cipitation, dissolution of minerals. and ion 
exchange reaction are very common in natural 
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Ca Mg Na K Cl S04 NOJ 

2.54 0. 3 4 1. 1 6 0.04 0.23 0.66 0. 11 
3. 10 0.34 1. 1 6 0.04 0.23 1. 16 0. 1 1 
3. 57 0.34 1. 16 0.04 0.23 1. 66 0. 11 
4.04 0.34 1. 1 6 0.04 0.23 2. 16 0. 11 
4. 51 0.34 1. 16 0.04 0.23 2.66 0. 11 

2. 54 0.34 1. 16 0.04 0.23 0.66 0. 11 
2. 94 0.34 1. 16 0.04 0.23 1. 06 0. 1 1 
3. 3 3 0.34 1. 16 0.04 0.23 1. 46 0. 11 
3. 53 0.34 1. 1 6 0.04 0.23 1. 66 0. 11 
3. 7 3 0.34 l. 16 0.04 0.23 1. 86 0. 11 
4. 12 0.34 1. 16 0.04 0.23 2.26 0. 11 
4. 51 0.34 1. 16 0.04 0.23 2.66 0. 11 

water, and they may cause deviation from a 
straight line. Therefore, it is risky to base a mixing 
conclusion on a straight line on the trilinear dia
gram. Besides, pure mineral dissolution can also 
result in a straight line on the trilinear diagram, i.e. 
a straight line on the trilinear diagram may not 
definitely indicate mixing. Therefore, this 
approach should be used with great care when 
searching for mixing in a ground-water system. 

In order to illustrate the above generalized 
statements, we used the computer program 
PHREEQE (Parkhurst, Thorstenson, and Plummer, 
1980) to generate a series of water compositions 
along mixing and/or reaction trends. Two mixing/ 
reaction paths will be examined in the next two 
sections. 

I. Gypsum Dissolution 
Gypsum (Ca$04 • 2H 20) is a common mineral 

in most ground-water systems and dissolution of 
gypsum may cause calcite to precipitate. For 
example, Back eta/. (1983) found that dolomite 
dissolution and concurrent precipitation of calcite 
in the Mississippian Pahasapa Limestone aquifer is 
driven by gypsum dissolution. Table 1 lists the 
results of computer simulation with PHREEQE. 
One mmole/liter of gypsum is added to end 
member A in four equal steps to generate end 
member B. Calcite equilibrium is maintained at 
each step. Intermediate waters arc designated 
A+GYP1, A+GYP2, and A+GYP3. Table 1 also 
lists intermediate mixtures (MIXl through MIX5) 
between end members A and B. Both products of 
gypsum dissolution (D) and mixtures ( +) between 
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Fig. 3. (A): Trilinear diagram of water A with progressive gypsum dissolution to B (symbol 0). Intermediate mixtures 
between A and Bare also plotted (symbol+). 

(B): Same as Figure 3 (A). Mixing trend is shown as a line by redefining the plotting format. The X-V coordination was 
eliminated by specifying different colors for grid and by not loading the pen during plotting. However, this trick cannot be 

used if a dot matrix printer is used rather than a pen plotter. 

end members A and Bas listed in Table 1 are 
plotted on Figure 3. Figure 3 (A) is the trilinear 
diagram generated from LOTUS 1-2-3 macros. 
Figure 3 (B) is generated by redefining the plotting 
format of Figure 3 (A). The mixing trend between 
end members A and B is plotted as a line on 
Figure 3 (B). It is clear from tl:tis figure that a 
straight line on the trilinear diagram does not prove 
"mixing." The mixing line is indistinguishable from 
the gypsum-dissolution-calcite equilibrium trend. 

II. Ca-Na lonExchange Reaction 
Ca-Na ion exchange reaction is a common and 

important reaction in many aquifers. In the central 
San Juan Basin, New Mexico, dissolution of calcite 
driven by Ca-Na ion exchange explain the high Na, 
low Ca, high alkalinity, and high pH of the water 
(Phillips eta/., 1987). Similar reaction has been 
observed in Maryland (Chapelle and Knobel, 
1983). 

Table 2 lists a computer-simulated chemical 

Table 2. Chemical Compositions of Water Generated from Computer Simulation with the Program PHREEQE 
[See text section "Application of Trilinear Diagram: II. Ca-Na lon Exchange Reaction" for detail. lon concentrations are 

in meq/1. This table also includes column designation (alphabetic) and row number (numeric) of the worksheet.] 

A B c D E F G H I J K L M 

-----------------------------------------------------------------------------------
1 : SAMPLE II TEMP ( 0c) pH ALKAL. Si02 Ca Mg Na K Cl 504 N03 
2: 
3: 
4: 
5: END MEMBER A 22.50 7.40 2.82 0.55 2.54 0.34 1 • 1 6 0.04 o. 23 0.66 0. 11 
6: A+EXCH1 22.50 8. 3 2 3.33 0.55 0.37 0.34 3.84 0.04 0.23 0.66 0. 11 
7: A+EXCH2 22.50 8. 7 2 3.54 0.55 0. 1 5 0.34 4.27 0.04 0.23 0.66 0. 1 1 
8: A+EXCH 3 2 2. 50 9. 12 3.98 0.55 0.07 0.34 4.80 0.04 0.23 0.66 0. 11 
9: A+EXCH4 2 2. 50 9.46 4.87 o. 55 0.03 0.34 5.72 0.04 0. 23 0.66 0. 11 

10: END MEMBER B 22.50 9.76 6.47 0.55 0.02 0.34 7. 3 3 0.04 0.23 0.66 0. 1 1 
11 : 
12: END MEMBER A 2 2. 50 7.40 2.82 o. 55 2.54 0.34 1. 16 0.04 0. 2 3 0.66 0. 11 
13: MIX1+CALC.-EQ 22.50 7. 7 1 3.06 0.55 1. 55 0.34 2.39 0.04 0.23 0.66 0. 1 1 
14: MIX2+CALC.-EQ 22.50 8. 1 7 3.27 o. 55 0.52 0.34 3.63 0.04 0.23 0.66 0. 11 
1 5: MIXJ+CALC.-EQ 22.50 8.69 3. 52 0.55 0. 16 0.34 4.24 0.04 0.23 0.66 0. 11 
16: MIX4+CALC.-EQ 2 2. 50 9. 1 5 4.04 0.55 0.06 0.34 4.86 0.04 0.23 0.66 0. 11 
1 7: MIX5+CALC.-EQ 22.50 9. 55 5.24 0.55 0.03 0.34 6. 10 0.04 0.23 0.66 0. 11 
1 8: END MEMBER B 22.50 9.76 6.47 0.55 0.02 0.34 7. 33 0.04 0.23 0.66 0. 11 
19: 
20: END MEMBER A 22. so 7.40 2.82 0.55 2. 54 0.34 1. 16 0.04 0.23 0.66 0. 11 
2 1: MIX1 22.50 8.60 3. 55 0.55 2. 04 0.34 2.39 0.04 0.23 0.66 0. 1 1 
2 2: MIX2 22. 50 9. 16 4.28 0. 55 1. 54 0.34 3.63 0.04 0.23 0.66 0. 11 
23: MIX3 22.50 9. 31 4.64 0.55 1. 28 0.34 4.24 0.04 0.23 0.66 0. 11 
24: MIX4 2 2. 50 9.43 5.01 0.55 1. 03 0.34 4.86 0.04 0.23 0.66 0. 11 
2 5: MIX5 22.50 9.62 5.74 0.55 o. 53 0.34 6. 10 0.04 0.23 0.66 0. 11 
26: END MEMBER B 22. 50 9.76 6.47 0.55 0.02 0.34 7.33 0.04 0.23 0.66 0. 11 
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Fig. 4. (A): Trilinear diagram of water A with progressive 
Ca-Na ion exchange reaction (symbol 0). Various mixtures 
between A and B are represented by symbol 0. Post-mixing 
equilibration with calcite (symbol+) would deviate the 
mixing trend from the original straight line and become 
indistinguishable from the Ca-Na ion exchange reaction. 
Calcite equilibrium is maintained during the Ca-Na ion 
exchange reaction. 

(B): Same as Figure 4 (A). The Ca-N a ion exchange 
trend is represented as a line by redefining the graph format. 

composition of water. End member B is generated 

by progressive Ca-Na ion exchange while main· 

taining calcite-equilibrium (rows 5 through 10, 

Table 2). Also listed in Table 2 are chemical com

position of mixtures between end members A and 

B. Calcite-equilibrium is maintained for the waters 

on rows 13 through 17. 
Figure 4 is a trilinear diagram of the three 

groups of water listed in Table 2. Although simple 
mixing (symbol o) is distinguishable from a Ca-N a 
ion exchange trend (symbol 0 ), post-mi.xing equil

ibration with calcite deviates from a simple mixing 

line (symbol + ). Therefore, mixing may also take 
place in a series of waters plotted on a curved line 
on the trilinear diagram. 

In this example, the similarity in chemical 
composition between a Ca·Na ion exchange trend 
(first group. Table 2) and post-mixing calcite
equilibration trend (second group, Table 2) does 
not mean that it is impossible to identify the 
correct mechanism. Other parameters, such as 
stable isotopes of hydrogen, oxygen, carbon, and 
sulfur, should help solve the puzzle. 

Summary and Conclusions 
Hill and Piper's trilinear diagram is a valuable 

graphic tool for representing hydrochemical data. 

It effectively illustrates the chemical characteristics 
of a ground-water system from recharge to the 
deeper portion of the aquifer. The tedious plotting 
task can be greatly reduced if one takes advantage 
of the speed and accuracy of a computer. A set of 
simple equations is presented to transfer the tertiary 
system of the trilinear diagram to X-Y coordination 
and electronic spreadsheet macros for plotting a 
trilinear diagram. 

The concept of hydrochemical facies is useful 
in characterization of the chemical nature of water. 
However, it can be misleading to define hydrogeo
chemical reactions based on changes in hydro
chemical facies. 

Although mixing may be a common phenom

enon, post-mixing reactions may obscure the 
mixing trend on a trilinear diagram. Reactions such 
as dissolution, precipitation, ion exchange reaction, 

and even C0 2 outgassing, are common in natural 

waters. The assumption that all ions remain in 
solution after mixing for a linear mixing line on a 

trilinear diagram cannot be adopted uncondition

ally. On the other hand, simple mineral dissolution 
may result in a straight line on a trilinear diagram, 
and therefore, a straight line on the diagram does 
not necessarily indicate mixing. In reality, due to 
the heterogeneity of most ground-water systems, 
the chemical composition of the end member may 
not be well defined. Analytical errors may introduce 
additional uncertainty. All of these would make it 
difficult to recognize a mixing line on a trilinear 

diagram. 
Based on the above considerations, the 

trilinear diagram is a useful tool to characterize the 
chemical composition of a ground-water system, 
that is, hydrochemical study. However, for detailed 
hydrogeochemical investigations, such as wate~·rock 
interaction, quantitative hydrogeochemical study, 
one should include efforts such as consideration of 
the isotopic composition. mineralogy. and reaction 

' c -
13-- '1.3 



path simulation for screening hypotheses. The real 
mechanism (s) that is (are) operating in a ground
water system may elude the researcher if these 
hydrogeochemical approaches are ignored. 
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Reliability of Chemical Analyses of Water Samples 
- The Experience of the UMTRA Project 

by George Rice, James Brinkman, and Dianna Muller 

Abstract 
Ground water quality investigations require reliable chemical analyses of water samples. Unfortunately, laboratorv analytical results are often unreliable. The Uranium Mill Tailings Remedial Action (UMTRA) Project's solution to th{s problem was to establish a two-phase quality assurance program for the analysis of water samples. In the first phase. eight laboratories analyzed three solutions of known composition. The analytical accuracy of each laboratory was ranked and three laboratories were awarded contracts. The second phase consists of on-going monitoring of the reliability of the selected laboratories. 
The following conclusions are based on two years of experience with the UMTRA Project's Quality Assurance Program: 

• The reliability of laboratory analyses should not be taken for granted. • Analytical reliability may be independent of the prices charged by laboratories. • Quality assurance programs benefit both the customer and the laboratory. 

Introduction 
The purpose of the Department of Energy's Uranium 

Mill Tailings Remedial Action (UMTRA) Project is to 
reduce or eliminate the hazards posed by inactive ura
nium mill tailings. One hazard is the contamination of 
ground water by heavy metals, radionuclides and milling 
reagents leached from the tailings. 

Major project objectives are to determine the extent 
of existing ground water contamination, and to predict 
the effects of remedial actions on future ground water 
quality. Meeting these objectives requires reliable chemi
cal analyses of water samples. When the project began, 
the reliability of laboratory analyses was taken for 
granted. Laboratories were awarded contracts on the 
basis of laboratory visits by project quality assurance 
personnel. During these visits, the laboratory's internal 
quality control program and the qualifications of key 
laboratory personnel were checked. The contracted 
laboratories also participated in state or EPA sponsored 
water-quality performance evaluation programs. How
ever, it soon became apparent that this was not sufficient. 
Laboratories often submitted sample analyses having 
cation-anion balances greater than 50 percent. When solutions of known composition were sent to the labora
tories, the reported results were often wrong by a factor 
of more than 10. 

These unreliable results caused the UMTRA Project 
to establish a two-phase quality assurance program for 
the analysis of water samples. At the same time, it was 
recognized that reliable analyses of improperly taken 
samples were also of little value. Therefore, a stringent set 
of protocols designed to assure proper sampling and field 
testing of water samples was implemented. 

In the first phase of the program, eight laboratories 
participated in prequalification. Each laboratory ana
lyzed three solutions of known composition. The accu
racy of each laboratory analysis was scored and three 
laboratories were selected to receive contracts. 

The second phase consists of monitoring the reliabil
ity of analyses submitted by the selected laboratories. 
This phase will continue as long as the project requires 
analysis of water samples. 

Phase One: Prequalification 
The purpose of the prequalification was to find at 

least three laboratories that could provide the project 
with reliable analyses. This phase consisted of several 
steps. 

First, initial accuracy criteria were established (Tabk 
I). These criteria were based on project r~quirements and what it was hoped most laboratories could achieve. The 
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criteria were reviewed by personnel at the Pacific 
Northwest Laboratory, the Nuclear Regulatory Com
mission, and Bendix Field Engineering Corp. Some 
reviewers stated that the criteria should be species
specific. although they could not specify which species 
should be subjected to more or less stringent criteria. 
Therefore, it was decided that if the criteria were to be 
revised, the revision would occur after evaluating the 
performance of laboratories participating in the pre
qualification. 

In the second step, laboratories were invited to partic
ipate in the prequalification through an advertisement in 
the Commerce Business Dai~r. Thirteen laboratories 
chose to participate. 

Thirteen sets of solutions of known composition were 
then prepared by Bendix. Each set consisted of three 
samples, each of which contained varying concentrations 
of all of the constituents listed in Table I. The sets sent to 
each laboratory were identical. Bendix provided the proj
ect with the known concentrations of constituents in each 
solution, as well as the uncertainties associated with the. 
preparation of each solution. The known values and 
uncertainties were used to calculate an acceptable range 
for each constituent. 

The lower limit of the acceptable range is: 

C(l-U) 
(1 + E) 
where: 

C = known concentration 

(1) 

U = uncertainty associated with preparation of known 
solution (percent/ 100) 

E = acceptable error, from accuracy criteria, Table 1 
(percent/100) 

The upper limit of the acceptable range is: 

C(1+U) (l+E) 

where the variables are as defined. 

(2) 

Eight of the 13 laboratories submitted analytical 
results. Their results were evaluated according to the 
initial accuracy criteria. This evaluation made it clear 
that some of the criteria were too stringent and needed to 
be revised. The revised criteria reflected the analytical 
abilities of the laboratories while preserving the accuracy 
required to meet project objectives. The constituents 
were divided into three groups (Table 1 ). 

Group 

I* 

II 

III 

TABLE I 
Accuracy Criteria 

Concentration of 
Constituent in 

Known Concentration 
(mg/L) 

<0.01 
>O.O 1 to <0.1 
>0.1 to <I.O 
>1.0 

<0.01 
>O.O 1 to <O.I 
>O.l to <1.0 
>1.0 

<0.01 
>0.01 to <0.1 
>O.l to <I.O 
>I.O 

Acceptable Error, 
in Percent 

100 
50 
25 
10 

200 
100 
50 
20 

200 
100 
50 
10 

*The initial accuracy criteria for all constituents were 
identical to the Group I criteria. 
Group 1: Sb, As. Ba. Co. Cr. Pb, Hg. Mo. Se, U, 
Pb-210, Po-210. Ra-226, Ra-228, Th-230. 
Group II: B, CN, H2S, NH4, N02, P04 , Co, Cu, Ni, 
Ag, Sr, Sn, V, Zn, TOC. 
Group III: Cl, S04, N03, Na, K, Mg, Ca, F, AI, Fe, 
Mn, Si02, TDS. 

percent acceptable results. A summary of the prequalifi
cation results is given in Table 2. 

Sixty-seven percent of all analyses were within ·the 
acceptable range. Sixty percent of the reported values 
were higher than the known concentration. The labora
tories performed best when analyzing for TDS, zinc, tin, 
and radionuclides. More than 50 percent of analyses for 
most of the common ions and toxic metals were accept
able. Iron and aluminium were among the constituents 
for·which the laboratories performed most poorly. Both 
of these metals exert a strong influence on leachate 
chemistry. 

It should be noted that the prequalification analyses 
were probably more accurate than most analyses per
formed by the laboratories. This is because they knew 
they were being tested and the known solutions were 
made with very pure materials that minimized analvtical 
interferences. The results of the prequalification ciearly • Group 1 contains the toxic trace constituents that are 

commonly associated with uranium mill tailings. The showed the need for independent checks of analytical 
criteria for Group 1 constituents were not revised. reliability after laboratories were selected to receive 

contracts. • Group 2 contains most of the trace constituents not 
included in Group 1. The five laboratories with the top scores were visited 

• Group 3 contains the major ions and the trace constit- by project personnel. After considering quality control 
uents that may control leachate chemistry. procedures, equipment, space, and personnel qualifica

tions, three laboratories were selected to receive contracts. The revised criteria were used to score the eight 
responding laboratories. When analytical results were Although the cost of analyses was not considered in the 
not within the acceptable range, or results were not selection process, there were large differences among the 
reported, an unacceptable result was recorded. The t~ree l~boratories. For an analysis of all the constituents 
laboratories scored 77, 74, 72. 70, 69, 46, 31, and 16 liSted m Table 2, Laboratory A charged $447, Labora-

1 
] tory B $235. and Laboratorv C char11:ed $575. 
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TABLE 2 
Summary of Prequalification Results• 

Percent 
Known Acceptable Range of Reported 

Analyte Concentration Range Reported Values 
(mg/L) (mg/L) Values (mg/L) Acceptable 

Ca 636. ± 1.1% 572- 707 285- 865 29 
K 5.72 ± 1.1% 5.14-6.36 5:24- 7.64 71 
Mg· 55.9 ± 1.1% 50.3- 62.2 50.0 - 99.8 57 
Na 33.0 ± 1.1% 29.7 - 36.7 24.2- 41.4 71 
Cl 206. ± 1.0% 185 - 229 200- 245 86 
F 0.987 ± 2.0% 0.645- 1.51 0.80- 1.57 86 
Si02 6.85 ± 2.8% 6.05- 7.75 2.16-7.0 43 
S04 1520 ± 2.0% 1350- 1710 1450- 1740 86 
TDS 3200 ± 2.5% 2840-3610 2970- 3600 100 
AI 0.126 ± 1.2% 0.083 - 0.191 <0.05- 3.75 0 
Fe 0.126 ± 1.2% 0.083 - 0.191 0.149-0.42 43 
Mn 0.126 ± 1.2% 0.083 - 0.191 0.025-0.16 86 
Ag 0.076 ± 1.2% 0.050 - 0.115 0.015- 0.12 57 
As 0.088 ± 1.2% 0.058 - 0.134 0.039- 0.106 83 
Ba 0.114 ± 1.2% 0.09- 0.144 <0.05- 0.54 33 
Cd 0.076 ± 1.2% 0.050- 0.115 0.020 - 0.090 86 
Cr 0.076 ± 1.2% 0.050 - 0.115 <0.05- 0.27 71 
Hg 0.076 ± 1.2% 0.050 - 0.115 0.026 - 0.074 75 
Mo 0.033 ± 1.2% 0.022 - 0.050 0.011 - 0.14 43 
Sb 0.01 ± 1.2% 0.007- 0.015 0.009 - 0.032 83 
Se 0.076 ± 1.2% 0.050 - 0.115 0.055- 0.102 100 
*Pb-210 4.8 ± 7.0% 2.23- 10.3 1.9 - 7.2 75 
*Po-210 17.1 ± 3.0% 8.22- 35.2 1.1 - 25.0 88 
*Ra-226 10.0 ± 1.4% 4.93 - 20.3 5.7- 14.9 100 
*Ra-228 14.8 ± 7.0% 6.88- 31.7 5.86- 86.2 62 
*Th-230 13.5 ± 2.3% 6.59- 27.6 8.0- 20.0 100 
u 0.076 ± 1.2% 0.050 - 0.115 0.007- 0.49 75 

Co 0.101 ± 1.2% 0.067- 0.153 0.088- 0.36 71 
Cu 0.101 ± 1.2% 0.067- 0.153 0.015-0.20 71 
Ni 0.101 ± 1.2% 0.067 - 0.153 0.09-0.28 71 
Sn 0.050 ± 1.2% 0.025 - 0.10 I 0.044· - 0.075 100 
Sr 0.176 ± 2.9% 0.115- 0.272 0.178-0.6 57 
Zn 0.101 ± 1.2% 0.067 - 0.153 0.084- 0.15 100 

8 0.088 ± 1.2% 0.043 - 0.178 <0.01- 4.0 50 
s 22.9 ± 2.5% 17.9- 29.3 1.1 - 45 57 
ALK 16.1 ± 0.7% 14.5 - 17.8 14.3 - 21.6 43 
CN 0.59 ± 4.2% 0.38- 0.92 0.13 - 0.91 83 
TOC 1.46 ± 1.0% 1.16 - 1.84 1.5 - 4.0 33 

*units = pCi/ L 
1 Each laboratory analyzed three solutions with total dissolved solid concentrations of 430 mg/ L, 3200 mg/ L, and 
6400 mg/ L. This table summarizes the results of the 3200 mgj L solution. 

Phase Two: Post-Laboratory Selection 
Monitoring 

The purpose of this phase is to monitor the reliability 
of analyses reported by the three laboratories selected in 
the prequalification. The laboratories agreed to the fol
lowing conditions. 

• Complete analytical results would be submitted to the 
project within five weeks of receiving each sample set. 

• The acceptability of analytical results would be judged 
by the project according to pre-established cation
anion balance an~ accuracy criteria. There would be 
no payment for unacceptable results. 
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Cation-Anion Balance Criterion 
The analysis of a sample is unacceptable if the abso

lute value of the cation-anion balance is greater than 

5 percent. The cation-anion balance is calculated as 

follows. 

Balance= meq Cations- meg Anions (IOO) (3) 
meq Cations + meg Anions 

The balance is calculated using every constituent that 

contributes more than 0.1 percent to the sample's total 

dissolved solids content. If redox sensitive constituents 

are used in the balance. the balance is calculated for both 

oxidizing and reducing conditions and the laboratory is 

given the benefit of the doubt. Alkalinity, a major con

tributor to the balance, is measured in the field by project 

personnel. The alkalinity value is not given to the labora

tory. The laboratory is required to re-analyze those sam

ples that do not satisy the balance criterion. The labora

tory is not paid for analyzing these samples until 

re-analysis results in a balance of Jess than 5 percent. 

Accuracy Criteria 
Each sample set is divided into lots consisting of no 

more than nine field samples and at least one solution of 

known composition (Figure I). Known solutions are 

disguised as field samples. The value reported for a con

stituent in a known solution is compared to the acceptable 

range of values for that constituent. The acceptable range 

is calculated from Equations I and 2. When the analysis 

of a constituent in a known solution does not fall within 

the acceptable range, the laboratory is required to re

analyze the entire lot for that constituent. The laboratory 

is not paid for that constituent until re-analysis produces 

acceptable results. 
In addition to monitoring cation-anion balances and 

accuracy. analytical precision is monitored by including 

at least four replicates of a field sample in each sample set 

sent to the laboratory. The replicates are disguised as 

individual samples. The coefficient of variation is calcu

lated for each constituent in the set of replicates and 

compared to the precision criteria shown in Table 3. The 

precision criteria are based on the degree of accuracy 

required for each constituent. When replicate analyses 

exceed the coefficients of variation, the laboratory is 

notified. This information helps the laboratory identify 

and correct analytical problems. Payment is not withheld. 

The evaluation of laboratory performance indicates 

that initial analytical results are often unreliable 

(Table 4). Decisions based on these analyses could lead to 

costly mistakes. Re-analysis usually results in data that 

are significantly more reliable. Both the project and the 

laboratories benefit from the monitoring program. The 

project gets more reliable data, and the laboratories are 

able to improve the quality of their work. In general. the 

reliability of analyses has improved over time. 
Two of the laboratories are no longer used by the 

project. Although analytical results from Laboratory A 

improved with time, the laboratory was unable to 

improve enough to satisfy the project's requirements. 

Laboratory C was unable to meet the required five-week 

tum-around time. This leaves the project in the undesir

able position of having to rely on a single laboratory. 

Should significant problems develop with Laboratory B. 

the project could be without a prcqualified laboratory. 

9 FIELD SAMPLES 

1 · KNOWN SOLUTION 

Figure J. Typical sample lot. 13-18 
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TABLE3 
Precision Criteria 

Acceptable Percent 
Error for Constituent 

200 
100 
50 
20 
10 

Maximum 
Coefficient of 

Variation 

1.38 
0.84 
0.45 
0.18 
0.09 

However, thus far, Laboratory B has shown it can serve 
all the project's analytical needs in a timely and reliable 
manner. 

Conclusions 
Based on the experience of the UMTRA Project, the 

following conclusions are made: 
• The reliability of laboratory analyses cannot be taken 

for granted. Reliability is not necessarily guaranteed 
by laboratory in-house quality control programs or by 
a laboratory's participation in state or EPA water
quality performance evaluation programs. 

• Quality assurance programs benefit both the client 
and the laboratory. The client gets more reliable 
results, and the laboratory is able to identify and 
correct analytical problems. 

• The reliability of analyses and the quality of service 
provided may be independent of the prices charged by 
a laboratory. 
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TABLE 4 
Laboratory Performance, 
Post-Selection Monitoring 

Accuracy Criteria 

Laboratory 
Number of Known 
Constituents Analyzed 
% Acceptable Analyses 

Initial analysis 
lst re-analysis 
2nd re-analysis 

A B 

354 1543 

83 82 
90 96 

99.5 

Balance Criterion 

Number of Samples Analyzed 145 495 
% Acceptable Analyses 

Initial analysis 90 83 
1st re-analysis 92 91 
2nd re-analysis 96 

c 

274 

68 
80 

73 

45 
65 
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EVALUATION OF LABORATORY ANALYTICAL DATA 

by Richard Meyerheia 
N.M. Scientific Laboratory Dhlsloa 

Coasiderla1 the cost of collectla1 samples aad their analyses It would be sensible to 
expend some time aad effort Ia selectlaa aa aaalytlcal laboratory. Most laboratories 
aow expect their clients to demaad accurate aaalyses, aad the labs expend 
considerable effort to malatala a Quality Assuraace/Quallty Coatrol (QA/QC) 
pro&ram. Most labs hue available documeats demoastratlaa their QA/QC and are 
wllllaa to sead them to aad/or discuss them with clleats. Labs dolaa aaalyses for 
the aoveram .. t are required to take part Ia exteraal proflcleacy protrams for 
certlflcatloa. Evea coaslderlaa the abon, It Ia a aood Idea for each clleat to 
determlae for himself the precision aad accuracy of their laboratory. This caa best 
be doae with "blind" check samples aad duplicates, and by spllttlna samples with 
other laboratories. 

Whenever a lab result doesa't make •sease•, advise the laboratory and work with 
them to Clad the error If oae has occurred. Laboratories are aot lafalllble, aad most 
of them will wllllaa admit to that fact. Most wlll work with clleats to correct 
errors, aad to assure that the clleat aets the "best" result. Often howenr, Inaccurate 
results come about because of aa Improper request or Improperly collected sample aod 
aot because of laboratory error. 

SAMPLE COLLECTION AND SUBMISSION 

Proper sample collection aad submission are nry lmportaat for meanlatful results. 
The analytical request form should be completely filled out with as much information 
about what •iaht be Ia the sample added Ia the remarks. The sample Itself should 
be clearly labeled to decrease the chaace of mlsldeatlllcatloa. If there is a chance 
that there mlaht be leaal actio• as a result of the sample thea the sample should be 
sealed with u uldeatlary seal aad a chala of custody be established. the best 
results wlll be achlend whea there Is aood commualcatloa betweea the submitter and 

the aaalytlc:al laboratory. 

Whenuer· a sample Is collected, considerable atteatlon should be 1hen to what type 
of sample (soil, water, etc.), what volume, what It should be collected in, and how it 

should be preserved durlaa shipment to the laboratory. 

Evaluatloa of Laboratory Analytical Data 
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Geaerally bottles for oraaalc aaalyses should be obtained directly from the 

laboratory. Slace most oraanic analyses iavohe very small coaceatratioas of 

somewhat volatile compouads, care should be takea to avoid aay possibility of 

coatamlaatloa of the sample bottles both before aad after the sample Is collected. 

Make sure that the sample collected Is represeatathe of the result desired. Samples 

with two phaus (oil oa water) are Impossible for a laboratory to quaatlfy aad ahe 

a meaalaaful result. Wbea havlaa water aaalyzed, nea a trace of free product 

(aasollae) co•ld cause extreme errors Ia the aaalytlcal result. Samples exposed to 

the ail or poared from oae coataiaer to aaother will loose volatiles. Samples that 

come lato coatact with plastic, rubber, paper or wax seals will almost certalaly loose 

most of their oraaalcs lato the seal. Make sure that oaly the TefloaR side of the 

seal comes lato coatact with the sample. 

Slace most orcaalcs are food to oae type of bacteria or aaother, It Is lmportaat to 

coaslder sample preservatloa. This should be discussed with the laboratory aad be 

coaslsteat wltll the methodolon which mlaht be required (EPA, etc.). Geaerally 

oraaalc samples should be preserved at ~ °C (wet Ice • do aot freeze) aad kept out of 

suallaht. Trlhalomethaae aaalyses for the Safe Drlaklaa Water Act require that a 

reduciaa substaace be added to the sample whea It Is collected to reduce aay free 

chlorlae. FrH chloriae wili react with oraaaics to form Trihalomethaaes. 

Oftea field ~laaks will coaflrm that there was ao coata~laatloa of the sample or 

bottles. For volatile samples field blaaks are a aood Idea aad are required by many 

aaalytlcal methods. Obtala field blaaks from the laboratory, because It Is ury 

difficult to obtala "pure" water. 

There are a aumber of factors which should be coasldered whea sampllaa for 

oraaaics. Below are listed some problems which caa affect the accuracy aad 

useability of the results: 

SAMPLING PROBLEMS 

NO SAMPLING PLAN 
Oace the purpos, of sampllaa has beea established the appropriate sampllaa 
straitlY caa be cbosea. Consideriaa the cost of aaalyses, make sure that 
there area't too maay or too few samples collected, aad that you are 

.preJared whea you aeed to collect a sample. 

CONTAMINATED SAMPLE CONTAINERS OR EQUIPMENT 
There should be coasiderable coacern about the contamination of sample 
coatainers and sampliaa equlpmeat as well as quality control to show that 
the sample was not contaminated. 
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IMPROPER SAMPLE CONTAINERS 
Oraaalc samples must be collected Ia al-'t- aad aot come lato contact with 
plastics, rubber, or other oraaalcs. 

IMPROPER SAMPLE COLLECTION 
There are maay possible errors Ia the collection or oraaaics. Sample 
collectloa should be completely uaderstoocJ aad defiaed Ia the sampllna plan. 
It Is especially easy to obtaia lacoasistent results with volatile oraanics. 

CROSS CONTAMINATION 
Volatile oraaaics caa leave one sample aad coatamiaate nearby samples. 
Keep biahly contaminated samples Ia a separate coataiaer. 

INSUFFICIENT DOCUMENTATION 
Complete field .otes caa make a considerable dlUereace Ia beiaa able to 
interpret results. The obserntions recorded should include: 

• Collecton aames 
• Well ideatiflcatlon 
. Static water luel depth aad measurement technique 

Presence of immiscible layers, detection method aad thickness 
. Well yield, blab or low 
. Evacuation procedure/equipment 
• Parae volume, pumplna rate and time pumped 

Appearaace of around water 
. Sample collection procedure/equipment 
. Equlpmeat cleaaiaa procedure 
. Date aad time of collection 
. Sample treatment aad coataiaers 
. P:ar:ameters requested for analysts 
. Field ... lysis procedures aad results 

Sample packlaa, dlstrlbutloa, aad transportation 
• Other field obsenatloas lacludlaa climatic conditloas aad 

problems eacouatered 

INCORRECT PR£SERVATION/TRANSPORTATION 
Most oraaaics are aot stable for loa1 periods of time. All oraaaic samples 
should be kept oa lee at 4°C uatll they are analyzed. Aay cblorlae residual 
Ia the sample should be reduced with ascorbic add, sodium thiosulfate or 
sodium sulfite to stop the formation of trlhalomethaaes aad other 
compounds. 

INCORRECT ANALYTICAL REQUEST 
Without a aood uaderstaadina or the analytical procedures used by the 
laboratory It Is possible that the aaalytlcal results won't provide the desired 
lnfor•atloa. Some labs do only •taraet• compound aaalyses aad doa't report 
uakaown compounds that were detected. 

EVALUATION OF LABORATORY RESULTS 

The laboratory user should assure himself the the laboratory is providiaa quality 

results. The user should be aware of the laboratories quality control proaram and 
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know the precision and accuracy of their analyses. The user may wish to assure 
himself of the labs reliability by submittina a "blind" spiked sample. Because of the 

' complexity of the aaalyses oftea oraanlc results are not as precise as other analyses, 
and iaterferiaa substaaces can cause the lower detection limit to be considerably 

hither than the method states. 

VISUALIZATION OF RISUL TS 

· Wbea comparla1 results from sneral wells at the same site one can often have too 
much data to easily spot treads. The 1rapblc representation of data often makes it 
mach easier to understand and Interpret the multitude of data that oae often obtains. 
John D. Hem Ia his paper "Study and Interpretation of the Chemical Characteristics 
of Natural Water" pro•ldes some excellent laformatloa oa the Interpretation of water 
analyses. While It Is beyond the scope of this talk to conr his paper, I have 
Included a portion (pp. 162-188) of his paper on the "Oraanizatlon and Study Of 
Water Aaalysls Data. Ht shows senral dllfereat ways of araphlcally presentln1 data 
to make It easier to uaderstand. 

Uafortuaately little has beea doae to aid Ia the laterpretatloa of oraaalcs Ia around 
water. Geaerally oae caa say that maa made oraaalcs should aot be Ia arouad 
water, but It Is oftea difficult to determlae whea, where, how aad by whom oraaalcs 
aot lato the arouad water. Oftea the specific oraaalc compouads detected Ia arouad 
water will aln a clue to the source or cause of the coatamlaatloa. Howner, It Is 
lmportaat that oae knows sometblaa about oraaaic aomeaclature, the .use of oraaalcs, 
aad their solubility Ia water. Ia the case of coatamlaatioa from hydrocarboa fuels It 
is aot always possible to say absolutely which fuel actually caused the coatamlaation 
because of the "weatherlaa" or the sample. Gasollat allowed to "weather" by 
naporatioa or dissolutloa of the "llahter" compoaeats mlaht ·appear to be stoddard 
solnat or kerosene. By lookiaa at only the dlssol•ed coatamiaatioa, diesel fuel 
allabt appear to be aasollae. Oftea there Is more thaa oat fuel ia•ohed with a spill 
or leak. Ia the case of aasollae, probably the most commoa threat to around water, 
It Is oftea difficult to determine which of sneral possible sources Is responsible aad 
to pron the •1e of the spill. By araphlna relathe concentrations of the oraanlc 
coastltueats Ia a around water contamination case, It It possible to 1et a better 
picture of what bas happened to the or1anlcs. Uslna the principles of solubility, 
adsorptloa, etc. It is often possible to predict monmeat of lndhidual or1anlcs in 
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arouad wuer, aad by arapbia& the aaalytica! data ia the ~riabt" ID&aaer it is posu~le 

to Ytrlry prtdlctloas aad/:'lr explala resulu. Oat mttbod or arapbla& data ls to use 

a multharlate plot. I ban used the mulchariate plot to araph the chaaciac 

coaceatratloas or aromatic bydrocarboas from aasollae coatamlaatloa of crouad water. 

As expected the more soluble aad mobile beazeae clearly mous with the Croat or the 

plume. Below is a plot showiac the subtle chaaaes Ia relathe coaceatratloas or 

aromatics for three wells wblcb were close totetbtr. 

MUL TIVARIANT PLOT OF WATER SOLUBLE AROMATICS 
FROM GASOLINE CONTAMINATED GROUND WATER 

ZIATA riLES 
OIUIIS 
ORIZII 
0Rl211 ... 

• • 

PDCDn OF TOTIIL Cl-ln) 

• 

By lookl•l at the beazeae/tohaeae ratios It ls possible to predict which well Is closer 

to the source. 
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It Is hoped that someday plots such as the oae above will help to determine the 

arouad water aeochemlstry aad aid the lavestlaator Ia the laterpretatloa of the 

analytical results. Multharlate plots need aot be limited to she parameters or to the 

lavestlaatloa of aasollae Ia arouad water. They could be used with aay combination 

of compounds (laoraaalc and oraaaic). 

Carrylaa this llae of reasoaiaa a step further, It Is possible to plot data Ia more 

thaa two or three dlmeasloas uslaa a computer. Tht computer cu relate to data 

plotted Ia maay dimensions and there are aon-llnear mapplna proarams which caa 

takt data plotted Ia maay dlmeasloas aad simplify It (without looslaa too much 

laformatloa) Jato two or three dlmeasloas so that It caa be more easily visualized. 

Oae such alaorlthm Is described by Stephea L.Moraaa et al. (see paper). While the 

examples which he alves do aot relate directly to laterpretatloa of arouad water 

coatamlaatlon, It Is aot hard to see the possibilities for uslna this method. I have 

beea plottlaa BTX data from hydrocarboa fuel coatamlaatloa cases aad attemptlaa to 

determlae the relatloaship betweea the aae, type of fuel, dlstaace from the source, 

etc. uslaa multiY&rlate plots aad aoa-llaear mappiaa. While It is apparent that there 

are relatloaships I hue aot yet determined what they are. However, oa a very local 

sc:ale (oae site) plottlna the data •·lth these methods does illustrate the around •·ater 

aeochemistry discussed la this course aad Is oftea helpful Ia laterpretatlon or the 

aaalytlcal data. 

Evaluatloa of Laboratory Anallriul Data 



REFERENCES 

Hem, John 0., 1985, Study and Interpretation ot the Chemical 
Characteristics ot Natural Water, u.s. Geoloqical Survey 
Water-Supply Paper 2254 

Morqan, Stephen L, Walla, Michael L., and Roqers, James c., 1987, 
Measurinq and Oisplayinq Chromatoqraphic Similarity Uainq 
Cluster Analysis, Chromatoqraphy, Cahners Publishinq Co., 
Barrinqton, Il. 

Also see the references for "Introduction to Orqanic Chemistry" 

Evaluatloa of Laboratory Analytical Data 



~~-? 

CHOOSING AN ORGANIC ANALYTICAL LABORATORY 

CHECK OUT THE LABORATORY -VISIT - REVIEW DATA 

1. QA/QC PROGRAM WITH RECORDS: 

2. PROFICIENCY RESULTS: 

3. PRECISION/ACCURACY STATEMENTS: 

4. TURN AROUND TIMES: 

5. CHECK REFERENCES: 

6. REQUEST RAW DATA AT TIMES: b ~~. ~Je.- c..:....Jcf!:Wfn:.+ro...:. 

7 SEND BLIND DUPLICATES· _,'Se.~&' /r>t •• u,levd stc-tk!; -lt:.s.> e/tJZote.. 
• • I' j/tPS~~·61 c 

8. SEND IN BLIND CHECK SAMPLES:_., ,.tric c-11-1pt;,...,·e5 (,NDr ;;:~J 
fj,._J- Sj3ecreclt2. c.. /A.J pt111 5 

9. SPLIT SAMPLES WITH OTHER LABS. ~ ~7uvd11ret.s .. JiiiPz. · 

ORGANIC ANALYSES ARE RELATIVELY NEW AND COMPLEX -
REQUIREING CONSIDERABLE TIME, EXPENSIVE EQUIPMENT 
AND TRAINED PERSONNEL. 



INTERPRETATION OF LABORATORY RESULTS 

1. DO THE RESULTS MAKE SENSE? 

2. WAS THE "RIGHT" ANLYSIS REQUESTED? RUN? 

3. WAS THE SAMPLE COLLECTED PROPERLY? 

4. COULD THE SAMPLE HAVE BEEN CONTAMINATED? 

5. WAS THE LABORATORY ANALYSIS "CORRECT"? 

6. COULD COMPOUNDS HAVE BEEN "LOST"? 

7. WAS THERE ENOUGH FIELD INFORMATION? 
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BIO.DEGRADATION STUDY 

sa 
~~~~~~~~~+4~~~~~~~~~~1-.mm I 

The New Mexico Scientific laboratory Division studied the stability of Benzene and 
other aromatics under clfferent preservation conditions. The above graph shows en 
example the results obtained. Some of the samples were prtserved with mercuric 
chloride Ccurv• 1 • 3J ac 20 ppm HgCI1• Of these. one stt was ttfrfitrattd It 4•c and 
the other was stored It room ttmperature. Anothtr 111 of aampltl Ccurve 5J was not 
preserved but was kept at 4•c. while the last 111 (curve 71 was not pttstrved and 
stored at room temptratutt. The umplts were al analyzed In ttiplcatt on nine 
different datts over 1 one month period. As can easly be stan an unprasarved. 
unreftigerattd sample can drop from several hundred to zero ppb benzene In five days. 
Even reftigerattd samples Clft show aubstantiallossts In shon time periods. 
Hydrochloric Add Is also 1 good preservative j( the pH Is brought down to 2. In many 
UST situations, because of the high biological activity, the alkaDnity can be vary hf9h 
and buffer the Ph. The high carbonate leva.ls win also caust the loss of C01 when the 
sample Is acidified. 

fl'e5 Q.f'~ "'/ yr. e_r c .. ,._, t;. 
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CHLOIOFOIII (COli) 

IROICD I CILOICIIETIWI£ 
IROICD ICILOROETIWI£ 
IROICD I CILOICIIET IWI£ 
IROICD I CILOICIIETIWIE (AVG) 
IROICD I CILOICIIETIWIE (COli) 

DIIIGMOCIILOICIIETIWIE 
D IIICMDCIILOICIIET IWI£ 
0 IIIIOIIIXIILOICIIETIWIE 
DIIICMDCIILOIOMETIWIE(AVG) 
DIIICMDCIILOIOMETIWIE(COV) 

UOIOfOIII 
IIICIIOfOIII 
llt(JC)fOIII 
lltOIOfOIII(AVG) 
IRO«lfOIII( COV) 

CAJIICII TETRACHLORIDE 
CAJIICII TETRACHLORIDE 
CAJIICII TETRACHLORIDE 
CAJIICII TETRACHLORIDE(AVG) 
CAJIICII TETRACHLORIDE ( COV) 

TIICIILOIOETHENE 
TIICKLOIOETHENE 
TIICIILOIOETHENE 
TIICIILOIOETHENE<AVG) 
TIICILOIOETHENE (COV) 

HCI NoS203 - -

·~ 

CHBr2CI CH8r3 CCI4 TCE 

SCIENTIFIC LABORATORY DIVI$1111 ASCQRIIC ACID SMT 

10 PitS. AA (AVG) AA&HCl<e'lll) IICl leS203 

71.0 91.D 96.7 15.5 11.1 

16.7 15.4 90.5 15.7 76.6 

14.6 90.1 101.] 92.6 11.2 

13.1 19.0 96.1 17.9 12.2 

5.51 ].61 5.61 4.61 7.51 

11.2 54.2 66.2 91.1 M.6 

93.0 18.1 59.7 19.0 17.4 

91.7 35.7 49.1 96.6 19.6 

91.0 36.2 51.6 92.5 90.5 

2.71 41.91 14.11 4.21 4.11 

90.9 ]0.7 41.5 95.2 96.9 

96.5 6.6 35.9 19.6 19.1 

M.7 14.9 22.1 97.1 92.7 

M.O 17.4 ]].2 M.2 93.1 

].01 70.61 30.21 4.41 ].II 

92.0 17.5 27.1 95.5 95.9 

98.0 2.] 2].0 19.5 92.0 

96.4 6.5 10.2 93.2 96.1 

95.5 1.1 zo.s 92.7 "·' ].]1 19.91 44.71 ].]1 2.71 

12.1 56.7 11.] 91.1 90.1 

91.4 ]7.2 7].] 11.7 79.2 

11.2 51.1 73.7 95.2 10.] 

17.5 41.5 76.1 91.7 13.2 

5.01 20.91 6.01 ].61 7.21 

16.6 91.5 97.9 92.2 92.6 

92.9 16.7 M.1 19.1 12.1 

90.6 92.5 104.1 96.7 13.1 

90.0 90.2 98.7 92.9 15.9 

3.51 ].41 5.11 3.11 6.71 
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LEVELS OF QUALITY CONTROL 

LEVEL LAB REVIEW 
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QUALJT ATI\IE OR DELINEATIONa=CONTAMINATED ZONES; 

SEMIQUANTITATIVE; GROSS DETERMINATION a= ANAL YTES; 

I A FIELD TESTING; NO NO OPTIONAL HEALTH & SAFETY SCREENING; SITE 

INDICATOR CHARACTERIZATION; MONITORING 

PARAMETERS DURING IMPLEMENTATION 

QUANTITATIVE OR 
SEMIQIJANTIT ATIVE; AU. a= THE~ PlUS: 

ON SITE FIELD 
II B TESTING; 

YES OPTIONAL OPTIONAL EVALUATION a= ALTERNATIVES; 

COMPOUND 
ENGINEERING DESIGN 

SPECFIC 

QUANTITATIVE; AU. a= THE~ PlUS: 

• c CLPORSW~ YES YES YES 
RISK ASSESSMENT AND 

METHODS TECHNICALLY DEFENSIBLE DATA ; 

REQUIRED FOR NPl SITES NEAR POPULATED AREAS 

QUANTITATIVE; AU. a= THE~ PlUS: 

PI D CONTRACT LAB YES YES YES LEGALlY DEFENSIBLE DATA; 

ONLY QC OOCUMENTATION 

QUANTJTA TIVE FOR 
NON STANDARD QUAUTATNE TO QUANTITATIVE ANALYSES 

v E SAMPLE MATRIXES; YES OPTIONAL OPTIONAL 
METHODS MUST BE 

METHOD SPECIFIC 

PRE-APPRO\IED 
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TABLE 1 
Competency categories and total weight per category 

llaxlmUIII Weight 
ICON of rank 

Precision' 20 20 

Accur&cye 20 20 

Quality assurance plan inspection 38 aiO 

Blind check samples (4 points) 
Method detection limits {1) ~ 
Method blanks (3) 
Equipment calibration (4) 

·~ 
Matrix spike samples (4) 
Check samples (4) 
Replicate samples (4) ; 
Internal audits (4) 
EPA-CLP' laboratory (2) 
Chain of custody use (2) 

Corrective action program (4) 
Ability to customize reports 10 10 

Instructions to be included on reports: 
EPA methods listed (2.5 points) 
Confidence limits indicated (2.5) 
Oates of analyses listed (2.5) 
Chain-of-custody forms returned (2.5) 

Turnaround time of results vs. "promised" time 10 10 
! 

Price of analyses 10 10 

Total 
100 

•Based on analyses of chect samplel. 
tCLP • contractor laboratory program. 

REF: Elnersoa and Pel, 

Environmental Science and Tecbnoloay, Vol.22, No.lO, 1988 



TABLE2 
Analytical results of blind check samples produced by the 
laboratories · 

Semple concentntlona' (ppm) 
Aa Cd erf!• cu ,... Hg 

True value 1 0.05 0.05 5 5 0.5 
Lab 

A 1200 0.04 0.11 5.1 4.8 0.485 
0.08 4.9 

B < 0.01 (0.005) 0.03 <0.05 (0.025) 4.78 < 0.05 (0.025) 0.05 
<0.05 (0.025) 0.55 

c 0.959 0.053 0.048 4.58 4.5 0.395 
0.047 4.34 

0 0.861 0.052 0.062 4.85 4.94 0.495 
0.060 4.95 

E 0.052 0.050 0.060 4.8 3.9 0.5 
0.070 4.5 

F < 0.05 (0.025) 0.05 0.074 4.77 4.84 0.409 
0.084 5.09 

G 0.86 0.057 0.05 5.2 5.0 0.5 
0.05 5.0 

H 0.87 0.05 o.oe 5.0 5.2 0.58 
o.oe 4.9 

0.90 0.051 0.05 4.98 4.9 1.23 
0.05 3.5 

J 0.86 0.087 0.051 4.1 4.8 0.48 
0.051 4.8 

-when values are reported ·to be Ina lhan detectable, halt of that value (In paren1heM8) Ia used tar 
calculations and ranking purposes. · 

IOupllcate sample results are beneath the ftl1t umpa. rMUita. For cateuladon of accuracy enor, 
the awrage of the dupllcat• ia used. _ 

REF: Einerson and Pel, 

Environmental Science and Tecbnoloey, Vol.22, No.lO, 1988 
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Summary of data and ecores for each laboratory 

......... = Quality Customtzint 
8UUI'8nCe '(::: '1\mwound 

(root~MM 

~ (ecore time Lab ~~ tota .. ) .... , (daytiN) .-nee (S) 
A 50.0 19,999.7 18 7.5 0 1711.50 
B 5.2 83 18 I 0 860.00 c u 23.1 14 5 5 2481.00 
D 2 7.5 18 8.5 13 1307.00 
E 11.8 24.2 20.5 7.5 17 1016.00 
F 10.3 21.8 12 1.5 10 598.00 
G 0 5.3 23.5 10 11 1134.00 
H 3 7.7 24.5 10 11 750.00 
I 14.0 21.1 18 0 12 748.00 
J 0 10.3 15 2.5 13 453.00 

TABLE4 
Overall ranking of laboratories In an categories-

Lab PrKIIIoft Accur.cy QA ...,.. Time 
.:;:. Ovenll .-nee ,..,.. ,.. 

A 10 8 4.5 4.5 1.5 8 110.8 • B 8 10 4.5 7 . 1.5 5 88.3 8 c 3 • 8 • 3 10 116.7 8.5 
D 4 3.5 1.5 3 1.5 I 10 3 
E I ' 3 4.5 10 ' 15.1 5 
F 7 7 10 ' 4 2 111.7 8.5 (G. 1.5 2 2 1.5 5.5 7 45 2 
H 5 1 1 1.5 5.5 4 . 43.3 1 
I I u 8.5 10 7 3 107.5 7 
J 1.5 5 • 8 8.5 1 12.5 4 
Weight of ICOI'e 2D 20 30 10 10 10 

REF: Elaerson and Pel, 

Eavlroamental Sc:lence and TechaoloiY, Vol.22, No.10, 1988 

TABLES 
Analyses of results: known check sample vs. blind check sample 

Known Bind 
"ftuevalue YaluM Yaluee 

Pa .......... (ppm). (ppm) ~enor (ppm) ~enor 

As 1 1.111.1 10 1200 119,000 
Cd 0.05 0.0510.06 10 0.04 20 
Cr 0.05 0.05 0 0.11 120 
Cu 5 5.1 2 NR-
Pb 5 4.914.9 2 4.8 4 
Hg 0.5 0.3110.33 38 0.5310.44 4 

-NR • nol requested. 
NOTE: Duplicate results were provided wluntarily by the labora~ 

REF: Elnerson and Pel, 

Environmental Science and Tecbnolon, Vol.22, No.lO, 1988 



SAMPLING PROBLEMS 

NO SAMPLING PLAN 

CONTAMINATED SAMPLE CONTAINERS OR EQUIPMENT 

IMPROPER SAMPLE CONTAINERS 

IMPROPER SAMPLE COLLECTION 

CROSS CONTAMINATION 

INSUFFICIENT DOCUMENTATION 

INCORRECT PRESERVATION/TRANSPORTATION 

INCORRECT ANALYTICAL REQUEST 
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FIGUilE 11 
Three modes of organic contaminant behavior 

Fk>ater1 land sur lace 

Ca~ary fringe...._ 

Water table-.,.__~ 

Dissolved product 

Mix en 

land surface / 

Slnbra 

lnvnlscible organics-

Dissolved organics / 
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VARIABILITY: STATISTICS 

X 
X + X +X +---+X 1 2 3 N 

N 
-X= 

l:Xl 
N 

·-----------------.. 
1 X1 X1 x1 ! 
I I 

l Xz Xz : 
I I 

1 x3 x3 X3 x3 ! '--------------------"' 

9 OBSERVATIONS 

X4 X4 X4 +----MEDIAN 
r-----------------~ 
1Xs Xs Xs Xs 
I 

l x6 x6 x6 
I 
I 
l x7 
I 

: Xa 
~-----------------

9 OBSERVATIONS 

MEAN 

MEDIAN 

MODE 

Most series of observations tend to cluster about some particular value in a 
distribution. This c:harac:teristlc: of measurement data is termed the central tendency. 
The most common measures of the central tendency are the arithmetic mean 
(ueraee), the mode and the median. 



16-/7 
STANDARD DEVIATION 

MINUS PLUS 

3SD 1SO 1SO 3SD 

}1- 2a v- a )J. 

68.27°A 

~-----95A5%~----~ 

'--------99.73 °.1.--------' 

s= 
' 

s= 
' 

CV= 

-2 
I:(Xl-X) 

N-1 
2 (tX,L)2 

I:X.i.- N 
N-1 

~ (100) 

STANDARD 

DEVIATION 

COEFFICIENT 

OF VARIATION 

The coefficient of variation (CV) is a relative standard deviation or a relative 

measure of dispersion. 
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CONFIDENCE LIMITS 

)J. ~--------------r I-
I ------ --------
90% 

95% 

CONFIDENCE INTERVALS 

ts/ -X + N -

The confidence Interval Is 
the o/o probability that the 
confidence limits will 
encompass the results 
obtained. That Is It the 
95o/o confidence limits are 
calculated, the chances 
are about 95 In 100 that 
the limits will encompass 
the universe mean, u. 

Calculation of 

Confidence limits 

The t (Student's t) factors 
are correction factors used 
to calculate confidence 
limits at nrlous 
probability levels. 

Suppose you wish to find the 80% confidence limits for a series of four observations. For four observations there are three (N-1) degrees of freedom. Locate the three row in a DF column in a t-table. Scan the numbers in the three DF row. The t factor In the 20% probabillty lenl column (100-80=20) Is 1.638. 



DEFINITION OF DETECTION LIMIT TERMS 

LOD/IDL 
OL MQL LOQ PQL 

MDL 

10 

MULTIPLIER OF STANDARD DEVIATION OF REPLICATES 

Note: The valutt alone the horizontal •standard Deviation CSDt• axis are approximate valutt and art 

meant to show the rtlltlve. not absolute. relationship between the terms. 

Dl Dtttctlon Umlt ·Distinctly detectable but dose to a blank. Two times the SO. !Methods for 
Chemical Analysis of Water and WastnJ 

LOD Umlt of Dettcdon • statlstlclly different from a blank. Thrte timtS the SO. lACS) 

30 

MDL Method Dettcdon Umlt • 99% confidence that conc.ntratlon Is greater than zero. The SO times 

the Student t-value It the desired confidence level. For 7 replicates the value is 3.1C. 140 CFR 

for EPA Water Programs) 

IDL Instrument Detection Umlt • Smanest slgnll above background noise an Instrument can detect. 

Three time the SO. ICLPI 

MOL Method Qu~ntllatlon Umh • Minimum concentration thlt can be detected and reported. Five 

times the SO. CSW-8411 

LOO · Umit of Quantltatlon • Level above which quantitative results may be obtained with 1 specified 

degree of conficflnct. Ten times the SD. IACSJ 

POL Practical Quantilatlon Umit • Lowest level that can be reRably determined within specified limits 

of precision and accuracy during routine lab operations. Ten times the MDL OR Value where 

80% of labs art within 20" of true value. IRCRA & SDWA) 

CRDL Contract RequiNd Detection Umlt • Reporting Dmit specified for labs under contract to EPA for 

Superfund Actlvltlts ICI.P) 
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The followln& analytical results were obtained from a recently completed 
monitor well. About three well bore Yolumes were bailed before the 
sample was collected. Gin as much Information as possible about what 
may han caused the water contamination. 

ANALYTICAL REPORT QUIZ #1 

COMPOUND DETECTED 

BENZENE 

TOLUENE 

ETHYLBENZENE 

XYLENES (TOTAL) 

C3 SUBSTITUTED BENZENES 

1,2-DICHLOROETHANE 

[ug/1] 

780 

920 

63 

1100 

PRESENT 

130 

The aboYe compounds, often referred to benzene, toluene, 
and xylene) would indicate ground water ontaminated with gasoline. 
The BTX compounds are not normally asso iated with diesel fuel or 
hydrocarbon fractions higher boilin& than 1 oline. The relathely high 
concentrations present plus the presence of 

3 
substituted benzenes 

indicate that this water Is close to the sou of the contamination. 
The presence of the 1,2-dlchloroethane indicates that the gasoline was 
leaded since 1,2-dichloroethan~ed to leaded aasoline to Yolatilize 
lead from the combustion chamoer. \1 

o. \ s oJ) e-:.:""' OJI'-
a·, ~(Of""o 
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The following analytical results were obtained from a domestic drinking 
water well. The line (kitchen faucet) was flushed for 15 minutes 
before the sample was collected. Give as much information as possible 
about what may have caused the water contamination. 

ANALYTICAL REPORT QUIZ #3 

COMPOUND DETECTED 

t-BUTYLMETHYLETHER (MTBE) 

BENZENE 

[ug/1) 

560--"? 

120 ) 

Both t-butylmethylether (an octane enhancer) and benzene could be 
found at the edge of a ground water plume associated with gasoline 
contaainatlon. The MTBE has only been used in gasoline since about 
1984, and mainly In the eastern part of the country. MTBE and 
benzeae are the most soluble and mobile components of casoline along 
with 1,2-dichloroethane (added to leaded gasoline as a lead scavenger). 
Being the most mobile, MTBE and benzene (and 1,2-dichloroethane) are 
often found at the edge of contaminated plumes without the other 
compounds associated with gasoline (toluene, ethylbenzene, and xylenes). 
MTBE is so soluble in water that It can not only "travel" very fast, but 
it ca• also increase the concentrations of other orcanics dissolved in the 
water through a cosohency effect. 



The followlna analytical results were obtained from the rest room of a 
aas station to check for compliance with the Safe Drlnkln& Water Act. 
The line (cold water) was flushed for 15 minutes before the sample was 
collected. Give as much information as possible about what may have 
caused the water contamination. What would be the implications from 
the levels of the compounds detected? 

ANALYTICAL REPORT QUIZ #4 

COMPOUND DETECTED [ug/1] 

CHLOROFORM 

BROMODICHLOROMETHANE 

DIBROMOCHLOROMETHANE 

BROMOFORM 

p-DICHLOROBENZENE 

80 

40 
12 

4 

1 

Chloroform, bromodlc:hloromethane, dlbromoc:hloromethane, and 
bromoform are the usual trlhalomethanes formed when water, with some 
oraanlc: matter in it, Is chlorinated. Usually the concentrations decrease 
from chloroform to bromoform, althou&h sometimes the reverse is true. 
The Safe Drinkina Water Ac:t (SWDA) limit for trihalomethanes is a 
total of 100 uc/1 (ppb). The "Total THM" value of 136 ppb is above 
the acceptable nlue and would require the water supply to reduce the 
THM lnel or stop usina the water. 

The p-dichlorobenzene ls not a compound usually found in drinkin& 
water, but lt Is frequently used as a deoderlzer in public: rest rooms and 
could easily contaminate a sample collected In such a rest room. 



The followlna analytical results were obtained from a recently completed 
monitor well. About three well bore volumes were bailed before the 
sample was collected. Ghe as much Information as possible about what 
may hue caused the water contamination. 

ANALYTICAL REPORT QUIZ #5 

COMPOUND DETECTED 

DIBUTYLPHTHALATE 

DI-2-ETHYLHEXYLPHTHALATE 

DICHLOROMETHANE 

[ug/1] 

12 

6 

4 

Phthlates are a class of compounds used frequently in plastics. These 
compo•ods, at low concentrations, are often found as contaminates in 
samples. They may come from the sample collection device, the sample 
contai•er, or laboratory alassware. 

Dichloromethaoe Is probably the most commonly used laboratory solvent 
and c: .. easily contaminate samples for VOC analyses. Laboratories are 
aware of this problem and usually c:hec:k for it. 



The followin& analytical results were obtained from a recently completed 
monitor well. About three well bore volumes were bailed before the 
sample was collected. Give as much Information as possible about what 
may han caused the water contamination. 

ANALYTICAL REPORT QUIZ #6 

COMPOUND DETECTED 

BUTANONE 

TETRAHYDROFURAN 

[ug/1] 

so 
120 

Butaooae and tetrahydrofuran are both solvents used in &luin& PVC pipe 
together. These compounds can "bleed" out of the slued pipe joints for 
months. 



188. 

RIC 

RIC DATA: 888127t61 11 SCANS 1 TO 1208 
01/27/88 9117100 at. I: C888127 14 
SAMPLE: CHEVRON RECll.AR CASOLIHE 
COHOS. r DB-5: 80-~270/28 
RANGE: G 1,1200 LABEL: N e, 4.0 QUAN: A 0, 1.0 J 0 BASE: U 20, 3 

112 
I 

. 160 

233 

200 
3a29 

~ 

270 

e~~ I~ ·Jt-
p o~ 

1.. 0tU~-' . rv ' -ht< uottv 
t-...-o ,-<- l 

el""¥ eP(?., 7 

488 
6a40 

600 
Uh00 

668 737 7' 

880 
13120 

1008 
16a40 

314368. 

~ 
\ 

~ 
"-! 

1200 SCAN 
20:00 TIME 



100. 

RIC 

RIC 
01/27/88 13:03:08 
SA11PL.E: JP-4 JET Fl£L. 
COHOS.: 08-Sc 88-~270/28 
RANGEs G 

7 
1,1200 LABEI.a N 

280 
3:20 

DATAl 8801271'153 11 
CALI: C880127 14 

SCANS 1 TO 1200 

0, 4.0 QUAN: A 0, 1.0 J 0 BASEa U 20, 3 

. 410 

400 
6:40 

~ 
J0 

800 
13:20 

1080 
16:40 

1 

26208. 

~ 
\ 

).J 

~ 

·e0 SCAN 
la00 Tit£ 
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RIC 

RIC DATA: 880127t155 11 SCANS 1 TO 1209 
011'27.188 1411SI80 CAL.h C888127 14 
SAtFLE: Ct£VROH STODDARD SC:l.UEHT 22S 
cotllS.I 08-5: 80-~270/29 
RANGE: G 1,1200 LABELl H 9, 4.0 QUANa A 9, 1.0 J 0 BASEc U 29, 3 

241 

34 

288 
3t20 

296 

349 

400 
6a49 

680 
Uh99 

889 
13129 

1089 
16a49 

) 

1818620. 

~ 
\ 

A\ 
"-l) 

1209 SCAN 
29109 Til£ 
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RIC 

RIC DATAl 8881271152 11 SCANS 1 TO 1280 
01/27/88 10:36s08 CAlh C888127 14 
SAI'IPLEa CHRVRON KEROSENE <t£ATite FUEL> 
COHOS. 1 OB-SI 88-~278/28 
RANGEl G 1,1280 LABELl H e, 4.0 QUAHs A 0, 1.0 J 0 BASEc U 28, 3 

200 
3c20 

408 
6:40 

1 
1 10 

800 
13120 

1000 
16:40 

1439740. 

'-.... 
\N 
~ 
~ 

~0 SCAN 
~ee TIME 



100. 

RIC 

RIC 
01/27/88 ~~~~·· 
SAMPLE: CHEVRON JET A 
COHOS. 1 DB-~~ 88-~270/28 
RANGEl G 1 I 1200 LABELl N 

241 

200 
3120 

297 

J 

DATAl 888127t1S6 11 
CAl.h C888127 14 

SCANS 1 TO 1200 

0, 4.0 QUAN: A 0, 1.0 J 0 BASE: u 20, 3 
1 

402 

447 

488 
6:40 

490 

1 

688 
10:00 

888 
13:20 

1800 
16z48 

1208318. 

~ 
~ 
" 

1288 SCAH 
20:00 Tit£ 



108. 

RIC 

RIC 
01.127/88 13131100 
SAJ1PLE: DIESEL FlEl.. 
CONOS. r OB-~a 80-~270.120 
RANGEc G 1,1280 LABELl H 

DATA: 88e127t64 11 
CALI: C898127 14 

SCANS 1 TO 1298 

0, 4.0 GUANI e29 0, 1.0 J 0 BASE: u 20, 3 
I 

488 

445 

~ 

399 

686 

344 

66 172 

288 
3:20 

. 289 

488 
6:40 

~ ::e 888 
13128 

1808 
16:48 

374784. 

........... 

\N 
I 

CJ 
N 

99 SCAN 
,~ee Tit£ 



109. 

RIC 

RIC DATA1 8881271157 11 SCANS 1 TO 1200 
01/27/88 18J24r88 CAI..h C888127 14 
SAMPLE: MOTOR OIL <10W-40> K~RT 
CONDS.r DB-St 80-2'279/28 
RANGE: G t~ 1200 LABEL: N 0~ 4.0 QUAN: A 0, 1.0 J 0 BASE: U 20, 3 

75 

200 
3:20 

400 
6:40 

3 

600 
10:00 

880 
13:20 

1080 
16:40 

~-

~ 

1200 SCAH 
20:00 TIME 

I 

~ 



15-Hou-89 16 31 DEPT OF HEALTH I EHVIROHHEHT - STATE OF MEW MEXICO 
DIESEL Scientific Laboratory Diuision Trio-1 GCIKS 
DIESEL 
189 

YJS 
4 2 

3 6 

GASOLINE 

KEROSINE 

7 

857 
7 4 I 

9 5 

9 8 

1853 

112 

1169 

DIESEL 

FUEL OIL 

1223 
I 

4941641 
TIC 

11 

-------LUBRICATING OIL 
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DIRECTION 

N 

LEAK 
SOURCE 

Fi&ure II. Observation well locations and configuration of product 
plume 
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Figure II. Observation well locations and configuration of product 
plume 

PRISTANE 

WELL 1 
C18 PHYTANE 

WELL 2 

WELL 3 

RATIOS 

C17 /PRISTANE = 0.2 

C18 /PHYTANE = 0.3 

C17 /PRISTANE = 1.4 

C18 /PHYTANE = 1.4 

C17 /PRISTANE = 1.8· 

C18 /PHYTANE = 2.7 

Figure 12. Comparison of peak height ratios for three observation 
wells 



GRAPHICAL REPRESENTATION OF DATA 

COLLIN'S BAR GRAPH PROCEDURE 

J1~--------------------------------------, 

~~-----EX~NAnoN--------------~ 

rxJ()(Jo- D ~-· -~ 
He + It Cl +N01 

~-r---___ ,......,.~~--- ... so. --------""'1 
;xr----~ [I~ 

c. co, m,_ _____ .. HC0:~---1 

(Hem, 1985) 

Each analysis is represented by a vertical bar araph whose total heiaht is 
proportional to the concentration of determined anions or cations, In milliequhalentes 
per liter. The bar is dhided by a vertical line, with the left half representing 
cations and the riaht half anions. The segments are then dhided by horizontal lines 
to show the concentrations of the major ions. 



GRAPHICAL REPRESENTATION OF DATA 

PIE DIAGRAMS 

0 I 10 10 100 

SCALI OF MOll 
ITOTA&. OF MLUEO\A'AUNTS P'IJI UTIRI 

{Hem, 1985) 

The "pie" diagram c:an be drawn with a scale for the radii which makes the area of the circle represent the total ionic concentration and the subdivisions of the area represent pr~portions of the different ions. 



GRAPHICAL REPRESENTATION OF DATA 

RADIATING VECTORS 

• +I 

10 

• +I 

•• +I 12-1 

(,~ •• 0 ~ 
I 

• I 10 

(Hem, 1985) 

The system of plotting analyses by radiating vectors was proposed by Maucha (1949) 
of Hungary. The distance each of the six vectors extends from the center represents 
the concenttation of one or more ions in milliequivalents per liter. This plotting 
systemhas not been used widely but may have some potential as a means of showing 
analytical results in a small space, for example, as a symbol on a map. 



GRAPHICAL REPRESENTATION OF DATA 

STIFF DIAGRAMS 

II +I 

c. .. 
" 

' 

8 a 8 II • 
Cl~. amufMaYI ,.ura 

(Hem, 1985) 

Cl 

IICIIJ 

•• 
co, 

• 

A system sunested by Stlrt(l9S1) gives a distlncthe pattern, and has been used In many papers, especially those dealing with oilfield waters. The Stiff plotting technique uses four parallel horizontal axes extending to each side of a vertide axis. Concentrations of four cations can be plotted, one on each axis to the left of zero, and likewise four anion concentrations caa be plotted, one on each axis to the rieht of zero. 



GRAPHICAL REPRESENTATION OF DATA 

DISSOlvtD IOUDS 
MLUG .. MS II'Eit LITII' 

I I I 
-r ~ ~j I I 

SCALI Of OIAIIfTEIIS 

TRILINEAR DIAGRAMS 

HRCENT OF TOTAL 
MILUIOUY AUNTS NJII LITIJII 

(Hem, 1985) 

With this type of Trilinear plot the catloo composltloo for a water sample Is plotted oo the left trlaoale aod the aoloos are plotted on the riaht triaoale as percent of total. The points are thea extended loto the central diamond field by projectin& them alona llaes parallel to the upper edaes of the diamond. The intersection of these projec:tloos represent the c:omposltloo of the water with respect to the c:ombioatioo of Ions showo. The analysis of aoy mixture of waters A and B will be oo a stralaht line AB in the plottln& Cleld If the loos do not react chemically as a result of the mlxlog. Trllloear dlaarams have been used to study contamination of arouad water by seawater or brines, to show treads Ia composition as streamflow chanted, to show similarities aodjor differences between waters, aod effects of Industries suc:lt as lonloa and mloloa on water c:omposltloa. 
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GASOLINE CONTAMINATION SITE: CASE STUDY (OCT. 1987) 

SAMPLE I CONCENTRATION OF ORGANICS DETECTED IN UG/L (PPB) 
LOCATION I BENZENE TOlUENE EtBENZENE o·XYLENE m·XYLENE p·XYLENE EDC 
IC HOOSE I 39000 58000 3500 5800 9900 3400 240 
A WELL·1 I 14000 37000 2600 4000 7100 2400 33 
A WELL·2 I 2300 9000 1300 1700 3500 1300 NO <50 
c WELL·1 I 6900 3700 1200 1600 3300 1100 22 
c WELL·2 I 4700 24DO 480 540 860 360 21 

LOCATIONS A AND C ARE BOTH GAS STATIONS ~HILE IC IS A PRIVATE RESIDENCE. 
THE STUDY ~AS STARTED WHEN IC HAD TO MOVE FROM HIS HOME BECAUSE OF GAS FUMES. 
THE DIRECTION OF GROOND ~ATER FLOW IS BELIEVED TO BE GENERALLY FROM C TO IC. 
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Accesion #: 
Date Collected: 
Location Data: 
City: 
Submitter: 
Comment: 

8702043 
12/03/87 at 955 by Mag 
OONOOEOOOOO 
Albuquerque 
77 
MW-7 Roberts Oil 

Multivariate Plot: Percent of Total Aromatics 
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Accesion t: 
Date Collected: 
Location Data: 
City: 
Submitter: 
Comment: 

8701674 
10/21/87 at 1210 by Lea 
OONOOEOOOOO 
Bernalillo 
79 
Franks Conoco Wellt2 

So1-1.rc e.. 
1 

Multivariate Plot: Percent of Total Aromatics 
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Accesion t: 
Date Collected: 
Location Data: 
City: 
Submitter: 
Comment: 

13-'17 
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10/29/87 at 1520 by Swa 
OONOOEOOOOO 
Bernalillo 
79 
Franks tl 

Multivariate Plot: Percent of Total Aromatics 
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Accesion f: 8701675 
Date Collected: 
Location Data: 

10/21/87 at 1430 by Lea 
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Multivariate Plot: Percent of Total Aromatics 
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Accesion j: 
Date Collected: 
Location Data: 
City: 
Submitter: 
Comment: 

I _3 -ti I 
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10/21/87 at 1545 by Lea 
OONOOEOOOOO 
Bernalillo 
79 
Allsups well #2 

Multivariate Plot: Percent ot Total Aromatics 
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Accesion t: 
Date Collected: 
Location Data: 
City: 
Submitter: 
Comment: 

8700641 
13-so 

04/22/87 at 1315 by Mag 
29Nl3Wl5 
Farmington 
79 
storm sewer pipe 

Multivariate Plot: Percent of Total Aromatics 
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Accesion t: 
Date Collected: 
Location Data: 
City: 
Submitter: 
Comment: 

8700739 
05/01/87 at 1155 by Boy 

Loco Hills 
260 
Disposal Pond #2 

Multivariate Plot: Percent of Total Aromatics 
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Accesion #: 
Date Collected: 
Location Data: 
City: 
Submitter: 
Comment: 

8700349 
03/18/87 at 1405 by Boy 
29Nl2W28 
Farmington 
260 
MW#3 Amoco well site GCU #153E 

Multivariate Plot: Percent of Total Aromatics 
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Accesion t: 
Date Collected: 
Location Data: 
City: 
Submitter: 
Comment: 

8700352 
03/18/67 at 1430 by Boy 
29Nl2W28 
Farmington 
260 
MW#2 Amoco well site GCU#l53E 

Multivariate Plot: Percent of Total Aromatics 
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CLASSEXEROSENUMBER1 

MOBILITY OF METALS IN GROUNDWATER AT A FORMER PAINT PRODUCING PLANT 

BACKQROUNP INFORMATION 

At a former paint manufacturing facility on the East Coast, the inorganic contaminants barium, 
zinc, cadmium and lead were detected in the unsaturated and saturated zones. As part of the 
Feasibility Study, the application of groundwater sweeping to remove these contaminants was 
evaluated. Groundwater sweeping for aquifer cleanup consists of the installation of extraction 
wells in the zone of contamination to remove the contaminants as a dissolved phase in the 
groundwater. Contaminants that are present in the solid phase will dissolve into clean groundwater 
as it flows into the zone of contamination during pumping. Given sufficient time, the contaminants 
will be flushed from the system. The amount of time will depend on: 1) the mass of contaminant 
in the aquifer material, 2) the rate at which groundwater can be pumped from the aquifer, and 3) 
the solubility of the solid phases containing the contaminants. Because of the low solubility of 
some barium minerals, it is decided to focus on the removal rate of barium in the evaluation of 
groundwater sweeping for the Feasibility Study. 

EXERCISE 

Figure 1-1 is a representation of the groundwater sweeping technique for removing barium from 
the soil and aquifer. It consists of 1) an injection trench to flush the soil, 2) various solid phases of 
barium with the most important being barite (BaS04) because of its low solubility and 3) an 
extraction well to remove the dissolved barium. Figure 1-2 shows the mineral equilibrium 
constraint on the amount of barite that can dissolve in water. The figure provides the expected 
dissolved concentrations of barium in the effluent water given various sulfate concentrations. 

If the sulfate concentration in the influent water is 0.01 ppm, what will be the 
barium concentration in the extraction well assuming equilibrium with barite? 

If the sulfate concentration in the influent water is 1 ppm, what will be the barium 
concentration in the extraction well assuming equilibrium with barite? 

If the sulfate concentration in the influent water is 10 ppm, what will be the 
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EXTRACTION WELL 

Ba2+ 

FIGURE 1-1. Contaminant Removal by Soil Flushing and Groundwater Sweeping 
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FIGURE 1-2. Mineral Equilibrium Constraint on Soil Flushing of Barium 
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barium concentration in the extraction well assuming equilibrium with barite? 

Why is the barium concentration approximately the same for sulfate 
concentrations of 0.01 and 1 ppm, but so much lower for a sulfate concentration 
of 10 ppm? 

Asswne that the extraction wells can pump at a rate of 1.5 gpm from wells placed on a twenty 
meter grid and that the initial concentration of barium in the solid phase in the zone of 
contamination is 3,000 ppm. The contaminated thickness of the aquifer is 10 meters and the bulk 
density is 2 glee. 

What is the mass of barium that must be removed by each extraction well? 

If the influent sulfate concentration is 1 ppm and barite solubility limits the 
dissolved concentration of barium, how much barium wUI be removed by the 
extraction well per day? 

How long will it take to remove all of the barium? 

How long will it take to remove all of the barium if the influent sulfate 
concentration is 10 ppm? 

Is groundwater sweeping a reasonable remedial technology for barium given these 
conditions? ,v o 

Can you think of some ways of increasing the efficiency of groundwater 
sweeping for this situation? 

.. ,... t6 e ¥;'1-i--u:t\olu•) boe\ln-
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CLASS EXERCISE NUMBER 2 

CALCITE PRECIPITATION DUE TO C02 DEGASSING OR TEMPERATURE INCREASE 
BACI(GRQUND INfORMATION 

This is two related problems in one. A common occurrence in groundwater treatment systems is mineral precipitation that may block pipes or treatment units thereby lowering the efficiency of the system. In the first case, we will look at the precipitation of calcite when groundwater in equilibrium with a pC02 pressure higher than atmospheric is pumped to the surface. In the second case, we will look at the effect of heating groundwater on calcite solubility. 

Case 1. Treating Contaminated Groundwater in Equilibrium with Calcite by Air Stripping. 
As part of a Feasibility Study for a landfill, you must evaluate treatment technologies for removing volatile organic compounds from groundwater. You have identified air stripping as one of the viable technologies. Figure 2-1 shows a schematic of how the system would work. The contaminated groundwater is pumped from the ground and injected at the top of the tower. The groundwater cascades down through the packing material and encounters fresh air that is blown up the tower. The volatile organics partition into the air and are removed from the water. 

Being an experienced professional, you realize that there might be secondary processes that could effect the operation of this unit You obtain a good chemical analysis of the groundwater that includes all major cations and anions plus a pH value measured in the field. Using a geochemical modeling code, you calculate the saturation index of calcite and the equilibrium C02 gas pressure for the groundwater. Low and behold, you fmd that the groundwater is in equilibrium with calcite and the calculated pC~ gas pressure is 0.1 atmospheres (log pC02 = -1). Immediately you know that you have a potential problem because atmospheric pC02 is 0.0003 atmospheres (log pC02 = -3.5). 

Your client wants to know why this is such a big deal when you are supposedly treating a volatile organics problem. Explain it in 25 words or less. 
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Now that you have explained why this is a potential problem, your client wants to know how big a 

problem it could be. You could do the problem with your geochemical modeling code, but for 
simplicity you will use Figure 2-2. 

How much calcite (in milligrams per liter) will precipitate when the groundwater 
is equilibrated with the atmosphere in the air stripping tower? (molecular weight 
of calcite = 100 grams/mole) 

If the system is designed to pump 100 gpm, how much calcite (in milligrams) will 
precipitate per month? ~ b:l\iC> .... rr-ttlrr"~,.;.h. 

Convert the last quantity to cubic inches per month. (calcite has a density of 
about 44 grams per cubic inch) 

Can you suggest some ways of dealing with the calcite precipitation problem in 
this treatment unit? CJ..-t-J. A.c.t 02 

~~-..PtlO-z. 

cP ""''e..~<·""~ Aqern- P If) l't ,~vo¥1-.J:i 

Case 2. Heating Groundwater in Equilibrium with Calcite. 

Typical groundwater has a temperature of around lOC. When this groundwater is pumped to the 

surface it may be exposed to higher land surface temperatures (20 to 30C) depending on the season 

and it may be heated for some process use. Equilibrium constants for mineral solubility are 

temperature dependent Most minerals are more soluble at higher temperatures, however calcite is 
less soluble. This can have. important implications if the groundwater pumped from the ground 
was at equilibrium with calcite at an aquifer temperature lower than that to which the water is 

exposed after pumping. 

Your client would like to pump groundwater in equilibrium with calcite at a temperature of 1 OC to a 

processing plant and heat it to SOC. Your job is to evaluate the degree of calcite precipitation that 

might occur as a result of this temperature change. Once again, you obtain a complete chemical 
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analysis of the water for major cations and anions plus a field pH value. You run your 
geochemical modeling code and fmd that the water is in equilibrium with calcite at this temperature 
(Kaucite,IOC = IQ-8.4). Using the Van't Hoff equation (see any introductory chemistry or 
geochemistry textbook), you then calculate the equilibrium constant for calcite at SOC and find that 
Kaucite,SOC = lQ-9.2. The calcite reaction for this equilibrium constant is: 

Without doing the detailed calculations, what is the general effect of this change 
in equilibrium constant for this reaction on the dissolved concentrations of 
calcium and carbonate in equilibrium with calcite? 
(Remember, at equilibrium the equilibrium constant equals the ion activity product for the 
reaction.) 

Next, you simulate heating the groundwater to SOC with your geochemical reaction model. The 
result is that over 70% of the dissolved calcium and carbonate precipitate as calcite. Can you 
think of some clever way of either eliminating calcite precipitation or dealing with 
the precipitated calcite? 

p\-\ 
Co V"'fk)ti...S5 "''vit" 

>~ F +<,...1-.>' ""' c. ... d.. -- ~ c.~+ 
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CLASS EXERCISE NUMBER 3 

ACID MINE DRAINAGE IMPACfS ON GROUNDWATER QUALITY 

BACKGROUND INFORMATION 

Acidic water is commonly associated with mining activities because acid may be used in ore 
processing or it may be produced as an unwanted byproduct when sulfide minerals are exposed to 
atmospheric oxygen. Whatever the case, the low pH water typically has high concentrations (> I 
mg/L) of heavy metal contaminants and sulfate(> 1,000 mg/L). The low pH water and metals 
may not be particularly mobile in the subsurface if the soil and aquifer material contain carbonate 
minerals which will neutralize the water. This exercise requires an evaluation of the mobility of the 
low pH plume at a site as well as a review of the various geochemical reactions that might affect the 
concentration and mobility of sulfate in an aquifer. 

EXERCISE 

Table 3-1 provides water quality data at a mine site that has been impacted by acid leachate. 
Compare the natural groundwater values to contaminated water with a low pH and high sulfate and 
metals concentrations. Note that at low pH values many of the metals (Cu, Fe, Mn, Pb and Zn) 
are not limited to low concentrations by solubility-limiting solid phases as they normally are at 
more neutral pH values. 

Under normal conditions, the sulfate concentration in groundwater is limited to about 2,500 mg/L 
because of the formation of gypsum (CaS04·2H20). What are some possible explanations 
for the sulfate concentration of almost 60,000 mg!L in the contaminated 
groundwater? 

Normally bicarbonate (HC<>J·) and carbonate (C032-) are major anions in groundwater. What 
parameter is used to denote these compounds in Table 3-1? Why is the value so 
low in the contaminated groundwater? 
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TABLE 3-1. Water Quality (mg/L) 

pH 7.5 3.1 
TDS 500 84,600 

Alkalinity as CaC~ 150 <5 
504 150 59,600 
Na 30 17 
Ca 80 563 
Mg 30 7,960 
As <0.01 0.7 
Cd <0.01 0.34 
Cu 0.01 52 
Fe <1 1,270 
Mn 0.5 319 
Pb < 0.005 5 
Zn 0.02 187 
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Figure 3·1 is a schematic of a cross section through the contaminated aquifer. It shows the source 
of acidic leachate on the left, groundwater and mineralogical conditions in the low pH zone of the 
aquifer, the acid neutralization front with important geochemical reactions, and a summary of 
chemical data at the bottom of the figure. Take a minute to study the figure and become acquainted 
with this geochemical system, then answer the following questions: 

What reaction(s) in the aquifer limit the rate at which the acid neutralization front 
moves relative to the groundwater flow rate? 

What chemical reactions add to the acidity (amount of H+) in the low pH plume? 

What are the sources of calcium (Ca2+) in the aquifer that can combine with 
sulfate to form gypsum? 

If gypsum is the solubility-limiting solid phase for sulfate upgradient of the acid 
neutralizing front, how can you explain the large changes in sulfate concentration 
(50,000 to 2,500 mg!L) in this zone of the aquifer? 

Figure 3-2 shows the results of a computer model used to simulate neutralization of the acid 
leachate solution. The simulation consisted of adding incremental doses of CaC03 to the solution 

and calculating the resulting pH value as each increment of the neutralizing agent (CaC03) was 

added. Considering the reactions shown on Figure 3-1, to what can you attribute 
the steep rise in the curve at a pH value of about 4.8? 

How could you use the information on Figure 3·2 to evaluate the rate of 
movement of the acid neutralizing front produced by this acid leachate in an 
aquifer? 
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Gypsum Solubility 

FIGURE 3-1 Neutralization of Acidic Leachate 
Conceptual Geochemical Model and 
Distribution of Indicator Parameters 
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-Figure 3-3 shows the results of another computer simulation in which the solubility of gypsum 
was calculated and compared to the dissolved magnesium concentration of contaminated 
groundwater from the acidic plume. The value K'' is not a true thermodynamic equilibrium 
constant It represents the .product of the total dissolved calcium and sulfate concentrations, i.e. 

K'' = Tea + Ts04 

where, 

Tea = total dis~lved calcium concentration 

T s04 = total dissolved sulfate concentration 

Could Figure 3-3 explain the variability of sulfate concentration shown in Figure 
3-1? 

If sulfate is a contaminant of concern at this site and its cleanup level in groundwater is 500 mg!L, 
what geochemical process will extend the cleanup time for this aquifer compared 
to simply removing the initial dissolved sulfate concentration? 

Does Figure 3-3, give you any ideas of ways that you could enhance the removal 
of sulfate from this system? 

The initial cation/anion charge balance calculation for the acid leachate water given in Table 3-1 
gave a value of about 40%. This meant that either the chemical analysis was poor or that an 
important cation was not being analyzed. On re-testing, it was found that aluminum was present in 
the leachate at very high concentrations of about 5,000 mg/L. How might the presence of 
aluminum affect the conclusions you came to regarding the acidity of the water 
(Figure 3-2) and gypsum solubility (Figure 3-3)? (Note that aluminum hydrolyzes 
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. according to the reaction AJ3+ + H20 = Al(OH)+ + H+, and aluminum forms strong dissolyed 
complexes with sulfate.) 
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INORGANIC CLASS EXERCISE NUMBER 4 

REDOX AND SORPTION CHEMISTRY OF ARSENIC AND FERRIC 
HYDROXIDE AT A FORMER CHEMICAL WASTE SITE 

BACKGROUND INFORMATION 

Arsenic (As) contamination of ground water has occurred at a former chemical 
waste site on the West Coast. Organic contaminants including benzene, the 
xylene isomers, and trichloroethane have also contaminated ground water at 
the site. Native ground water conditions were oxidizing characterized by a near 
neutral pH. Sulfuric acid and sodium hydroxide, however, were discharged at 
the site, and pH values of ground water vary from 3.2 to 1 0.0. Contaminant 
distributions of arsenic, iron and other metals are controlled by redox, 
precipitation/dissolution, and sorption/desorption reactions with Fe(OH)3, a 
natural and anthropogenic solid found at the site. Dispersion of organic 
contaminants has produced reducing conditions within the saturated zone. 
Several soil, sediment, and ground water samples were collected, and batch 
sorption experiments and characterization studies were conducted to evaluate 
contaminant mobility. Because of the high sorptive capacity of Fe(OH)3 for As, it 
was decided that quantifying geochemical processes are important for 
evaluating contaminant distributions and designing effective sediment and 
ground water remedial actions at the site. 

EXERCISE 

Results of batch sorption studies, ground-water quality analyses, and Fe(OH)3 
precipitation/dissolution investigations are provided below. Figure 1 shows 
results of batch sorption studies with Fe(OH)3 and As. The solubility of Fe(OH)3 
at different pH values and at constant Eh (0.240 V) is provided in Figure 2. 
Figure 3 shows concentrations of As versus Fe for several ground water 
samples collected at the site. Figure 4 is a solubility curve of Fe(OH)3 as a 
function of varying Eh. Specific questions are asked regarding these figures and 
tables. 

After you have addressed these questions, HOW WOULD YOU CLEAN UP 
THIS SITE? 

14-19 



~ -_. ·; l -

CLASS EXERCISE 

Evaluate water quality results collected at the site in terms of redox 
chemistry for iron (oxidizing or reducing). 

WATER QUALITY ANALYSIS I 

'-

SPECIES/PARAMETER 
Fe 
.so4 
ALKALINITY 
(mg CaC03/L) 

Mn 
As 
DOC 
Eh (V) 
pH 

WATER QUALITY ANALYSIS II 

SPECIES/PARAMETER 
Fe 
so4 
ALKALINITY 
(mg CaC03/L) 
Mn 

As 
DOC 
EhM 
pH 

VALUE (mg/L) 
10 
500 

250 
2 --

2.5 
3 "l'kn- oo<-
·0.200 
7.5 

VALUE Cmg/L) 
350 
15000 

0 

5 
50 

].,w ooc.. 
0----
+0.800 
3.2 
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CLASS EXERCISE 

Evaluate water quality results collected at the site in terms of redox 
chemistry for iron (oxidizing or reducing). 

WATER QUALITY ANALYSIS Ill 

'SPECIES/PARAMETER 
Fe 
so4 
ALKALINITY 
(mg CaC03/L) 
Mn 
As 
DOC 
EhM 
pH 

VALUE Cmg/Ll 
0.1 - low 
300 

110 
0.05 

() tQ...V 0.002 ~ () (j_ • 

0.2~ 
+0.250 
6.5 

WATER QUALITY ANALYSIS IV 

SPECIES/PARAMETER 
Fe 
so4 
ALKALINITY 
(mg CaC03/L) 
Mn 
DOC 
As 
Eh(V) 
pH 

VALUE (mg/L) 
10 
300 

110 

1.5 
10 
0.75 
-0.220 
10.0 
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ISOTHERM B, pH 7, Eh = 0.100 V 
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FIGURE 1, SORPTION ISOTHERM FOR ARSENIC 
AND Fe(OH)3. NOTE THAT Kd = Q/C (ml/g). 

FROM FIGURE 1, CALCULATE Kd VALUES FOR ARSENIC FROM THE 
TWO ISOTHERMS. 
NOTE: Kd = Q/C (ml/g). 

ISOTHERM A 

GIVEN THAT Rd = 1 + pKd, where 
n 

Rd =RETARDATION FACTOR, 
p = DENSITY (g/cm3), 
n = POROSITY, AND 
Kd =DISTRIBUTION COEFFICIENT (ml/g) 

CALCULATE Rd FOR THE FOLLOWING: 

SPECIES KdCml/gl pin 
As 50 8 

As 0.5 8 

JSOTHERM 8 

Rd 
t.fol 

5 

What water-rock interactions would account for the different Rd values for 
arsenic? 
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FIGURE 2, SOLUBILITY OF Fe{OH)3 AT Eh = 0.240 V. 

IN FIGURE 2, WHICH DATA POINTS ARE UNDERSATURATED, 
SATURATED, AND OVERSATURATED WITH RESPECT TO Fe(OH)3? 
LABEL POINTS ON GRAPH. 

IN WHAT REGIONS OF FIGURE 2 DO ADSORPTION AND PRECIPITATION 
PROCESSES DOMINATE? 

WHAT GEOCHEMICAL PARAMETERS WOULD PRODUCE APPARENT 
OVERSATURATION FOR SEVERAL DATA POINTS AT pH 7 AND HIGHER? 
HINT: LOOK AT FIGURE 4. 
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FROM FIGURE 3, INTERPRET THE DISTRIBUTION OF ARSENIC AND IRON 
FOR GROUND WATER SAMPLES COLLECTED AT THE SITE. WHY IS 
THERE A POSITIVE CORRELATION BETWEEN ARSENIC AND IRON? 

0 -z w 
en a: 
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LOG MOLALITY IRON 

FIGURE 3, GROUND WATER CONCENTRATIONS OF As AND Fe. 
BETWEEN Eh VALUES 0 AND 0.2 V, WHAT IS THE INCREASE IN Fe 
CONCENTRATIONS IN EQUILIBRIUM WITH Fe(OH)3 SHOWN IN FIGURE 
4? 
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FIGURE 4, Fe(OH)3 SOLUBILITY AT pH 7 
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ANSWERS TO CLASS EXERCISE NUMBER 1 

MOBILITY OF METALS IN GROUNDWATER AT A FORMER PAINT PRODUCING PLANT 

If the sulfate concentration in the influent water is 0.01 ppm, what will be the 
barium concentration in the extraction well assuming equilibrium with barite? 
At equilibrium with barite, the equilibrium dissolved barium concentration will be about 1 ppm 
(Figure 1-2). 

If the sulfate concentration in the influent water is 1 ppm, what will be the barium 
concentration in the extraction well assuming equilibrium with barite? 
At equilibrium with barite, the equilibrium dissolved barium concentration will be about 1 ppm. 
This is the same concentration of barium as in the first question even though the influent sulfate 
concentration has increased by lOOx. The reason for this is that, as barite dissolves in the water, it 
releases both barium and sulfate. As long as the sulfate concentration does not exceed about 
1ppm, the equilibrium barium concentration will also be about 1 ppm (Figure 1-2). 

If the sulfate concentration in the influent water is 10 ppm, what will be the 
barium concentration in the extraction well assuming equilibrium with barite? 
The presence of dissolved sulfate in water greater than 1 ppm will limit the amount of barium that 
can be present in solution in equilibrium with barite. As shown by Figure 1-2, at a sulfate 
concentration of 10 ppm the amount of barium in solution will be limited to about 0.1 ppm. 

Why is the barium concentration approximately the same for sulfate 
concentrations of 0.01 and 1 ppm, but so much lower for a sulfate concentration 
of 10 ppm? 
In the sulfate concentration range from 0.01 to 1 ppm barite is relatively soluble and its solubility 
will fix the dissolved concentrations of both sulfate and barium (at values of about 1 ppm, Figure 1-
2). At higher sulfate concentrations than 1 ppm, the dissolved sulfate concentration is not limited 
by the solubility of barite, however, if barite is the only source of barium in solution, then the 
dissolved concentration of barium will be limited by barite solubility at the influent sulfate 
concentration. 
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Assume that the extraction wells can pump at a rate of 1.5 gpm from wells placed 
on a twenty meter grid and that the initial concentration of barium in the solid 
phase in the zone of contamination is 3,000 ppm. The contaminated thickness of 
the aquifer is 10 meters and the bulk density is 2 glee. 

What is the mass or barium that must be removed by each extraction well? 

Volume of Material x Density of Material x Barium Concentration =Mass of Barium 

[20m x 20m x 10m] x [2 glee x loti cclm3] x [3,000 mg Balkg soil x w-3 kg/g] 

= 2.4 x 1010 mg Ba 

Ir the influent sulfate concentration is 1 ppm and barite solubility limits the 
dissolved concentration of barium, how much barium will be removed by the 
extraction well per day? 

From Figure 1-2, the dissolved barium concentration will be about lppm (mg/L). 

Amount of barium removed per day = Well Flow Rate Per Day x Dissolved Barium 
Concentration = 

[1.5 gal/min X 60 min/hr X 24 hrlday X 3.785 Ugal] X (1 mg/L] = 8.2 X }()3 mg/day 

How long wlll it take to remove all of the barium? 
Length of Time = Concentration I Extraction Rate = 

[2.4 x 1010 mg Ba] I [8.2 x to3 mg/day] = 2.9 x 106 days= 8,000 years 

How long wlll it take to remove all or the barium if the influent sulfate 
concentration is 10 ppm? 
At this sulfate concentration the dissolved barium concentration will be about 0.1 ppm or ten times 
less than when the sulfate concentration is at 1 ppm. It will take ten times longer to extract all the 
banum by this technique. 
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Is groundwater sweeping a reasonable remedial technology for barium given these 
conditions? 
No. 

Can you think of some ways of increasing the efficiency of groundwater 
sweeping for this situation? 
• More extraction wells 

• Use a flushing solution that increases the solubility of barite by complexing with barium or 
sulfate. 
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ANSWERS TO CLASS EXERCISE NUMBER 2 

CALCITE PRECIPITATION DUE TO C02 DEGASSING OR TEMPERATURE INCREASE 

Your client wants to know why this is such a big deal when you are supposedly 
treating a volatile organics problem. Explain it in 25 words or less. 
Equilibration of the groundwater with atmospheric air in the stripper will cause C02 to degas. This 

will raise the pH of the water and decrease the solubility of calcite, which will precipitate and may 
plug up the works. (all right, so it took me more than 25 words.) 

Now that you have explained why this is a potential problem, your client wants to know how big a 
problem it could be. You could do the problem with your geochemical modeling code, but for 
simplicity you will use Figure 2-2. 

How much calcite (in milligrams per liter) will precipitate when the groundwater 
is equilibrated with the atmosphere in the air stripping tower? (formula weight of 
calcite = 100 grams/mole) 
Solubility of calcite at log pC02 = -1 atm is= 4.2 mmol/L (assuming that all the calcium is derived 

from calcite) 
Solubility of calcite at log pC02 = -3.5 atm is = 0.5 mmol/L 

A rough estimate of the amount of calcite that will precipitate is the difference in the solubility at 
these two gas pressures. 

Difference in solubility= 4.2 mmol/L- 0.5 mmol/L = 3.7 mmol/L 

The formula weight of calcite is 100 g/mole, therefore the amount that will precipitate in mg/L is: 

3.7 mmol/L x 100 mg/mmol = 370 mg!L. 

H the system is designed to pump 100 gpm, how much calcite (in milligrams) will 
precipitate per month? 
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370 mg/L X 100 gaVmin X 3.785 Ugal X 60 min/br X 24 hr/day X 30 day/mo = 

6 x 1 ()9 mg/mo 

Convert the last quantity to cubic inches per month. (calcite has a density of 
about 44 grams per cubic inch) 

6 x 1fP mg/mo x 1o-3 mg/g x 1144 gfm3 = 136,000 cubic inches (a cube= 50 inches per side) 

Can you suggest some ways of dealing with the calcite precipitation problem in 
this treatment unit? 
The general treatment method is to raise the solubility of calcite in the air stripper. This is done by 
adding acid to the water to lower the pH. It could also be done by raising the C02 gas pressure in 
the air pumped into the stripper (this may not be economical because of the amount of C~ gas 
required). A fmal method that is used is to adding a strong complexing agent for calcium (such as 
polyphosphate to the water as it is pumped from the ground. 

Case 2. Heatil)g Groundwater in Equilibrium with Calcite. 

CaC03 = Ca2+ + C032• 

Without doing the detailed calculations, what is the general effect of this change 
in equilibrium constant for this reaction on the dissolved concentrations of 
calcium and carbonate in equilibrium with calcite? 
(Remember, at equilibrium the equilibrium constant equals the ion activity product for the 
reaction.) 

The ion activity product for the reaction CaC03 = Ca2+ + C032- is: 

lAP= (activity Ca2+) *(activity C032") 

If the equilibrium constant decreases with temperature then the amount of calcium and carbonate 
that can be at equilibrium with the solid at the higher temperature is less than that at equilibrium at 
the lower temperature. As a consequence calcite will precipitate from solution as the temperature is 
raised in order to maintain equilibrium. 
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Next, you simulate heating the groundwater to SOC with your geochemical reaction model. The 
result is that over 70% of the dissolved calcium and carbonate precipitate as calcite. Can you 
think of some clever way of either eliminating calcite precipitation or dealing with 
the precipitated calcite? 
Once again, you could try to increase the solubility of the calcite at the higher temperature by 
lowering the pH or adding a complexing agent. Alternatively, you could allow the mineral to 
precipitate and fllter it out from the solution. Whichever you use, it will probably add significantly 
to the operating costs of the system. 
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ANSWERS TO CLASS EXERCISE NUMBER 3 

ACID MINE DRAINAGE IMPACfS ON GROUNDWATER QUALITY 

Under normal conditions, the sulfate concentration in groundwater is limited to about 2,500 mg!L 
because of the formation of gypsum (CaS04·2H20). What are some possible explanations 
for the sulfate concentration of almost 60,000 mg/L in the contaminated 
groundwater? 

Gypsum solubility is enhanced by the high ionic strength of the contaminated groundwater which 
lowers the activity coefficients of the dissolved species. Also, magnesium forms strong complexes 
with sulfate thereby lowering the activity of sulfate. 

Normally bicarbonate (HC~-) and carbonate (C032-) are major anions in groundwater. What 
parameter is used to denote these compounds in Table 3-1? Why is the value so 
low in the contaminated groundwater? 

Alkalinity is a measure of the bicarbonate and carbonate concentrations of the water. At a pH of 
3.1 the alkalinity of the water is zero. 

What reaction(s) in the aquifer limit the rate at which the acid neutralization front 
moves relative to the groundwater flow rate? 
The primary reaction that consumes hydrogen in the system is calcite (CaC~). Note that calcite is 
depleted in the acidic zone of the plume. 

What chemical reactions add to the acidity (amount of H+) in the low pH plume? 
The hydrolysis ofFe3+ produces hydrogen and adds to the acidity of the groundwater. 

What are the sources of calcium (Ca2+) in the aquifer that can combine with 
sulfate to form gypsum? 
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Calcium is released from the dissolution of calcite and as part of the ion exchange reaction with the 
clay minerals (CaX). 

If gypsum is the solubility-limiting solid phase for sulfate upgradient of the acid 
neutralizing front, how can you explain the large changes in sulfate concentration 
(50,000 to 2,500 mg!L) in this zone of the aquifer? 
The change in concentration is due to the effect of ionic strength and complexation on the effective 
concentrations (or activities) of the components of gypsum. Gypsum is very soluble near the 
source because of the high ionic strength and the high concentration of magnesium, which 
complexes with sulfate. As you move away from the source the ionic strength and the magnesium 
concentrations decrease, lowering the solubility of gypsum and decreasing the concentrations of 
calcium and sulfate that can be in equilibrium with gypsum. 

Figure 3-2 shows the results of a computer model used to simulate neutralization of the acid 
leachate solution. The simulation consisted of adding incremental doses of CaC03 to the solution 

and calculating the resulting pH value as each increment of the neutralizing agent (CaC03) was 

added. Considering the reactions shown on Figure 3-1, to what can you attribute 
the steep rise in the curve at a pH value of about 4.8? 
The steep rise in the curve at a pH of 4.8 is due to the precipitation of iron as ferric hydroxide from 
the solution. As shown by the following reaction, this releases quite a bit of hydrogen from the 
water. 

How could you use the information on Figure 3-2 to evaluate the rate of 
movement of the acid neutralizing front produced by this acid leachate in an 
aquifer? 

Figure 3-2 shows how much acidity is present in the water in terms of calcium carbonate. In other 
terms, in shows the amount of calcium carbonate necessary in the solid form necessary to 
neutralize the acid leachate. Comparing the flux of water at a given acidity with the amount of 
calcium carbonate present in the solid phase in the aquifer can be used to determine the rate of 
advance of the acid front relative to the groundwater flow velocity. For instance, if each pore 
volume of water consumes half the neutralizing capacity of the aquifer in that pore volume, then the 
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acid front will move at a rate of 112 the groundwater velocity. 

Figure 3-3 shows the results of another computer simulation in which the solubility of gypsum 
was calculated and compared to the dissolved magnesium concentration of contaminated 
groundwater from the acidic plume. The value K" is not a true thermodynamic equilibrium 
constant. It represents the product of the total dissolved calcium and sulfate concentrations, i.e. 

K'' = Tea + Ts04 

where, 

Tea = total dissolved calcium concentration 

Ts04 = total dissolved sulfate concentration 

Could Figure 3-3 explain the variability of sulfate concentration shown in Figure 
3-1? 
Yes, Figure 3-3 shows that the solubility of a mineral can vary dramatically depending on the other 
components in the groundwater. 

If sulfate is a contaminant of concern at this site and its cleanup level in groundwater is 500 mg!L, 
what geochemical process will extend the cleanup time for this aquifer compared 
to simply removing the initial dissolved sulfate concentration? 
The presence of the acid leachate in the aquifer has caused the precipitation of gypsum in the pore 
spaces. Not only will the dissolved sulfate have to be lowered .in the aquifer to the cleanup level, 
but the solid gypsum will also have to be dissolved and removed because the solubility of gypsum 
is high enough that the sulfate level will exceed 500 mg/L if the water is in equilibrium with 
gypsum. 

Does Figure 3-3, give you any ideas of ways that you could enhance the removal 
of sulfate from this system? 
The solubility of gypsum can vary over an order of magnitude due to solution conditions. It is 
possible to enhance the removal of gypsum by adding complexing agents for calcium and sulfate to 
the water that is flushed through the aquifer. 
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The initial cation/anion charge balance calculation for the acid leachate water given in Table 3-1 

gave a value of about 40%. This meant that either the chemical analysis was poor or that an 

important cation was not being analyzed. On re-testing, it was fowul that alwninum was present in 

the leachate at very high concentrations of about 5,000 mg!L. How might the presence of 
aluminum affect the conclusions you came to regarding the acidity of the water 
(Figure 3-2) and gypsum solubility (Figure 3-3)? (Note that aluminum hydrolyzes 

according to the reaction Ai3+ + H20 = AI( OH)+ + n+, and alwninum forms strong dissolved 

complexes with sulfate.) 

Aluminum hydrolyzes as the pH of the water is increased just as iron does. The result of this 
reaction is that the acidity of the water would be significantly increased because of the presence of 
5,000 mg/L aluminum. Because aluminum forms strong complexes with sulfate, the effective 
concentration of sulfate will be lower in the presence of aluminum. As a result, the solubility of 
gypsum will be increased by the presence of aluminum. 
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SOLUTION TO CLASS EXERCISE 

Evaluate water quality results collected at the site in terms of redox 
chemistry for iron (oxidizing or reducing}. 

WATER QUALITY ANALYSIS I 

' 
SPECIES/PARAMETER 
Fe 

so4 
ALKALINITY 
(mg CaC03tL} 
Mn 
As 
DOC 
Eh (V} 
pH 

VALUE (mg/L) 
10 
500 

250 
2 --

2.5 
3 
-0.200 
7.5 

REDUCING CONDITIONS: Elevated concentrations of As, 
Fe, Mn, and DOC. 

WATER QUALITY ANALYSIS II 

SPECIES/PARAMETER 
Fe 

so4 
ALKALINITY 
(mg CaC03/L} 
Mn 
As 
DOC 
Eh (V} 
pH 

VALUE Cmg/L} 
350 
15000 

0 

5 
50 
0 
+0.800 
3.2 

OXIDIZING CONDITIONS: Elevated concentrations of As, 
Fe, Mn, low pH, and low DOC. 
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SOLUTION TO CLASS EXERCISE 

Evaluate water quality results collected at the site in terms of redox 
chemistry for iron (oxidizing or reducing). 

WATER QUALITY ANALYSIS Ill 

SPECIES/PARAMETER 
. ·~'Fe 

~ 

so4 
ALKALINITY 
(mg CaC03/L) 

Mn 
As 
DOC 
Eh (V) 
pH 

VALUE Cmg/Ll 
0.1 
300 

110 

0.05 
0.002 
0.2 
+0.250 
6.5 

OXIDIZING CONDITIONS: Low concentrations of As, 
Fe, Mn, and DOC. 

WATER QUALITY ANALYSIS IV 

SPECIES/PARAMETER 
Fe 
so4 
ALKALINITY 
(mg CaC03/L) 

Mn 
DOC 
As 
Eh (V) 
pH 

VALUE Cmg/Ll 
10 
300 

110 

1.5 
10 
0.75 
-0.220 
10.0 

REDUCING CONDITIONS: Elevated concentrations of As, 
Fe, Mn, and DOC. 
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SOLUTION TO CLASS EXERCISE 

Kd VALUES FOR ARSENIC = 50 AND 0.50 mllg. 

GIVEN THAT Rd = 1 + pKd, where 
n 

Rd =RETARDATION FACTOR, 
p = DENSITY (g/cm3), 
n = POROSITY, AND 
Kd = DISTRIBUTION COEFFICIENT (ml!g) 

CALCULATE Rd FOR THE FOLLOWING: 

SPECIES 
As 
As 

Kd(ml/g) 
50 
0.5 

p/n 
8 
8 

Rd 
401 
5 

What water-rock interactions would account for the 
different Rd values for arsenic and iron? 

Decreasing redox potential affects the stability of 
Fe(OH)a in which under reducing conditions, the 
solubility of Fe(OH)a increases significantly. 
Subsequently, desorption of As occurs as 
dissolution proceeds. Decreasing Rd values 
reflect dissolution of Fe(OH)a and desorption of 
As. 
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SOLUTION TO CLASS EXERCISE 

FIGURE 2. 

UNDERSATURATED CONDITIONS OCCUR BELOW 
.. -JHE SOLUBILITY CURVE FOR Fe(OH)a; SATURATED 

CONDITIONS OCCUR ALONG THE SOLUBILITY 
CURVE; AND OVERSATURATED CONDITIONS 
OCCUR ABOVE THE SOLUBILITY CURVE. 

ADSORPTION OCCURS WHEN A SOLUTION IS 
UNDERSATURATED WITH RESPECT TO A SOLID 
PHASE. PRECIPITATION OCCURS WHEN A 
SOLUTION IS OVERSATURATED WITH RESPECT TO 
A SOLID PHASE. 

DECREASING REDOX POTENTIAL (Eh) RESULTS IN 
AN INCREASE IN Fe(OH)a SOLUBILITY. THIS IS 
SHOWN BY SEVERAL DATA POINTS THAT PLOT 
ABOVE THE SOLUBILITY CURVE OF Fe(OH)a 
CALCULATED AT Eh = 0.24 V. 
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SOLUTION TO CLASS EXERCISE 

FIGURE 3. 

THE POSITIVE CORRELATION BETWEEN ARSENIC 
AND IRON IS RELATED TO ADSORPTION
,DESORPTION AND PRECIPITATION-DIS.SOLUTION 
PROCESSES. AS Fe(OH)3 DISSOLVES, ARSENIC IS 
RELEASED TO SOLUTION. 

FIGURE 4. 

BETWEEN Eh VALUES 0 AND +0.2 V, IRON 
CONCENTRATIONS IN EQUILIBRIUM WITH Fe(OH)3 
APPROXIMATELY INCREASE BY A FACTOR OF 2500. 
THIS CALCULATION SHOWS THAT Fe(OH)3 
SOLUBILITY CAN BE VERY SENSITIVE TO 
DECREASING REDOX POTENTIAL . 
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SOLUTION TO CLASS EXERCISE 

SITE REMEDIATION 

pH, REDOX CONDITION 

... 

ACIDIC, OXIDIZING 

NEUTRAL, REDUCING 
ALKALINE, REDUCING 

ALTERNATIVE 

NEUTRALIZATION WITH 
ca·co3. PRECIPITATION 
OF Fe(OH)3 ENHANCES 
ARSENIC REMOVAL. 
REMOVE ACIDIC 
SOURCES. 

INJECTION OF SULFIDE 
SOLUTION. PRECIPITATE 
FERROUS SULFIDE, CO
PRECIPITATE ARSENIC. 
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GEOCHEMICAL PROCESSES INFLUENCING THE FATE OF 
ORGANIC SOLUTES IN GROUND WATER 

I. INTRODUCTION 

II. PHYSICO-CHEMICAL CONTROLS ON THE FATE OF ORGANIC COMPOUNDS 

Ill. EXAMPLES 

A. Petroleum hydrocarbons 

B. Aliphatic hydrocarbons 

C. Chlorinated Pesticides 
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Macromolecular Transport of Hydrophobic 
Contaminants in Aqueous Environments 

by Carl G. Enfield and Goran Bengtssona 

ABSTRACT 
The mobility of a model macromolecule, blue 

dextran, was compared under laboratory conditions to the 
mobility of tritiated water through a sandy soil. The blue 
dextran eluted from the soil prior to the tritiated water. 
The phenomenon was compared to exclusion chromatog
raphy where molecules are separated by size with the largest 
eluting first and each molecule flowing through a different 
ponion of the total porosity. The porosity occupied by the 
macromolecule was 0.87 times the porosity occupied by 
water. When the soil was amended with a mixture of 
kaolinite and bentonite clay in a 1:1 ratio to weight 
fractions of 2% and 6% total clay, the porosity occupied by 
the macromolecule was decreased to 0.81 and 0.66 times 
the porosity occupied by water, respectively. The implica· 
tions to hydrophobic chemical transpon based on the 
presence and mobility of a macromolecule were evaluated 
from a theoretical basis. Macromolecules should increase 
the relative mobility of slightly mobile compounds more 
than they increase the relative mobility of highly mobile 
compounds. Very hydrophobic compounds should show 
greater mobility under natural conditions than predicted, 
ignoring the presence of dissolved organic carbon. 

INTRODUCTION 
The transport of organic pollutants in a 

saturated porous medium is determined by many 
physical, chemical, and biological processes. Mathe
matical models recently reviewed by Rao and 
jessup (1983), Boesten and Leistra (1983), and 
Addiscott and Wagenet (1985) describe the 
importance of dispersion, advection, sorption, and 
transformation on the movement of chemicals in 
soils. Fairly extensive literature (e.g., Chiou eta/., 

a Visiting Physical Scientist and Associate Professor, 
Department of Ecological Chemistry, University of Lund, 
Lund, Sweden. 
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1979; Karickhoff et al., 1979; Kenaga, 1980; 
Means etal., 1980; Briggs, 1981; Brown and Flagg, 
1981; Karickhoff, 1981; and Schwarzenbach and 
Westall, 1981) has emphasized the relationship 
between sorption of nonpolar hydrophobic 
compounds, the organic carbon content of the soil, 
and the octanol:water partition coefficient of the 
sorbate. In summary, neutral organic chemicals are 
sorbed more strongly to soils with high organic 
carbon than to soils with low organic carbon. 
Several relationships have been developed which 
permit estimating a linear partition coefficient 
based on easily measurable properties of the 
chemical such as water solubility or octanol:water 
partition coefficient. These linear partition coeffi
cients describe the equilibrium concentration 
sorbed to the organic carbon in the soil based on 
the concentration in the water. Multiplying the 
partition coefficient to the organic carbon in the 
soil by the weight fraction organic carbon in the 
soil yields the partition coefficient for the soil. 
Briggs (1981) proposed the relationship 

(1) 

to describe the soil: water partition coefficient (kd) 
as a function of the weight fraction of organic 
carbon in the soil (F) and the octanol:water 
partition coefficient (k0 w). Roy and Griffin (1985) 
suggested that relationships such as equation ( 1) 
can be expected to predict the soil partition 
coefficient within a factor of ten. Recently, 
attention has been given to the possibility of 
binding of the organic compounds to dissolved 
organic macromolecules, micelles, or other colloidal 
materials in the pore water. These mobile macro
molecules may greatly increase chemical mobility 
by sorbing compounds normally sorbed by 
stationary soil particles. 

Several studies have addressed the partitioning 
between an organic compound of environmental 
concern and dissolved organic macromolecules 
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(e.g., Poirrier et al., 1972; Hassett and Anderson, 
1982; Caner and Suffet, 1982; Perdue, 1983; 
Wijayaratne and Means, 1984; Carlson et al., 1985; 
Caron et al., 1985; and Gschwend and Wu, 1985). 
Enfield (1985) suggested that macromolecules, or 
immiscible substances such as micelles or colloidal 
materials, moving along with a water carrier, may 
under certain circumstances enhance the movement 
of hydrophobic chemicals through soils. If 
hazardous chemicals partition to mobile macro
molecules in subsurface environments, the current 
approaches of making environmental exposure and 
risk analysis, assuming partitioning between soil 
organic carbon and dilute aqueous solutions of the 
chemical, may significantly underestimate chemical 
mobility. Adverse environmental impact caused by 
the application of hazardous materials to the soil 
surface is more likely where there is a significant 
amount of recharge. The objective of this study 
was to determine the relative mobility of a model 
macromolecule in comparison to the mobility of 
water through a sandy soil and estimate, based on 
linear partitioning previously reported in the 
literature, the influence of mobility of the macro
molecule on the mobility of pollutants. 

THEORETICAL DEVELOPMENT 
The movement of a conservative pollutant 

through saturated soil in the presence of macro
molecules or. other nonreactive organic substances 
can be described by dividing a representative 
elemental volume of the soil system into three 
phases: aqueous (a), solid (s), and mobile 
organic (o) phases. With notation given at the end 
of the paper, the following one-dimensional 
equations can be written to describe changes in 
mass concentration in the individual phases as a 
function of a dispersive flux, a convective flux, 
and mass transfer between adjacent phases 
assuming first-order kinetics. 

a(BPaCa) a2 (BpaCa) V o(BpaCa) k C ._,;,...;....;;.....;:;:. = Da - a - aoBPa a+ ot ax2 ax 

koa,PoCo- kasBPaCa + ksaO- n)psCs (2) 

a [(1 - n)p5Cs] 
------'-- = -ksa(l- n)PsCs + kasBPaCa (3) at 

(4) 

In writing the above equations, the aqueous phase 
was assumed to totally cover both the solid phase 

and the organic phase or macromolecule such that 
transfer of the pollutant from the organic phase to 
the solid phase requires passing through the aqueous 
phase. The total change in mass within an elemental 
voluine can be written as the sum of equations (l) 
through (3) or 

o(BpaCa) + a(,p0 C0 ) + o[(l-n)PsCs]=Da o2 (BpaCa) 
at at at ax2 

When local equilibrium, constant density, and 
constant volume fractions occupied by the different 
phases are assumed, 

(6) 

This yields a dimensionless organic:water partition 
coefficient or ratio of mass between the organic 
and aqueous phases as 

Similarly, 

kp = kaoBPa =Co 
koa,Po Ca 

which yields a soil:water partition coefficient 

(7) 

When field measurements are made, there is no 
attempt to separate the amount of chemical in the 
aqueous phase versus the amount associated with 
the macromolecules. To apply this theory to 
environmental situations, it is necessary to define a 
new variable c• as the total mass concentration of 
the mobile pollutant over all phases 

The total change in the elemental volume can be 
shown to follow the equation 

kao kas ac• kao a2c• 
(1 +-+-)- = (Da +-Do)--koa ksa at koa ox 2 

kao ac• 
-(Va+-Vo)-

koa ax 

By defining the variables 

(8) 

(9) 

kao kas R•= 1 +-+-
koaksa 

(10) 

which describes the retardation of the chemical 
relative to the velocity of the total fluid, 
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* ka~ D =Da+-00 
koa 

(11) 

the effective dispersion coefficient for the total 
fluid, and 

• kao V =Va+-V0 
koa 

(12) 

the effective velocity of the total fluid, equation 
(9) becomes 

ac• a2C* ac• 
R*- = o•---v•- (13) at ax2 ax 

Equation (13) is the.same form that has been solved 
analytically for a variety of boundary and initial 
conditions. Several of these solutions have been 
summarized by van Genuchten and Alves ( 1982 ). 
The theoretical development presented includes 
retardation of the chemical due to partitioning 
between the phases and the influence of partition
ing on the dispersive and advective transport of a 
hydrophobic chemical when macromolecules are 
present. 

MATERIALS AND METHODS 
The soil for the experimental portion of the 

study was obtained from the current surface horizon 
of an infiltration basin used at the Vomb water 
plant to treat surface water for the drinking-water 
supply of the cities of Lund and Malmo, southern 
Sweden. The infiltration basins are natural sand 
deposits. The system operates by intermittently 
applying lake water to the surface of the infiltration 
basin, and the filtered water is extracted using 
wells. The study soil sample had no visible structure 
in nature and was collected as a disturbed sample. 
The soil was air-dried and homogenized as much as 
possible prior to characterization or experimenta
tion. The weight fraction total organic carbon of 
the soil was determined, on ten replicate samples, 
using a (Leco model CR-12) total carbon analyzer. 

Blue dextran, a polysaccharide synthesized 
from sucrose by Lactobacillaceae, was selected as a 
model compound for the study. The size and 
hydrophilic characteristics of this compound are 
similar to natural microbial exopolymers found in 
soil and ground-water systems. This type of hydro
philic carbon compound is not normally identified 
in aqueous solutions even under rigorous GC-MS 
evaluations. The manufacturer, Pharmacia Fine 
Chemicals, reports the molecular weight of this 
compound to be approximately 2,000,000 g mole-1• 

The octanol:water partition coefficient (k0 w) for 
blue dextran was determined by equilibrating 10 ml 
of ground water containing 0.05 pmol (1 00 mg r 1 ) 

dextran with 10 ml of n-octanol for 24 hours. 
After equilibration, the mixture was centrifuged at 
3000 g for 20 minutes. The amount of dextran in 
the octanol was measured, at a wave length of 630 
nm, with a (Beckman DB-GD) grating spectro
photometer. 

The experimental columns, made from stain
less steel, were 5 em in diameter and 3 em in length. 
The top and bottom of the soil sample were 
supported with sintered stainless steel plates. The 
replicate columns were packed to a bulk density of 
1.5 Mg m·3• Assuming a particle density of 2.65 
Mg m -3 for the mineral soil, the porosity (n) would 
be 0.43. After establishing steady-state hydraulic 
conditions with ground water collected from one 
of the adjacent extraction wells near the infiltration 
basin where the soil was sampled, a solution 
containing 0.25 pmol (500 mg 1-1 ) of dextran and 
2 JJCi 1-1 tritiated water, in ground water, was 
pumped through the soil for a period of 3.6 7 hours. 
The Darcy flow velocity was approximately 50 
em d-1

, corresponding to the average infiltration 
rate at the water treatment facility. The pulse of 
dextran and 3H was followed by ground water for 
several additional pore volumes. The pulse length 
was selected such that the effluent concentration 
would equal the influent concentration prior to 
removing the pulse. Dextran and 3H were monitored 
as a function of time in the column effluent. 
Samples were collected in glass tubes using a 
Fractovap fraction collector every 8 min. The 
volume of each sample was approximately 5.5 mi. 
One ml from each fraction sampled was mixed 
with Beckman CP cocktail in 7-ml polyethylene 
vials and counted for 10 min on a (Beckman model 
1.801) scintillation spectrophotometer. Dextran 
was measured in each sample as indicated earlier. 

RESULTS AND DISCUSSION 
Representative experimental breakthrough 

curves for the tritiated water and blue dextran are 
shown in Figure l. Tritiated water is commonly 
used in laboratory experiments to describe water 
movement through soil columns. The experiment 
was designed such that water-filled porosity could 
be obtained directly from the experimental data 
without obtaining solutions to equation ( 13 ). The 
volume of water in the column (one pore volume) 
is equal to the volume of water required to increase 
the effluent tritiated water concentration from 
zero to 0.5 times the influent concentration with 
both influent and effluent concentrations corrected 
for background decays. The approach is valid for a 
conservative nonretarded chemical, such as tritiated 
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Fig. 1. Reluive concentration of dextran and 3H versus 
pore volumes. The pore volumes were determined gravi
metrically assuming a particle density of 2.65. Corrections 
were m.cie to minimize errors due to lengths of inlet and 
outlet tubing. 

water, when the effluent concentration is allowed 
to reach the influent concentration prior to 
removing the chemical pulse. In Figure 1, the data 
were normalized to pore volumes and relative con
centrations. One pore volume determined gravi
metrically was consistent with volume required to 
reach a relative concentration of 0.5 for the 
tritiated water. The octanol:water partition 
coefficient for the blue dextran was experimentally 
determined to be 0.09. From equation (1), one can 
estimate, based on the octanol:water partition 
coefficient and the measured weight fraction of 
carbon in the soil (0.002 ± 0.0003 or 0.2 percent), 
that the soil:water partition coefficient should be 
approximately 0.0026. If the blue dextran is 
miscible with water and does not behave as a 
separate phase, the retardation factor from 
equation (10) reduces to 

R = 1 + [(1- n)p5/npa)kd (14) 

The estimated retardation factor for blue dextran 
in the study soil becomes 1.009, and one would 
anticipate the blue dextran to elute from the 
column slightly behind the tritiated water. The 
blue dextran, nevertheless, eluted from the column 
prior to the tritiated water. The experiment was 
repeated three times on four different soil columns 
packed to the same bulk density. A relative con
centration of 0.5 was observed at 0.87 ± 0.01 pore 
volumes as shown, for one data set, in Figure 1. 
Apparently the large dextran molecule was excluded 

from the smaller soil pores and forced to move 
through only the larger pores. This suggests that 
the" effective pore volume for this macromolecule 
soil combination was approximately 13 percent 
less than for the tritiated water, and the resultant 
average interstitial velocity of the blue dextran 
would be greater than for the water. The observa
tions are similar to those in gel chromatography 
(Giddings and Mallik, 1966) where chemicals are 
separated by size with the largest molecules being 
eluted first, followed by successively smaller 
molecules. 

To funher test the hypothesis that the macro
molecules were being excluded from the smaller 
pores, subsamples of the Vomb soil were amended 
with commercial samples of kaolinite and bentonite 
clay. One sample of soil was amended such that it 
contained 2 volume percent clay; 1 volume percent 
each of kaolinite and bentonite. A second sample 
of soil was amended such that it contained 6 volume 
percent clay; 3 volume percent each of kaolinite 
and bentonite. The soils were homogenized, by 
tumbling, prior to packing. After establishing 
hydraulic and ionic steady-state conditions with 
ground water assumed after 1 00 pore volumes, 
similar tests were performed as described above 
except the Darcy flow velocity was reduced to 
14.7 em d-1 • The blue dextran obtained a relative 
concentration of 0.5 at 0.81 and 0.66 pore 
volumes, respectively, for the clay amended soils. 
The data collected demonstrates that large 
hydrophilic molecules can be excluded from smaller 
soil pores and thus appear to move with a higher 
average velocity than the water. The data presented 
are not sufficient to determine the size of pore that 
is excluded by this macromolecule or suggest that 
all macromolecules of .the same weight would 
behave in a similar manner. The experimental data 
demonstrate a phenomenon which should be con
sidered when performing exposure assessments. 

Two theoretical figures were developed to 
elucidate the significance of the presence of the 
macromolecule and the differences in interstitial 
velocities between fluid phases for the transpon of 
trace organic pollutants. Several simplifying 
assumptions were made in the development of the 
f1gt1res including: (1) dispersion in equation ( 13) 
was ignored which yields 

ac• ac• 
R* --- = -v• --at ax (15) 

(2) the density of the macromolecule equals the 
density of the water; (3) the partition coefficient 
to the macromolecule organic carbon is the same as 
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the partition coefficient to the soil organic carbon 
<koc). kp = koc times the weight fraction of carbon 
occupied by the macromolecules; (4) the weight 
fraction occupied by the organic carbon (F) is 0.02; 
(5) the soil partition coefficient can be described 
by equation ( 13); ( 6) the total porosity (n) of the 
soil is 0.5; and (7) the particle density of the soil 
is 2.65. 

The imponance of the macromolecule on the 
mobility of hydrophobic compounds is estimated 
in Figure 2. If the interstitial velocity of the macro
molecule and the water are the same (Va = V0 ), the 
octanol:water partition coefficient versus the 
relative chemical mobility (mobility of hydrophobic 
compounds with macromolecule I mobility without 
macromolecule) can be presented. A group of 
chemicals with different kow are shown on the 
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Fig. 2. Mobility of a hydrophobic compound relative to the 
mobility of the same compound without the presence of a 
macromolecule as a function of octanol-water partition 
coefficient and amount of organic carbon in the mobile 
phase. 

figure for reference purposes only. Figure 2 displays 
the change in mobility of hydrophobic chemicals 
due to the macromolecule rather than the mobility 
of the chemical. Macromolecules in the mobile 
phase can significantly alter the relative mobility 
of extremely hydrophobic compounds even when 
the amount of macromolecule is in concentrations 
typical of ground water or agricultural soil solution 
(1 to 10 mg r 1 dissolved organic carbon of 
unknown composition). This might be one 
explanation of why hydrophobic pesticides such as 
DDT have been reponed to move farther under 
field conditions than model projections (e.g., 
Enfield et al., 1982). The imponance of the macro
molecule rapidly diminishes as the octanol:water 
partition coefficient goes down. At municipal or 
industrial waste sites where relatively high concen
trations of macromolecmles might exist, the 
imponance of the macromolecule to chemical 
mobility could be significant even for chemicals 
with log k0 w of 3 or less. Hydrophilic macro
molecules similar to dextran at carbon concentra
tions of 10D-500 mg 1"1 may change the relative 
mobility of hydrophobic compounds by an order 
of magnitude in low carbon soils. 

The significance of differences in interstitial 
velocities of the two mobile phases are shown in 
Figure 3. It was assumed, in Figure 3, that the 
carbon concentration of the macromolecule was 
100 mg 1"1 • It is possible to plot relative mobility 
of the macromolecule (V0 Na) versus the relative 
mobility of the trace compound .for different 
interstitial velocities of the mobile phases. The 
increased velocity of the macromolecule itself may 
increase the mobility of hydrophobic trace 
compounds by a factor of 5 or 10. It can be seen 
from the figure that if the velocity of the macro
molecule drops to 10 percent of the water velocity, 
the imponance of the macromolecule in accelerat
ing transpon approaches zero. Therefore, chemical 
transpon will be facilitated only by macromolecules 
which behave as hydrophilic compounds (have high 
mobility). 

The soil selected for study was a sandy soil 
and expected to have only a small proponion of 
its pores that could not be penetrated by the 
macromolecule. The observed decrease in effective 
porosity of the natural soil would not have a major 
impact on the mobility of chemicals at this site. 
However, under conditions where there is a high 
percentage of small pores, as would be anticipated 
in clay liners used in the construction of lagoons, 
there could be a significant increase in the mobility 
of chemicals due to a reduction in effective porosity 
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Fig. 3. Mobility of • hydrophobic compound relative to the 
mobility of the same compound without the presence of a 
macromolecule versus the velocity of the miCI'Omolecule 
ntlative to the velocity of the water where the concentr• 
tion of the macromolecule is 100 mg r1• 

to the macromolecule, as demonstrated by the 
additions of clay to the Vomb soil. This could have 
significant implications at industrial holding ponds 
and lagoons. Even when the macromolecule does 
not move faster than the water, it should 
dramatically increase the mobility of chemicals. 
There are two important implications to the 
macromolecule: (l) When a municipal landfill which 
produces large amounts of dissolved organic carbon 
is codisposed with toxic hydrophobic chemicals, the 
large amounts of DOC produced by the natural 
degradation processes will create conditions 

· favorable to the transport of hydrophobic materials 
normally considered to be immobile. (2) At loca· 
tions where the soils are already contaminated with 
hydrophobic materials, the addition of macro
molecules to the system potentially will reduce the 
time required to remove the hydrophobic material 
from a contaminated aquifer. 

NOTATION 
Ca Mass concentration in aqueous phase, g g-1 . 

Co Mass concentration in immiscible phase, g g-1• 

Cs Mass concentration in solid phase, g f 1
• 

c• Mass concentration of mobile phase, g g- 1
• 

Da Dispersion in aqueous phase, m2 d-1 • 

D0 Dispersion in immiscible phase, m2 d-1 • 

D* Lumped dispersion coefficient, m2 d-1 • 

F Fraction of organic carbon associated with 
the soil. 

kao First-order transfer coefficient aqueous t<;> 
immiscible phase, d-1 

• 

kas First-order transfer coefficient aqueous to 
solid phase, d-1 • 

kd Soil:water partition coefficient . 

k0 a First-order transfer coefficient immiscible to 
aqueous phase, d-1 • 

k0 c Organic carbon:water partition coefficient. 

kow Octanol:water partition coefficient. 

kp Mobile carbon:water partition coefficient . 

ksa First-order transfer coefficient solid to 
aqueous phase, d-1 • 

n Volume fraction of soil voids (porosity), 
m3 m-3. 

R Retardation factor. 

R • Lumped retardation factor. 

t Time, d. 

Va Interstitial velocity of aqueous phase, m d-1
• 

V0 Interstitial velocity of immiscible phase, m d-1• 

v• Lumped interstitial velocity of mobile phase, 
m d-1 • 

x Distance along flow path, m. 

tJ .Volume fraction occupied by the aqueous 
phase, m3 m-3 • 

Pa Density of aqueous phase, Mg m-3 • 

Po Density of immiscible phase, Mg m -3 • 

Ps Particle density of the soil, Mg m -3 • 

~ Volume fraction of the immiscible phase, 
m3 m-3. 
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Adsorption and Movement 
of Organic Pollutants 

by Arthur W. Hounslow 

lntrodudion 
Over the last three decades, it has become increas

ingly apparent that the organic and inorganic constitu
ents of the soil and deeper subsurface play an important 
part in the retardation of introduced organic chemicals. 
Early work centered about the movement of pesticides 
and herbicides in this environment. In recent years, the 
movement of other pollutants in this zone has become a 
primary concern, not only from the aspect of estimating 
pollutant movement but also because the greater the 
retardation of a contaminant, the greater will be the 
time during which biotic or abiotic degradation may 
occur. 

The purpose of this paper is to describe adsorption, 
outline the methods used to quantify it and to show 
how it is incorporated in the mass transport equations 
used to describe and/or predict pollution movement. 

Mass Transport Equation 
The primary purpose of the mass transport equation 

is to determine the concentration of a pollutant at a 
specified place after a specified time. Four different 
processes are incorporated into this equation: 

1. Advection, or the transport of the pollutant at 
the ground-water velocity; 

2. Dispersion, or the spreading of the concentra
tion front because of aquifer inhomogeneity and mole
cular diffusion; 

3. Biodegradation, or the disappearance of the 
solute because of microbial action; 

4. Adsorption, or retention of the solute in the soil 
phase because of partitioning between the solid and 
liquid phases. 
The only term to be discussed in this paper is the last 
one, adsorption. 

Adsorption term 
The total mass of solute per unit volume of porous 

medium is the sum of the solute in solution plus that 
adsorbed on the soil. 

If the porous medium is 100 percent saturated with 
solution, the volume of solution per unit volume of 
porous media is equal to the effective porosity, 8. 
Further, the mass of soil per unit volume of porous 
medium is PB> the bulk density. 

Thus if the total mass of solute per unit volume is Cr 
then Cr (total)= 8C (liquid) = p8C5 (solid) (1) 
where C is the solution concentration and C, is the 

adsorbed mass concentration. 
In general, C5 is a function of C, that is, a 

relationship defined by the adsorption coefficient. 
The change in the mass of solute adsorbed on the 

solid (C5) with time can be expressed as: 
6C/8t = dC/dC . .SC/.St (2) 

After combining (1) and (2), the change in total mass of 
solute per unit volume of porous medium with time is 

6C11 & = 8. 6 C!& + Pa·dCx/dc. 6CI8t 
= 6C/8t(8 + p8 • dC5/dC) 

= 8. 6C/8t(1 + Pa/8.dCs/dC) 

where the term 
1 + p 818. dCs/dC (3) 

is defined as the retardation coefficient Ret _ 
Thus 

6C11c5t = Rd.8. 6C/c5t. (4) 

Retardation Coefficient 
This coefficient as defined in (3) contains two 

readily obtainable terms: 8, the effective porosity, and 
Pa> the bulk density of the soil. The third variable is the 
ratio dC/dC, which is derived from the adsorption 
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coefficient, Kd. 
Thus the retardation coefficient 

Rd = 1 + Kd p816 
This represents a ratio of the velocity of the water 

over the velocity of the solute. Thus if a solute having a 
retardation Rd = 10 has traveled 10 ft., the water has 
traveled 100ft. 

The reciprocal of Rd, which is the chemical RF 
factor, is. more readily understood because solute 
movement is defined in terms of the water movement. 
That is, during the time that water has moved a distance 
x, the scilute has moved a distance RF times x. Thus 
assuming an RF of 0.1 and a water movement of 100ft., 
the solute has moved 100 x 0.1 =10ft. 

Chromatographic Movement 
Chromatography is the process whereby a solution 

of a compound (mobile phase) moves through porous 
solid (stationary phase). As a solution flows through a 
porous media, some solutes appear to move more 
rapidly than others. The process that controls the rate at 
which a particular compound moves relative to that of 
the fluid is called adsorption or partition. Adsorption is 
the term used if the stationary phase is a solid, and 
partition if the stationary phase is a gel or a liquid 
(whose support may be an inert porous solid phase). 

In analytical chemistry, chromatography is com
monly used to separate compounds. It was first used in 
1906 by Tswen to separate colored substances in plant 
materials, hence the name. 

Although the flow of fluids through porous media 
has received considerable attention in both field and 
laboratory studies, the movement of the dissolved 
constituents through porous media has been little 
studied outside the analytical chemistry laboratory. The 
following discussion is based primarily on the chemical 
literature. 

Chromatography is used extensively in the laboratory 
to separate constituents of a solution by making use of 
the fact that some solutes move more rapidly than · 
others, that is, they distribute themselves between the 
mobile and the stationary phases in proportions that 
vary from one substance to another. 

Chromatographic movement can thus be described 
according to: 

• The nature of the stationary phase 
• Solid - adsorption chromatography 
• Liquid (or gel) - partition chromatography 

• The composition of the mobile phase (Stock 
and Rice 1963) 
• Pure solvent - elution chromatography 
• A solution added continuously - frontal 

chromatography 
• A solution of a substance more strongly 

adsorbed than any of the compounds of the 
mixture- displacement chromatography. 

s .. ionary Ph~ 
The stationary phase may be an active solid (solid 

stationary phase) or a liquid supported by porous inert 
solids (liquid stationary phase). 

The liquid stationary phase may be a true liquid 
supported by an inert (nonreacting) porous solid or. in 
some cases, a gel. The rate of movement of a dissolved 
constituent depends on the relative solubility of this 
solute in the stationary and in the mobile phases. This 
ratio is called a partition coefficient. During the move
ment of the mobile phase, the solutes undergo partition 
between the mobile and stationary phases and separa
tion occurs because of the differences'-in partition coef
ficients. It should be emphasized that in this case, these 
separations are due to differences in "solubility of a 
compound in two immiscible phases and are not sur
face effects. Partition coefficients are commonly linear 
up to their saturation points; that is, the coefficients are 
independent of the concentration of solute. Martin and 
Synge (1941) evolved a theory of chromatographic 
movement based on the analogy with distillation col
umns. Their theory assumes linear partition coefficients 
and they derived the position of maximum concentra
tion of the solute relative to the volume of liquid that 
had flowed through the laboratory chromatographic 
column. 

They concluded that if 
P s = the movement of position of maximum concen

tration of solute, and 

P m =the simultaneous movement of developing fluid 
in the empty part of the tube above the 
chromatogram, 

then R =P/Pm 
=A/(AL +aAJ 
= (AL + As + A1)/(AL + aAJ 

where a = the partition coefficient 
= g solute per ml of non-mobile phase 

g solute per ml of mobile phase. 

A = area of cross section of column 
As= area of cross section of non-mobile phase 
AL = area of cross section of mobile phase 
A1 = area of cross section of inert solid 

Also if areas are known 
a = S/(RAJ - A/ A5 

This relationship was verified by determining a from the 
band movement and also directly. 

Subsequently, Thornthwaite, Mather and Nakamura 
(1960) developed the plate theory and proposed a 
mathematical model that allowed calculation of solute 
with depth. They applied their model to the movement 
of radiostrontium in soils. The theory was further 
extended by Fissel and Poelstra (1963). King and McCarty 
(1968) applied this model to the movement of organic 
phosphate pesticides in a variety of soils and added an 
additional term to cover pesticide degradation. Their 
model was confined to linear adsorption coefficients. 

The solid stationary phase is an active solid that 
reacts with solutes in the liquid phase and results in the 
process known as adsorption chromatography. It refers 
to a surface effect that takes place at the boundary 
between the moving and stationary phases. 
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. . . 
tography (qv) of a single solute based on a differential 
equation for the adsorption process. He derived equa
tions for the determination of solute concentrations 
with depth using linear and nonlinear adsorption iso
therms, band widths, solute movement and shape of the 
adsorption band. Weii-Malherbe (1943) verified the 
Weiss theory experimentally and determined that the 
tailing of an elution curve is a function of the Freundlich 
exponential coefficient. That is, for linear adsorption 
isotherms the elution curve is virtually symmetrical, 
whereas if the exponent is less than 1, a tail develops on 
the eluted solute band. 

MoiH1eP"-e 
Chromatographic movement can also be classified 

according to the manner by which the solute moves 
through the porous medium. The terms elution, frontal 
and displacement are used to describe the different 
types of conditions. 

Elution chromatography refers to the transport of a 
solute previously added to a chromatographic column 
by means of the application of pure solvent (figure 1).1f 
it is assumed that there are no stationary phase-mobile 
phase interactions, then the more weakly adsorbed 
substances travel more rapidly than the more strongly 
adsorbed substances. A common phenomenon with 
this technique is that of tailing, which results in wider, 
diffuse and overlapping bands. In the other two proces
ses this does not occur. A point source contaminated 
site leached by rainwater would be an example of this 
phenomenon. 

Frontal chromatography occurs when a solution of 
the mixture is added continuously. If there are a 
number of components in the mixture, each having 
different adsorption characteristics, a number of zones 
will be formed. The leading edge of each zone is called a 
front. The first (leading) zone will contain the least 
adsorbed solute, whereas the other zones will contain 
mixtures of the various solutes (Figure 2). Eventually, 
however, the effluent from the system becomes identi
cal in composition to the sample entering the system. " 
land treatment disposal site could well illustrate this 
phenomenon. 

Displacement chromatography results when the 
mobile phase contains a substance more strongly 
adsorbed than any of the components of the mixture. 
This substance is known as the displacer. A mixture of 
solutes moves down the column at the same rate as the 
displacer is added and resolves itself into bands of pure 
components. The order of these bands is the order of 
the strength of adsorption on the stationary phase. Each 
pure band acts as a displacer of the Jess adsorbed com
ponent ahead of it (Figure 3). The regeneration of a 
water softener by sodium chloride illustrates this 
process. 

Adsorption 
Adsorption describes the distribution of a solute 

between a liquid and a solid phase; it is of paramount 
importance in all chromatographic studies. It is generally 
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Figure 1. Elution chromatography refers to the 
transport of a solute previously added to 
a chromatographic column by the appli
cation of pure solvent 
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Figure 2. Frontal chromatography occurs when a 
solution of the solute is added continu
ously. Aher passage of the leading zone, 
the effluent from the column becomes 
identical in composition to the sample 
entering the system 
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figure 3. Displacement chromatography results 
when the mobile phase contains a sub
stance more strongly adsorbed than any 
of the components of the mixture. The 
solute mixture resolves itself into bands, 
each band acting as a displacer of the less 
adsorbed component ahead of it 
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considered to be the result of either an affinity for the 
solid or a lack of affinity for the liquid (Weber 1972). 

If the adsorption is a consequence of the lyophobic 
(solvent-disliking) character of the solute relative to a 
particular solvent, then the solute displays a low solubil
ity in that liquid. This inverse relationship between 
adsorption and solubility is still invoked as the primary 
theory for explaining the movement of pesticides in 
soils. In aqueous systems this phenomenon is called 
hydrophobic adsorption. On the other hand, the solute 
may have a high affinity for the solid phase. Three types 
of surfac~ phenomena must be considered. 

1. Physical adsorption results from van der Waals 
forces; that is, fluctuations in electron distributions 
producing instantaneous dipoles. Adsorbed molecules 
are not fixed to a specific site but are free to move within 
the interface. 

2. Chemisorption represents a chemical interaction 
with the adsorbent and the bonding occurs at specific 
sites on the surface of the adsorbent. 

3. Exchange adsorption is a process in which ions of 
one substance concentrate at a surface as a result of 
electrostatic attraction to charged sites at the surface. 
The charge on the ion is the determining factor for 
exchange adsorption. Generally, the higher the charge 
and the smaller the ion, the stronger the adsorption. 
The molecular size or hydrated radius must, however, 
be the parameter considered. 

Adsorption Isotherms 
The adsorption coefficient is not always a constant 

and it may vary with the concentration of the solute in 
the liquid phase. The graph that allows the adsorption 
coefficient to be obtained at different concentrations is 
known as an adsorption isotherm. 

An adsorption isotherm determined experimentally 
is a plot oft he amount of material adsorbed per gram of 
adsorbant vs. the concentration of the adsorbate in 
solution. The result may be a straight line or an expo
nential curve (that is, a straight line on a log-log plot). 

Linear adsorption isotherms result when the distribu
tion coefficient is independent of concentration, that is: 

S=K0 C 
where: S is the amount of solute adsorbed by the solid 

phase 
C is the concentration of solute in the liquid 
phase and 
K0 is the distribution coefficient, (linear adsorp
tion coefficient). 

This is commonly the relationship observed where 
partition occurs between two liquid phases up to their 
solubility limit. Most chromatography models used for 
describing pollutant transport assume this model. 

Freundlich isotherms are primarily an empirical 
attempt to describe nonlinear relationships. They are 
defined by the equation 

S = KC"' (Figure 4), 
where K and N are constants. It is usually presented 

in the linear form: 
logS= K + N log C, 
where N is the slope of the line and K the adsorption 

coefficient (figure 5). 

Although generally considered an empirical rela
tionship, Sposito (1980) derived it theoretically for the 
trace adsorption of an ion participating in an exchange 
reaction. 

Elution curves illustrating the phenomenon of tailing 
for isotherms where n = 1, n < 1 and n > 1 are shown in 
Figures 6, 7 and 8. 

Freundlich 

n~1 

c 

X/M = KCn 

Figure 4. Freundlich isotherms, linear when n 
equals 1 and nonlinear when n does not 
equa/1 

Freundlich 

n<1 

log C 

log X/M = log K +n log C 
Figure 5. Freundlich isotherms becoming linear 

when plotted on log-log scales. Plots of 
isotherms with two values of n are shown 
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(1918) to describe the adsorption of gases by solids. It has a valid theor•!tical base and assumes monolayer adsorption, and that the solid possesses a finite number of adsorption sites. The general equation is: 

S = (SmbC)/(1 + bC) 

where: Sis the number of moles of solute adsorbed per gram of adsorbent, 
sm is the number of moles of solute adsorbed per gram of adsorbent in forming a complete single layer of adsorbed solute molecules on the surface of the adsorbent (monolayer) 

phase, 
C is the concentration of solute in the liquid 

and d is a constant. 
Expressed in linear form 1/S = 1/Sm + 1/(bSmC) 
where 1/Sm is the intercept and 1/bSm is the slope (Figure 9). 

B.E.T. isotherms were developed by Brunauer, Emmett and Teller (1938) to include systems in which a vapor is adsorbed as several layers of solute on the adsorbent surface (multilayers). They obtained the equation: 

e • c 
0 a. • e a: 

P/(V(P 0-P)) = 1N mC + P(C-1)/(P o V mC), 

c 

Tune 

CD • c 
0 a. • CD a: 

c 

...,. . I ~. •- ... 

V m is the volume adsorbed in the first completed monolayer, 
P 

0 is the saturation pressure of the vapor 
C is a constant = exp (E1-l)RT 

where: E and l are the heat adsorption in the first layer ·and the latent heat of condensation, respectively. T is the absolute temperature and R is the gas constant. 
A plot of P/(V(P 

0
-P) vs. PIP 0 should be linear. 

Types of Isotherms 
Studies of adsorption isotherms have indicated that their shapes may give some insight as to the nature and possibly the mechanism of the substrate-solute-solvent interactions (Giles et. al. 1960, Giles 1970). This is oi prime interest to those studying natural systems where many of the parameters are poorly understood or even unknown. 
It has been shown that for a given solute, differentshaped isotherms result from different combinations of solvent and substrate. The primary factors are the polar or nonpolar nature of the solvent and substrate, as well as of the polar nature or monofunctionality of the solute. 
Giles et al. (1960) proposed a fourfold division of adsorption isotherms based on the slope of the initial 

CD • c: 
0 a. • 
~ 

Tme Time 
Figure 6. A linear adsorption 

isotherm resulting in a 
symmetrical band of 
solute in a chromato
graphic column 

Figure 7. A nonlinear adsorption 
isotherm, concave down 
with the Freundlich n 
less than 1, showing tail
ing toward the source 

Figure 8. A nonlinear adsorption 
isotherm, convex down 
with Freundlich n 
greater than 1, showing 
tailing toward the efflu
ent direction 
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pan of the curve, and a further subdivision according to 
the shape of the curve further from the origin. 

The initial slope depends on the rate of change of 
site availability with increase in solute adsorbed. The 
plateau or inflection point on the curves represents the 
first degree of saturation; that is, further adsorption can 
only take place on new surfaces. If the adsorbed 
molecules of the monolayer are so oriented that the 
new surface they present to the solution has low 
attraction for more solute molecules, the curve has a 
long plateau. If they are oriented such that the new 
surface has high attraction for more solute, the curve 
rises steadily and has no plateau. 

The four main dasses of isotherms are: 
• L-curves, the normal or "Langmuir" isotherms 

(Figure 9), are characteristically convex near the origin. 
Thus, the more solute taken up, the less chance that a 
solute molecule will find a suitable site on which it can 
be adsorbed. The types of systems that give this curve 
have one of the following characteristics: 

• the adsorbed molecules are most likely to be 
adsorbed flat, or 

• adsorbed end on with little solvent competition, 
• highly polar solute and substrate and a non

polar solvent. 
• monofunctional ionic substances with very 

strong intermolecular attraction. 
• H-curves or high-affinity curves in which the 

solute has such a high affinity for the substrate in dilute 
solution that is completely adsorbed, or at least there is 
no measurable amount remaining in solution (Fig
ure 10). This is usually indicative of chemisorption or ion 
exchange. The initial pan of the isotherm is therefore 
venical. The adsorbed species are either: 

• large units, such as ionic micelles or polymeric 
molecules, or 

• single ions with a high-exchange capacity. 
• s-curves describe those systems where the greater 

the amount of solute already adsorbed, the easier it is 
for additional solute to become adsorbed. They are 
characteristically concave near the origin (Figure 11) 
and are generally considered to indicate the vertical 
orientation of adsorbed molecules at the surface. 

This is the characteristic adsorption isotherm for 
monofunctional solutes with moderate intermolecular 
attraction adsorbed on a polar substrate from a polar 
solvent. It indicates a tendency for large adsorbed 
molecules to associate rather than to remain as isolated 
units. This has also been called cooperative adsorption. 

• C-curves, or constant partition curves, are linear 
isotherms where the availability of sites remains constant 
at all concentrations up to saturation (Figure 12). It is 
typical of the curve obtained for the partition of a solute 
between two immiscible solvents. The implication is 
that the solute is penetrating regions of the substrate 
that are inaccessible to the solvent. 

It must be emphasized that isotherms may change in 
shape with a change in conditions. Thus the common 
organic chemical phenol, a monofunctional solute, will 
give an S-curve from polar solvents such as water on 
polar substrates, an l-curve on polar substrates from 
nonpolar solvents and a c-curve on hydrophobic poly-

.Langmuir 

Xmbc 
x= 1+bc 

----Xm 

c 

Figure 9. Langmuir adsorption isotherm illustrating 
monolayer adsorption with the solid 
having a maximum concentration of 
solute of Xm. This is also called an L-curve 

c 
Figure 10. High-affinity type of adsorption isotherm 

where the solute in dilute solution is 
completely ·adsorbed. This usually 
indicates chemisorption or ion exchange 

mers from an inert liquid (which does not swell the 
substrate). 

Retardation in the Soil-Sediment System 
Once a general understanding of adsorption 

chromatography is obtained, it must be applied to the 
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c 
Figure 11. Typical 5-curve where initially the greater the amount of solute already adsorbed, the easier it is for further solute to 

become adsorbed 

problem of predicting the rate of movement of chemical pollutants in the soil-sediment environment. The mobile phase is, of course, water, and the solid phase, soil. Soil is a complex multiphase system where components vary considerably from one area to another. The three solid-phase constituents most likely to be important in the adsorption reactions are soil organic matter, clay minerals and amorphous hydroxides of iron, aluminum and manganese. Soil organic matter is a complex organic polymer of doubtful composition that is generally assumed to have a large number of phenolic -OH and carboxylic acid groups attached to it. It may be physically and chemically separated into three main components: alkali solublefulvic, humic acids and insoluble humin. The interactions between the soil organic matter-clay minerals and amorphous hydroxides that may affect the adsorption charcteristics are essentially unknown. A vast amount of literature has developed over the last three decades on the adsorption of organic com- · pounds, primarily herbicides and pesticides, by soil constituents. One of the earliest papers reporting experimental data showing an unequivocal correlation between adsorption of a specific organic compound and soil organic matter was published by Sherburne and Freed in 1954. Since then, many papers have been written expanding the number of organic compounds for which this holds true. It has become a fairly common practice to normalize adsorption coefficients obtained from soils to their organic matter or organic carbon content. 

K0 c = K.100/%0C 

:& 
' >< 

c-curve 

c 
Figure 12. The C-curve or constant partition curve where the availability of sites remains 

constant at all concentrations up to 
saturation 

where Koc is the normalized adsorption coefficient and K is the adsorption coefficient obtained using a soil containing OC% organic carbon. 

The sorbing medium is thus considered to be the soil-organic matter rather than the total mass of soil. lam ben (1967), Furmidge and Osgerby (1967) normalize to %SOM whereas Karickhoff normalizes his distribution coefficient to percent of organic carbon. It has been found empirically that soil organic matter contains 58 percent organic carbon and thus K0 c can be derived from K~m· 
It must be emphasized that although soil organic matter has been shown to be the primary factor in many adsorption experiments, it is not the only one. for example, 2-40 is strongly adsorbed by humic acid although the effect of illite may be important (Hague 1975). Similarly, a-napthol is primarily adsorbed by soil organic matter although a high montmorillonite/soil organic matter ratio has a significant effect on the adsorption isotherm (Hasset et al. 1981). Estimates of adsorption coefficients are commonly attempted using parameters, such as solubility, or simplified techniques, such as octanol/water partition coefficients rather than the difficult and time consuming determination of adsorption isotherms. Solubility estimates: 

Cassidy (1951) notes that many investigators have noted that the solubility of a substance in a given solvent may be expected to affect its absorbility. He further cautions that correlations between solubility and adsorption onto a solid surface should not be expected unless the adsorbent does not play a role in 
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the process. 
Various equations have been prepared for this 

relationship.lundelius, 1920 (Cassidy 1951) proposed 
that the Freundlich K is inversely proportional to sn 
where S was the solubility in a solute in question and n 
is the Freundlich exponent, 
i.e .• log K = A-n log S. 
Kenaga and Goring (1978) collected data for 106 
organic chemicals, primarily pesticides, and obtained 
a regression equation. 
log K0 c = 3.64 - 0.55 log S. 

They estimated the results would be within ±1.23 
orders of magnitude from the actual value, assuming 
95 percent confidence limits. S was reported in ppm. 

Chiou et al. (1979) obtained a relationship between 
distribution coefficients and solubility for a large num
ber of non ionic organic compounds. Their relation
ship covers more than seven orders of magnitude inS 
and four orders of magnitude in KOC" 

They found that 
log Ksom = 4.040 - 0.557 log S 
where S is in micromoles/liter 
assuming SOM = 58%oc; K0 , = 3.80 - 0.557 log S. 

Karickhoff et al. (1979) found the relationship to be 
log K0 c = 0.44 - 0.54 log S 

where Sis expressed as mole fraction. The compounds 
considered were hydrophobic compounds such as 
aromatic hydrocarbons and chlorinated hydro
carbons. 

Means et al. (1980) found a relationship 
log K0 c = 4.070 - 0.82 log S where S is mg/ml. 
Karickhoff (1981) gives 
log Koc = -0.197- O.S941og S where S =mole fraction 
solubility. 

He recommended the incorporation of a crystal 
energy term in the equation. 

OcYnol-w~er partition coefficients 
The partitioning of a solute between water and an 

immiscible organic solvent has been used extensively to 
estimate biological concentration tendency solutes. 

Ward and Holly (1966) found a linear relationship 
between amount of sorption and the degree of parti
tioning between cyclahexane and water of 5-triazines. 
They showed this to be a better index of sorption for 
these compounds than their solubilities. 

Generally, octanol-water partition coefficients are 
those most commonly measured, and an extensive 
compilation of them has been made byleoetal. (19n). 

Chiou et al. (1977) used octanol!water partition coef
ficients to obtain better estimates of solubility; that is, 

log Kov. = 5.00 - 0.670 log S, 
where Kow = octanol/water partition coefficient and 

S =aqueous solubility in micro molesll. 
These equations were found to be valid over six orders 
of magnitude in Koc (10 - 101). 

Karickhoff et al. (1979) examined 10 hydrophobic 
pollutants with water solubilities ranging from 1 ppb to 
1,000 ppm and obtained excellent correlations of K

0
c vs. 

K- and poor correlation between Koc and solubility. 

The equation 
log Koc = 1.00 log K- - 0.21 
or Koc = 0.63 Kow was suggested. 
Means et al. (1979) obtained similar partition coeffi

cients for pyrene and DMBA, namely Koc =.53 K0 " and 
0.50 Kov. respectively. 

Banerjee et al. (1980) correlated n-octanol/wate: 
partition coefficients with solubility and found log 
Kow = 5.2 - 0.68 log S with S in micro moles/L. 

For solids with known melting points, they suggest 
log Kow = 6.5 - 0.89 log S - 0.015 (mp). 

Chiou and Schmedding (1980) state that most inaccu
rate data on water-solubility and partition coefficients 
are generated with impure compounds or solvents. 
They discuss methods of ensuring purity of phases and 
suggest at a minimum that a melting point of a solid 
phase is minimal and that poor phase separations or 
persistent emulsions are often an indication of undesir
able solvents. 

Experimentally they found for 36 organics that 
ranged more than six orders of magnitude that: 

log Kow = -Q.862 logS + O.no 
with S in moles/L. 
Kenaga and Goring (1980) obtained the relationship 
log Koc = 1.377 + O.S441og K_. for 45 organics. 
Karickhoff (1981) obtained the equation for hydro-

phobic solutes 
log Koc = 0.989 log Kow- 0.346. 
The near unity of the coefficients suggest Koc = 0.411 

Kow to be a good approximation. 
Briggs (1981) gives the relationship 
log Kom = Q.52 log Kow + 0.64. 
He presents the data of Felsot and Dahn (1979) in the 

form: 
log Kom = 0.52 log K_. + 0.78 

the data of Lord et al. (1978) as: 
log Kom = 0.53 log Kow + 0.98 

and his own earlier data 
log Kom = 0.52 log Kow + 0.62. 
Brown and Flagg (1981) found another empirical 

equation for nine compounds 
log Koc = 0.937 log K_. - 0.006. 

Soil Thin-Uyer Chromatogroaphy (Tlq 
A direct method for determining retardation of 

pesticides in soil, termed "soil thin-layer chroma
tography," was proposed by Helling and Turner (1968). 
This quantitative index of relative pesticide mobility, 
which is based on R1 values, correlated well with 
published data on movement. 

Further refinements of this technique were pub
lished by Helling (1971a) together with applications 
(Helling 1971b), as well as influence of soil properties 
(Helling 1971 c). One correlation found was that pesticide 
mobility tended to be directly related to increased 
water flux. 

A comparison of the various methods for deter
mining the mobility of organic pollutants in the labora
tory reveal that TLC is one of the least expensive 
techniques (Helling and Dragun 1980). 
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McCall et al. (1980) suggested that the retention time 
on HPLC may be directly related to a Koc value. 

M~ Tr~nsport Equ~tion 
The primary objective of the preceding discussion is 

to describe chromatographic movement, the role of the 
adsorption coefficient and the various methods of 
obtaining this parameter. In this section the manner 
in which the adsorption coefficient is integrated into the 
mass transpon equation is examined. 

The retardation coefficient term in the mass trans
pan equation contains the variable dC!dC, which is 
directly related to the adsorption coefficient. It equals 
Kd in the linear case but the relationship becomes more 
complex for nonlinear isotherms. In the linear case 
where 

C5 = Kj:. 
dC/dC=Kd 
If the adsorption obeys the langmuir isotherm, 

where: C
5 = Kj:.m.C/(1 + kC) 

Cm is the limiting concentration when the 
monolayer is filled, 

dC!dC = Kc~-Cm/(1 + kdC) 2 

In the Freundlich case where 
C5 = Kj:." 
dC/dC = n.Kd.C"·1 

ChrOIIWographic RF Factor 
RF is defined as the velocity of the point of maximum 

concentration of the solute over the average linear 
velocity of the ground water (freeze and Cherry 1979), 
that is: 

RF = V,IV = 1/(1 + Kdp/3/8) 

The reciprocal of R1 = V N Pis the retardation coefficient, 
namely 

Rd = (1 + Kd ppl8) 

The R1 factor originally defined by Manin and Synge 
(1941) using linear isotherms is: 

R1 = 11(1 + Kd.A/ AL) 

where A5 and AL are the cross sectional areas of the solid 
and liquid phase respectively, which equals ppl8. 

Retvdaion C~cul•tions 
Assuming linear isotherms, a pore fraction 8 and a 

bulk density Pp. the retardation 

Rd = 1 + KdPt/6 
and as p 13 = (1- 6) 

where p = specific gravity of rock minerals. 

Koc is defined as 
100 Kof%oc 
Therefore K0 = %oc.Koc/100 

the retardation Rd becomes 

Rd = 1 + (1-6)P.Koc-%oc/(100.8) 
R1= 1/Rd 

/'\) c1 t!lu•ut:, c1 numoer ot organ1c cnem•cats w1tn 
normalized adsorption coefficients ranging eight orders 
of magnitude are listed in Table 1. With these data are 
listed the calculated Kd value for 1%oc, retardation 
coefficients Ret> R1 values and the amount they may be 
considered to have moved if the water moved a dis
tance of 10 miles. It must be understood that linear 
adsorption is assumed, and that degradation and dif
fusion are ignored. 

Summuy . 
1. Chromatography is the name given to the move

ment of a dissolved chemical compound whose solution 
(mobile phase) moves through a porous solid (stationary 
phase). The process that controls the rate at which the 
compound moves relative to that at which the solvent 
moves is called adsorption if the stationary phase is a 
solid or panition if the stationary phase is a liquid. 

2. Three types of solute movement can occur 
depending on whether or not the mobile phase is a 
pure solvent, a solution oft he solute added continuously 
or a solution of a substance more strongly adsorbed 
than the solute(s) under investigation. 

3. If the mobile phase is a pure solvent, the shape of 
the moving adsorption band depends on the Freundlich 
exponential coefficient. If this is less than 1, a tail 
develops on the eluted solute band. 

4 If the solution of solute is added continuously, 
once equilibrium is attained, the effluent from the 
system becomes identical in composition to the solution 
entering the system. 

5. When the mobile phase contains a substance 
more strongly adsorbed than any of the compounds of 
the mixture, the solutes resolve themselves into bands 
that move at the same rate as the mobile phase. The 
order of these bands is the order of the strength of 
adsorption and each band acts as a displacer of the less 
adsorbed component ahead of it. 

6. Adsorption is generally considered to be the 
result of two processes, a lack of affinity oft he solute for 
the solvent or an affinity of the solute for the solid. The 
first explains the inverse relationship between adsorp
tion and solubility; the second includes the various 
types of surface phenomena such as physical adsorption, 
chemisorption and exchange adsorption. 

7. Experimental determination of adsorption resuh 
in a graph known as an adsorption isotherm, a plot of 
the amount of material adsorbed on the adsorbent vs. 
the concentration of the solute in solution. If the 
amount adsorbed is independent of concentration in 
solution it is termed a linear isotherm. Non-linear 
relationships are usually defined by an exponential 
function, the Freundlich isotherm. · 

8. The shapes of adsorption isotherms may give 
some insight as to the nature and possibly the mechanics 
of the adsorption interactions. 

9. One of the more confusing issues that may con
front an investigator trying to obtain an approximation 
to an adsorption coefficient is the diversity of units used 
in the various equations. _ 

• The adsorption coefficient may be obtained 
from data using mass units or using mole units; if the 
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TAble 1 
Examples of Retardation Coeffidents 

Ors.anic chemiuls h.Yins .a wide r.anse of k 0 nlues showins their retardation .and R1 nlues. 
The co~kulo~tions .sume o1 porosity of 0.2, o1 rock minero~l density of 2.65 o~nd 0.1% ors.anic nrbon 

Chemical 

Dic.amba 
2-4 D Acid 
Parathion 
Ethylene Dibromide 
2-4-ST 
Benzene 
Aldrin 
Lindane 
Naphthalene 
Hexachlorobenzene 
Paraquat 
Anthracene 
Methoxychlor 
Phenol 
Pyrene 
DDT 
224444 

Hexachlorobiphenyl 

Porosity = .2 
Density = 2.65 
%0C=.1 

koc kD 

0.4 0.00 
20.0 0.02 
24.0 0.02 
44.0 0.04 
53.0 0.05 
83.0 0.08 

410.0 0.41 
911.0 0.91 

1,300.0 1.30 
3,914.0 3.91 

15,473.0 15.47 
26,000.0 26.00 
80,000.0 80.00 
82,000.0 82.00 
84,000.0 84.00 

238,000.0 238.00 

1,200,000.0 1,200.00 

isotherm is linear it will not matter which, however, if n 
is not equal to 1 then: 

K(moles) = K (mass) x Mn 
M 

where M is the molecular weight of the compound 
(Osgerby 1970) 

or log K (moles) = log K (mass) - (1-n) log M 

• The adsorption coefficient may refer to the 
total weight of soil, or it may be: 

• normalized to the organic matter content 
K50m = K/(%SOM) or 

• normalized to the organic carbon content 

Koc=K~.724 
(assuming 58% oc in SOM). 

• If the adsorption coefficient is to be derived 
from solubility data, then it should be determined what 
units the solubility data are in and what the correlation 
equation uses. They may be expressed in mg/l micro
moles/l or mole fraction. 

micromoles/l = mole fraction x 55.56 x 103 
log S(micromolesll) = log S (mole fraction) 
+4.74 

• As a guide, the various equations advanced for 
obtaining Koc from solubility have the form: 

Rf 
R X 52,800 ft 

1 s2,sn 
1 43,564 
1 42,092 
1 36,007 
2 33,807 
2 28,088 
5 9,sn 

11 4,955 
15 3,572 
42 1,243 

165 320 
2n 191 
849 62 
870 61 
891 59 

2,524 21 

12,721 4 

log Koc = A - B log S 
If 51 S is in micromoles!liter 
A=3.6to5 
B =.54 to .59 

Rf 

0.996 
0.825 
0.797 
0.682 
0.640 
0.532 
0.187 
0.094 
0.068 
0.024 
0.006 
0.004 
0.001 
0.001 
0.001 
0.000 

0.000 

• The equation· for obtaining k0 c from the 
octanol~water panition coefficients have the form: 

Koc=C K0 ,.. 

where C = .4 to .6 

10. The mass transpon equation is that equation 
used to determine the concentration of a pollutant at a 
specified place after a specified time. The four processes 
incorporated in it are advection, dispersion, biodegra
dation and sorption. 

11. The sorption term in this equation is defined as 
the retardation coefficient (Rd) that is 

Rd = 1 + p~8. dCs/dc 

where PtJ is the bulk density of the soil 
() is the effective porosity 
dC/dC the change in adsorption with concentration 

of pollutant. 

It is usually assumed that adsorption is linear and 
dC/dC =K0 

where K0 is the linear adsorption coefficient 
Therefore Rd = 1 + p,}<of8 

15-20 



velocity of the point of maximium concentration of the 
solute over the average linear velocity of the ground 
water 

R1 = 1/(1 + Kdp8/9) 

that is R1 = 1/Rd for linear isotherms. 

Giles, C.H. 1970. Interpretation and use of sorption 
isotherms. S.C.I. Monograph, no. 37. pp. 14-32 

Hassett, J.J., W.l. Banwart, S.G. Wood and J.C. Means. 
1981. Sorption of naphthol: implications concerning 
the limits of hydrophobic sorption. Soil Sci. Soc. Am. 
J. 45, pp. 38-42 

13. For retardation calculations, several points . 

Helling, C.S. and B.C. Turner. 1968. Pesticide mobility: 
determination by soil thin-layer chromatography, 
Science 162, pp. 562-563. 

should be considered: 
bulk density p8 = (1-B)p 
where pis the specific capacity of the minerals 
in the rock. 
K0 = %oc . Koc/100 
R = 1 + (1-B)p .Koc. %oc/(100.8). 

14. A direct determination of the R1 value, the 
reciprocal of Rd. may be obtained using soil thin-layer 
chromatography. 
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Questions and Answers 
Q. Most hydrochemical models are assuming equi

librium conditions, implying slow enough flow veloci
ties to allow binding site saturations, etc., as well as 
assuming first order kinetic reaction rate constants; 
however, even for relatively fast reactions- such as 
acid-mine-drainage leaching of metals, these assump
tions may be erroneous. What alternative approaches 
would you favor? Statistical thermodynamics? Empirical 
field-derived constants? 

Joe Keely 
A. In most mass transport models we also assume 

linear adsorption isotherms, another convenient fic
tion. It cannot be over-emphasized that we do not have 
the data even for this simplistic model let alone the 
more complicated albeit more realistic models. 

Q. What do we need to overcome the current 
modeling deficiencies you described? More complex 
models? Better field data? More lab experiments? Can 
the process of VOC transport in ground water be satis
factorily modeled? 

MikeAggar 
A. I believe the last thing we need at this stage is 

more complex models. We do need better field and 
laboratory data to input into the models we presently 
have. I have not done any research on VOC transport 
but I think the above comment applies equally well to 

these compounds. 

Q. Can you comment on the effects of biodegrada
tion on mass transport? Are there simple approxima
tions using rates or biological kinetics which you could 
include in the mass transport equations to account for 
biodegradation? 

Wayne Chudyk 

A. In most mass transport models there is a 
biodegradation term. The catch is to find the approp
riate parameters to feed into it. Even less is known about 
biodegradation than about adsorption. 

Q. 1. Do you know the normal range of organic 
carbon concentrations in saturated uncons.olidated 
soils? 2. What is the accuracy of analytical techniques for 
organic carbon in soil? 

Henry Lord 

A. 1. Very little research has been done on the vert i
cal distribution of organic matter in a soil column. I 
doubt if there is such a thing as a "normal range." The 
amount present at the various depths will depend on 
the organic matter content of the topsoil, the grain size 
of the sediment, the amount of elution that has taken 
place, the extent of microbial degradation, etc. Some of 
our research effort is directed toward determining 
some of these variables. 2. The analytical precision and 
accuracy is more than adequate. Representative 
sampling is of much greater concern. 

Q. 1. From your formula relating Koc to Ko- is it true 
that as organic matter in the soil approaches 0, the K0 
approaches infinity? 2. You said the linear adsorption 
isotherm is independent ·of concentration. Could you 
explain what you mean by this-since it appears there is 
a linear relationship with concentration? 

A. Scott Andres 

A. 1. As the% organic matter becomes small, so 
does K0 if this model is correct. Thus as% OM vanishes 
so too does K0 with the result that K0 c is also zero. 
2 In the case of a linear isotherm X=K0 C or K0:.S/C 
where K0 is the ratio of the concentration of solute in 
the solid to the concentration of solute in the liquid. 
This ratio remains the same regardless of the 
concentration. 

Q. Do you have any data (or theories) on what 
effects the crystallinity clays or iron, manganese oxides 
have on retention of organics? If adsorption on organic 
matter is dependent on adsorption of solute onto 
charged functional groups, what meaning do% organic 
carbon or % SOM test have? Are they realistic? What 
test would be meaningful? 

A. Scott Andres 
A. Adsorption in general is inversely proportional 

to grain size which is usually a function of the crystal
linity. However, most hydrophobic organic pollutants 
are more strongly adsorbed on solid organic matter 
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adsorption· is not known and % OC or % so.\.1 is a 
convenient approximation. A major part of our research 
effort is directed toward the elucidation of this 
phenomena. 
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Distribution Coefficient of Trichloroethylene 
in Soil-Water Systems 

by Mohsen Mehrana. Roger L. Olsen b. and Bryan M. Rectorc 

ABSTRACT 
The distnbution coefficient of trichloroethylene 

(TCE) was obtained from field and theoretical methods. 
The field method was based on measuring TCE concentra· 
tions in the soil samples and in the adjacent ground water. 
The theoretical method was based on using the organic 
carbon content of the soil and the octanol/water partition 
coefficient for TCE. The average distribution coefficient 
for 19 field samples and four methods of calculation was 
0.18 ml/g which is in agrc:ement with literature data and 
octanollwater partition coefficients results. For soils con
taining greater than 0.1 percent organic carbon, the 
theoretical methods of calculating the distribution 
coefficient appear to be valid. For soils low in organic 
carbon content, laboratory determinations of the distribu
tion coefficient can provide reasonable: estimates for 
predicting actual migration rates. Field determinations of 
distribution coefficients are, however, prdc:rrc:d because 
they integrate the effect of various factors on partitioning 
ofTCE. 

INTRODUCTION 
In the last two decades, the number of 

organic compounds used for various industrial and 
agricultural purposes has been increasing at a rapid 
rate. Accidental spills and underground leaks of 
these compounds, particularly the halogenated 
organic solvents, have caused degradation of the 
quality of soil and ground water in numerous sites 
(Weimar, 1980; Mackay et al., 1985 ). The soil and 
ground-water contamination investigations for 
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predicting the rate of migration and for designing 
remedial action alternatives require a thorough 
understanding of geochemical behavior of these 
compounds in the soil-water system. The geo
chemical reactions affecting the rate of migration 
of organic solvents are complex, and research 
effons in this area are relatively recent (Wilson, 
1983). 

Widespread usage of trichloroethylene (TCE) 
in the past has caused contamination in a number 
of sites (Paigen, 1982; U.S. Environmental Protec
tion Agency, 1984). Consequently, more emphasis 
has been placed on understanding the geochemical 
behavior of TCE in soil-water systems. 

Migration of TCE in soil-water systems is 
governed by convection-dispersion processes and 
geochemical characteristics of the medium. The 
rate of migration of TCE is also affected by the 
distribution coefficient dictating the panitioning 
of TCE between the liquid phase and the solid 
matrix. One of the most significant reactions con
tributing to this partitioning is the sorption to and 
desorption from the solid matrix. Partitioning of 
solvents by organic molecules is another 
mechanism for adsorption. Under appropriate con
ditions and assumptions, the distribution coeffi
cient can be used to define the retardation factor 
which expresses the velocity of TCE migration 
relative to the advancing water front. 

Different methods have been used to arrive 
at sorption-desorption behavior of contaminants. 
The most common approach is laboratory column 
leach studies where effluent concentrations are 
measured in order to describe the overall inter
action berween the liquid phase and the solid 
matrix. The applicability of such laboratory tests 
to field conditions is often of question and 
concern. 
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In this paper, the distribution coefficient of 
TCE obtained by two different methods is 
reported. The first method (field) is based on field 
measurement of TCE concentrations in the soil 
samples collected at various depths during drilling 
and also in the adjacent ground water. The second 
method (theoretical) calculates the distribution 
coefficient based on the total organic carbon con· 
tent of the soil. The results obtained from the two 
methods are compared and, based on an average 
distribution coefiicient, an average retardation 
factor for TCE is calculated. The calculated 
retardation factor is discussed in light of the results 
of other investigators. Under appropriate condi
tions, the average retardation factor for TCE can be 
used to predict the rate of migration of TCE in soil
water systems. 

BACKGROUND AND SITE CHARACTERISTICS 
Initial site investigation detected soil and 

ground-water contamination near the tank area. 
The locations of the storage tank and observation 
wells are shown in Figure 1. The site is located in 
the Central Coast range of California, consisting of 
alluvial sediments deposited in a series of 
coalescing fans emanating from the uplands 
drainage. Maximum thickness of the sediments 
may exceed 1,500 feet. In the vicinity of the site, 
basin ground waters are broadly divided into upper 
and lower aquifer zones, separated by relati\.'ely 
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Fig. 1. Site plan and location of wells. 

thick clay aquitards. Both the upper and lower 
zones are typically divided into two or more local 
aquifers that are separated by thinner and less 
extensive aquitards. 

The site investigation included drilling borings 
to a depth of about 30 feet using a continuous 
flight hollow stem auger. Soil samples were 
collected at closely spaced intervals using a split
spoon sampler. The samples were placed in tightly 
sealed glass jars and shipped to the laboratory. Soil 
samples were tested for possible presence of TCE. 
The borings were converted to ground-water 
monitoring wells by installing either PVC or stain
less steel casings. 

The shallow subsurface conditions encoun· 
tered in the field are characterized by two water
bearing zones (A and B) separated by a thin 
aquitard. A typical representation of the stratig
raphy of the site is shown in Figure 2, indicating 
a surface layer of clay or silty clay material on the 
order of 20 feet thick overlying the A water· 
bearing zone. This zone consists of sand, gra\•el, 
and variable amounts of silt and clay. The thick· 
ness of this zone varies from 5 to 20 feet. The A 
zone is underlain by a clay or silty clay aquitard, 
up to about 10 feet in thickness overlying the B 
water-bearing zone consisting of sand and gravel 
and variable amounts of silt and clay. The thick
ness of the B water-bearing zone is about 20 feet. 

Ground water was encountered at a depth of 
about 25 feet. Soil samples were reported moist to 
wet at a depth of about io feet. The A zone is con
fined during wet conditions, and the B zone is 
always confined. Ground-water elevations in the A 
zone are usually one to two feet higher than in the 
B zone at corresponding locations. 

Ground-water samples were obtained by 
purging the wells and evacuating at least f~ur well 
volumes using clean bailers and techniques 
normally practiced for volatile organic compounds. 

TCE was analyzed by gas chromatographic 
techniques. Specifically, the TCE was codistilled 
from the samples with water and isooctane and the 
extract was analyzed using a 2-m Carbopack B/1% 
SP-1000 column and electron capture detector . 
The detection limits were 0.1 mg/1 in water and 
0.1 ~g/g in soil. The identification and concentra
tions of TCE were verified by using (1) a 2-m 20% 
SP 2100/0.1% Carbowax 1500 column at 80°C and 
electron capture detector and (2) gas chromatog
raphy/mass speCtroscopy (GC/MS) techniques 
following U.S. EPA Method 624 (U.S. Em·iron· 
mental Protection Agency, 1982). The results of 
the analyses are presented in Table 1. 
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DISTRIBUTION COEFFICIENT AND 
RETARDATION FACTOR 

The one-dimensional transport of a single 
sorbing solute in an homogeneous porous medium 
under saturated steady-state water flow conditions 
can be described as: 

properties of the material, interactions between the 
two phases, and their concentrations. In general, 
the partitioning between the two phases can be 
written as (Helfferich, 1962): 

N S = Kd C (2) 

where Kd = Freundlich adsorption constant, and 
ac a 2 c ac P as 
-=0--v----
at ax 2 ax n at 

(1) N =Freundlich exponent. Equation (2) is known 
as the Freundlich isotherm. For some pesticides 
and complex organic compounds, N in equation 
(2) is not equal to unity (Hamaker and Thompson, 
1972; Rao and Davidson, 1979) indicating a non· 
linear adsorption behavior. On the other hand, for 
a variety of hydrocarbons and under many circum· 
stances N = 1 and thus equation (2) reduces to: 

where C = solution concentration, mg/l; t =time, 
sec; D =dispersion coefficient, cm2/sec; 
x =distance, em; v =average linear pore-water 
velocity, cm/sec;p =soil bulk density, g/cm3 ; 

n =effective porosity; and S =adsorbed concentra· 
tion, mg/Kg. In equation (1 ), the last term repre· 
sents the interaction between the solid matrix and 
the liquid phase. Different mechanisms may be 
responsible for attenuation of different com· 
pounds in soil-water systems. Sorption, ion 
exchange, and coprecipitation are among the main 
mechanisms contributing to attenuation for 
inorganic compounds. In ground water, sorption 
may be a major mechanism determining the fate 
and movement of organic compounds (Bedient 
et al., 1982). The partitioning of these compounds 
between the solid matrix and the solution phase 
may follow a particular isotherm depending on the 

(3) 

which is referred to as the linear adsorption 
isotherm. ~ is a valid representation of the parti· 
tioning between the solution phase and the solid 
matrix only if the reactions that cause the parti· 
tioning are fast compared to the flow velocity and 
reversible and only if the isotherm is linear. Many 
organic compounds are reported to follow a linear 
adsorption isotherm. Examples include: several 
halogenated aliphatic hydrocarbons (Chiou et al., 
1979), polynuclear aromatic hydrocarbons (Means 
et al., 1980), dibenzothiophene (Hassett et al., 
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1980), benzene (Rogerseta/., 1980), and 
halogenated hydrocarbons and some substituted 
benzene compounds (Wilson eta/., 1981; Hutzler 
eta/., 1986). Based on the above studies, if the 
calculated Kd > 0, the chemical species will be 
retarded. Assuming equation (3) is valid, 
substitution of equation (3) in equation (1) yields: 

ac a 2 C ac 
R-=0--v-

at ax2 ax 
(4) 

where R is the retardation factor expressed as: 

p v 
R= 1 +-~=-

n Vc· 
(5) 

Vc in equation (5} represents the average velocity 
of the retarded constituent. The previous assump
tions concerning the rapid rate and reversibility of 
reactions and linearity of the isotherm also apply 
to equation (5 ). · 

METHODS OF Kd DETERMINATION 
The ~ of TCE was determined using two 

different methods; one was based on field data and 
another was based on theoretical relations utilizing 
the organic carbon content of the medium. 

Field Method 
The field method of Kd determination was 

based on the TCE concentrations measured in the 
ground water and the adjacent soil. 

Knowing the concentrations of TCE in the 
ground water and in the soil samples best 
corresponding to the ground water,~ was calcu
lated from equation (3 ). Technically, the sorbed 
concentration (S) in equation (3) should be based 
on analyses of a dry soil sample (i.e., only the TCE 
sorbed on the soil and not in the soil water should 
be considered). Because samples submitted for 
analyses are not dried (volatiles would be lost), a 
split of the sample should be analyzed for moisture 
content. The TCE concentration analyzed in the 
soil containing water should then be corrected for 
the TCE actually contained in the water fraction of 
the soil. The concentration of TCE in the soil 
moisture is usually assumed equal to the TCE con· 
ccntration in the water taken from the same depth 
as the soil samples which may not necessarily be 
true. In addition, since the moisture content was not 
measured in the soil samples collected, the values 
reported for TCE concentration in the soil were 
used in equation (3) without correction (i.e., as if 
they were reported on a dry basis). This assump
tion yields higher values for Kd which leads to 

conservatively lower estimates of chemical 
transport. 

The results of the distribution coefficient and 
retardation factor calculations are presented in 
Table LAs shown,~ varies over a wide range 
from a minimum of 0.01 to a maximum of 4.0 
mllg. However, about one-half of the Kd values 
fall within the range of 0.1 to 0.25 ml/g. As 
previously stated, values of Kd arc generally higher 
because the analytical results were not corrected 
for soil moisture. It appears that core materials 
from wells 2, 6, 9, and 15 were located in a rela
tively nontransmissivc zone. Thus, it is possible that 
ground-water TCE concentrations were underrepre
sented producing higher values of ~. If the ~ 
values from wells 2, 6, 9, and 15 are not con· 
sidered, the average of the ~ values is calculated 
to be 0.20 ml/g. 

As shown in Table 1, the water sample depth 
was not always the same as the depth from which 
the soil sample was collected. In most cases the 
screened interval from which the water was 
collected covered a larger distance than the soil 
sample. Therefore, in most cases it may not be 
possible to associate the calculated ~ with a 
distinct soil type. 

To calculate the retardation factors using 
equation (5), the bulk density and effective 
porosity of the samples were estimated from their 
given identifying properties (Freeze and Cherry, 
1979; Todd, 1959; Sowers and Sowers, 1970). 
Based on the values given in Table 1, the average 
retardation factor for 18 ·samples was calculated to 
be 2.48. 

Theoretical Method 
The methods of calculating ~ are primarily 

based on the organic carbon content of the soil. 
Pioneering work of Lambert (1966, 1967) and 
coworkers (Lambert eta/., 1965) has demonstrated 
that sorption of neutral organic pesticides is 
correlated with the natural organic carbon content 
of a given soil. Lambert also suggested that the role 
of organic matter is similar to that of an organic 
solvent in a solvent extraction process. Thus, parti· 
tioning of a neutral organic compound between 
soil organic matter and water should correlate well 
with its partitioning between water and an 
immiscible organic solvent. Chiou et al. (1979) 
showed that the transfer of nonionic organic com
pounds from water to soil could be due to parti
tioning in the soil organic matter. They demon
strated linear adsorption isotherms over a wide 
range of concentrations. Karickhoff et al. (1979) 
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Table 1. Distribution Coefficients and Retardation Factors for TCE Obtained from Field Data 

- - - - Water - - - - - - - - Soil - - - - - - - - - -Soil characteristics - - - - - -
Well TCE cone. TCE cone. 
No. (mg/1) Depth (/t) (pglg) Depth ([t) K~t a (ml/g) Type pb c Rd n 

1 3.0 20-30 tracee 23-24.5 0.03 silt 1.8 0.20 1.3 
2 4.1 20-30 13.2 23-24.5 3.2 sandy silt 1.7 0.22 24.9 
3 49.0 20-30 0.3 23-24.5 0.01 sandy silt 1.7 0.22 1.0 
4 5.0 20-30 trace 23-24.5 0.02 gray-green clay 1.9 0.15 1.3 
5 0.9 20-30 0.2 23-24.5 0.22 silty sand 1.65 0.23 2.6 
6 tracec 27-37 0.4 23-24.5 4.0 sandy clay 1.8 0.18 41.0 
7 0.8 (l~)f 25-32 0.2 23-24.5 0.25 (0.13) silty sand 1.65 0.23 2.8 (2.0) 
8 2.1 (2.0) 25·32 0.25 23-24.5 0.12 (0.13) silty sand w/clay 1.7 0.20 2.0 (2.1) 

9 1.7 (0.097) 25-32 0.16 23-24.5 0.09 (1.6) sandy clay-sand 1.7 0.20 1.8 (15.0) 

10 7.9 25·32 1.4 23-24.5 0.18 silty sand 1.65 0.23 2.3 
11 5.8 (4.0) 25·32 2.5 23-24.5 0.43 (0.5 1) silty sand 1.65 0.23 4.1 (4.7) 

12 11.7 24.5-31.5 2.8 23-24.5 0.24 silty sand 1.65 0.23 2.7 
13 3.3 (2.7) 26.5-31.5 1.03 23-24.5 0.31 (0.38) tme sand 1.6 0.25 3.0 (3.4) 

14 10.0 24.5-34.5 0.70 23-24.5 0.07 fine sand 1.6 0.25 1.4 
15 trace (0.44) 27-30 0.2 23-24.5 2.0 (0.45) sandy silty clay 1.8 0.17 22.2 (5.8) 

16 1.2 (2.1) 2Q-30 0.2 18-19.5 0.17 (0.10) sandy clay 1.7 0.18 2.6 (1.9) 

18 21.6 24.5-32.5 3.2 23-24.5 0.15 sandy gravel 1.6 0.30 1.8 
19 3.0 27-37 1.7 23-24.5 0.57 gravelly sand 1.6 0.30 4.0 
20 20.0 26-33 14.0 . 23-24.5 0.70 tme sand 1.6 0.25 5.5 

21 12.0 25-35 0.1 23-24.5 0.01 fine sand 1.6 0.25 1.0 

22 0.25 28-55 0.03 23-24.5 0.12 1.6 0.25 1.7 
Avcrageg 0.205 1.66 0.23 2.48 

a Kd = [TCE in soil] /(TCE in water]. 
b Densities from "Introduction to Soil Mechanics and Foundations," Sowers & Sowers, pg. 30. Average value for each 

material assuming density of clay = 110 lb!ft 3• 
c 
d 

n =effective porosity from "Ground Water Hydrology," Todd, pg. 16. 
R= 1 + p Kd/n. 

e trace = 0.1 mg/1 and 0.1 ~~g/g. 
f ( ) = reanalyses of same sample. 
g Excluding samples from wells 2, 6, 9 (1.6 value), and 15 (2.0 value). 

investigated the role of particle size and organic 
matter on sorption of a number of aromatic and 
chlorinated hydrocarbons. The correlation of 
sorption with sorbate aqueous solubility and 
octanol!water distribution coefficient was also 
studied by these authors. The role of organic 
carbon fraction has also been studied by 
Schwarzenbach and Westall (1981). 

The distribution coefficient Kd is related to 
organic carbon content fraction according to: 

Kd = (Koc) (foe) (6) 

where Koc is the adsorption constant based on 
organic carbon content, and foe is the fraction of 
total organic carbon content in terms of grams of 
organic carbon per gram of soil. Kd defined in 
equation (6) is also referred to as partition coeffi
cient. Karickhoff eta/. (1979) showed that Kd for 
pyrene and methoxychlor in a given soil varies 
linearly with organic carbon fraction. They further 
demonstrated strong correlation between K0 c, 

water solubility, and octanol/water distribution 
coefficients. 

In the present study, four different relations 
for calculating Koc are utilized. The first relation 
is suggested by Kenaga (1980) expressed as: 

logK0 c=3.64-0.55logW1 (7) 

where W 1 is the water solubility of the chemical in 
mg/1. The solubility of TCE in water is 1,100 mg/1 
at 20°C (Pearson and McConnell, 1975). 

The second relation was suggested by Chiou 
et al. (1979) and is based on data from a number 
of chlorinated hydrocarbons (e.g., 1,2-dichloro
ethane, 1,1,1-trichloroethane) in a silty loam soil, 
as follows: 

log G = 4.04- 0.5 57 log W 2 (8) 

where G is the soil organics/water distribution 
coefficient, and W 2 is the water solubility in 
mmole/1. 
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G and Koc are empirically related by the 
following equation: 

G 
Koc =T.7i4 (9) 

The third relation used in calculating Koc is 
as follows: 

log Kow = 2.29 (U.S. EPA, 1979) (10) 
where 

Koc = 0.63 Kow (Karickhoff et al., 1979) (11) 

and Kow. is the octanol/water partition coefficient. 
The fourth relation used is as follows 

(Karickhoff et al., 1979): 

log Koc = 5.3- 0.54log w3 (12) 

where W 3 is the water solubility of the chemical 
in terms of mole fraction multiplied by 109 • For 
TCE, W3 is equal to 150,700. The value for the 
intercept shown in the reference is 0.44; however, 
the data from which the value was calculated yield 
an intercept of 5.3. 

Utilizing equations (6) through (12), Kd 
values for five soil samples were calculated. The 
soil type, organic carbon content, and corre
sponding Kd values are presented in Table 2. 

Table 2 shows that highest Kd values were 
obtained when the Karickhoff et al. (1979) 
method was used. The lowest Kd values relate to 
the method given by Chiou et al. (1979). The 
average ~ value obtained from all methods on all 
samples is 0.23 ± 0.26 ml/g. If calculations from 
equation (12) and from Sample No. 2 are not 
included, ~ is 0.17 ± 0.11 ml/g. Exclusion of 
equation (12) may be appropriate because 
equations (11) and (12) were developed from the 
same set, and Karickhoff et al. (1979) state that 

equation (11) was a much better estimator. Sample 
No.2 contained the least amount of organic 
carbon, which indicates that application of any of 
the equations may not be valid. It is ·possible that 
at very low organic carbon content concentration, 
the mineral surfaces play a more important role in 
adsorption of organic solvents. Recent data 
indicate that the critical organic carbon content, 
below which the inorganic fraction dominates the 
adsorption, is approximately 1000 mg/kg. 

DISCUSSION 
The average ~ values calculated from two 

different methods are: field method, 0.20 mllg 
with a standard deviation of 0.19 ml/g; and 
theoretical method, 0.17 ml!g with a standard 
deviation of 0.11 ml!g. The average ~ for the 
two methods is 0.18 ml!g. The variation of~ 
using two different methods appears to be small. 
However, as shown by the standard deviation, the 
variation within each method is large. The field 
method has the largest variation with a coeffi
cient of variance of 95 percent. Much of this 
variance is associated with the analyses of soil 
samples. The relative percent deviation betWeen 
split or duplicate soil samples is usually relatively 
high because of the heterogeneous nature of soils 
and the relatively small sample analyzed. This 
source of variation could be reduced by extracting 
the TCE from a larger quantity of soil or from a 
series of soil samples and .then combining the 
extracts before analyses. A similar source of varia
tion is due to the small sampling interval of the soil 
(usually representing an interval of l.S ft) with 
respect to the relatively large interval (usually 10 
feet) represented by the water sample (see 
Table 1 ). This source of variation could also be 
reduced by the approach outlined above. In this 

Table 2. Calculated Distribution Coefficients of TCE Based on Total Organic Carbon Content 

Sample 
No. Depth (ft) 

1 18.5·19.5 
2 31-32 
3 44-45 
4 81.5·83 
5 105·106 

a TOC =Total Organic Carbon. 
b Kenaga, 1980. 

Soil type 

silty clay 
silty clay 
blue-gray clay 
silty clay 
silty clay 

c Chiou eta!., 1979. 
d Karickhoff eta/., 1979 and U.S. EPA,l979. 
e Karickhoff eta!., 1979. 

----------- Kd (ml/g) - - - - - - - - - - -
Toea Ab Be cd De 

(mglkg) 

1400 0.13 0.06 0.17 0.45 
220 0.02 0.009 0.03 0.07 

3400 0.32 0.14 0.42 1.09 
1200 0.11 0.05 0.15 0.38 
1700 0.16 0.07 0.21 0.54 
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case, soil samples would be selected at uniform 
intervals over the entire 1 o-foot interval. The 
extracts of these samples would then be combined 
before analyses. 

Assuming an average bulk density of 
1.6 g/cm3 and porosity of 0.25, and utilizing the 
average distribution coefficient of 0.18 ml!g, 
equation (3) provides an average retardation factor 
of 2.2. This indicates that the velocity of advance
ment of TCE is about one-half of the average linear 
pore-water ve1ocity. 

Previous studies on different geologic media 
support the retardation factor presented here. Four 
field observations reported by Wilson et al. (1981) 
show that a clayey sand with organic carbon 
content of 0.01 to 0.25 percent exhibits an average 
retardation factor of about 2.4. The results of 
laboratory and theoretical methods presented by 
Wilson et a/. (1981) provide similar retardation 
factors ranging from 1.5 to 2.0. The overall average 
retardation factor using field observation, labora
tory experiment, and calculated values reported by 
Wilson eta/. (1981) is 2.0 which is in satisfactory 
agreement with the data presented in this study. 

The distribution coefficient calculated from 
different methods and comparison with results of 
previous investigators show that field, laboratory, 
and theoretical methods are sufficiently reliable 
to arrive at realistic values for the distribution 
coefficient of TCE. Knowing the soil character
istics (bulk density and porosity), a reasonable 
retardation factor can then be calculated in order 
to describe the rate of TCE migration relative to 
the water front. Therefore, for ground-water con
tamination studies, it appears sufficient to sample 
the soil and analyze the sample for organic carbon 
content, bulk density, and porosity from which the 
distribution coefficient and retardation factors can 
be calculated. However, in materials containing low 
organic carbon content, laboratory determination 
of Kd appears to be a better approach because for 
these materials, the clay and silt fractions play a 
more dominant role in adsorption (Karickhoff 
et al., 1979). However, field determination of dis
tribution coefficient would be more representative 
of the actual field conditions. 

In the analyses presented here, it was assumed 
that adsorption of TCE follows a linear isotherm. 
However, further studies are needed to verify this 
assumption for the entire range of concentrations 
of concern. Although limited distribution coeffi
cient data are available for sorption of TCE on the 
soil matrix, the TCE desorption behavior is not 
well understood (Wilson, 1983 ). Further research 

in this area would provide a better estimate of time 
required for removal of TCE in aquifer restoration 
projects. 

Ordinarily, in soil/ground-water quality 
investigations, soil samples are collected only from 
the unsaturated zone. Once the water table is 
encountered, ground water is usually analyzed as a 
measure of water quality. To provide a more 
realistic basis for geochemical characterization, it is 
suggested that during field investigations, soil 
samples be routinely collected from the saturated 
zone (below water table) and analyzed for the 
chemical species of concern. Chemical analysis of 
soil samples in conjunction with ground-water 
analysis will provide field distribution coefficients 
for migration analysis and remedial action 
purposes. 
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A Natural-Gradient Tracer Study 
of Dissolved Benzene, Toluene 
and Xylenes in Ground Water 

by G.C. Patrick and J.F. Barker 

Abstnlcl 
A solution containing a known mass of dissolved 

potential difficulties in monitoring contaminant migra
tion in heterogeneous systems. 

mono-aromatic hydrocarbons (benzene, toluene and lntroclucUon 
xytenes) and chloride was injected as a slug into an Aquifer contamination by organic chemicals fre-
unconfined shallow glaciofluvial sand aquifer. Trans- quently results from the accidental spill or loss of a 

port of the constituents has been monitored using a product to the soil. Because most organic fluids are 

dense array of multilevel sampling piezometers and a soluble to some extent in water, a plume of dissolved 

Mries of five three-dimensional 'snapshots' of the constituents can form that may eventually occupy a 

plumes have been obtained. significant volume of the aquifer. The rate at which the 

Verticaltyaveragedconcentrationsofthechemical plume migrates and is attenuated is determined by 

constituents have been used to define the horizontal many processes that. for organics, may include trans-

aspect of the plumes and calculations of the centers of port by the bulk movement of the ground water, dis-

mass for each constituent have been pertorm8d. persion,sorption, volatilization and, chemical and bio-

Results indicate that the hydrocarbons are all retarded logical transformations. 
relative to the chloride tracer, and the substantial mass Our present understanding of the behavior of 

losses of all hydrocarbon constituents have occurred. many organics in ground water is relatively vague. 

The losses, which are more than 90 pei'cent for all but The natural migration of organic chemicals has been 

benzene. have occurred under aerobic conditions studied for the most part, at sites where the volumes 

within the aquifer and can be attributed to biotrans- and masses of the chemical constituents are not 
tormations.Thedegreeofretardationissimilartothat known, and where the hydrogeologic regime is not 

which can be predicted using octanol-water partition well defined. An alternative method of study is to per-

coefficient formulations with benzene the least and. form a controlled injection experiment using known 

xylenes the most retarded. The constituents are rela- volumes and masses of constituents at a lite where 

tively mobile, however, in the low organic carbon con- the hydrogeology is known. By monitoring the plumes, 

tent aquifer. Retardation factors range from only 1.1 the location, size, shape and changes in mass of each 

for benzene to approximately 1.4 for xylenes. constituent can be quantified to assess the migration 

Vertically, the plumes have assumed a distribution and attenuation processes under natural conditions. 

that reflects the heterogeneities of the aquifer material. This latter approach was used to assess the migra-

The vertical scale of heterogeneity is of the order of tion of dissolved benzene, toluene and the three xylene 

0.01 m, and hydraulic conductivity contr:asts of up to isomers (BTX) in ground water in a shallow sand 

an order of magnitude exist among layers. Retardation aquifer at Canadian Forces Base Borden, Ontario. 

has occurred along individual layers with the result These organics are all relatively soluble in water and 

that concentratil)n-depth profiles at individual toea- are common constituents of refined petroleum prod-

lions appear erratic. These profiles illustrate the ucts such as gasolint. In water supplies they are of 
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concem both for public health reuons (benzene and 
toluene are EPA priority pollutants) and because they 
impart foul tastes and odors to water at very low con
centrations. 

The Borden T...., Site 
The tracer test site is located in a shallow sand pit 

downgradient of an abandoned landfill at Canadian 
Forces Base Borden in southern Ontario. A fine to 
medium grained glaci~fluvial sand extends from the 
surface to a depth of about 9m, and overlies a relatively 
impervious clay. The sand is saturated below a depth 
of about 0.5m to 1.Dm, forming an unconfined aquifer 
at the site. Thd'lower 3m to 4rn of the aquifer is occu
pied by an anoxic leachate plume. from the nearby 
landfill, while the upper 5m is unaffected by the leach
ate and is aerobic. The upper zone generally contains 
1 rngiL to 7 mg/L dialolved oxygen, although concen
trations leas than 1 rng/L are occasionally oblerved. 
The sand exhibits significant small scale horizontal 
bedding, and has a low organic carbon (0.02. percent) 
and clay (less than 1 percent) content (Mackay et al. 
1985). 

The upper five meters of the aquifer is instru
mented with a dense array of Teflon• multilevel pie
zometers installed for a previous injection experiment 
(Mackayetal.1983,1985). Thepiezometersareplaced 
at 1m to 3m intervals on a regular grid pattern, and 
extend approximately SOm downgradient from the 
original injection site. Each multilevel typically con
sists of .140.003rn diameter Teflon tubes affixed to a 
common 0.013m diameter PVC center stalk. The tube 
ends are screened, and spaced vertically every 0.2m. 
The multilevels are easily sampled using a manifold 
system described by Mackay et al. (1983). A peristaltic 
pump creates a common vacuum enabling sample 
collection from up to 14 tubes at a time. The samples 
are retrieved in 18ml sealed glass hypovials leaving 
no entrapped air space. 

For the present study, a single 0.051 m diameter 
PVC injection well screened from 2.2m to 2.8m was 
installed within the sampling network. Several addi
tional multilevels containing either 7 or 23 polyethy
lene tubes were also installed in the vicinity of the 
injection well to improve the sampling density of the 
network. A schematic showing the injection well and 
the various types of multilevels at the site is presented 
in Figure 1. · 

IM.1£CTICIII 
WELL 

PO\.Y£TMYLEIC 
MULnLEVELS 

/ \ ... 
TEFLON 
MULTILEVEL 

3 .• 

4.0 

4.4 

4.8 

5.2 

Figure 1. Schematic of the injection well and multllfNel 
piezometetS. Sampling points llffl vertit2/ly spiiOIId at 
0.2 m intervals. 

sampled fN8.ry 15 minutes at the well. Average chemi
cal concentrations were determined to be 2.360 ,ggL 
benzene, 1,750 pg/L toluene, 1,080 ,ggL p-xylene 
1,090 pg/L m-xylene, 1.290 pgiL o-xylene and 1.280 
mg/L chloride. The average dialolved oxygen con
centration of the injection water was 1.4 mgiL 

The entire slug of constituents was sampled thrw 
days following the injection, and at approximately 
monthly intervals thereafter for four months. Each 
sampling session was completed within one to two 
days providing a three-dimensional 'snapshot' of the 
organic and chloride plumes. Since the injection, more 
than 3,200 samples have been collected and analyzed. 
All water samples for BTX analyses were reb ifted In 
full18 ml hypovialsand, with the exception of the first 
snapshot. were preserved with 0.1 ml of 10 percent 
sodium azide and stored in a cooler until laboratory 

The BTX Injection, Snapshot SMipllng MCI analysis. Sodium azide was added to inhibit microbial 
Anlllylla activity after it was observed that complete losses of 

A continuous flow system was used for the BTX BTXcouldoccurwithinfourtosixdaysduetobiodeg-
injection. A spike solution of BTX and chloride was radation at storage temperatures of 4 C. 
metered into and mixed with ground water pumped In the laboratory, theorganicsampleswereaolvent 
from a 2,000L reservoir, and the dilute solution was extracted within the hypovials using modified methods 
injected through a single well into the aquifer. The described by Mackay et al. (1983) and Gtaze"'et al. 
entiresystemwassealedtoinhibitvolatilizationlosses. (1983). Using separate syringes, one ml of sample 
TheinjectionbeganonAugust9,1984,andcontinued was removed and 0.5 ml of hexane containing 
for 21 hours at a flow rate of 1.4L per minute producing m-fluorotoluene as an internal standard was added to 
a total slug input of 1,800L The injection water was each vial. The vials were shaken and allowed to stand 
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for at least 10 minutes prior to injection Into either a 

model 5790 or 5840 Hewlett-Packard gas chromato

graph equipped with a Supelcowas 10 column (0.32 

mm id., 60m length, 0.25m stationary phase thickness) 

and a flame ionization detector. Sample run times 

· were rapid (5 minutes) and excellent resolution of all 

constltutents was obtained. Detection limits for each 

constitutent were about 1 pg/L. Details of the proce

dure are described by Patrick et at. (1985). 

Prepared standards having approximately 85pg/L 

of each organic were run every 10th sample for labora

tory quality control, and a limited number of field 

rePlicate& were '8lso analyzed to assess overall preci

aion. With the exception of the first snapshot data, the 

percent relative standard deviation for both the labor

atory standards and field replicates were approxi

mately 5 percent for each organic and chloride, and 

the biases of the laboratory standards from the true 

values were generally ±5 percent Results from the 

first snapshot session were considerably poorer, most 

likely because azide was not added as a preServative 

to those samples. 

Results and Dllcuulon 
Horizontal Mlgldon 

Early attention was focused on defining the hori

zontal aspect of the plumes using vertically averaged 

concentrations of each constituent at each multilevel 

piezometer. Averaging was done by integrating each 

concentration profile using trapezoidal quadrature 

(Hornbeck 1975, page 146). Two dimensional contour 

plots of the averaged data were produced using a 

computerized contouring routine (Surface II). During 

execution, the averaged concentration data were 

interpolated to a regular dense grid and then plotted. 

The grid of values was stored for later use to assess 

retardation of the organic plumes. 

solute transport. The total mass of the chloride is 

constant through time. Apparent changes in mass are 

small, and are a function of the changing density of 

the sampling network, as well as a result of the effects 

of dispersion. As shown In Figure 2, dispersion is 

dominant in the direction of ground water flow pro
ducing an elongated plume, with relatively little lateral 

dispersion. This observation is consistent with the 

results of a previous tracer experiment in the Borden 
study area deScribed by Suc:licky et al. (1983). 

All of the organic species exhibited some loss of 

mass through time. This is clearly illustrated in FIQUre 2 

for toluene, which apparently lost more than 90 per

cent of its mass within four months. Similar losses 

were observed for the other hydrocarbons, although 

benzene, also shown in Figure 2. appeared to be 

affected the least. 
Theae types of mass losses can result from a 

number of processes, including chemical and biolog

ical transformations, volatilization and irreversible 

sorption. No chemical transformations of BTX are 

reported in the literature to occur at significant rates 

under the range of conditions present in the aquifer. 

Losses due to volatilization can occur at the water 

table (Schwille 1981), although they were prevented 

during the study by injecting the BTX well below the 

water table out of contact with the soil gas phase. The 

mass losses were' likely due to biological transforma

tions, although irreversible uptake by the soil remains 

a remote possibility. Biological transformations of BTX 

compounds by microorganisms are known to occur in 

aerobic soil and water environments, including ground 

Background chloride concentrations were gener- e-

ally 1 mg/L or less. Background BTX concentrations 

were below the detection limit, although corrections 

were required for data from the polyethylene multilevel !o

piezometers. Polyethylene was found in the laboratory 
... 

I to reversibly sorb significant quantities of BTX. In 

addition, it was observed that dissolved BTX can be 

transferred through the tubing wall to sample water, 

and that this continues to occur after several flushings 

·0 

-- --with fresh water. The samples at the polyethylene 

multilevels thus showed the false presence of BTX at 

locations below the BTX plumes. This effect was not 

observed at adjacent Teflon multilevels. Corrections 
.• :'i . -.~-·--;-- --:t- .; b •• . . :~. 0 

'I' • COOIICIIIIATI I~ 

to the data were made by eliminating the suspect data 

...... 
... ., 
... , I 

i . 

points. In any event, the difference between estimates Figure 2. Contour plots of vertically averaged concen-

of total mass of BTX in the ground, based upon the tration data showing chloride, benzene and toluene 

corrected and uncorrected data was approximately 5 plumes at 3, 53 and 108 days after injection. Contour 

percent. intervals are: chloride, 100 mg miL; benzene, 200 pg 

Plots showing the background corrected chloride, miL; toluene, 100 mg miL for days 3 and 53 and 50 pg 

benzene and toluene plumes at three days, 53 days miL for day 108. The unusual units indicated can be 

and 108 days after injection are presented in Figure 2· modified by multiplying the values by porosity (0.38) 

Ct\loride behaves conservative~y and th~refor~ illus- and standardizing the units of length to yield units of 

; only the effects of advect•on and d1: -,ers1on on mass per length sqi.Jared of surface area. 
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water (Jamison et al. 1976), and the biochemical p~ 
cesses of the transtormatiOI'!S are well understood 
(Hopper 1978; Gibson and Subramanian 1984). Dis
solved oxygen levels were generally low (0.2 to 0.5 
mg/L) but measurable within the plumes over the four 
months of monitoring. These low levels are below 
background and below the initial injection water con
centration, suggesting that oxygen consumption 
through biotransformation w8s occurring. The rate of 
oxygen that diffused or mixed with the plumes may 
have been a controlling factor in the biotransformation 
process. 

Sorption of dissolved constituents by soil is a p~ 
cess in which the species are ·partitioned between 
solid and aqueous phases. The effect of sorption is to 
retard the velocity of a species relative to that of the 
ground water. For organics, the amount of Solid 
organic carbon in soil is especially important in 
determining the extent to which sorption will. occur, 
particularly when the dissolved species are non-polar 
and hydrophobic, and when the soil has a low clay 
content and an organic carbon content greater than 
about 0.1 percent (Karickhoff et al. 1979; Karickhoff 
1984). 

In general, the more hydrophobic an organic 
compound is, the stronger the sorption process will 
be. The degree of hydrophobicity can be estimated 
using parameters such as water solubility or the 
octanol-water partition coefficient This has formed 
the basis of a number of predictive sorption equations 
which have recently been reviewed by Karickhoff 
(1984). 

In the sand at the Borden site both the clay mineral 
content and the organic carbon content are low. One 
would therefore predict that compounds such as BTX. 
which are relatively water soluble and only moderately 
hydrophobic, to sorb very little. Insignificant sorption 
was previously observed for four different organic 
tracers atthe Borden site (Sutton and Barker 1985).1n 
that study, mass losses through time were attributed 

factors calculated between the first and last aet Of 
snapshot data are pn!118nted in Table 1. Benzene was 
the least retarded, with a relative velocity (1/R) to that 
of chloride of about 90 percent, while the xylenes were 
the most retarded with relative velocities of about eo 
percent to 70 percent. 

Table 1 
Retardation FKtora, A, lor BTX In Borden s.ncl 

Toluene 
0-xylene 
P-xylene. 
M-xylene 

1.1 
1.2 
1.4 
1.5 
1.6 

A tram 
Tlwatudr 

1.1 
1.2 
1.4 
1.4 
1.6 

•from equation of Sch~rzenbach and Westal11981 

As a comparison. retardation factors were calcu
lated using the regression equation of Schwarzenbach 
and Westall (1981 ), which correlates sorption with the 
octanol-water partition coeff1Cien1s of organic species.· 
Their equation was selected because data for methy
lated benzenes are included in the correlation. A soil 
organic carbon content of 0.02 percent, a porosity of 
38 percent and a bulk density of 1.7 gm/cm3 were 
used. These values were previously established as 
characteristic of the sand at the Borden site. (Patrick . 
etai.1985;Sudickyetal.1983). The predicted retarda
tion factors are given in Table 1. The tracer results and 
predicted values compare remarkably well, particu
larly when one considers the uncertainty associated 
with the correlation equation, and the probable uncer
tainty in determining the soil organic carbon content 
The agreement suggests that the correlation equations 
may be useful in predicting sorption for certain organic 
species in soils with organic carbon contents less than 
0.1 percent . 

to biological transformations. Yertic81 Dlllrtbullon of BTX 
In a tracer study, sorption can be estimated by To assess the vertical distribution of BTX in the 

measuring the average velocity of the center of mass aquifer, the concentrations were examined in detail at 
of the sorbing species, v, relative to that of a nonreac- a single multilevel piezometer. A continuous undis-
tive species such as chloride, vc. Sorbed species will turbed core of aquifer sand had been obtained prior to 
be retarded in proportion to the degree to which they its installation. The multilevel was located approxi-
partition between the solid and aqueous phases. The mately 3m downgradient of the injection well. In the 
retardation factor, R, is defined by the ratio, ¥c:v and laboratory the core was divided into o.osm lengths, 
can, with certain assumptions, be directly included in and hydraulic conductivities were determined for each 
the classic advection-dispersion equation to account length using a falling head permeameter test· (Freeze 
for sorption (Bear 1979; Freeze and Cherry 1979). and Cherry 1979). A profile of the vertical hydraulic 

Retardation factors were determined for BTX from conductivity is presented in Figure 3 together with 
the vertically averaged snapshot data. Centers of mass depth profiles of chloride and p-xylene concentrations 
of each constituent were first estimated using the at 32 and 53 days after the injection. 
methods of Freyburg (1985), and velocities were then In the hydraulic conductivity profile, contrasts of 
calculated between snapshots. The effects of con tin- up to an order of magnitude are evident over distances 
uous mass losses of BTX through time do not appear of only a few centimeters. These contrasts are a result 
to have affecter' •· - f8tardation process. Retardation of the thin horizontally layered structure of the sand. 
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The avarage layer thickness is about 0.01 m. The sand, 
although variable over small distances, would be con
sidered relatively homogeneous by m~ hyd~ 
ologists. · 

The chloride concentration profile at 32 days 
appears erratic, although a plausible interpretation 
can be made, based upon the hydraulic conductivity 
profile. The concentrations shown in Figure 3 are higl' 
in layers having a hydraulic conductivity of about 1 x 
1ct' m/s, and are reduced in layers having lower (0.5 x 
1ct' m/s) hydraulic conductivity. This suggests that 
chloride had not yet arrived in the low hydraulic con
ductivity layers, but had already passed through the 

. profile In the nigh hydraulic conductivity layers. To 
test this idea, the chloride profile was examined at a 
later time (51 days), and the profile of the retarded 
apecies, p-xylene, was examined at both times. 

The chloride profile at 53 days is somewhat the 
reverse of that at32 days. Chloride concentrations are 
relatively high in the low conductivity layers, and are 
low in all other layers. The chloride plumes had 
apparently passed through the profile at 53 days in all 
but the least conductive layers. · 

The concentration of p-xylene at 32 days is high 
onty in the high conductivity layer, where chloride is 
absent. Because p-xylene is a retarded species it 
should appear at a later time than the chloride. It is 

likely, therefore, that chloride in this layer had already 
passed through the profile at 32 days, as was pre
viously suggested. By 53 days, p-xylene is absent 
from the high conductivity layers, but is present in 
most of the low conductivity layers that chloride 
occupied at 32 days. The net effeCt of retardation in 
Individual layers was to produce an apparently erratic 
concentration profile. The sequence of events was 
that chloride first entered the profile in a highly con
ductive layer, and was followed in that layer by the 
retarded apecies (eg. p-xylene). This sequence was 
repeated in other layers of lower hydraulic conductiv
ity at later times. 

According to Gillham et al. (1984) the concenba
tion profiles should become smooth as a result of the 
vertical diffusion of constituents from layers of high 
concentrations to low concentrations. The smoothing 
effect should be enhanced by heterogeneities in 
hydraulic conductivity in the horizontal direction. In 
the present study smooth profiles did not appear to 
develop with travel distances up to 7m. Perhaps longer 
travel distances are required for smoothing to become 
noticeable. 

These results have important implications with 
respect to the design and implementation of field scale 
studies of "Contaminant transport in ground water. 
Heterogeneities, such as those produced by horizontal . 

HYDRALLIC CONDUCTIVITY 
( ai0- 4 mls) 

32 DAYS AFTER INJECTION 53 DAYS AFTER INJECTION 
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Figure 3. Vertical profiles of hydraulic conductivity, and chloride and p-xylene concentrations at 32 and 53 

days after injection at a multilevel piezometer. The screened interval of the upgradient injection well is from 

2.2m to 2.8m below surfac. 
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layering, can be important in determining the spatial 
distribution and migration pattems of dissolved spe
cies. For organic compounds, the heterogeneities may 
include factors such as the non-uniform distribution 
of the sorbing capacity and biotransformation potential 
of the soil, as well as small scale contrasts in hydraulic 
conductivity. This heterogeneity effect may account 
for some of the inconsistent organic/chloride and 
organic/organic ratios observed at different depths in 
multilevel piezometers monitoring a landfill-leachate 
plume at North Bay, Ontario (Reinhard at al. 1984; 
Barker at al. 1985).1t may be valuable to first define the 
scale of the soil heterogeneities during the design 
phase of a study. By doing so, the scale of the investi
gation (eg. the density of the monitoring networks) 
can be made compatible with the·spatial distribution 
of the heterogeneities, to yield more reliable and 
comprehensive information. 

The results of the natural gradient tracer ·study 
demonstrates that both retardation and mass losses of 
dissolved BTX constituents can occur in shallow 
ground water environments. The losses, which 
amounted to a reduction of more than 90 percent 
within less than four months for all constituents but 

- benzene, can be attributed to aerobic biological trans
formations. The observed retardation in the velocities 
of BTX relative to that of chloride were small but 
significant Benzene and toluene were least retarded, 
with relative velocities of about 90 percent to that of 
the chloride, while the xylenes were slightly more 
retarded with relative velocities of about 60 percent to 
70 percent. The retardation is attributed to a reversible 
hydrophobic partitioning process (sorption) between 
immobile organic matter in the aquifer and ground 
water. As such, the order and the extent of retardation 
agrees with predictions that are based upon the 
hydrophobicity of the organics. 

Profiles of the BTX and chloride concentrations 
with depth appeared erratic, predominantly as a result 
of the differences in hydraulic conductivity among 
small scale (0.01m) horizontal layers of the aquifer 
sand. Retardation was also demonstrated along indi
vidual layers, which further contributed to the erratic 
nature of the profiles. These results suggest that an 
appreciation of the scale and magnitude of soil hete
rogeneities in an aquifer can be invaluable in imple
menting an organic ground water contamination 
study, and in evaluating its results. 
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1~nsportof~nfc 
Compounds Dissolved In 

Ground Water 
by Joan M. Newsom 

Abstract 
Organic compounds. such as trichloroethylene 

(TCE) and chlorobenzene. that ha~ been found In 
drinking water supplies are of public concern because 
they are possibly carcinogenic. These substances can 
now be routinely detected In trace amounts With gas 
chromatograph mass spectrometers. There are some 
polar organic compounds. which are not detectable 
Individually by common methods and therefore little 
ls known about them. 

The transport of organic compounds Is more dlffi· 
cult to predict than the flow of ground water because: 

• Trace amounts of pollutants are difficult to 
measure 

• Transport IS complicated If the compound ts 
partitioned Into seweral phases 

• The concentration of organics In ground water 
may vary due to aquifer heterogeneity and other 
hydrologic factors 

• Reactions With other organic compounds and 
reactions With the aquifer material (such as adsorp
tion) may affect the mobOUy of the organics 

• Biodegradation may also affect net transport. 
Adsorption Is a factor In the attenuation of non-po

lar organics In aquifers With significant organic con
tent (>0.1 percent organic carbon). The organic mate
rtal adsorbs the non-polar organic chemk::81a. 1be 
~bdlty of a pollutant In such an aquifer depends on 
at least two parameters: the levels of d1asol~ organic 
matterandthecontentoforgantccarbonlntheaqulfer 
material. The partition coefficient of the chemical pol
lutant between the aquifer and water Is c:ommonJy 
aalculated as a function of the oJgantc content of the 
aquifer and the partition coefficient between octanol 
and water. 

Field and laboratory results reported In the litera
ture Indicate that the folloWing organic compounds 
may be biodegradable under aerobic condiUons: alkyl 
benzenes and chlorobenzenes. Under anaerobic con
ditions halogenated allphatics. alkyl benzenes.seweral 
pesticides and phenolic compo\lnds may be biode
gradable. Halogenated allphaticsappearnot to degrade 
under aerobic conditions and non-chlorinated aro
matics and chlorobenzenes appear not to degrade 
under anaerobic conditions. Alkyl benzenes biode
grade more rapidly than their halogenated counter
pans. 

IDtloductioD 
Pollution of ground waterbyorganlccompounds IS 

an Important area of public concern. and hydrogeolo
gtsts are Increasingly reqUired to evaluate hydrocar
bon contamination tn the subsurface. The methods of 
ar.a.'ysts ha~ tmpro~ in recent years suc-h that con
centrations ofless than one mlcn:lgram perllterl,.g/L) 
can be determined. 1be abtllty to measure more 
organic compounds. especially polar organics. WIU 
InCrease the number of different contaminants detec
table In water. 

Some of the organic compounds found In water are 
belle~ to be harmful In trace amounts. I'he health 
risks of the synthetic organics. h~r. are difficult 
to detenntne mainly because of the uncertainty ln 
extrapolating the resultsoflaboratorycarclmgen tests 
on lab animals to humans. The health rlsb are not 
llkely to become known ~ry rapidly. References on 
health aspects of synthetic organics are found In 
Pearson U982a. 1982b). and Merlan and Zander 
(1982). 

Man-made hydrocarbons are Uled In a wide range 
of Industries and In household products. They are for 
the most part a product of technology Uled Since the 
1940s. Thelr eolublllty 1n non-polar substances and 
pooriOiubllttylnwateraa:ountfortheircommonand 
Wklespread u.easdegii!IIEl&.1'11d11oroethy1 lTCEl 
Is Uled. for example. to dean on from lndustrtal 
machines. to wash ods from airport runways. and to 
remo~ greue from clothes In dry clean1ng. 

DdDltioDS 
Hydrocarbon eompounds. Ulocalled orpniecom

pounds. are c:ompoeed of hydrogen and carbon. All
phaUc bydrocaJbons are a group of hydrocarbons ln 
which the carbon atoms are joined to fonn open 
chains. Aromatic hydrocarbons usuaJly ha~ struc· 
tures that contain at least one benzene rtng. Monocyc
Uc aromatics. such as alkyl benzenes. ha~ one r1ng. 
~udearhydrocarbonspossessmore thanonerlng. 
1bls class of hydrocarbons can be dtvtded Into two 
groups. In the ftrst. the rings are fused. which means 
at least two carbon atoms are shared between adjacent 
rings." e.g.. naphthalene. In the second group. the aro
matic rings are joined directly or through a chain• of at 
least one carbon atom. e.g.. biphenyl. 

Many of the organic pollutants are halogenated: 
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that Is. they contain halogen atoms In their molecular 

strUCture. Chlorine. bromine and Ouorlne are the most 
c:ommon halogens. Examples ofhaklgenatedallphaUCS 
found In ground water Include: trichloroethylene 

lC 1 CH:CC l,_commonlyabbrevtated TCE). which con· 
tatnstwoc:arbonatomsjolnedbyadoublebond:1.1.1-
trtchlonJethane lCH~Cl,l. which contains two carbon 

atomsjotned by a single bond: and tetrachloroethylene 
lC1 2C: CCl2- commonly abbreViated PCE). which con· 
talns two c:arbon atoms joined by a double bond. Trl· 

halomethaDes (11fMs) are a subgroup of the halogen· 

ated altphaUcs that contain three halogens In the 
methane(CH4) molec:ularsuueture. Examples Include 

chlorofonn or trichloromethane lCHC1 ,l. bromofonn 
or trtbromomethane lCHBr3). and dlbromochlorome

thane ICHBr:a(:U. Halogenated aromatics found In 
ground water tndude: chlorobenaene ICU:eH~). 
dlchJorobeuezene CC1 2CeH ... abbrevlated In this paper. 
DCB). and trlchlorobenzene IC1~~~~ abbreviated In 
this paper. TCB). 

Hydracarbon compounds c:an aJao be genaaDy 
divided Into polar and non-polar groups. Polar 
molecules are electrtcally neutral molecules With con
c:entrationsofnegattvechargetnonepartofthemole
cuJe and of positive charge tn another. producing an 

electric dipole. 

Occunence of Organic Pollutants In 
Ground Water 

1be extent of ground water pollution by organtc 

compounds Is difficult to estimate both for a given 

. aquifer and tn general. SpectOc studies are dlfllcult to 

·compare because of variations tn ana.Jyt.lcal sensltMty 

and differences among the compounds studied. Even 

for a given aquifer. the e."<tent or ground water pollu
tion by organic compounds can only be estimated 

because such a small fraction of the ground water Is 

usually sampled. 
There are many sources of organic pollution. Con

taminants may reach the aquifer by way of preclptta

tton. by seepage of pesticides and herbicides from the 

surface. from pollutants tn sanlwy landfllls. waste 

storage ponds. polluted streams and lakes. and from 

accidentally or deliberately spWed material. Organic 

pollution ts found both tn Industrial areas and In 

rural areas. 
Man-made compounds pose a ground water pollu· 

tion problem In IndustrialiZed countries. One or two 

percent or ground water supplieS In the United States 
are polluted based on estimates of point sources. but 

only a fraction of these are contaminated prtmar1ly by 

organic pollutants (Pye tand Patrick 1983). 1be com

pounds that occur most frequently tn ground water In 
the United States are the trlhalomethanes tniMs). 
wt-•ch are the halogenated organicS produced by 

.:..aaorlnation of water containing humic materials 
(Bouwer et al. 1981).1be problem ofniMs. such as 
ehloroform.hasrecetwedconsklerableattenUonbegln· 
mng tn 1974 and the ma."Ctmum contaminant level 

allowd by the EPA IS 100 "giL totalniMs (Cotruvo 
1981). 

1beextent of ground waterpoDution by organics tn 
the Netherlands was measured by sampUng all 232 

ground water pumping stations In the Netherlands 
between 1976 and 1978. The samples from 54 of the 

232 locations. 25 percent of the locations. contain~ 

concentrations>O.l "giL of chlorinated hydrocal'bons 
wtth 1 or2c:a:rbons(e.g .. TCE)(Zoetemanetal.198ll. 

The Netherlands is at the end of the Rhine River and 

fteelves pollutants from countries upstram. The 

compounds detected most frequently at concenua
uons greater than 0.01 ,.giL In Dutch gmund water 
Include: TCE 167 pm:ent). ddorofonn 160 perc:entl. 

tetrachloromethane (43 pm:entl. PER 119 pm:ent). 

and 1.1.1-trtchloroethane 117 pen:ent). 1bese com
pounds are on the Environmental Protec:tion Agerrey 

Ustofprtorttypollutants. Theconcentrattonsathlgher 
levels C>10~o~g/L) could always be usoeiated With a 
spectnc soun:e. t.e..loc:al waste dumping. Ccmcentra· 
uons at low levels (0.01 to 0.1 l'g/Ll may be due to 
volatile Orpniesln lain water. ~or subMances 

sud1 u chloroform and TCE are lela than 1 ,g/L In 

rain water In the Netbedands. 

MeasummeDtl of OrgaDlc PoUutcmts 
Aa:wate meuurements or the c:oaeenuauorw of 

organic poDutants In ground water are euenUal for 
understanding the bebavlorof the pollutants In aqul· 

fetL 1'be problems of~ an aquifer are espe
cially sewre for .alaUie orpnJC& whJch areeuiJyloR 
to the atmolpbere (e.g.. Pankow et al. 1984~ Problems 

c:an arl8e from the type of well constniC:Uon and the 

type of c:astng used. A study of the leaching of trace 
organics 10.5 ppb naphthalene and 0.5 ppb p-dlchloro

benzene) tntowaterfrom Ovec:ommon plastics used In 

well casing showed the follOWing results: TeOonc (no 

leaching detected). nongtued PVC CO to 0.1 ppb). Poly· 

ethylene 10.1 ppbl. Polypropylene 10.5 ppb). glued PVC 

10.5 ppbl. and 1)rgon (1.0 ppbl (Curran and Tomson 

1983). 
Analytical results may be suspect because of the 

difficulty of analyzing water for trace concentrations 

of organics. In a comparison of analyses among eerti· 

fled private. state and university labs. large vanations 

werereportedevenforrelativelystmplemeasumnents 

oftotal dissolved solids CKetth et al. 1983).1be follow· 

1ng procedures were used to control the analytical 
precision and accuracy during an extensive Investiga
tion of a PCB spW site (Roberts. Cheny and Schwartz 
1982). The concentraUons or PCBs were determined 

by several analytical techniques. A standard With PCB 

concentrations similar to the samples being analyzed 

was run appro."CCmatelyeveryten samples. Blanks were 
run during a swttch from analysls of high PCB con· 
centrattons to low concentrations to ensure that the 
residual response of the system had returned to back

ground levels. 
.1be occurrence of some polar organic compounds 

In ground water has been much less studied than that 
or non-polar organic compounds. Very Uttle IS known 

about their health riSk or their oa:urrence becaute 

they c:annot be easlly Isolated and measured. The 
grouppararneterTOX(totalorpntchalogen)provldes 

a measure or the total amount of halogen In organic 
compounds and ts determined by concentrating the 

organics by adsorpuon. and measuring halagen con· 

c:enuauons by utrauon. spectnc ton electrodes. or 
mlcrocoulometer. TOX ana1y8es are both relatively 
atmp1e and quick compared to gas chromatography. 

1be morepolar.non-wlatlleand hJgh moJecular~t 
halogenated hydrocarbons presently can be detected 
byTOX and not by GC/MS (Jeckel and Robens 1980 l. 

Field studies have shown that the TOX concentration 
IS eeveral times larger than the sum of halogenated 
organic compounds by gas chromatographic deter- .. 

mtnatton (Roberts. Schreiner and Hopkins 1982). 
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Trcmsport Processes 
Adftc:tlon cmd Dispersion 

The mechanisms of advection and dispersion ha~ 
an Important control on the transport of organic pol
lutants. Total solute flow In porous media Is composed 
of the portion that travels With the a~rage ground 
water flow (ad~tlonl and the portion that devtates 
from the a~rage ground water flow (dispersion). Dis
persion causes a dilution of the solute concentration 
and a spreading of the contaminated area. Seen as a 
plot of concentration vs. the time to reach an observa
uon point. dispersion causes the S-shaped break
through c:u~ to broaden. Thecharacterlsuc length of 
the porous medium. \\'hlch Is known as the dtsperstv-
1~ length. when multiplied wtth the ground water 
velocity, has been shown In the lab to yteld the disper
Sion coefficlenL This coefficient Is used to determine 
the Ou."C due to dispersive effects (Anderson 1979). 

There are two ~ of dispersion: dispersion that 
occurs at the pore scale (mlcrodtsperslon) and disper
Sion that occurs at the field scale due to aquifer heter
ogenet~ (macrodtsperston). Microdtsperslon ts usu
allyofnot much significance for transport In relatively 
fast-flOWing ground water. On the other hand. micro
dispersion and molecular diffusion are Important In 
underground waste isolation site studies. Macrodis
persion Is significant due to the heterogeneity of the 
aquifer (e.g.. Sudicky et al. 1983). 

Lab dispersMty measurements do not agree wtth 
dlsperslvtty measurements determined by field tracer 
tests because of scale factors. Lab measurements of 
dlspersivtty values for calculating mlcrodisperslon 
consist of determining breakthrough times at the 
outlet of cylindrical columns packed with porous 
media and then using the solute transport equation to 
determine dispersivtty \alues. The field measurements 
of longitudinal disperslvtty (In the direction of flow). 
which are on the order of 10 to I OOm. are at least three 
orders of J!18gnltude larger than lab measurements. 
10"4 to 10"2m (Anderson 1979 ). Field tracertests show 
that longitudinal dispersi\1ty is not constant for a 
gh"en aquifer. but increases as the distance between 
the Injection and observation well is Increased. At some 
point. dispersh1ty stops increasing. This increase In 
dlspersh1ty wtth increased travel distance or travel 
t1 me of the solute is referred to as the scale effect in the 
literature (e.g .. Molz 1983: Sud icky et al. 1983). 

The cause of the variable disperslvt ty is the hetero
gentty of the aquifer. leading to anisotropic distri
butions of horizontal hydraulic conductiVity. Field 
data Indicate that most compounds prefer to ~ 
through more permeable pathways. such as through 
gra~llenses. The variation In concentration due to 
heterogeneityoftheaqulfercausesthedlstributlonof 
the compound In a horizontal sense to sometimes 
deviate from the theoretical plume shape derived for 
homogeneous aquifer characteristics (e.g" Sudlcky et 
aL 1983). 

The problem of aquifer heterogeneity Is as Impor
tant on a ~rtlcal scale as on a horizontal scale. Field 
data ha~ shown that when chemicals enter the aqui
fers do not mix to the full vertical extent of the ground 
water and are Influenced by aquifer heterogeneities 
and density effects ISudicky et al. 1983: Rea and 
Upchurch 1980: Schwartz et al. 19821. Even though 
some of the data In these studies are for Ions and not 
organic compounds. one would e.'q>et't the principles 
to apply. 
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Organic pollutants dissolved In water Infiltrated 
from the Glatt River Into the upper approxlmately9m 
of a 20m thick Quaternary .glac:toOuVIal valley fill 
aquifer composed of sand and gravel (Schwarzenbach 
et al. 1983). The contaminated water was detected 
aeveral kilometers from the Glatt River In the upper 
half of the aquifer. while water In the lower half origi
nated from less polluted IOUI'ta. Monttortng ora PER
spill In gladal deposits In Michigan showed that the 
PER (density= 1.62 gtcm3 at 20 Cl. which was wen 
below saturation. migrated downward as It uawded 
away from the murc:e (Minsley 1983). 

AdlolptloD 
Most aquifers have less than 0.1 percent orpnlc 

contenLQuantltaUve relationships have not been well 
established betwun sorption and the controlling 
factors. although the specific surface area and the 
nature of the mineral surface tnftuence the degree of 
sorption. Some adsorption of non-polar orpntc com
pounds was experimentally ablel'ved in columns con
taining materials that contain noorgantcc:arbon.such 
u clean •nd. limestone and montmorillonite day 
(Schwarzenbach and Westall1981al. Sand and gravel 
aquifers are likely to contain Insignificant amounts of 
organic matter. although this parameter is usually not 
measured. The aquifer near the Glatt Ri~r in SWitzer
land. for e.umple. contains less than 0.1 percent 
organic content (Schwarzenbach et al. 1983). The 
retention of hexachlorobenzene. for example. was 
small between the aquifer ne.'Ct to the Glatt River and 
observation wells. which are up to 120m away from 
the river. despite the fact that hexachlorobenzene has 
a high log Kowof6.0S.and therefore. \\'Ould be expected 
to be strongly retained In an aquifer wtth significant 
carbon content. The mobility of hexachlorobenzene 
Indicates the low sorption capadty of .. ndy gravel 
aquifers wtth insignificant organic content (Schwar
zenbach et al. 1983). 

Aquifers comprised of deposits where former lh1ng 
matter is likely to have accumulated. such as from 
peat depostts.slow-movtngstreams.lakes or bogs. tend 
to have significant organic contenL Studies have 
shown that at least 0.1 percent carbon content In the 
aquifer (0.00 I g of organic carbon per gram sorbentl 
Is needed for carbon adsorption to be Significant I e.g_ 
Schwarzenbach and Westall 198la). Instead of solu
bility. the oc:tanol:water partition coefficient (KO\\·) is 
often used as a measure of the partitioning of pollu
tants between water and organic phales. The Kow Is , 

· the ratio of the concentration of a compound in 
oc:tanol. a readily available alcohol that Is relatively 
non-polar. to that In water. An Inverse correlation 
I:JetoM.oenlogKowvalues(ranglngbetween 1 and61and 
log solubility values. ranging between ·3 to 5 in mg!L. 
has been found for non-polar organic compounds 
(Mackay 1980: Zoeteman et al. 1981). Kow values are 
also used to predict the partitioning behavtor of com
pounds Into soli that contains organic matter. as \\'ell 
as Into the fat bocUes offish and other biota. Measured 
values of Kow can be found In: Chiou. Porter and 
Schmedding ( 1983): Baneljee. Yalkowsky and Valvanl 
(1980): Kenaga and Goring (1980): and Hutztnger 
( I982l:andestlmated Kowvaluesare found In Hansch 
and Leo ( 1979):and Leo. Hansch and Elkins ll97ll.ln 
addition. chemical properties of organic compounds 
can be found lnVerscheuren( I983).Hutzlnger( 1982. 
1980). Weast and Astle (1982). 
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Ail example fnHn Callf'orma ll1usUates bow the 
order of breakthrough or~ organtc: compounds 
CO!ftlated with aubWty and Kow auch that the com
pounds that appear ftrat have the highest aolubdtty 

. and lowest Kow. The order of appearance at an obeer
vation well 11m downstream from the Injection weU 
from ftrat to last to appear was: chloride. chloroform. 

· bromoform and dlbromochloroform. 1.1.1-trlehloro
ethane and chlorobenzene (Roberts. Schmner and 
Hopkins 1982). 
. In another example from watem canada. TCB 

ccmcentraUons lnc:reued relative to that of PCB With · 
depth as ahown by the tncrease In the 1.2.4-TCBIPCB 
ratiofromO.o2tnthesurfaceDDto0.19lntheunderly
tng Regina day (Roberts. Cheny and SChwartz 1982). 
The log Kow of 1.2.4-TCB Is 4.o5 ~~ Hanlch and 
Elkins 1971) while that of 2.4.5.2' .4' .5' -PCB Is 6.72 
ISchwarzenbach aDd WestaD 1981a). The tncreued 
mobility .of TCB Is reflected by the lower Kow. Other 
lndk:aUona or grater mobdtty are hjgher 80lublllty. 
lower molecular weight and feMr chloriDe atoms In 
the molecular atruc:ture In TCB compmed With PCB. 

u.eful relationships have been found benftien the 
adsorption behavior of a pollutant and Its Kow value 
and the organtc content of an aquifer. Preliminary 
work Indicates that the partltlontng behavior of a pol-· 
lutant and Its residence time can be calculated for 
aquifers containing sufficient organic material. 
Karlckhofr et al. ( 1979) demonstrated that the degree 
to which a compound Is adsorbed In a sod. as mea
suredbytheparUtioncoeffictent(Kp).dependsonthe 
Kowand theMfractionorgantccontentMCfoc)ofthesoU 
by the relation: 

Kp = 0.63 foe CKow) (1) 

Theequationwasdevelopedbye.umtnlngtheadsorp
tion of 10 organic pollutants. whose log Kow ranged 
from 2 to 6. In river and pond sediments whose foe 
ranged from 0.1 to 3.3 percent. This equation applies 
when the pollutant concentration ts less than half of 
the solubdlty llmtt In water. Based on surface and 
aquifer aedtments. whose foe ts grater than 0.001. 
Schwarzenbaeh and Westall ( 1981a) derived a similar 
equation: 

(2) 

This equation Is also valid only for low concentrations 
ofthe pollutant. Means et al. (1980) derived a Similar 
equation forPAHs. P1gure 1 Wustrates the relationship 
descrlbed by Equation 2 forfourchlortnated benzenes 
With different~ coeflldents. The equations estab
lish the slmdar dependence of the parameters foe and 
Kow on the partition coefficient between sod contain
Ing orpntc matter and water. 1bese equations apply 
9nlyfornon-polarsubstances In material With grater 
than 0.1 percent carboil. kow provides a better esti
mate of tedlment-water partitioning than does aolu
bdlty. which gtves at ~tan order of magnitude esti
mate of the partitioning behavior of a chemical In the 
organic fraction of the sediment medium (Karlckhoff 
et at. 1979). 

Schwarzenbach and Westall (l981a) found that 
more than 85 percent of the adsorption of the pollu
tants took place on particles of stze less than 0.125mm 
lOne sand) and Karlckhoff et al. l 1979) observed that 
most ofthe adsorption took place on the particle frac
Uon smaller than 0.05mm lsllt or clay). More organic 
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lot foe htoc kt~1 1 
ftgwe l. 1M IOibeDI to water pc:lrUUOD c:odldent (Kp) 
as a NDc:Uon cd ozgcuW: carbon tractiOn (SoC) for tour 
c:blor=en»MS (SchWaaiDbaeh cmd Westcil1191lb). 
Koc: is tbe pc:a1U1on coeflldent tM:Dec:t on ozgcmSc content 
cmd Koc: • Kp/foc. 1M diCled qmboli1Ddicclte tbe lOr· 
beDII OD Wb1ch tbe dcrtCI W.N ObtcdDecl: AS. CiCiliUliOCI 
lludgll; l. 4.lecllediiMDII (CocutaliOM); 2. detdtul; 3. 5. 
kzllleaec!tmenta:6.8.1lftrlediiMDII;7, 9,1D.ll.l3.Gqu~Mr 
mateDaL 

compounds were sorbed on the ftnerparticlestze frac
tion of sediments than on the coane fraction prtnc:l
pally because of the higher organic content as well as 
the larger surface area. Differences In sorption between 
8l1t and clay fractions depend on differences In foe 
rather than In ledlment Size (Karlckhofr et al. 1979). 
OrganiC compounds also partition onto dluolved 
orpntc matter. auch as fulvlc and humic Kids. .uch 
as In organic-rich water In landflD leachates (Cherry 
et at. 1984). 

A pollutant that Is adsorbed trawls slower than the 
water containing the pollutant. The travel time of the 
solute divided by the travel time of the tlutd Is known 
as the retardation factor or the relative residence time 
(tr). which based on Equation 1 Is: 

tr = 1 + 0.63 roc lKowl pie 

p = average bulk density (gfcm3) 
t = soli void fraction lunltless) 

(Roberts. Reinhard and Valocch11982l 
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A comparison among tr values. which are dimen
sionless. calculated from the equation and those 
derived from the field show that tr values diverge for 
tncreastngvaluesofKow.ThetrvaluesareS(fieldland 
6 (equation) for cltloroform: 36 ((teldl and 41 (equa
tion) for chlorobenzene: and greater than 200 (field) 
and 140 I equation) for 1.4-DCB (McCarty et al. 1981 ). 
Kow values for these three compounds are 93. 692. 
and 2.400 respectl\tely and the calculations are based 
on an average bulkdensttyof2g/cm3.e= 0.22.and foe 
= 1 percent carbon (McCarty et al. 1981 ). Schwar
zenbach et al. (1983) derived a similar equation but 
did not make a compariSon with fleld results. 

The common method of modeling the effects of 
sorption on solute transport Is to assume that the 
eoluteand sorbent react In instant equilibrium. i.e.. no 
kinetic effects. tbat the ratio of the sorbed solute to the 
solute dissolved In water Is constanL I.e .. linear Iso
therm. and that adsorption and desorption Is a revers
Ible process. The aboYe equations are based on these 
assumptions. 

Formulas for the calculation of Umltlng kl~tlc 
effects. non-linear Isotherms and unequal sorpUonl
desorptlon behaVior are gtven In Miller and Weber 
I 1984 ). Kinetic effects are Important when the ground 
water \~loclty ts too fast to allow equilibrium and the 
aboYeequatlonsare no longer valid. The ground water 
flowratelapproxtmately0.014cm/slclosetotheG!att 
RiYer during storm water e\"ents was probably fast 
enough for kinetics to affect the transport of pollutants 
In the aquifer. Kinetic effects are also important when 
contaminants are newly introduced to a ground water 
system and when spike or plug contamination sources 
are appropriate. Under these conditions less material 
Is sorbed onto the aquifer media and the material that 
Is not sorbed travels farther. Kinetic effects were 
obse~ tn column experiments when water contain
Ing chlorinated benzenes flowed through a column at 
arateofO.Ol cm/siSchwarzenbachandWestalll98la. 
198lb). which Is well \\1thin the range of typical 
ground water \"elocitles. The breakthrough times were 
faster than ~he breakthrough times of the same 
column experiment conducted at a Yelocltyofless than 
0.001 cm/s. The results of the column experiment at 
the slower rate 10.001 cm/s) matched those of an 18-
hour long equilibrium batch experiment Indicating 
that sorption equlllbrium occurred at the slower rate. 

Although numerous studies have shown that trace 
~s of dissolved organic: compounds follow linear 
Isotherms. one exception are tnace levels of PCBs 
(Cherry et al. 1984). Non-linear Isotherms are most 
likely to occur when the concentration of the dlssol~ 
solute nears the solubility llmiL For e.umple. at low 
concentrations I well below the solubility llmtt) pesti
cides showed linear Isotherms. but at high concentra
tions several organic pesticides have Yery non-linear 
Isotherms ICherrv et al. 19841. 
. An Important "source of data on adsorption ts the 

treatment of waste water by artificial recharge of an 
aquifer. The advantage of studies on waste water 
recharge Is that the rate and length of time that a 
contaminant was Injected or allowed to Infiltrate Into 
the aquifer ts known. in contrast to most pollution 
studies. 

In one study. approximately 92 percent of the 
organics were removed from the waste water (Tomson 
et al. 1979). The highest Initial concentration was only 
4.05 ,.giL and the range in final concentrations was 
between 0.1 to 1 ~~~/L. Most removal rates for the 11 
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classes of compounds studied were between 90 to 100 
pm:enL which lncludedchloroaromaUcsandalkoxya
romaucs. alkyl benzenes. naphthalenes. alcohols. 
ketones. lndoles and lnc:lenes. 1boee groups whose 
removal rate was below 90 percent Include the alkyl
phenols (85 percent). alkanes (71 perc:entl.and chlo~ 
alkanes (70 percent) and phthalates (2 percent). The 
phthalates was the only group not to exhibit a dra
matic decrease In conc:ei'ltratlon.and It was concluded 
the observed decline of only 2 percent was In error. A 

. study of dune lnftltratlon In northern Holland actually 
showed a dramatic 1ncreaae ln phthalate concentra
tion (Piet et al. 1981). Perhaps PVC tubing contami
nation lnftuenced the phthalate concentrations In 
both c:ases. 

Adsorption and volatilizatiOn were thought to be 
the significant transport mechanisms for the pollu
tants studied by Tomson etal. I 1981). Biodegradation 
had a minimal Impact for two masons: I 1 l 1be Injected 
fluid was emuent from an activated sludge plant and 
compounds that easily biodegrade would not have 
been preeenL (2) Biodegradation does not occur for 
low pollutant concentrations. Tomson found that ln. 
the lab sewage bacteria reduced 2.3-dlmethylnaph
thalene from 1.3 rng/L to 40 ~o~g/L In one day and that 
there was no further degradation for several days. 

Under equilibrium conditions the net ratio of the 
::te: cf adsorption and desorption do not change and 
the reaction Is said to be reversible. Sorption was 
~rslble In several column studies (Schwarzenbach 
and Westall.1981a: KaDckhoff ~t- I97.9k.Ihr mm
slblltty of the ~actions Indicated that th~ iniual 
removal of the compounds from solution was due to 
sorption and not to other factors such as biodegrada
tion. which would cause th~ amount remoYed to be 
greater than the amount desorbed. A study by Hor
zempa and Dl Toro 11983). hO\\"e\"er. showed that 
sorption of PCBs Is not readily reYerslble under field 
conditions. The amount of sorption correlated with 
sediment surface area and organic content. The sorp
tion effects were not felt to be attributable to biodegra
dation because PCBs are not readily biodegraded. 

The restoration of aquifers depends upon the abil
Ity to remoYe contaminants adsorbed onto the sub
surface material. One method ts to flush the aquifer 
vta Injection and e."Ctracuon weDs. If the ground water 
velocity Is too fast for equilibrium to be established. 
the concentration of the pollutant In ground waterwtU 
decrease below the equilibrium concentration. Once 
the flushing stops. equilibrium conditions may 

· become established and the concentration ofjltssol~ 
pollutants may Increase as desorption takes place. In 
such a case. the concentration of the pollutant at the 
extraction wdl decreases as the aqulferls Oushed and 
then Increases when the flushing is stopped. In addi
tion to desorption during flushing as an Important 
mechanism. the concentrations may also be affected 
by biodegradation rates of adsorbed. in-phase and 
dissolved pollutants. 

Polar organics appear to be more mobile than non
polar organics. as shown by a study In anaqulfer\\1th 
stgntncant amounts of organic carbon because they 
are poorly retained In the organic material In the soli 
(Roberts. Schreiner and Hopkins 1982). Pl~t et al .. 
I 1981) also found that the polar compounds were not 
as well adsorbed as non-polar compounds tn soli 
column e."Cpertments ustng 50cm-long columns of soil 
composed of peat and sand la~rs. Those non-polar 
chlorine organics that were retained include: nitro-
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benzene. iattrotoluene and chloroilltrobenzene. Sim
ilarly. studies wtth granulated activated carbon (GACl 
echtblt Jess adsorption of the polar organics than the 
non-polar organics. 

~ 
Biodegradation ts the breakdown of chemical com-. 

.,Ounds by microorganisms and Is controlled by such 
environmental parameters as temperature. pH. dts
eolved o.~en. Eh. salinity. nutrients. compeung 
organisms. toxiCity to orpntsms. and the concentra
tiOns of the cnpntsms and compounds. Lab -studieS 

have shown that under steady-state conditions a pol
lutant must be present In concentnatlonsof mdllgrams 
perltterto be broken down dtreetlybymicroorpntsms 

I McCarty et aL 1981 ).In a similar study tt was found 
that the poDutant concentration must be at least 100 
,.giL to sustaJn a mtc:robe population lWilson and 
McNabb 1983).lf the pollutant concentnattonsare not 
sufllctently high to sustaJn the mtcroorpntsms bto
clegradauon Will not oecur (Kobayasht and Rittman 

1982).Sewagebacteriareduced~tinethylnaphtha

lenefrom 1.3mg!Lto404fl.andnofurtberrecludton 
was CltJeeJwd for aeveral claw (Tomson et al. 1981). A 

lower limit for biodegradation of 10 o~&g'L has also been 
found by Wilson and McNabb ( 1983). Trace levels of a 

compound can sometimes be broken down as a 
secondary result of the breakdown of another com
pound. which ts present at much higher concentra
tions (Rittmann eta). 1980: McCartv et al. 1979). 

Biodegradation depends on es5rnual metabolic 
requirements. such as oxygenated water for aerobic 
processes. Metabolism can deplete the oxygen or other 

metabolic requirements In ground water at pollutant 

concentnattons greater than 1.000 to 10.000 .~&giL 
(Wilson and McNabb 1983). Thus. pollutants at high 

concentrations may be only partially degraded when 
oxygen Is depleted. · 

Results of lab and field biodegradation studies 

under aerobic and anaerobic conditions for different 

dasses of organic pollutants are presented below. Most 
of the priority pollutants have been shown to be 

biodegradable under laboratory conditions (Kobayashi 
and Rittman 1982). This does not. however. mean that 

these pollutants are necessarily biodegradable under 
fiel(. condiUons. Aerobic conditions generally occur tn 
the unsaturated zone and may be found below the 
water table at shallow depths as weD as at great depths 
(Winograd and Robertson 1982). 

HaloleDated Alipbaties. Fleld and lab results 
show that ~ halogenated allphatlcs may biode
grade llowly under anaerobic conditions. but not 

under aerobic conditions. CH:zC12 does. however. 
degrade under aerobtccondtUons (R Schwarzenbach. 

persoaal communication 1983). HaJogena~ altphat
tcs at low concentrations tn treated waste water 

decreued tn concentration when Injected Into a coas
tal aquifer tn Caltfomta I Roberts. Schreiner and Hop
kins 1982). THMs degraded 10 times faster than the 

other halogenated allphaUcs although the rate of 

anaerobic degradation was slow for both. The niMs 

concentration declined from 1 OO"g!L to less than 0.1 
"g!L at a rate of 0.03 per day. The decline was attrib
uted to anaerobic biodegradation and not adsorption 
because the sorption capacity ofthe aqutferwas satu

rated before the Injection e:~periment began. Batch 
culture tests In the lab supported the field results that 

THMs degrade at low concentrations under anaerobic 

conditions (BcMftr et 81. 1981). Stmdaity the 'niM 
bromodtchloromethane degraded slowly under anae
robic conditions of a shallow tluvlal aquifer In Okla

homa (Wilson and Enfield 1983). Halogenatedaltphat

lcs that have been reported to btodegra~ under 
anaerobic lab condtUems tnd\lde:TCE. trtchlorethane. 
methyl chlortde. chloroethanc. dlchlorobromoethane. 
vtnylldlene chloride. ·PER methylene chloride and the 
THMs chloroform. dtbromochloromethane. bromo
dlchloromethane (Kobayashi and Rittman 19821. 

No degnldattori was~ In studtesof~ 
compounds under anaerobiC concUuons. but the rate 

of degradation _,have been too slow to be cleteeted 
during the period of Investigation. Bouweretal. ( 1981) 

oblerved niMs but not TCE or PER to biodegrade In 
batch culture ae.ts In the lab under anaerobic condi
tions. Wilson et aL 119831 dtd not obeerve degradation 
below the water table for· 8everal allphattcs: 1;2-

dtchloroethane.1.1.2-trtchlorethane. TCEorPER. ~ut 
~period of study may not have been long enough to 
obleJw alow rates of degradation. Slow ratnofdegra

dauon. therefore. cannot be ruled ouL Similarly. 
Schwanenbach et aLI 1983) obeerved that TCE. PER 

1.1.1-trtchloroethane. and hexachlorethane were per
sistent In the aquifer up to several kilometers away 

• from the river.but thewtdeerrorbarson thetrflgures 

may not r-..:le c::! slow rates of degradation. . 
The decomposition of halogenated altphatics under 

aerobic lab or field conditions has not been observed. 

No significant degradation of halogenated altphattcs 

lniMs. TCE. PERl was found under aerobic lab condi
tions (Bouweret a). 1981: Bouwer and McCart\·1984 ). 

The perststance of chloroform. under aervbic condt
uons was reported In a study of ground water recharge. 

a study of chloroform passage through GAC columns. 
a study of bank filtration tn Germany and a study of 

"-aste "-ater percolation In soli columns IBouw~r et al. 
1981 ). Wilson eta).( 19831 Ina field studvJn Oklahoma 

did not observe degradation of &e\oenll halogenated 

aliphattcs. 1.2-dlchloroethane. 1.1.2·trichloroethane. 

TCE. or PER above the water table. 
AIJcyl beD:r.eaes. Alkyl benzenes are known to 

degrade under aerobic conditions and may degrade 

under anaerobic condtttons. Fleld obsen-ations show 

that toluene degraded rapidly tn a shallow aquifer 

composed of Rood-plain sediments tn Oklahoma both 

above and below th~ water table IWIIson and Enfield 
1979: WilsOn et aL 1983). Schwarzenbach et aLI 19831 

observed a sharp decrease In non-halogenated com
pounds transported from the Glatt River to any of the 

ground water observation wells. the dosest betng2.5m 

from the rtver. The alkyl benzenes included: toluene. 
1.3-dtmethyl bemene. and other 2 and 3 carbon ben

zene Isomers. Aerobic respiration and nttrtflaltlon 
occurred predominantly In the fint h·metersoftnfiJ
traUon. thus supporting the theory that ttie decrease 
tn concentration was caUied by biological proc:esses 
under aerobtc conditions. The biological prot.'eSSeS 
that mncMd the organic compounds were efl'tctent. 

considering the short residence ume between the river 

and the dosest weD and the small retardation factors 

of the compounds. The decline was observed at differ
ent temperature throughout the year. tndudtng 5°C 

In wtnter. Alkyl benzenes degrade quicker than halo
genated aromatics under aerobic conditions. probably 
because of the breaking of the halogen bond for halo- .• 

genated aromatics ts relatively slow. . 
Naphthalene and methyl-naphthalene also 

decreased In concentration but the decrease in 
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naphthalene. however. maybe due ~adsorp~on based 
on the resUlts of Ehrlich et al. (1982). Ehrtlch et al. 
C 1982) oblerw4 that naphthalene did not biodegrade 
under anaerobic conditions. but was slightly aorbed. 
BoiJwer and McClarty C 19841 ~ that 8eYenll 
non-chlortn.ued aromaucsare removed uncleraaoblc 
but not anaerobic conditions. · 

ChlorobeDZenea. Ch1orobenzenes have been 
observed ~degrade Under aerobic but not anaerobic 
c:Ondiuons Cig... Bouwer &nd McCarty 1984). The 
ehlorobenZenes. 1.4-DCB. 1.2.4-TCB aDd 1.2.3-TCB 
decompoee.cl_uncler aerobic condt~ons In tbe 11qulfer 
near the Glatt River. and are augested to ha~ 
degraded to chlorinated phenols and catechols 
(Schwuzenbac:h and Westall 1981b). The rate of 
decrase was aloWer than for the alkyl aromauca. per· 
baps becauae the breaking of the halogen bond 11ow1t 

. theprocessiSchwa.rzenbaclietal.l983).Halogenated 
aromatics do not degrade underanaeroblccondiUona. 
1be Conc:entrati~ or 1;4-DCB did not c1ecreue In 
July aDd August or 1979. 1980 and 1981 ~tween the 
rtverand Sm from the rt~r.as it did (he reatofthe,ar 

. becauae conditions were anaerobic during these sum
met months arid the compouilds did not dec:Ompoee. 
During the rest of the year the conditions were aerobic 
and the chlorobenzenes decomposed. Chlorobenzenes 
in another Swtss study persisted for at least Rven 
years underanaerobtc conditions (Giger and Schaffner 
1981 ). Chlorobenzenes ( 1.4-DCB. 1.2.4-TCBand 1.2.3· 
TCBldecompoledabove.butnotbelowthewatertable 
in a shallow Ouvtal aquifer In Oklahoma (Wilaon et al. 
1983). The failure of chlorobenzeite to decompose In 
autodaved U.e.. stertltzedl lab samples established 
microorganisms as the likely agent of destruction. 

Pesticides. Lab studies on ~~r sludge Indicated 
that pesticides such as lindane degraded more quickly 
under acttve anaerobic lab conditions than under cor
responding aerobic condtuons. probably due to bacte· 
rta lHtU and McCarty 1967). DDT. for e.umple. con
~ned rapidly to DDD under anaerobic condtttons. 
but persist~ as DDT under aerobic conditions of 
RYeral mg/Lof dissolved oxygen. Similarly. more than 
20 species of bacterta were found to reducttvely 
dechlorinate DDT under anaerobic conditions. 
whereas aerobic conditions apparently did not pro
mote dechlorination (Kobayashi and Rittman 19821. 
Other pesticides that were dehalogenated under 
anaerobic conditions In lab culture tests include: 
.toxaphane by bacteria. lindane by aoU bacteria and 
parathion by bacteria (Kobayashi and Rittman 1982). 
1bese lab reaults Indicate .that pesticides are euler to 
break down under anaerciblc than undei' aerobic con· 
dltions. The breakdown pJ"OCeSS Is relatively easy once 
the halogen bond IS broken. 

Phenolic compounds ha~ been shoWn to biode
grade under anaerobic conditions In an aqutfer com
posed of glacial drtft material in Minneaota (Ehrlich et 
al. 1982). Methane and C02 were Conned by the anae
robic bacteria breaking down the phenolic com
pounds. Lab studies supported the field results. and 
also indicated that pr1ntipally biodegradation and not 
aorptlon account for the decline In concentration 
(Ehrlich et al. 1982). Glass column experiments 
showed that chlorophenols can biodegrade under 
aerobic conditions IZulJet 1981 ). 

Biodegradation ts an appealing deanup method 
because expenst~ cleanup methods could be avoided 
and the pollutant ts destroyed rather than transfe~ 

to another part Or ihe enVIronment. 8UCh as to ·tne 
atmolphere VIa air ltrlpplng.ID .ome cues. ho~wer. 
the clegnldAUon pnxlucta could. be as toxic or 1PDIWe 
than the orlglnal COI_Iipound.lllaMgement or tiOIDe or 
the parameters that afreCt blodegradaUon. auch as 
mtrate aupply. may allow biodegradation to occur In 
aatu In thevadeile zcmeoraquJfer. LlmltaUoDalndude 
the dlfBcultyormaJJq~itgenVJronmental ~ 
that promote btadegnidaUon and the dlfDcUlty In 
maintaining blodegradauon as enVIronmental c:ondl· 
UODI~ · 

Geoi~ c:oaitdaa:IIO. . . . . . 
The .detailed Mructure and IDIDelalclltc campos•

UOnof~~qUifeisaac:rttal totbetlanlpOI'tfJlpalutants. 
One example Ia a PCB liPID In a lllacla1 UD area In 
westem canadaiSchwaiUetal.1982: Raberta.Cheny 
and SehwaiU 1882). Between 8.800 and 21.000 bters 
or tranaroimer o11 containing Pea. and cbloroben· 
__.were 8piDed at a tranaf"ormer plant. _The PCBs 
tra"*-1 mainly in-~ becau.e afthe -·ubUity 
afPCBe co.os IIIJILJ. The labora~aect con
ducttvtue.orthe tiD zoile.between 1o-5and 1o-ttem1s. 
are too low to explain the oblerved vertical migration. 
Vertlc:al movement ts prtmarlly through fraetures In 
the day. slit and tiD untts. as lncllcated by the high 
PCB concentrations measured on fracture surfaces. 
Trlttum was alao found along fracture awfac,-es and 
uaed toc:alculate the rate of aolute nugrauem. 'Ibis rate 
Is a minimum bec:auiC. unlike PCBL10me of the lmllll 
trtttwnatomsdlfruse lntothuedimentaJyuntts. The 
geological unitsalao ha~ aloworpnlcc:ontent.0.2 to 
0.9 percent carbon. mlntmtzlng the role of organic 
carbon In absorbing the PCBs. 

. . 
CoilcluslODS cmc1 RecommeDClatiODS 

Although progress lsbetng made In understanding 
how organic compounds travel in the subsurface. large 
gaps and unknown imponant parameters exist. Sev
eral recommend&uons are 11~ below on areas that 
need~. . 

• Some polar orpn1c compoundl are not com
monly detectable by pftlellt methcids.'lbey appear to 
beperslstentlngroundwater.abletouaYdstgntfk:ant 
diStances aDd be resiStant to degradation. Perhaps 
the lnc:re&Rd •tllty to ldenUfy these polar orpntcs 
wt1l provide a better .understanding or thiS type Of 
coritamlnatton. Group parameter methods. 1uch as 
'1'0"- ...Ybe attrac:tt~ c:ompUmmts to the commonly 
Uled GC/MS method bec:a~~~e or the ~ower coat and 
becaute the nasuremenu IDcld duael of coin
pounds. e.;.. polar halq&eDated orpa1cs tn the c:iue or 
TOX. whiCh are not n!lldlly tdentlftable Individually. 

• IIi CAles where the aqutfer might conwn aum
c:lent ~n for adlorpuon to be atgnlftcant. the 
emplrtcal relaUonahtps that have been deYeloped may 
be uaeful fordetermlntagthe parUUontngbehavtoror 
orpnicpollutanta.JIUrtherstudyoftheetrec:torgmn 
11tze. orpntc content.lolute eonc:entiauons. dtaol~ 
orpntc matter and other controls on adaorptton Will 
help dartfy how lolutea are transponed. 

• Some elements. suc:h as N. S. or P-compounds. 
when lnjecled Into pollution plumes may promote 
microbial degradation. The field conditions under 
which biodegradation of different compounds ~s.pro
moted Is not well understoOd. The phase In which the 
pollutant biodegrades might also be considered. 1.e .. 
dtssolwed In water. tn-phaae. or adsorbed onto the 
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m&trt."'-
• More work Is needed to detennlne how flushing 

of an aqutfer via Injection and ectractlon wells affects 
those poUutants sorbed onto aqutfer or soli materta.l. 
Travel of solutes In-phase durtng flushing. such as 
'droplets wtthln the water. may be an Important 
mechantsm. 

Ground water Oow models In porous media are 
useful for understanding a now regime and for plan
ning the placement of weDs. Solute transport models 
assume constant dtspersiYity values and the solute ts 
assumed to bedtasolved. which In some cues may not 
be reaonableauumptlons. ReloluUon problemswtth 
numertCIJ models may occur In some cues. such as 
for modeltng trace c:oncenuauons or a lolute. high 
c:oncenuaUOngradlents.orradtlllflowfromapulaeon 
a rectangular grtd. 1be mechanisms of adsorpUon 
and blodegradaUonarenot well enough understood to 

model aUsfactorlly. 1be effects of such mechanisms 
wtll probably be lumped fOiether In models bec:auee 
their e&cts wtll be dlfftcult to aeparate In prw:Uc:e. 

Although the technology may exist to dean up pol· 
luted ground water and pollution Sites. the costs are 
often high. A water policy Is needed to encourage pre
wentton and set prtortUes for what should be cleaned 
up. The cost of dean up can be several orders of magni
tude larger than that ofprevenuve measures. Monitor· 
tng of areas containing organic compounds has begun 
onJy recently. and as monitoring continues the under· 
standing of solute transport wtU Improve. 
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A Field Evaluation of In-Situ Biodegradation of 
Chlorinated Ethenes: Part 2, Results of 

Biostimulation and Biotransformation Experiments 
by Lewis Semprini, Paul V. Roberts, Gary D. Hopkins, and Perry L. McCartya 

Abstract 
Results are presented from a field study that document the in-situ biotransformation of trichloroethylene (TCE), 

cis-dichloroethylene (cis-DCE), trans-dichloroethylene (trans-DCE), and vinyl chloride (VC) in a saturated, semiconfined 
aquifer. The enhanced biotransformation was accomplished by stimulating the growth of indigenous methane-oxidizing 
bacteria (methanotrophs), which transform chlorinated aliphatic compounds by a cometabolic process to stable, nontoxic 
end products. Experiments were performed in the presence and absence of biostimulation by means of controlled chemical 
addition, frequent sampling, and quantitative analysis. The degree of biotransformation was assessed using mass balances 
and comparisons with bromide as a conservative tracer. Biostimulation of the test zone was successfully achieved by injecting 
methane- and oxygen-containing ground water in alternating pulses under induced gradient conditions. After a few weeks of _. 
stimulation, methane. concentrations gradually decreased ~elow the detection limit within two meters of travel. Underactive 
biostimulation conditions, 20 to 30% of the TCE was biotiansformed during the fmt season of testing. Direct evidence for 
biotransformation ofVC, trans-DCE, cis-DCE, and TCE was obtained in the second and third seasons of field testing. In the 
absence of biostimulation, the organic compounds concentrations at observation wells reached 95% of the injection 
concentration, demonstrating negligible losses due to abiotic processes. Biostimulation of the test zone resulted in a 
concurrent decrease in concentration of methane and the halogenated aliphatic compounds. The organic compounds were 
transformed within two meters of travel as follows: TCE, 20-30%; cis-DCE, 45-55%; trans-DCE, 80-90%; and VC, 90-95%. 
These results are in qualitative agreement with methane-utilizing, mixed-culture laboratory studies which indicate that the 
rate of biotransformation is more rapid when the molecules are less halogenated. 

A biotransformation intermediate was observed which was identified by GC-MS analysis as trans-dichloroethylene 
oxide (trans-DCE epoxide), an expected intermediate based on laboratory studies. When methane addition was stopped, the 
concentration of the intermediate rapidly decreased, while halogenated compound concentrations slowly increased, indicat
ing that active methane utilization was required for biotransformation to occur. 

Introduction 
The in-situ bioremediation of aquifers contaminated 

with halogenated aliphatic compounds, commonly used as 
solvents, is a promising alternative in the efforts to protect 
ground-water quality. This paper presents the results of a 
field study conducted to evaluate the feasibility of enhancing 
the growth of indigenous methane-oxidizing bacteria that 
would degrade chlorinated aliphatic compounds cometaboli
cally. 

Enhanced in-situ biotransformation was achieved by 
creating a biostimulated zone in the subsurface. This was 
done by supplying methane, as a primary substrate (electron 
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donor), and oxygen (electron acceptor) to stimulate growth 
of the desired bacteria. Details of the experimental method
ology, and the characterization of the test zone are discussed 
by Roberts et al. ( 1990) in the first paper of this series. This 
paper summarizes the results ofbiostimulation and biotrans
formation experiments performed over three seasons of field 
testing. The biotransformation of TCE by the methane
oxidizing consortia was assessed in the first season. In the 
second and third field seasons, the simultaneous biotrans
formation of TCE, cis-DCE, trans-DCE, and VC was 
evaluated. 

Background 
The in-situ method tested requires the biostimulation 

\ of an indigenous population of methane-oxidizing bacteria 
(methanotrophs), which can degrade contaminants by 
cometabolism. Cometabolism is a process in which micro
organisms growing on one compound (primary substrate), 
produce an enzyme which fortuitously transforms another 
compound, from which they cannot obtain energy for 
growth (Brock et al., 1984). 
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The basic objective of enhanced in-situ biorestoration 

by cometabolism is to increase rates of biotransformation in 

the treatment zone. One of the simplest models for the rate 

of cometabolism, when the contaminant concentration is 

low, is given by McCarty (1984): 

(I) 

where C2 is the concentration of contaminant; Xa is the 

microorganism concentration; and k/Ks is a ratio of con

stants that is equivalent to a second-order rate constant. One 

means of enhancing the cometabolism rate is to increase the 

concentration of the requisite microbial population. This 

process, referred to as biostimulation, is accomplished by 

adding an appropriate electron donor and electron acceptor 

for growth. In this field experiment, the biostimulation of an 

indigenous methanotrophic population required the addi

tion of methane as an electron donor and oxygen as an 

electron acceptor. 
The characteristics of methanotrophs and methylo

trophs as a broader physiological group have been summa

rized in numerous reviews (Quayle, 1972; Anthony, 1975; 

Colby et al., 1979; Wolfe and Higgins, 1979; Hanson, 1980; 

Higgins et al., 1981; and Hou, 1984a, 1984b). Methano

trophs possess an enzyme, methane monooxygenase 

(MMO). which initiates the first step in the oxidation of 

methane when used as a sole source of carbon and energy 

for growth (Dalton et al., 1984). 

The MMO enzyme complex has a low substrate speci

ficity and as a consequence is able to initiate the oxidation of 

a wide variety of carbon compounds (Higgins et al., 1980}, 

methylated and brominated alkenes, and chloro-, fluoro-, 

bromo-, and nitro-methanes (Patel et al., 1979, 1982; Patel, 

1984). Wilson and Wilson ( 1985) reported that TCE was 

fairly completely oxidized to carbon dioxide in an unsatu

rated soil column to which an atmosphere of 0.6% natural 

gas (mainly methane) and air was added. Methanotrophs 

were suspected as promoting this degradation. Fogel et al. 

(1986), using enriched methane-oxidizing mixed cultures 

from sediments, found TCE, vinyl chloride, vinylidene chlo

ride, and cis- and trans-1,2-dichloroethylene to be rapidly 

degraded. Henson et al. (1987. 1988) also found a range of 

both one- and two-carbon halogenated compounds were 
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Fig. 1. Schematic of the well field used in the blostimulation 
and biotransformation experiments. 

degraded by methane-utilizing mixed cultures. The rate of 

transformation was observed to be faster when the halogens 

were less substituted and more distributed on the molecule. 

The field demonstration experiments described here 

were initiated to evaluate the potential for application of the 

methanotrophic biotransformation process. The main 

objectives of the first season experiments were to: (I) deter

mine whether methane-utilizing bacteria (methanotrophs) 

could be easily biostimulated in the test zone; (2) assess the 

degree ofTCE transformation under active biostimulation. 

The objectives of the second and third seasons were to: (3) 

evaluate the simultaneous biotransformation of VC, cis

DCE, trans-DCE, and TCE in response to biostimulation; 

(4) identify and quantify intermediate products produced, if 

any; and (5) study the effect of methane concentration on 

biotransformation. 

Experimental Methodology 
The field experimental site is located at the Moffett 

Naval Air Station, Mountain View, California. The test 

zone is in a shallow, semiconfined aquifer, consisting of 

sands and gravels. This test zone has many favorable fea

tures: high permeability; suitable ground-water chemistry; 

and the presence of indigenous methanotrophic bacteria 

(Roberts et al., 1990). 
The experimental methodology and site instrumenta

tion are discussed in detail by Roberts et al. ( 1990). Biostim

ulation and biotransformation experiments were performed 

under induced-gradient conditions created by the injection 

and extraction of ground water. The well field used for this 

purpose is presented in Figure 1. The target organic chemi

cals were dissolved in the injected fluid and continuously 

injected into the Sl well. The chemically amended fluid was 

injected at rates of 1 1/rnin (first season) and 1.5 1/min 

(second and third seasons). Ground water was extracted at 

rates of 8 1/rnin (first season) and 10.0 1/min (second and 

third seasons) at well P, located 6 meters downgradient of 

the injection well. Partially penetrating monitoring wells 

(SI, S2. and S3,1ocated at spacings of I, 2.2. and 3.8 meters, 

respectively. from the injection well) were used to sample the 

ground water as it traveled through the test zone. 

None of the compounds of interest-VC, cis-DCE, 

trans-DCE, and TCE-were detected in the native ground 

water. Regulatory approval was obtained to add these com

pounds to the injected fluid in the concentration range of 

150 IJg/1, or less. The ability to add known amounts of the 

chlorinated aliphatic compounds of interest permitted con

trolled biotransformation experiments and required mass 

balances to be performed. 
The experiments were performed as a series of 

stimulus-response tests. The stimulus was the continuous 

injection of measured concentrations of the chemicals of 

interest into the test zone, and the response was the concen

tration history of the chemicals in the ground water sampled 

from the monitoring wells and the extraction well. 

Table 1 presents the sequence of field experiments and 

the processes studied. In the first field season, the test zone 

was first biostimulated by introducing methane and oxygen 

without TCE present. After biostimulation was achieved, 
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Table 1. Experiments and Processes Studied 

Experiment 

First season 
Biostim1 

Biotran1 

Biotran4 

Second season 
TracerS 

Biostim2 

Decmethl 

Third season 
Tracerl1 

Tracerl2 

Biostim3 

Duration 

9/05/86-
9/30/86 

9/30/86-
10/21/86 

12/10/86-
12/31/86 

7/06(87-
8/15/87 

8(17/87-
10/26(87 

10/27(87-
11/08(87 

8110/88-
10(10/88 

10(10(88-
10(20(88 

10/20/88-
11/23/88 

Chemicals 
injected 

Methane 
DO 
Bromide 

Methane 
DO 
TCE 

Methane 
DO 
Bromide 
TCE 

DO 
Bromide 
TCE 
cis-DCE 
trans-DCE 

Methane 
DO 
Bromide 
TCE 
cis-DCE 
trans-DCE 

DO 
TCE 
cis-DCE 
trans-DCE 

Bromide 
TCE 
cis-DCE 
trans-DCE 

Bromide 
TCE 
cis-DCE 
trans-DCE 
VC 

Methane 
DO 
Bromide 
TCE 
cis-DCE 
trans-DCE 

•Average values for methane, DO, are time-averaged due to pulsing. 
bStandard deviation of the injection concentrations. 

TCE was added, along with methane and oxygen, to assess 
biotranSformation. In the second and third field seasons, the 

experimental sequence was changed to provide a more 
direct and convincing demonstration of in-situ biotrans
formation. This was accomplished by first adding TCE, 
cis-DCE, and trans-DCE (plus VC in the third season), and 
bromide before biostimulation to achieve nearly complete 

breakthrough of injected compounds at the first two moni

toring wells. Complete breakthrough is defined as the nor

malized concentration of the chlorinated organics being 

unity, where the normalized concentration is the concentra

tion observed at the monitoring well divided by the injection 

Average' 
cone. 
(mgfl) 

5.9 ± l.lb 
20.8 ± 4.3 
166 ±4.5 

5.7± 1.2 
22.2 ± 1.7 

0.097 ± 0.024 

5.2 ±0.9 
23 ± 1.5 

159± 16 
0.051 ± 0.010 

14.3 ± 1.3 
78±6 

0.048 ± 0.010 
0.110 ± 0.036 
0.112 ± 0.039 

5.3 ±0.9 
23.4 ± 2.0 

44±4 
0.036 ± 0.006 
0.091 ± O.o25 
0.092 ± 0.026 

24.5 ± 1.1 
0.045 ± 0.005 
0.136 ± 0.022 
0.095 ± 0.013 

72±5 
0.047 ± 0.006 
0.085 ± 0.013 
0.050 ± 0.007 

44± 3 
0.042 ± 0.003 
0.100±0.011 
0.054 ± 0.007 
0.044 ± 0.007 

6.6± 0.7 
21.3 ± 0.7 

45 ±2 
0.046 ± 0.003 
0.100 ± 0.015 
0.052 ± 0.009 

Process 
studied 

Biostimulation of native methane
utilizing bacteria. Alternating 
pulse injection of methane and DO. 

Biotransformation ofTCE with active 
biostimulation. Nonsteady-state 
conditions. 

Biotransformation of TCE with 
active biostimulation. Steady-state 
conditions. 

Transport and breakthrough of 
bromide, TCE, cis-DCE, and 
trans-DCE before biostimulation. 

Simultaneous biostimulation and 
biotransformation for TCE, cis-DCE, 
and trans-DCE. 

Test if biotransformation occurs 
without active methane 
utilization. 

Transport and breakthrough of 
bromide, TCE, cis-DCE, and 
trans-DCE before biostimulation. 

Transport and breakthrough of 
bromide and vinyl chloride while 
continuing injection of TCE, 
cis-DCE, and trans-DCE. 

Simultaneous biostimulation
biotransformation of TCE, cis-DCE. 
trans-DCE, and vinyl chloride. 

concentration. Normalized concentrations near unity at the 
end of the chlorinated organic addition experiment would 
indicate minimal losses from the system due to abiotic 

processes such as sorption, or biological processes. 
The test zone was then biostimulated while continuing 

to add the halogenated organics. This sequence permitted 
the direct observation of the effect of biostimulation on 

biotransformation. Since concentrations of the chlorinated 

organics would be reduced due to biotransformation, 

desorption of the organics from the aquifer solids should also 

result in this stage of the experiment Thus, biotransforma

tion of both sorbed and injected organics would result. 
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The experimental methodology followed requires con
trolled chemical addition to the test zone over extended 
periods and frequent monitoring of chemical concentra
tions. Details of the system used to amend the injected fluids 
with the chemicals of interest, as well as the data acquisition 
and control system, and analytical methods and detection 
limits, are presented by Roberts et al. ( 1990) and Hopkins et 
al. (1988). An automated data acquisition and control sys
tem was used to continuously monitor the concentration of 
DO, methane, bromide, pH, and the chlorinated organics of 
interest in the injected and extracted ground water and the 
monitoring well samples. The system was capable of pro
cessing a sample from a preprogrammed location every 45 
minutes. During the biostimulation and biodegradation 
experiments, the system provided approximately six com
plete analyses per day at each of the five sampling locations 

(injection, extraction, Sl, S2, S3). 
The performance of the injection and the analytical 

systems is indicated in Table I, where the injection concen

trations and their standard deviations are presented. The 

average coefficients of variation in the injection concentra
tions ranged from 15 to 20% for the chlorinated organics 
and methane, approximately 9% for oxygen, and 7% for 
bromide, demonstrating the ability to maintain constant 
injection concentrations and to precisely monitor the chem
ical concentrations of interest. Since the automated data 

acquisition system provided large numbers of analyses, the 

standard error for the mean of the measured values is only a 
few percent. This precision permits accurate estimates of the 

degree of transformation. 
The degree of biotransformation achieved in the test 

zone was assessed using mass balance comparisons before 
and after biostimulation and direct comparisons with mass 
balances for bromide, used as a conservative (nonreacting) 

tracer during the biotransformation experiments. One 
method used was based on the ratio of the normalized 

concentration of organic solute to that of bromide tracer at 

each observation location, over a period of time where 

concentration remained constant, and quasi-steady-state 

conditions resulted. The percent biotransforrned is then 

given by equation (2): 
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Fig. 2. Dissolved oxygen (DO) response at observation 
locations during the biostimulation experiment (Biostim1). 

Percent biotransformed =(I - Crorg/Cfbr) X 100% (2) 

where Cro11 is the mean normalized breakthrough of the 
oganic solute after biostimulation, and Crbr is the mean 
normalized breakthrough of the bromide tracer over the 
same time interval. This equation docs not account for the 
amount of organic solute that is desorbing from the aquifer 
solids, and thus it tends to underestimate the degree of 
transformation, especially if steady-state conditions are not 

achieved in the test zone. 

Results of the Field Experiments 
Results of the First Season of Field Testing 
Biostimulation Experiment 

The experiment (Biostiml) was conducted to evaluate: 
(I) the ease of stimulating methane-oxidizing bacteria; 
(2) the stoichiometric requirements for methane and oxy
gen; (3) the rate of growth; (4) the areal extent over which 
biostimulation could be achieved; and (5) the effectiveness 

of the pulsing method for distributing microbial growth. 

Ground water containing either dissolved methane or 

dissolved oxygen was pulse injected alternately at the SI 
injection well as described by Roberts et al. ( 1990). The pulse 
cycle was varied during the course of the experiment, from 

less than I hr during start-up to ensure that pulsing would 
not interfere with growth, to a 12-hr period during the latter 

stages of the experiment to distribute growth over the test 
zone. The 1:2 pulse length ratio (methane:oxygen) resulted 

in time-averaged injected fluid concentrations of 5.9 and 

20.8 mg/1 respectively, for methane and oxygen. These 

concentrations are based on stoichiometric requirements for 

complete oxidation of methane. No additional nutrients (N 
or P) were added to the injected fluid. 

Figure 2 shows the dissolved oxygen (DO) concentra
tion as a function of time at the four observation locations: 

Sl (I m), S2 (2.2 m), S3 (4 m), and P (6 m). During the first 

140 hrs of the experiment, there was little evidence of DO 

consumption. Within 50 hrs of injection, DO concentrations 

reached maximum steady-state values, with some dccrcac;e 

with increasing travel distance. During this period, the 

bromide tracer and methane achieved the same degree of 
normalized breakthrough as DO, indicating the concentra
tion decline with distance resulted primarily from dilution 
by the native ground water and not from microbial con
sumption. Dilution at the extraction well is due to the 1-to-8 
ratio of the injection and extraction flow rates. 

The first signs of incipient DO consumption were 
observed in the extraction well and the S3 observation well 
after approximately 200 hrs of injection. The concentration 

at the extraction well decreased below the detection limit 
after 300 hrs of injection. Owing to the increasing utilization 
removal by microorganisms with distance, the decrease in 
DO was greatest at the observation wells farthest from the 

injection well. 
Figure 3 shows the similar response between methane 

and DO at the S2 observation well, decreasing as expected 

for methane oxidation by methanotrophs. At early time 
(0-50 hrs) methane and DO broke through similarly to the 

bromide tracer, indicating no retardation and minimal 
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Fig. 3. Response of methane and DO at the 52 well during 
the biostimulatlon experiment (Biostlm1 ). 

consumption. The relatively rapid decrease in the methane 

and DO concentrations over the period between 200 to 430 

hrs indicates fairly rapid microbial growth. Methane con

centrations decreased below the detection limit (0.25 mg/ I) 

after 430 hrs ofinjection. while a residual oxygen concentra

tion of approximately 3.5 mgfl was maintained. Based on 

these values, the mass ratio of oxygen to methane consumed 

was approximately 2.5, which is significantly lower than the 

ratio of 4 that would be required for complete methane 

oxidation. The lower measured ratio was also expected, 

however, since some of the methane carbon removed was 

associated with biological growth. 
The decrease of methane concentration below the 

detection limit at the S2 observation well after 430 hrs 

indicated that microbial growth was localized near the injec

tion well. The pulse cycles were therefore lengthened to 12 

hrs in order to prevent biofouling near the wellbore. The 

resulting response at the S2 observation well is shown in 

Figure 3: peak methane values increased from below detec

tion to maximum values of approximately I mg/1. Peak 

methane concentrations occurred when minimum DO con

centrations were observed, consistent with transport theory. 

These long pulse cycles were continued throughout the first 

year of experiments. Pulse cycle periods ranged from 6 hrs 

to 12 hrs. Based on some continued methane breakthrough 

at the observation wells, the pulsing is believed to have 

promoted a spatially distributed microbial population in the 

test zone. Biofouling of the near-well bore region was thus 

limited by the pulsing methodology, as anticipated in the 

experimental design. 

Biotransformation Experiments 
Results of the first season's biotransformation experi

ments, discussed in detail by Semprini et al. (1988), will be 

summarized here. The initial biotransformation experi

ments were performed after the test zone was biostimulated. 

TCE was then continuously injected over a three-month 

period, initially at an average concentration of 97 p.g/1. The 

TCE concentration was then reduced to 51 p.gfl so that 

desorption from the aquifer solids would result, and thus 

sorptive uptake onto the aquifer solids would not be a 

potential explanation for the decreases observed in the test 

zone. Methane and oxygen were continuously pulse-injected 

during this period. 
Upon reaching steady-state concentrations at the mon

itoring wells, the degree of transformation of TCE was 

determined by comparisons with bromide as a conservative 

tracer using equation (2). The degree of biotransformation 

at each location was as follows: S I, 17%: S2, 28%: S3, 23%; 

and extraction (P), 16%. Biotransformation was indicated 

only in the zone of active methane utilization. In the area 

between S2-S3 and the extraction well, no methane was 

present to support bacterial growth, and no additional deg

radation of TCE was observed. 
The concentration of 1,1,1-trichloroethane (TCA), 

found as a background contaminant in the test zone, was 

also monitored during the biotransformation experiment. 

After normalizing for the degree of mixing of the injected 

fluid with the native fluid (based on bromide tracer test 

data), over 95% of the estimated TCA concentration was 

observed at the S I and S2 observation wells. The estimate 

indicates minimal transformation of TCA. There is, how

ever, a large error associated with this estimate due to the 

high concentration of TCA in the native ground water. 

At the end of the first-year biostimulation experiment, 

TCE addition was stopped. Extraction and monitoring of 

the TCE elution was continued for an additional three 

months. The observations indicate a slow release of TCE 

sorbed onto the aquifer solids. A TCE and bromide mass 

balance over the complete biotransformation experiment 

showed 45% of the TCE injected during the course of this 

experiment was recovered by the extraction well, while over 

the same period, 65 to 70 percent of the bromide tracer was 

recovered. The lower recovery ofTCE compared to bromide 

provides additional evidence for the conclusion that 25 to 30 

percent of the injected TCE was biodegraded. 

Results of the Second Season of Field Testing 
The Organic Addition Experiment 

The second field season commenced with a long-term 

(five-week) organic transport experiment (TracerS) to estab

lish steady-state concentrations of TCE, cis-DCE, and 

trans-DCE in the test zone before restimulation, as well as to 

quantify the retardation of the organic solutes (Roberts et 

al., 1990). Operating conditions are presented in Table l. 

Before continuously injecting the chemicals, a background 

contaminant was detected in the ground water that coeluted 

with trans-DCE during GC analysis. The background peak 

area of this background contaminant was equivalent to 16 to 

27 p.g/1 oftrans-DCE and was identified by GC-MS analy

sis to be as 1,1-dichloroethane (1,1-DCA). Since !,I-DCA 

was found not to be transformed to a great extent in the test 

zone, the concentration of trans-DCE was corrected for its 

presence by subtracting an average background concentra

tion as measured in wells N l, N2, and N3located outside the 

test zone. 
Upon continuous injection of the target compounds, 

gradual increases at the monitoring wells towards the 

injected concentration (normalized breakthrough of unity) 

were observed for all the.compounds. This is illustrated in 

Figure 4 by the response of TCE (the most retarded com-
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Fig. 4. TCE breakthrough at the observation wells during 
the organic addition experiment (TracerS) at the start of the 
second season of field testing. 

pound) at the Sl and S2 observation wells and the extrac
tion well over the 40-day injection period. The slower 
approaches to steady-state values at the S2 observation well 
and the extraction well, which are farther from the injection 
well, can be seen. The breakthrough responses of trans
DCE and cis-DCE were similar to that of TCE. Possible
reasons for the slow approach to injected values includes 
rate-limited sorption and aquifer heterogeneities (Roberts et 
al., 1990). 

Table 2 summarizes the quasi-steady-state normalized 
breakthroughs achieved for bromide and the organic con
taminants during the organic addition experiment. Com
plete bromide breakthroughs at the S I and S2 observation 
wells were observed, indicating negligible dilution of the 
injected fluid by the native ground water. Mass balances 
indicated that 100 ± 5% of the injected bromide was 
recovered at the extraction well. The more complete break
through and enhanced recovery, compared to the first sea
son, permitted more accurate estimates of the extents of 
transformations achieved. 

The organic solutes reached quasi-steady-state frac
tional breakthroughs of94% at the Sl well, indicating neg
ligible transformation by biotic or abiotic processes or losses 
due to continued sorptive uptake during this quasi-control 
stage before biostimulation. Cis-DCE reached the highest 
quasi-steady-state fractional breakthrough at the S2 obser
vation well, followed by trans-DCE and TCE. This order is 
consistent with the degree of retardation, with TCE being 
the most strongly sorbed and cis-DCE being the least 

Table 2. TracerS Experiment - Percentage Breakthrough 
of the Chlorinated Solutes and Bromide 

Subsrance 

Bromide 
TCE 
cis-DCE 
trans-DCE 

at the Observation Wells 

Well Sl Well S2 Well S3 
(%) (%) (%) 

100 ±o:r 
94 ± 2 
94±3 
94± 3 

98 ± 3 
84± 2 
94±3 
93 ± 3 

83 ± 0.7 
68 ± 2 
72± 3 
72± s 

•standard error of the mean. 

Extracrion 
{%) 

13.6±0.1 
10.3 ± 0.2 
12.4 ± 0.5 
11.6 ±N.D. 

strongly sorbed (Roberts et al., 1990). Thus TCE, and to 
lesser extents cis- and trans-DCE, probably did not achieve 
maximum steady-state breakthrough concentrations at all 
locations before the start of the biotransformation experi
ment. 

The Biostimulation-Biodegradation Experiment 
The combined biostimulation-biotransformation 

experiment (Biostim2) immediately followed the organic 
solute addition experiment with operating conditions pre
sented in Table I. While injection of organic solutes con
tinued, methane and oxygen were added in short pulses of 
20 and 40 minutes, respectively. Average methane and DO 
injection concentrations were in the range of those used in 
the first season tests. Methane and DO uptake occurred very 
rapidly, with essentially no lag observed. The response indi
cated that some of the methane-utilizers stimulated in the 
first season were still present to immediately initiate methane 
utilization at the start of the second season, despite a six
month hiatus since the end of the previous biostimulation. 

Figure 5 shows the simultaneous response of methane, 
DO, and trans-DCE at the Sl observation well. The 
decrease in all three components due to biological activity is 
apparent after about one day of injection. Methane decreased 
below the detection limit after 72 hrs of injection, while 
dissolved oxygen and trans-DCE showed a continued grad
ual decrease in concentration. The reduction in trans-DCE 
concentration, coincided with the consumption of methane, 
provides direct evidence for the in-situ biotransformation of 
this halogenated compound as a result of the biostimulation 
of the methane-oxidizing bacteria. Several of the initial 
normalized values of trans-DCE are greater than unity. This 
is an artifact of the normalizing method used. Because the 
observed values are divided by the most recent injected 
values in normalizing and several of the initial injection 
concentrations were lower than the field value, the resulting 
normalized values were greater than unity. 

Figure 6 shows the S2 response of all three organics 
resulting from the biostimulation of the test zone. Bromide 
tracer results at the S2 well are also shown for comparison. 
A five-point running average is presented to clearly show the 
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Fig. 5. Methane, DO, and trans-DCE response at the S1 well 
during the second season's biostimulation-biotransforrna
tion experiment (Bioslim2). 
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trends for each compound. The decreases in concentration 
from normalized values near unity are apparent, especially 
for cis-DCE and trans-DCE. During this period, the bro
mide tracer breakthrough of unity was observed, demon
strating that decreases in the organic concentrations were 
not related to advective or dilution losses in the system, but 
were the result of biotransformation. Trans-DCE is shown 
to decrease in concentration most rapidly, followed by cis
DCE, and TCE. The more rapid decrease in trans-DCE 
concentration, compared to cis-DCE and TCE, is attributed 
to a faster rate of transformation. 

Production of a Transformation Intermediate 
Early in the second-year Biostim2 experiment, an 

intermediate product was detected during the chlorinated 
organic GC analysis. The sensitivity to electron capture 
detection indicated that this transformation product was 
halogenated. No peaks had appeared with a similar GC 
retention time during the previous years study with TCE, 
indicating that the intermediate was associated with either 
trans-DCE and/or cis-DCE transformation. 

Janssen et al. (1987) and Leahy et al. (1987) reported 
the formation of a relatively stable trans-DCE oxide ( epox
ide) from the biodegradation of trans-DCE by a consortium 
of methanotrophic bacteria. Results of GC-MS analysis 
(Reinhard et aL, 1989) confirmed that this intermediate 
observed in the field was indeed the trans-DCE oxide 
(epoxide). 

Figure 7 shows the increase in the epoxide concentra
tion, corresponding to the decrease in trans-DCE concen
tration resulting from biostimulation. The production of the 
epoxide appears to be associated with the transformation of 
trans-DCE. Quantification of the epoxide concentration 
was made using a synthesized external standard. There is 
some uncertainty in the accuracy of the epoxide concentra
tion estimate, but still the epoxide represents only a few 
mole percent of the trans-DCE degraded. 

Transient Methane Addition Experiments 
At the end of the Biostirn2 experiment, the methane

DO pulse time was increased to the standard 12-hr cycle, 
following which steady-state biotransformation conditions 
were achieved. A series of methane addition experiments 
(Decmethl) were then performed to assess to what degree 
lower methane concentrations influenced biotransforma
tion rates, and whether biotransformation continued after 
methane addition was temporarily ceased. 

Figure 8 shows the response of TCE and cis-DCE to 
these changes, while the responses of trans-DCE and the 
epoxide are shown in Figure 9. During the period of I 00-200 
hrs, lower injected methane concentrations (average of 2.7 
mg/lcompared to5.3 mg/lfor0-100 hrs) were produced by 
shortening the methane pulse length by a factor oftwo. No 
significant change in the degree of biotransformation 
resulted. Over the period of 275-475 hrs, methane addition 
was ceased. Gradual increases in cis-DCE, TCE, and trans
DCE towards injected concentrations resulted, indicating 
that biotransformation ceased. Sorptive retardation tends 
to promote the gradual increase in concentrations. This 

1.2 

0 
(.) 

~ 
1.0 

c 
~ 0.8 
~ c . .. 0.6 c 
0 
0 

... 
0.4 • !! 

ii 
~ 
0 0.2 z 

0.0 
0 

'o 
co 

Cl·.c 0 

o&;rCbx.o·C····It!? •• ~~~-"·~tl'-··-.-"' ID 
IOU 't:J "Cia li)<LI g-i? tl'••.,, 

0 MICE 0 TCE 0 
4. c..oc:E + .,.... 

100 200 
Time (hours) 

300 40a 

Fig. 6. Response of TCE, cis-DCE, trans-DCE, and bromide 
(as a conservative tracer) at the 52 well, during the 
biostimulation-biotransformation experiment (Biostlm2). 
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Fig. 7. Formation of the epoxlde intermediate,trans-dichloro
ethylene oxide, in response to the biotransformation of 
trans-DCE during the Blostlm2 experiment (well 51). 
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Fig. 8. Response of the cls-DCE and TCE at the 51 well to 
transient changes In methane addition In the experiment 
Decmelh1. Average methane concentrations 0-100 h, 5.3 
mg/1; 100-200 h, 2.7 mg/1; 200-274 h, 5.3 mg/1; 275-475 h, 0 , 
mg/1; >475 h, 5.3 mg/1. 
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Fig. 9. Response of trans-DCE and the epoxide at the 51 
wen to changes In methane addition In the Decmeth 1 exper
Iment (Methane concentrations as In Figure 8.) 

makes it difficult to determine from organics data alone 

whether or not biotransformation stopped immediately 

after methane was no longer available. 
The concentration of the epoxide, however, decreased 

in concentration soon after methane addition was stopped 

(Figure 9, t > 300 hrs ), indicating that the biotransformation 

of trans-DCE quickly ceased. The rapid decrease in the 

epoxide concentration also suggests that the epoxide is 

much less strongly sorbed than trans-DCE, and/or that 

transformation of the epoxide continues after methane 

addition was stopped. After 475 hrs, methane addition was 

restarted to restimulate the test zone. A rapid decrease in 

concentration of the halogenated compounds to previous 

levels occurred as biotransformation commenced (Figures 8 

and 9), and the epoxide intermediate reappeared (Figure 9). 

These data demonstrate that the biostimulated population 

of methane-utilizing bacteria required active methane

utilization for the biotransformation of halogenated aliphat

ics to occur. 

Degree of Biotransformation in the 
Second Season Experiments 

The degree of biotransformation of the organic solutes 

was estimated after qlUlSi-steady-state concentrations had 

been achieved in the test zone. The period evaluated was the 

fliSt 200 hrs of the Decmeth I experiment shown in Figures 8 

and 9. Estimates of the mean steady-state aqueous normal

ized concentration were computed by averaging over 40 

measurements at each location over this period. Biotrans

formation was estimated using two methods. The first was 

based on comparisons with bromide as a conservative tracer 

using equation (2). The second method compares normal

ized breakthroughs of the organic solutes before and after 

biostimulation. In this case the normalized breakthrough of 

each chemical before biostimulation, as measured during 

the TracerS experiment (Table 2), is substituted for the 

bromide fractional breakthrough in equation (2). 

The estimated percentage biotransformations, as a 

95% confidence interval range, are presented in Table 3, for 

the chemical at monitoring locations. The minimum to 

maximum percentage biotransformation based on these 

two methods and considering only the information from the 

observation wells (S2 and S3) were as follows: TCE, 3 to 

30%; cis-DCE, 46 to 58%; and trans-DCE, 58 to 76%. It is 

believed that the higher removal calculated by comparison 

with bromide provides the more accurate estimate. With 

TCE, a significantly lower removal resulted from the com

parison with the TracerS results, perhaps because TCE bad 

not reached its true steady-state level in that experiment 

Table 3 indicates essentially all of the biotransforma

tion of trans-DCE occurred within the first meter of travel in 

the zone between the injection and the S 1 observation well, 

where active methane utilization occurred. Cis-DCE and 

TCE appear to have undergone additional transformation 

between the S 1 and S2 wells. The TCE results are consistent 

with the fliSt season's results. 
The extent of transformation of trans-DCE during the 

steady-state portion of the experiment, evaluated above, is 

lower than the 80% transformation achieved during the 

earlier stage shown in Figure 6. Cis-DCE, however, shows 

the opposite result. It is not clear what caused these changes. 

The main difference in the experimental conditions is the 

longer methane-oxygen pulse lengths that were used during 

the latter steady-state period. 
The extent of biotransformation was also estimated 

from mass balances ofTCE and cis-DCE injected over the 

course of the experiments compared to the amount removed 

from the system by the extraction well. Here, the extraction 

well concentrations were measured for a period of three 

months after organic addition was stopped, in order to 

account for mass sorbed on the aquifer solids. Biostimula-

Table 3. Percentage Biotransformation in the Second Season's Biostlmulation-Blotranslormation Experiments 

Halogenated Well SJ Well S2 Well S3 Extraction 

ethene (%) (%) (%) (%) 

Comparison with bromide fractional TCE 10-14 21-25 
brealcthroughsLb cis-DCE 34-30 50-58 

trans-DCE 61-67 70-76 

Comparison with fractional breakthrough TCE 0-10 4-12 
before biostimulationb,c cis-DCE 29-37 46-54 

trans-DCE 55-64 62-72 

•Percentage biotransformation estimates (95% confidence interval shown). 
~ alues over a time interval of first 200 hrs of the experiment Decmeth I shown in Figures 8 and 9. 

'Fractional breakthrough before biostimulation given in Table 2. 
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tion conditions were maintained throughout this period. 
These mass balances indicate 30% of the TCE and 54% of 
the cis-DCE injected were not recovered by the extraction 
well. This lower recovery suggests biotransformation, and 
not hydraulic losses, since 100% recovery of injected bro
mide was achieved during the course of these experiments. 
The additional mass balances are in good agreement with 
those given in Table 3. 

Results of the Third Season of Field Testing 
The third season's experiments used the same experi

mental sequence as the second season's tests, but in addition, 
vinyl chloride was studied. Based on the mixed culture 
studies of Fogel eta!. (1986), and soil column studies per
formed in our laboratory (Lanzarone eta!., 1989), we antici
pated that vinyl chloride would be rapidly transformed. 

A hall detector was added to the automated data acqui~ 
sition system to increase the sensitivity in VC, trans-DCE, 
and cis-DCE detection. With the Hall detector, the coelut
ing background 1,1-DCA contaminant peak area repre
sented less than 2% of the trans-DCE injection concentra
tion peak area, permitting more accurate quantification of 
the trans-DCE concentration. 

In the third season's organic transport experiments, 
oxygen was not added to the injection water. Table 4 pre
sents the quasi-steady-state normalized breakthroughs of 
bromide and the chlorinated aliphatics achieved at the end 
of the Tracer 12 test The chlorinated aliphatics reached 86% 
to 100% of their respective injection concentrations at the 
Sl, S2, S3 wells, after adjusting for dilution by indigenous 
ground water based on the bromide tracer data. TCE, the 
most strongly sorbed compound, had the lowest degree of 
fractional breakthrough, consistent with the second season's 
results. The extraction well generally had the lowest degree 
of fractional breakthrough, indicating that steady-state 
conditions had not been achieved in all areas of the test zone 
before the biostimulation experiment was initiated. The 
nearly complete breakthrough at the S 1 for all compounds 
indicates minimal losses due to sorption, or abiotic or biotic 
processes in the absence of biostimulation. 

The operating conditions of the Biostim3 experiment 
were similar to those used in the second season of field 
testing. Methane and DO addition were initiated using a 
3-hr pulse cycle, slightly longer than that of the previous 
year. Methane was utilized immediately upon addition. 

Table 4. Tracer12 Experiment- Percentage Breakthrough 
of Chlorinated Solutes and Bromide 

at the Observation Wells 

Bromide VC' t-DCE c-DCE TCE 
Well (%) (%) (%) (%) (%) 

Sl iOO ± 0.6b 95 ± 1.8 100 ± 1.2 100 ± 1.2 95 ± 0.9 
S2 99 ±0.8 92 ±2.0 96 ± 1.6 99 ± 1.5 88 ± 1.3 
S3 100± 0.5 100 ± 1.8 97 ± 1.6 98 ± 1.3 86 ± 1.2 
Ext 15±0.5 92±2 97 ± 3 91 ±2 70±2 

' Chlorinated organics adjusted for dilution by native ground 
water based on the bromide fractional breakthrough presented 
in column I. 

b Standard error of the mean. 
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Fig. 10. Response of VC, trans-DCE, and cis-DCE at the S2 
well during the third season's bioslimulation-biotransforrna
tion experiment (Biostim3). 

Methane concentrations at the S I well remained below 0.5 
mg/ I after one day of injection, indicating even a greater 
number of methanotrophs were initially present than at the 
start of the second season of testing. The pulse cycle was 
therefore increased to 12 hours to distribute methane over 
the test zone. 

Figure 10 shows the simultaneous decreases of vinyl 
chloride. trans-DCE, and cis-DCE at the S2 well in response 
to biostimulation. Biotransformation started immediately 
upon the addition of methane and DO, consistent with the 
previous season's results. Bromide tracer breakthroughs 
were complete during this period; thus the decreases in the 
organic solutes concentrations result from biotransforma
tion. Vinyl chloride was the most rapidly transformed, fol
lowed by trans-DCE, and cis-DCE. TCE (not shown) was 
the most slowly transformed. The concentrations of vinyl 
chloride and trans-DCE decreased most rapidly within the 
first 50 to 80 hrs of biostimulation, followed by more grad
ual decreases at later times. Cis-DCE concentrations 
decreased more gradually. The rank order of rates of 
biotransformation-trans-DeE > cis-DCE > TCE-is 
consistent with the second season's results. The decrease in 
trans-DCE concentration was more rapid than observed in 
the second season. This result is consistent with the more 
rapid methane uptake, and the likelihood that more 
methane-utilizing bacteria were initially present in the test 
zone, resulting in faster removal rates. 

Degrees of Biotransformation in the Third Season 
The degrees of biotransformation achieved in the third 

year are presented in Table 5. Vinyl chloride was more than 
95% biotransformed within two meters of travel in the 
biostimulated test zone. The lower degree of biotransforma
tion of VC based on the extraction well estimates probably 
results from not having achieved steady-state conditions at 
that location during the 200-hr evaluation period following 
methane addition. The vinyl chloride concentration was 
reduced to approximately I p.g/1, demonstrating that 
drinking-water standards might be satisfied by this process. 

Ninety percent of the injected trans-DCE was biotrans
formed in the biostimulated zone, which is greater than the 
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Table 5. Percentage Biotransformation -Third Field Season 

Haloge1111ted Well Sl Well S2 Well S3 Extraction 
ethene (%) (%) (%) (%) 

Comparison with bromide fractional TCE 7-13 15-19 16-22 24-30 
breakthroughs' cis-DCE 28-34 38-44 41-45 46-52 

trans-DCE 83-87 89-91 89-91 68-72 
vinyl chloride 81-90 94-98 93-97 85-91 

Comparison with fractional breakthrough TCE 2-10 1- 9 6-14 -9- 9 
before biostimulation cis-DCE 25-37 36-44 38-46 33-53 

trans-DCE 81-89 86-94 86-94 64-76 
vinyl chloride 78-90 92-98 91-99 84-91 

'Percentage biotransformation estimates (95% confidence interval shown). 

70 to 80 percent achieved in the second season. The differ
ence may have resulted from the large error associated with 
the second year's estimate, due to the presence of the coelut
ing 1,1-DCA contaminant. The estimated cis-DCE and 
TCE transformations are in the range found in the second 
year's tests. For cis-DCE, steady-state conditions were 
probably not achieved during the 400-hr evaluation period, 
and thus removals are probably underestimated. 

In general, the responses to biostimulation observed in 
the third season tests agree well with the second season's 
responses demonstrating the reproducibility of the field 
experiments. The tests also demonstrated that VC was 
rapidly transformed as anticipated from laboratory studies. 

Discussion of Results 
The results of this field evaluation indicate that 

enhanced in-situ biotransformation of chlorinated aliphatic 
compounds is a potential method for aquifer restoration. 
Native bacteria in the subsurface if present can be readily 
stimulated to degrade these compounds when the proper 
conditions are provided in the subsurface. The experiments 
demonstrated that these conditions can be promoted in-situ 
in a controlled manner. 

Biostimulation here did not require the addition of 
biological nutrients (N and P). A high background concen
tration of nitrate in the ground water (30-60 mg/1) was 
available as a nitrogen source. Phosphate concentrations in 
the ground water, however, were very low, less than 0.1 
mg/1, and were near the solubility limit with respect to 
minerals such as hydroxylapatite. Dissolution of phosphate 
minerals, as phosphate in the ground water was removed by 
the microorganisms, may have acted as a source of 
phosphate. 

The ease of biostimulation of the aquifer is consistent 
with the results of batch soil column laboratory experiments 
using aquifer solids from the test zone. Studies by Wilson et 
al. (1987), Mayeret al. (1988), and Lanzarone and McCarty 
(in press) indicate methane utilization occurred within a few 
weeks after addition to the columns. These results indicate 
that such laboratory studies may be quite useful in determin
ing the presence and ease of stimulating a particular class of 
microorganisms for restoration purposes. 

The oxygen to methane uptake in the test zone was 
significantly lower than required for the complete oxidation 
of methane, indicating that a portion of the methane added 

is used for cell synthesis. Anthony (1979) suggests cell yields 
ranging from 0.5 to I mg cells per mg CHc, and stoichiomet
ric ratios ranging from 2.5 to 3 mg 02 per mg CR.. These 
ratios are consistent with the field measurements. 

The alternating pulsed addition of methane and oxy
gen served to prevent biofouling in the area near the injec
tion well and helped distribute the biological population 
through the test zone. An alternative method of achieving a 
similar effect (which may be simpler in practice) would be to 
add the methane and oxygen at separate wells and allow 
them to mix by dispersion in the treatment zone. 

The different methods of assessing the degree of 
degradation-including mass balances on the amounts 
injected and extracted, comparison of normalized break
through concentrations with pseudo-control experiments, 
and comparisons with bromide as a conservative tracer
yield reasonably consistent results. These estimates of the 
degree of biotransformation are based on the measured 
ground-water concentrations, and do not directly account 
for degradation of the sorbed contaminant. The experimen
tal methodology used, however, minimized sorption effects 
by continuously injecting the target chemicals and conduct
ing experiments for sufficiently long periods so steady-state 
conditions were closely approached. Of the compounds 
studied, sorption is most likely to influence the estimate of 
the transformation of TCE, the most strongly sorbed and 
the least degraded compound. 

The results indicate a similar degree of transformation 
for TCE over the three seasons of field testing. Thus, over the 
study period, there was no apparent increase in the ability of 
the microorganisms to degrade TCE. 

Several experimental observations indicate that the 
stimulation of methane-utilizing bacteria was responsible 
for the biotransformation of the chlorinated aliphatic com
pounds: (I) the simultaneous decrease of chlorinated organ
ics with the onset of methane utilization, (2) the appearance 
of the epoxide intermediate for trans-DCE, and (3) the 
increase in chlorinated organic concentrations and the dis
appearance of the epoxide intermediate when methane 
addition was stopped. Observations (1) and (3) indicate a 
direct association with methane utilization. The formation 
of an epoxide as a first step in the biotransformation of these 
compounds has been suggested by Henry and Grbic-Galic 
(1986) and Littleet al. (1988). Janssen et al. (1987) and Leahy 
eta!. ( 1987) identified an epoxide intermediate in laboratory 
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studies of trans-DCE transformation by methane-utilizing 
mixed cultures. Moore eta!. ( 1989) also observed the forma
tion of the trans-DCE epoxide, from the transformation of 

trans-DCE by methane-utilizing organisms in a laboratory 
aquifer simulator. The formation of epoxides is also a well

known step in the oxidation of aliphatic compounds by 
methanotrophs (Patel eta!., 1982). The observations of the 
epoxide intermediate product in these experiments there
fore support the argument that aerobic transformation was 

occurring, and provided an immediate indication when the 
biotransformation process ceased, . .as was the case when 

methane addition was stopped. 
An argument might be made that anaerobic conditions 

resulting from the oxygen consumption required for 
methane utilization were responsible for biotransformation 
of these compounds. There is no evidence that this was the 
case. Intermediate products of anaerobic transformations, . 
as discussed by Vogel and McCarty ( 1985), were not 
observed in the field. The rates of transformation were also 
faster for the less chlorinated compounds, consistent with an 
aerobic transformation process but inconsistent with 
anaerobic transformation (Vogel et al., 1987). 

An increase in the organic carbon content of the aqui
fer solids due to biostimulation of methane-utilizers, and a 
resulting increase in the sorption capacity does not explain 
our observations. An estimate of the increase in the micro
bial mass due to biostimulation by Semprini and McCarty 
( 1989), indicates a slight increase ( <2%) in organic carbon 
content would have occurred, compared to that contained 
in the aquifer solids. Thus, no significant increase in sorp
tion capacity was likely. 

The greater extents of transformation of VC, and cis
and trans-DCE, compared to TCE and TCA, are in qualita
tive agreement with both laboratory investigations and 
theoretical considerations previously discussed. Thus, the 

structure of the molecules being degraded is an important 

consideration for in-situ restoration with methane-oxidizing 

bacteria. A compound that is less halogenated, such as vinyl 

chloride, is rapidly degraded, and thus more amenable to 

treatment, than a compound such as tetrachlorethylene 

(PCE) which is more highly chlorinated and hence less 

rapidly degraded. 
Another important factor which controls the rate of 

biotransformation of the compounds in the test zone is the 
biomass of methane-utilizing bacteria stimulated. The bio
mass size was limited by the low solubilities of methane and 
oxygen in the injected fluid. The greater extent of TCE 

biotransformation observed in some laboratory studies 
(Wilson and Wilson, 1985) probably results from the higher 

microbial concentrations. Based on an empirical correlation 
by Wilson and White (1986), a reduction in TCE concentra

tion of approximately 35% would be expected for 6 mg/ I of 
methane consumption. This is in fairly good agreement with 
the field observations. Thus, it appears that a major limita
tion on the biotransformation achieved was the amount of 

methane and oxygen that could be delivered under satu

rated conditions, limiting the biomass of methane-utilizing 

bacteria that could be supported. 
Several other factors may influence the degree of trans-

formation obtained: (I) competition between methane and 

the chlorinated organics for the methane monooxygenase 
enzyme, (2) requirement to adapt to the chlorinated organic 
before degradation occurs, (3) unfulfilled minor nutrient 
requirements, and (4) sorption of the organics onto the 

aquifer solids. There is limited experimental data to deter
mine which of these factors may have the most effect on the 

rates of transformation. 
Results of soil column experiments by Lanzarone and 

McCarty (in press) and mixed cultured studies of Henry and 

Grbic-Galic ( 1987) suggest that high concentrations of 

methane may inhibit TCE degradation. Hou et al. (1979) 
and Patel et al. (1982) found methane to inhibit the rate of 
utilization of other hydrocarbons. This may explain why no 
change in the degree of transformation resulted when the 
methane concentration was temporarily lowered (Figures 8 
and 9). Directed evidence of such inhibition was observed in 
our field experiments (Semprini et al., 1989). The effect of 
sorption on biotransformation is not well understood. In the 
field test, vinyl chloride, cis- and trans-DCE were less 
strongly sorbed than TCE, and were degraded at a faster 
rate. But here, sorptive effects cannot be easily separated 
from structural effects. 

Active methane utilization was required for biotrans
formation of the chlorinated organics under the field condi
tions studied, which is consistent with laboratory studies by 
Little et al. ( 1988), but not those of Lanzarone and McCarty 
(in press). The biostimulation may have enriched a popula
tion which requires active methane utilization for biotrans

formation to occur. In-situ restoration would be more easily 
and effectively accomplished if biotransformation could 
continue for some period after methane addition was 
stopped. More studies are here needed. Also, additional 

research is needed in order to obtain a better understanding 
of the biotransformation process and how it might be opti
mized for use as a viable in-situ restoration method. 

Conclusions 
The field experiments have shown that microbial trans

formation processes observed in the laboratory can be pro

moted and effectively tested in-situ, under conditions typical 

of many contamination incidents. Stimulation of a specific 

population of indigenous bacteria that degrade selected 

compounds of interest can be accomplished when the 
proper conditions are promoted in the subsurface. In this 
study the population of methanotrophic bacteria was 
enhanced by the addition of methane as a primary substrate 

for growth. 
The biostimulation and biodegradation experiments 

demonstrated that: 
I. A specific class of microorganisms, the methano

trophs, which are indigenous to the subsurface environ

ment, can be successfully biostimulated to promote the 
degradation of certain chlorinated aliphatic compounds. 

2. Partial transformation of VC, 90 to 95%; trans

DCE, 80 to 90%; cis-DCE, 45 to 55%; and TCE, 20 to 30%, 
occurred over a relatively short flow path of one to two 
meters in a field test with fluid residence times of one to two 

days. 
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3. The rate of biotransformation was dependent on the 
structure of the chlorinated organic compounds, with less 
chlorinated compounds more rapidly transformed. 

4. An intermediate transformation product, trans
DCE oxide, was produced and resulted from trans-DCE 
oxidation, which is consistent with the proposed transfor
mation pathway. 

5. Active utilization of methane in the test zone was 
required for chlorinated aliphatic biotransformation to 
occur. 

Overall, the field results confirmed the existence of a 
natural population of methane oxidizers that could be stim
ulated by introducing methane and oxygen. Moreover, it 
was demonstrated that quantitative comparisons could con
firm the extent of transformation within five percent. 
Finally, it was observed that substantial transformation of 
TCE, cis- and trans-DCE, and VC occurred within a dis
tance of a few meters and residence times on the order of 
several days. 
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GEOCHEMICAL PROCESSES CONTROLLING THE MOBILITY OF ORGANIC 
COMPOUNDS IN GROUND WATER INCLUDE 

• Sorption/Partitioning 

• Oxidation/Reduction 

• Volatilization 

• Complexation 

Sorption/partitioning is a measure of the distribution of a given compound in two phases and is 
expressed as a concentration ratio. Partition coefficient values are useful in describing the 
environmental behavior of the organic compound of interest. Many organic compounds can 
either accept or donate electrons, forming reduced or oxidized species. This is environmentally 
significant since the oxidized and reduced forms of an organic compound many have totally 
different biological and ecological properties. The transport of a compound from the liquid to 
the vapor phase is called volatilization and it can be an important pathway for chemicals with 
high vapor pressures or low solubilities. Naturally occurring organic compounds (humic and 
fulvic acids) can undergo complexation reactions with metals and pesticides. Complexation 
reactions can increase the solubility of metals including iron, aluminum, copper, nickel, and 
lead. 
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Fate and transport or organics 
in the environment. 
(James M. Montgomery 9 1985> 

The concentration, behavior, and eventual fate of an organic compound in the aquatic 
environment are determined by a number of physico-chemical and biological processes. These 
processes include sorption-desorption, volatilization, and chemical and biological 
transformation, solubility, and vapor pressure. The partition coefficient of a compound 
determines its concentration and residence time in water. Solubility data, however, are lacking 
for many compounds. Equilibrium vapor pressure is a measure of the solubility of the 
compound in air from liquid phase. 
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(HYDROPHOBIC SORPTION 

• Hydrophobic sorption involves the sorption of organic 

molecules onto organic coated minerals or solid-organic 

matter in soil and aquifer material 

• Hydrophobic compounds are readily soluble in many 

nonpolar organic solvents, but are sparingly soluble in 

water 

• The relatively lower solubility in water is the result of a lack 

of electrostatic attractions between the nonpolar organic 

solutes and the dipolar molecules of water 
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Schematic representations of the electrostatic interactions or hydrogen bonding between the 
dipolar nitrobenzene and water and the lack of interaction between carbon tetrachloride and 
water. The aqueous solubilities of nitrobenzene and carbon tetrachloride are 2000 and 800 
mg/L, respectively. 
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ADSORPTION OF ORGANIC COMPOUNDS 

A SOLVENT SYSTEM THAT HAS BEEN EXTENSIVELY USED TO QUANTIFY 
HYDROPHOBIC SORPTION IS THE N-OCTANOL-WATER SYSTEM. 

• Solubility of octanol in water is 300-540 mg/L 

• Octanol imitates the fatty structures in plants and living 
tissues 

• Linear relationship between aqueous solubility of organic 
compounds and their octanol-water partition coefficients 

• kow data can be used to estimate the relative strength of 
"hydrophobic bonding" in biological systems 

In general, the more hydrophobic "water disliking" the organic compound is, the more likely the 
organic will be adsorbed onto the sediment. The solubility of an organic compound depends 
primarily upon the sorption-desorption characteristics of the organic compound in association 
with the soil or sediment. The physico-chemical characteristics of the adsorbent (surface area, 
nature of charge, charge density, presence of hydrophobic areas, and organic matter such as 
humic and fulvic acids) and the adsorbate (water solubility) determine the extent and strength 
of sorption. 
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This figure shows the relationship between n-octanol: partition coefficient (kow) and aqueous 
solubility. Organic compounds such as benzene and carbon tetrachloride are moderately 
soluble in ground water (1,780 and 800 mg/L, respectively) and have kow values of 135 and 
437, respectively. Other organic compounds of lower aqueous solubility such as DDT have a 
kow value of 1.58 x 1 os. DDT is relatively nonmobile in most aqueous solutions. 
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For neutral organic compounds, the sorption was shown to correspond to the organic content 

of the soil or sediment. Koc (kp/fraction of organic carbon) correlates well with water solubility 

and kow (k for octanol/water mixture). This table shows some empirical equations describing 

adsorption of organic compounds. The relationship between kp and koc, however, has limited 

predictability since many neutral organic compounds are also adsorbed by materials with little 

or no organic content. Chemical data for several organic compounds are provided in this 

lecture material. 

Proposed empirical equations correlating K (Freundlich adsorption constant divided by the 

organic carbon fraction) with aqueous solubility and0 g-octanol-water partition coefficients. 

Basts General Form Estimates of Constants References 

------------------------------------------------------------------------------------------------------------_A_ 

Aqueous solubility log K • A + 8 log S 
oc 

4.273 

3.64 

3.95 

IC data log K • A t 8 log K -0.21 
OW oc ow 

-0.317 

0.49 

0.88 

SC:X~: Griffin and Roy, 1985 

8 

-0.686 

-0.55 

-0.62 

1.00 

1.00 

0.72 

0.909 

s 
(mg/L) 

(mB/L) 

(mB/L) 

Heans et at. (1980) 

len•1• (1980) 

Hassett et at. (1983) 

Kerickhoff et at. (1979) 

Hean1 et at. (1980) 

Schvarzenbach end 
Westall (1981) 

llaeeett et at. (1983) 



CO:MPOUND: 
FOR:tYfULA: 

AQUEOUS SOLUBILITY : 

DIELECTRIC CONSTANT: 

LOG KOW: 

BENZENE 

Cs Hs 
1,780 mg/L AT 20C 

2.13 

LOG KOC : 1.93 
(FROM SOLUBILITY} 

LOG KOC : 2.01 
{FRO~ KOW) 

MOBILITY CLASSIFICATION: HIGHLY MOBILE 

REMARKS: BENZENE IS USED EXTENSIVELY BY THE 
PETROLEUM INDUSTRY AND SOLVENT 
RECOVERY PLANTS 
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SOLVENT 
methanol, acetone, methyf elhyTitetone, pyridine, ethyl 

acetate, Isobutyl alcohol, dlethyl ether, cyclohexanone, 

n-butyl alcohol, o-cresol, p-cresol, methyl Isobutyl 

ketone, methylene chloride 

Koc MOBILITY 
CLASS 

V~ry Highly 
Mobile 

m-cresol, carbon disulfide, benzene 
~----------------------------------------------------------------------------

i100 
Highly Mobile 

trichloroethylene, 1,1, 1-trichloroethane 

· carbon tetrachloride 
toluene 

tetrachloroethylene 
chlorobenzene 

o-xylene 

p-xylene 

m-xylene 

ethyl benzene 

a-dichlorobenzene 

SOURCE: Utah Water Research Laboratory 

200 1-

300 f-

400 1-

500 

600 ~ 

700 ~ 

800 f-

900 ~ 

Medium 
Mobility 

-

Low Mobility . 

Mobility classification of the 37 organic solvents based on their aoil-water partition 

coefficients (Koc) using a classification system proposed by the Utah Water Research 

·Laboratory (.1983). 
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Variation in log Kp for selected organic compounds on various 
natural sediments. 

This figure shows the relationship between the adsorption constant (kp) and the amount of 
organic carbon (foe) reported by Schwarzenbach and Westall {1981) where 

Log Kp = 0.721og kow +log foe+ 0.49 

As the amount of organic carbon increases, the partition coefficient increases several orders of 
magnitude. CLB, DCB, TCB, and TECB mean chlorobenzene, dichlorobenzene, 
trichlorobenzene, and tetrachlorobenzene, respectively. Major controls on adsorption include 
% organic carbon, the amount of fine-grained material, and the aqueous solubility of the 
organic compound. 
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1,4-Dioxane (log Kow = -Q.27) 

A Umestone; shaley 
limestone inter1ayers 

Concentration 
C Sub-aqueous outwash -so- contour in 

poorly sorted .,avels, parts per 

sand and silts bill:- (l9S2) 
8 Till; coarse alliUiar ..... • 

cobbles and boulders in D Stratified clayey silt 
sand and silt matrix and silt Maximum 

contamination 

N Gloucester I.Jindfill 

1 
E 

Line of section E-E' 

E' 

Sections illustrating the occurrence of three of the organic contaminants found at the 

Gloucester sanitary landfill near Ottawa, Ontario. Reprinted from jackson and others, 

1985. Contaminant Hydrogeology of Toxic Organic Chemicals at a Disposal Site, Glou

cester, Ontario, 1. Chemical Concepts and Site Assessment. NHRI Paper No. 23, Environ

ment Canada, 114 p. 

A variety of organic contaminants were disposed of in shallow trenches in 
glacial drift. Diethyl ether, tetrahydrofuran, 1 ,4-dioxane, carbon tetrachloride, 

benzene, and 1 ,2-dichloroethane were the main contaminants. Plumes for 

some of the contaminants shown in the above figure illustrate the variable 

extent of spreading. The size of the plume for all compounds, however, is 

inversely related to the hydrophobicity of the compound as measured by the 

KOW. This relationship strongly suggests that hydrophobic sorption is a 
dominant process. 
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Retardation of carbon tetrachloride (CTET) and 
tetrachloroethylene (PCE) as comp~ to chlo
ride (CL). Contour interval depicted for CL is 5 
mg/L beginning at an outer contour of 10 mg/L. 
Contour intervals depicted for CTET and PCE are 
0.1 J,lgll beginning at an outer contour of 0.1 
J,lgll (from Roberts and others, Water Resources 
Res., v. 22, p. 2047-2058, 1986. 

A large-St;dle tracer experiment was conducted at Canadian Forces Base 
Borden using carbon tetrachloride (CTET), bromoform (BROM), 
tetrachloroethane (PCE), 1,2-dichlorobenzene (DCB), and hexachloroethane 
(HCE) by Roberts and others (1986). These contaminants sorb onto aquifer 
materials to a greater extent relative to chloride (CI·). The above figure shows 
the distribution of two of the lesser retarded contaminants (CTET and PCE) in 
relation to Cl-. Roberts and others (1986) evaluated the sorptive behavior of 
these contaminants in terms of retardation factors estimated from the velocity 
ratios, Vc1/Vi, which are shown in the table below. The more hydrophobic 
compounds showed the highest amount of retardation. 

Calculated retardation factors for five chlorinated 
hydrocarabons as a function ef time• 

Retardation factors for 
Time 
(days) CTET BROM PCE DCB HCE 

15 1.8 1.9 2.7 3.9 5.1 
30 1.9 2.0 3.1 4.6 6.1 
85 2.1 2.2 3.9 5.7 7.9 

250 2.3 2.5 4.8 7.3 Not quantifiable' 
400 2.4 2.6 5.3 8.0 Not quantifiable' 
650 2.5 2.8 5.9 9.0 Not quantifiable' 

'Not quantifiable owing to disappearance of HCE. 

"From Roberts and others, Water Resources Res., v. 22, p. 
2047-2058, 1986. 
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Sorption isotherms for CTET, PCE, and DCB (from Curtis 
and others Water Resources Res., v. 22, p. 2059-2067, ' ' 1986. Copyright by American Geophysical Union). 

Batch and column experiments are conducted to quantify sorption and redox 
reactions. Batch sorption experiments provide isotherms that model the 
partitioning of a species between aqueous and solid phases. This figure shows 
that linear sorption is an important process. The species decrease in sorption as 
follows: DCB>PCE>CTET. Calculated distribution coefficients increased with 
increasing hydrophobicity as measured by the octanol/water partition coefficient 
(KOW) shown in the table. 

Measured distribution coefficients• from batch sorption experiments • 

CfET BROM PCE DCB HCE 

Number of data 11 10 25 24 52 
Cmax,ng/cm' 47 13 49 50 34 

Kd, 95% Cl 0.17 ± 0.03 0.17 ± 0.02 0.48 ± 0.02 0.81 ± 0.03 0.81 ± 0.03 
Jll 0.972 0.992 0.994 0.993 0.981 

1{cm'lg) 

•from Curtis :md others, Water Resources Res., v. 22, p. 2059-2067, 1986. Copyright by Amcric:m 
Geophysical Union. 
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ORGANIC SOLUTE ADSORPTION BY AQUIFER MATERIAL 

• As the kow of the solute increases, the importance of the organic 
matter increases · 

• The importance of organic matter decreases as the surface area 
of the mineral fraction increases 

Critical· organic fraction 

The amount of organic matter present when sorption by organic and inorganic fractions are 
equal. 

Studies using adsorbents such as montmorillonite without organic matter have demonstrated 
that hydrophobic compounds are also adsorbed by the inorganic fraction of soils and 
sediments. There is a critical level of organic matter in a soil at which adsorption by the organic 
and inorganic fractions are equal, and below which the organic matter is not dominant. This 
level is called the critical organic fraction, which is described by the following equation: 

s 1 
(foc)i = 

200 (kow) o.84 

where (foe) = critical organic fraction, s = surface area, and kow = octanol-water partition 
coefficient of the solute. 
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CRITICAL ORGANIC CARBON 

The previous figure shows the relationship between critical organic fraction and grain size. As 
the kow of the solute increases, the importance of the organic matter increases; but its 
importance decreases as the surface area of the mineral fraction increases. For compounds 
with kow values exceeding 6000 (PCB, DDT), the Critical Organic Fraction is less than 0.03%, 
even if clay minerals are present. For compounds with kow values between 245 and 6000 
(aromatic, hydrocarbon, pesticides) the Critical Organic Fraction is Jess- than 0.1% for clay 
minerals with surface areas less than 30 m2/g {kaolinite), which represents most soils and 
sediments. For compounds with kow values less than 245 (toluene, benzene, 
trichloroethylene) the Critical Organic Fraction rises rapidly, indicating an increased proportion 
of the adsorption occurring on mineral surfaces. If a soil has a very low organic content, it is 
possible that sand and clay-sized material may dominate the adsorption process, especially for 
soils with high clay content (high surface area) and very soluble organic compounds (kow 
values less than 24) such as methanol, acetone, and pyridine. 
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COMPLEXATION OF METAL IONS 

THE COMPLEXATION OF METAL IONS BY ORGANIC MATTER IS AN IMPORTANT ORGANIC-INORGANIC INTERACTION 

The following reaction types may occur 

• Reaction between DOC and metal ions 

• Complexation reactions of suspended organic matter and metal ions 

• Bottom sediments (lake) and metal ions 
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Mobility of a hydrophobic compound m.tin to die 
mobility of the same compound without the prnenc:e of a 
mac:romoltiC'Uie • a function of oc:tanOI-w.nr partition 
coefficient and amount of organic c:arbon in 1M mobile 
phae( En ,r,c./J uAc!. i•A1tt..s.son.1 19SS ). 

Recently, attention has been given to the possibility of binding of the organic molecules such as 
pesticides to dissolved organic carbon, micelles, or other colloidal materials. This figure shows the 
importance of a macromolecule (blue dextran) on the mobility of hydrophobic compounds (benzene, 
toluene, diuron, etc.). These mobile macromolecules may greatly increase the chemical mobility of 
anthropogenic organic contaminants by cosolvent interactions. This figure shows the change in mobility 
of hydrophobic chemicals (pesticides) due to the macromolecule (dissolved organic carbon) rather than 
the mobility of the chemical. This figure may provide an explanation of why hydrophobic pesticides 
(DDT) have been reported to move farther under field conditions than model calculations. High
molecular weight organic compounds (pesticides) are affected to a greater extent than are low
molecular weight organic compounds (benzene) by cosolvent processes. 
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Macromolecules can migrate faster than the average linear ground water flow velocity because they do 
not migrate through pore spaces smaller than the size of the macromolecules. A decrease in porosity 
results. If these macromolecules contain anthropogenic organic contaminants, both organics will 
migrate faster than the average linear ground water flow velocity. The increase in flow velocity may 
increase the mobility of hydrophobic organic compounds by a factor of 5 or 10. When a municipal 
landfill containing high concentrations of DOC has toxic hydrophobic compounds, the hydrophobic 
compounds will migrate at faster rates relative to environments that do not contain high concentrations 
of DOC. Clay liners potentially may not be an effective barrier for the macromolecules and 
anthropogenic organic compounds if a reduction in effective porosity occurs relative to the migration of 
'he macromolecules. 
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PETROLEUM HYDROCARBONS 
· Petroleum is a naturally occurring oily, flammable liquid composed 

principally of hydrocarbons (50- 98°/o) with the remainder consisting 
of organic compounds, oxygen, nitrogen, sulfur, and metals. 
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AROMATIC HYDROCARBONS OF THE GASOLINE FRACTION 
OF PETROLEUM 

Benzene 

Ethylbenzene 

lsopropylbenzene 

1-methyl-3-ethylbenzene 

1 ,3,5-trimethylbenzene 

Tert-butylbenzene 

1 ,2,3-trimethylbenzene 

Toluene 

Xylenes 

N-propybenzene 

1-methyl-4-ethylbenzene 

1-methyl-2-ethylbenzene 

1 ,2,4-trimethylbenzene 
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·····HI'. . · · 1 , 2 dibrorroethane 

p-xylene, o-xylene 

Overvtew of underground petroleum-product leakage and subsurface 
tmpacts (modtfted after API, 1980 and Yantga, 1982). . 



GROUND WATER QUALITY 
DATA 

ALBUQUERQUE, NEW MEXICO 

SPECIES TYPE1 TYPE2 
AND UP- SOURCE 

PARAMETER GRADIENT AREA 

pH 7.40 7.14 
Eh (mV) -115 -150 
Temp (C) 19 19 
Fe (mg/L) 0.3 56 
Mn (mg/L) 0.86 3.4 
HC03 (mg/L) 381 869 
AI (mg/L) <0.25 27 
Benzene (l.tg/L) ND 3800 
Ethyl benzene NO 1000 
(Jlg/L). 
Toluene (Jlg/L) NO 3500 
0-Xylene (Jlg/L) NO 2500 
M-Xylene (l.tg/L) NO 3800 
P-Xylene (l.tg/L) NO 1600 
TOS (mg/L) 952 1540 

' 

NWWA 
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Oxic Spray lone 

Carbon dioxide production 
Carbonate dissolution 
Aluminosiliucate dissolution 

Oxic Background lone 

Anoxic Zone 

Dissolution of quartz 
Oil Body Mobilization iron, manganese 

Possible precipitation of carbonate 

Oxic Downgradient Zone 
Carbon dioxide degassing 
Precipitation of carbonates 
Precipitation of silica 
Precipitation of iron oxides 

About 20m 

I I 

Oxic Background lone 

Redox environments related to a crude oil spill at Bemidji. Minnesota (from Siegel, 
1987). 

Based on detailed studies of major ions, some trace elements. pH, Eh, and 
dissolved oxygen, Siegel (1987) defined four redox environments related to a 
pipeline spill at Benidji, Minnesota. These processes are shown .in the above 
figure. This study shows the importance of characterizing aquifer materials as 
well as the water chemistry, including inorganic and organic solutes. Microbial 
degradation was shown to be dominant process for removing organic 
contaminants from solution. 

Siegel, U.S. Geological Survey Openfile report 87-109, p. C-13- C15 
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BENZENE OXIDATION 

OXIDIZING HALF REACTION 

1/6CsHs + n02 + 3H20 = C032- + 7H+ + 5e-

ADD 0.005, 0.01, 0.02, 0.03, 0.04, AND 0.05 MOLES 
OF DISSOLVED OXYGEN. 

COUPLE BENZENE OXIDATION WITH Fe(OH)3 
REDUCTION. 

QUANTIFY WATER-ROCK INTERACTIONS WITH 
USE OF PHREEQE GEOCHEMICAL CODE. 
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BENZENE OXIDATION 
7.6 -0.8 

-1.0 -7.5 E ..... 
-1.2 ~ -C\1 J: 7.4 -1.4 0 c. 0 c. 
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7.3 
(!J 
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BENZENE OXIDATION 

0.05 -0.8 

c 0 C6H6 w 
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0.03 0 
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MOLES OF 02 ADDED 
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BENZENE OXIDATION 
c 20 -0.22 w 
> 

Fe(OH)3 -I 0 
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81 -0.23 VJ • VJ 
c 
0 -0.24 
N 
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BENZENE OXIDATION 
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c BENZENE OXIDATION 
w 
!::::! 0.05 c 
>< 0 Fe(OH)3 
0 

0.04 • C6H6 a: 
0 

c 
w 0.03 > ...... 
0 en en 

0.02 c 
0 
N 
::r: 0.01 
CJ 
~ -en 
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c BENZENE OXIDATION 
w 

0.05 > 
..J 
0 0 Fe(OH)3 en • BENZENE en - 0.04 c 
a: 
0 
c 0.03 
w 
N -c ->< 0.02 0 
0 
N ::r: 

0.01 

" ~ -en 
w 

0.00 ..J 
0 7.2 7.3 7.4 7.5 7.6 

== pH 
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PHYSICO-CHEMICAL CHARACTERISTICS OF PETROLEUM HYDROCARBONS 

ADSORPTION 

• Dependent on temperature and organic carbon content of sediment 
o.,.;~ o..rc- l (.~ 5 1'\'Wb,·l-c.. 

• Aliphatics adsorb to a greater exten~han aromatic hydrocarbons 
{dependent on aqueous solubility) 

./ 
( • Desorption from sediments is slow 
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PHYSICO-CHEMICAL CHARACTERISTICS OF PETROLEUM HYDROCARBONS 

VOLATILIZATION 

• Dependent on the rate of aeration of water 

• Effective for aromatic hydrocarbons, benzene, toluene, and 
xylenes 
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Half-Lives for Volatilization of Some Typical 
Aromatic Monocyclic Compounds 

COMPOUND HALF-LIFE (t1h) 

Benzene1 4.81 Hours 

Chlorobenzene1
'
2 

· 9.0 Hours 
1Q-11 Hours 

1, 2,-Dichlorobenzene1
•
2 <9.0 Hours 

8-9 Hours 

1, 3,-Dichlorobenzene1 ---10 Hours 

1, 4,-Dichlorobenzene 1'
2 <9 Hours 

11-12 Hours 

Hexachlorobenzene3 -... 8 Hours 

· Ethyl Benzene 1 5-6 Hours 

Nitrobenzene 1 -... 200 Hours 

Toluene1 5.18 Hours 

2, 4-Dinitrotoluene1 -... Hundred of Days 

2, 6-Dinitrotoluene 1 -...Hundreds of Days 

Sources: 1-Versar 1979, 2-Garrison and Hill 1972, 
3-Mackay and Leinonen 1975 · 

(NWWA) 
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POL VNUCLEAR AROMATIC 
HYDROCARBONS 

e Environmentally significant 

• Found in diesel and other types of fuels 

ADSORPTION 
e Strongly adsorbed in soil and sediment 
e Low aqueous solubility Lf r5 k l<o c . .J. 
• Low vapor pressure \ -r\~5 k. 0 ,·-s h Co 

VOLATILIZATION 

e Significant for 2-ring aromatic compounds (Naphthalene) 
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ALIPHATIC HYDROCARBONS 

Aliphatic hydrocarbons constitute a diverse group of organic compounds characterized by an 
open-chain structure and a variable number of single, double, and triple bonds. 
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Examples of Aliphatic Hydrocarbons 

Carbon Tetrachloride 

Dibromoethane 

Dichloroethane 

·· Dichloroethylene 

Cl 
I 

CI-C-CI 
I 

Cl 

Br-CH -CH -Br 
2 2 

CL-CH-CH 
I 3 

Cl 

Cl 
I 

CH ==C 
2 I 

. Cl 
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Known and Suspected Aliphatic and 
Carcinogens Found in Drinking Water 

KNOWN/SUSPECTED 
MUTAGENS 

1, 1, 1-Trichloroethane 
Bromomethane 
Chloromethane 
Bromodichloromethane 
Dichloromethane 

Bromoform 

2-Chloropropane 

1, 2-Dichloropropane 

1-Chloropropene 

1, 1-Dichloroethane 

1, 2-Dichloroethane 

Chlorodibromomethane 
1, 3-Dichloropropene 
Dibromomethane 

Hexachloroethane 

KNOWN/SUSPECTED 
CARCINOGENS 

chloroform 

carbon tetrachloride 
1, 1-dichloroethylene 
1, 1, 2-trichloroethylene 
1, 1, 2, 2-tetrachloroethylene 

1, 1, 2-trichloroethane 

dibromoethane 

2-bromoethylpropane 

1 , 1 , 2, 2-tetrach loroethane 

hexachlorobutadiene 

vinyl chloride 

Sources: Kraybill 1980; Kraybill et. al. 1978; Sittig 1980. 
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PHYSICO-CHEMICAL CHARACTERISTICS OF ALIPHATIC HYDROCARBONS 

ADSORPTION 

• Chloromethanes have little affinity for surface interaction with 
sediment 

VOLATILIZATION 

• Chloromethanes volatilize from aqueous solution 
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Key to numbered compounds 

G)Resorcinol @lindane 

0 Phenol @ Arochlor 12 32 

(D HeKanoic acid · 

@chtorolorm 

@Benzene 

@Pvrene 

@ llrochlor 1254 

@ Benzola)pyrene 

@Bromoform @Dieldrin 

. CD carbon tetrachloride@ Aldrin 

@ Chlo10benzene @ Amylose 

® Perchloroeihytene . @ Fulvic acid 

@Hexane @Humic acid 

@oecane 

JOG 

This figure presents an oveiView of the types of organic compounds to which different 
treatment processes, based on physico-chemical properties of the compound, that may be 
applied. The boundaries between each region of the diagram represent a generalization based 
on aqueous solubility and molecular weight of the different organic compounds. Jon exchange 
removes polar and Ionized organic compounds, such as phenols, from aqueous solution. Air 
stripping effectively eliminates volatile organics, such as carbon tetrachlonde, that are of low 
aqueous solubility and molecular weight. Adsorption removes pesticides and polynuclear 
aromatic hydrocarbons. Oxidation and/or coagulation are used to degrade and precipitate 
humic and fulvic acids. 

" 
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SUMMARY 

Organic matter and fine-grained sediments influence the 
sorption of organic solutes 
Octanol -water partitioning of organic solutes quantitatively 
describes hydrophobic sorption 
Aqueous DOC can increase the solubility of organic solutes in 
natural systems e__:oc provides binding sites for pesticides and metals 

QD~ >I ~fl-1~ ~ 
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Data Compilation for Soil 
Sorption Coefficient 

Results for soil sorption coefficient are presented 
for 336 hydrocarbon and organic chemicals. 

• • • • •• • • • • • by O..nr Y.J~nr, Duiel H. Cba .,d c.d L. r.ws · · · · · · · ·• · · 

=:~~. The soil sorption c:oefficicut K.. which detemlines the partitiomng of an orpnic 
chemical between the soil/sediment and 
the aqueous solutioa. is an imponant en
Yironmental parameter. K. affects the 

~ physical movement of poUutanu, chemical degrada
tion (photolysis and hydrolysis). biodegradation, 
acidity and butrered solution-pbase conc:cntration. 

As a RSUit, the soil scnption coefficient is widdy 
used in river, nmoft' and soillgrouudwater models for 
•ssessin1 the fate and 1riDSpolt or chemicals. With 
the Yllue or K. Jcnown, the partition uptake or water 
conumin•au for a particular soillsediment or the 
depee of leac:biq or the pollutants into the puunct. water can be estimated. . 

The amount or chemicals sorbed onto a soil or 
sediment dcpcads on the CODCCDtl31ion or chemicals 
and their ·equilibrium distribution c:ocllicient [Le., 
K.). For dilute aqueous solutions. the distribution 
c:oefficient can be adequately expressed with the Fre· 
undlich equation with 1/n equal to one. 
where: xlm • K. C (Eq. I) 
X • weight or solute sorbed (mB) 
C • equilibrium concentration of solute in aqueous 
phase (mg/L) 
m - weight or sorbent. orpnic carbon in soil (JcB) K. • soil sorption coefficicat 
. From Equation 1, K. can be interpreted as the 
ratio of the solid phase conc:cutration (normalized 
for the orpnic carbon content) to the solution pbase 
concentration of the chemical at equilibrium. There
fore, in commonly used uniu, JC. is: 

K. m~ orpnic carbon - m aqueous conccntration (Eq. 2) 
The unit of K. can be abbrmated as 1JJcg. The 

average orpDic carbon content of a typical soil is 
from O.S percent to 3.S pen:cnL By basing the sorp
tion c:oefficient on soil (or sediment) organic carbon, 
one can diminate much of the variation betwccD soils 
due to orpuic carbon contenL 

The cited expcrimental.or predicted X. values are 
intended for a normal environment (2o-c. pH 4-8, 
etc.). Attempts to extrapolate far beyond these condi· 
tions may incur errors. In cases where tbe coefficient 
is expressed in terms of soil organic matter, K_ the 
following equivalence c:an be used to obtain K..: 

K. - 1.72 K.. (Eq. 3) 

PoLwT1ofo: ENOJNUJUNG Jtn."E 15, 1992 

This assumes the orpnic matter contains about ss percent carbon. 
The results for the soil sorption c:oefliciCDt for 01'

ganic chemicals in water are Biven in Table 1. Mdting 
point (MP) and molecular weight (MW) data also are 
provided to facilitate prcdic:tions for other coviron
mcutal properties. The tabulation is app1icabJc to a 
wide variety of orpnic chemicals in ClODW:t with 
water at normal ambient conditions. The wide variety . or substances include bydroc:arbons. acids, alcohols, i· esters, ethers, ketones. fluorides. cbloricfcs, bromides, i llllines, sulfones, Diuos, amides, sulfides and phosi pbates. The tabulation is arranged by CllboD number ! to bdp -.: ......... locate data • die c:hembl formula. . ~~z . uana i Ia preparins the table. ·a database was compiled ! from many litera1Ufe sources. The DOD-linear group ! contribution method wu used to estimate the soil ! sorption coefficient wben experimen111 JC. values i -were not awilable. A companson of Cllcul•ted and i experimcutal values for the soil sorption c:ocfJicient ! <FiSUR 1) sbows general agreement or calc:u'••ed and ! experimental wlues for differat orpnic cbemicals. i The compilation for the soil sorption cocflic:icot ! is accurate enousb for use in iDitia1 CJIIiDeerins and i environmental iaipact studies involvin& orpnic comi pounds in water. 1Wo examples an: gi'VCD. i Exllmpl1l. For aqueous concentration ofbenzeue ! (C6H6) in contaminated river water ot 10 ppm by i weight. wbat will be the maximum uptalce ofbenzeue l by the bottom sediment? The awrage orpnic carbon 

! content or the bottom sediment can be taken as 3 i perccnL Refer to Equation I, xlm • JC. C. i Calc:ulate the amount of organic carboD per metric 
~ ton ofbottom sediment: · . 
1 m • 1000 x J'MI • 30 q orpnic carbon 
! Then substitute tbe soil sorption CX)tjficieJII olbemme: 
l • 83 (mLsorbedlkg opic carbon) l K. (mi/L aqueous concentration) , 
~ • 83 (mg sorbedllcs orpnic carbon) i (ppm aqueous conc:entratJOD) 
~ Adding tbe aqueous concentration, C • 10 ppm, 1 into Equation 1 gives: 
1 X • 30 X 83 X 10 • 2.S X 104 mg • 0.02S kg 
l Examp/~ 2. Atrazine (C8Hl4a.NS) is uniformly i applied to a field and incorporated into the soiL The i soil has a bulk density of l.2S kgiL, 2 perccDt organic i carbon aud 2S percent each air ud water by volume. 
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Table 1 
Soil Sorption Coeffident 

MW MP Koc@20C 
No. . formula Name 

... 
g/mol c IJ1cs 

1 CCL4 Tetrachloromethane 153.84 -23.16 1.22E+02 
2 OtCL3 TrlchlonHnethane 119.39 -111.16 7.68E+01 3 Ot2CL2 Dichloro-methane 84.94 -95.16 4.74E+01 4 Ot3N02 Nitromethane 61.G4 -28.16 1.76£+02-5 Ot4N20 thea 60.06 132.70 1.40E+01 6 Ot1203NPS2 Dimethoate 181.23 52.00 9.ooE+OO I 7 CCL3F3 1,1 .2·Tridlloromftuoroethane 187.38 -35.16 5.32E+01• 8 CCL4 Tetrachloroechene 165.85 -22.16 3.S9E+02 • ~ 
9 CCL6 Hexachloroetbane 236.74 184.84 4.13E+OZ. 10 C2HCL3 Trlc:hloroelftene · 131.39 -86~16 1.37£+02· 

11 CHCLS Pentachloroethane 202.29 -29.16 3.G7E+02• 12 CH2BR2 1, 1-Dibromoelhene 185.87 - 4.40E+01 
13 CH2BR2 CJS.1 ,2-Dibramoethene 185.87 -53.00 7.68E+01 
14 CH2BR2 Trans-1 ,2-Dibromoelhene 185.87 -6.50 7.68E+01 
15 CH2CI.2 1, 1-Dichloroelhene 96.94 -117.16 1.02E+01• 
16 CH2CL2 CJS.1 ,2-Dichloroelhene 96.04 -80.16 8.02E+01• 
17 C2H2CI.2 TraMo1,2-Dichloroethene 96.94 -50.16 8.02E+01• 
11 CH2CL4 1,1 ,2,2·Tetrachloroethane 167.86 -36.16 7.86E+01 ·. 
19 C2H38R2CL 1 ,2-Dibromo-3-Chloroethane 222.33 - 2.22!+02 
20 CH3CL3 Trichloroethane 133.42 -37.16 2.41E+Ol-
21 CHlNS Melhyllsothlocyana&e 73.12 - 6.0GE+OO 
22 CH4BR2 Dibromoethane . 117.11 9.84 6.24E+01 
23 CH4CU 1, 1-Dichloroethane 98.96 -97.16 1.02E+01• 
24 C2H4CU 1 ,2-Dichloroelhane 98.97 -35.16 3.21E+01 
25 OH4CU 1, 1-Dic:hJofopropene 110.91 - 4.52E+01 
26 OH4CU 1,3-Dic:hJofopropene 110.91 - . 4.63E+01 ;. 
27 OH40.N5 Trletazine 145.56 103.0G 6.00E+02 ~ 
21 OH5BR2CL 1,2-Dibrarl.l..chloropropane 236.36 - 1.29E+02 
29 OHSCL3 1,2;,3-Trlc:hlocopaplne 147.43 -14.16 2.42E+02• . 
30 OH68R2 ·. 1,2-Dibramoplopane 201.19 -55.16 6.97£+01• 
31 OH6C1.2 1,2-Dichloropropan 112.99 -100.16 4.63E+01 . 
l2 OH6C1.2 1,3-Dichloroprop 112.99. -99.16 1.41E+OZ. 
l3 OH6CI.2 2,2-Dichloropropan 112.99. -34.16 1.41E+OZ. ~ l4 OHIN05P Clyphosale 169.GI - 2.64E+03 
lS C4HIBR2 1,2-Dibramobutane 215.92 -65.16. 1.22E+OZ. 

~ 36 C4HIBR2 2.3-Dibromobutane 215.92 -34.16 1.22!+02-
37 CSH2CL3NO 3,5,6-Trlchloro-2-PyrldJnol 253.36 - 1.30E+02 
ll CSH108R2 2,3-Dibrarl.l-Melhylbutane • 229.94 14.8:4 2.13E+02• 
39 CSH10N2025 Melhomyl 162.21 - · 1.60E+02 . 
40 C6CL6 Hexac:hlorobenzene 284.80 229.84 3.91E+03 
41 C6F6 Hexaftuorobenzene 186.06 4.14 1.83E+Ol-" 

' 42 C6HCLS ~ 250.35 -45.60 5A4E+03· ~ 43 C6HCL60 Penrachlorophenol 301.11 174.00 9.0GE+02 .... C6H2CL4 1,2,3,4-Tetrac:hlorobenzene 215.90 47.50 1.16E+04 . 
45 C6H2CL4 1,2,3,5-Telrachlorobenzene 215.90. 54 .SO 2.73E+03 
46 C6H2CL4 1,2,4,5-Tetrac:hlorobenzene 215.90 140.00 1.25E+04 
47 C6H38Ra.N02 3-Chloro-4-Bromobenzene 236.47 61.00 l.94E+02 
48 C6H3CI.2N02 3,4-Dic:hloronltrobenzene 192.01 43.00 3.35E+02. 

49 C6H3CI.2N02 Dichloropicolinic Add 192.01 - 2.00£+00 
50 C6H3CL3 1,2,3-Trlchlorobenzene 181.46 54.00 4.03E+Ol 
51 C6H3CL3 1 ,2,4-Trlchlorobenzene 181.46 17.00 8.62E+02 
52 C6H3CL3N202 Pidoram 241.46 - 1.70£+01 
53 C6H~CL30 2,4,S.Trlchlorophenol 198.05 69.00 5.13E+02 
54 C6H3CI.30 2,4,6-Trlchlorophenol 198.05 69.00 4.68E+02 
55 C6H3CL4N Njcrapyrin 230.93 62.00 4.20E+02 ·. 

56 C6H48RN02 2-Bromonitrobenzene . 202.02 43.00 2.60E+02 
57 C6H<48RN02 3-Bromaniuobenzene 202.02 17.00 2.60£+02 
58 C6H<tBRN02 +Bromanitrobenzene 202.02 127.00 2.60£+02 
59 C6H4CL2 M-Dichlorobenzene 1<47.01 -25.16 3.13E+02 
60 C6H<4CL2 O.Oichlorobenzene 1<47.0\ 52.84 2.92E+02 

•• Estimated 
( .. .. . 
\....," 
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No. Formula 
61 C6H4CL2 
62 C6H-4CLJNO 
63 . C6H4CLN02 · 
64 C6H4F2 
65 C6H4F2 
66 C6H4F2 
67 C6H5BR 
68 C6H5BRQ.N 
69 C6H5Q. 

; 70 C6HSQ.2N 
71 C6H5Q.N 
72 C6HSQ.O 
73 C6H5F 
74 C6H5N02 
75 C6H6 
76 C6H6Q.3 · 
77 C6H6Q.6 
78 C6H6Q.6 
79 ' C6H6N202 
80 C6H6N202 
81· C6H60 
82 C6H7N 
83 C6H7N 
84 C6H7N 
85 C6H15N 
16 C7H4CUN03 
87 C7H4N204S 
aa C7HSQ.2N02 
89 C7H5Q.2NS 
90 C7HSF3 
91 C7H6CUN20 
92 C7H6Q.3 
93 C7H602 
94 C7H78RN20 
95 C7H78RN20 
96 C7H7Q.N20 
97 C7H7Q.N20 
98 C7H7F 
99 C7H7FN20 

100 C7H7FN20 
101 C7H7FN20 
102 C7H8 
103 C7H8Q.NO 
104 C7H8N02 
105 C7H80 
106 C7H80 
107. OHIO 
108 C7H80 
109 C7H9N. 
110 C7H9N 
111 C7H9N 
112 C7H11Q.N20 
113 C7H12CLN5 
.114 C7H14N202S 
115 C7H1702PS3 
116 C8H5Q.303 
117 C8H6 
118 C8H6Q.203 
119 C8H6Q.203 
120 C8H6Q.3NO 
121 C8H7CL2NO 
122 C8H7CL2N02· 
123 C8H7Q.3N20 
124 C8H8 
125 C8H8 
126 C8H8BRNO 

I • ·bliiNIN --. 

Soil sorption coefficient is an 
important environmental parameter. 

.MW 
Name sfmol 
P-Dichlorobenzene 147.01 
2-Methoxy-3.5,6-Trichloropyridine 212.47 
6-Qioropicolinic Acid 157.56 
M-Oifluorobenzene 114.09 
Q.Oifluorobenzene 114.09 
P-Difluorobenzene 114.09 
Bromobenzene 157.01 
~romoaniline 206A8 
Chlorobenzene 112.56. 
3,4-Dichlcwoaniline ·162.02 
3.s-Dichlaroaniline 162.02 2<hlorophenol .. 129.16 
Fluorobenzene · 96.10 
Nitrobenzene 123.08 
Benzene 78.11 
~lor 184.48 
Gamma-BHC 290.85 
Undane 290.85 
3-Aminonitrobenzene 138.12 
4-Amfnonitrobenzene 138.12 
Phenol 94.11 
2.Picollne 93.13 
3-Picollne 93.13. 
Aniline 93.13 
Triechylarnine 101.19 
Tridopyr 256.48 
Asulam 212.18 
ChlOramben 206.03 
Chlonhiamid 206.10 
M,A-Trifluorocoluene 146.11 
(3,4-0ichlorophenyi}Uru 205.05 
~richloramethyl) Aniline 196.49 
Benzoic: Add 122.12 
CJ.Bramopflenyf) Uru 215.06 
(+Bramaphenyf) Uru 215.06 
Q-chloraphenyf) Urea 170.60 
o-Chlarophenyl) Urea 170.60 
P-FIUOIOIOiuene .110.13 
Q..fknphenyl) Urea 154.14 
Q.Fiorophenyl) Uru 154.14 
(4-Fiorophenyl) Urea 154.14 
Toluene 92.14 
]<hlolo-4-Methoxyalline 157.60 
Phenylurea 138.14 
Anisole 108.13 
M-Oesol 108.14 
Q..Cn!sol 108.14 
P-Cresol . 

108.14 
2-Medtylanillne 107.15 
3-Medtylanlline 107.15 
4-Methylaniline 107.15 
J.(3.Chloro-4-Methyfphenyi).1-Methy 174.63 
Slmuine 201.66 
Aldlcarb 190.97 
Phorale 260.38 
2,4,5-Trichlorophenoxyacetic Acid 255.49 
Ethynyfbenzene 102.14 
2,4-0ichloropheno~ic Acid 221.04 
Dlcamba 221.84 
~rifloromethyl) Acetanilide 238.51 
3,4-Dichloroacetanilide 204.06 
Chlcnmben 220.06 
(3-Trifloromethyl) Phenyluru 253.52 
1.3,5,7.Cyclooc:t.atetraene 104.15 
Styrene 104.15 
2-Bromoac:etanilide 214.07 

-39-
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MP ICoc@lO C ' 
c lJicg 

-24.16 4.l2E+02 - 9.20E+02 - 9.00E+OO 
-24.16 1.83E+02• 
-34.16 1.83E+02• 
-13.16 1.83£+02· 
-31.16 2.97E+02• 

-215.16 1.80E+02 
-45.16 2.17E+02 

72.00 1.93E+02 
52.00 1.28E+02 
9.00 2.JOE+01 

-39.16 1.82E+02• 
5.84 8.64E+01 
5.84 8.30£+01 

89.00 8.00£+04 - 9.11E+02 
113.00 1.08£+03 
114.00 5.JOE+01 
149.00 7.50E+01 
40.84 2.70£+01 

-66.16 4.42E+01• 
-18.16 4.42E+01• 

-6.16 2.50E+01 
-115.16 1.43E+02• - 2.70E+01 - 3.00E+02 - 2.10E+01 - 1.07E+02 
-29.16 3.16£+02· - 3.06£+02 - 2.27E+02· 
122.84 7.91£+00· . - 1.14£+02 - 1.13£+02 - 4.03£+01 

- 1.02E+02 
-57.16 3.13£+02· - 1.01£+02 - 5.80£+01 - 3~8E+01 
-95.16 3.03£+02• 

52.00 8.40£+01 
147.00 2.21£+01 

-37.80 3.40£+01 
11.84 3.60E+02• 
30.84 3.60£+02· 
34.84 3.60£+02· 

-43.00 4.42E+01 
-64.00 4.42£+01 
-4.87 7.86£+01 - 1.25£+02 

226.00 1.35£+02 
100.00 3.00E+01 - 3.20E+03 

0.00 5.30£+01 
-30.16 5.19£+02• - 6.00£+01 
115.00 4.70£+02 - 5.56E+01 

- 2.17E+02 - 5.07E+02 - 9.02£+01 - 5.19£+02• 
-30.16 S.19E+02• 

99.00 1.01£+02 

.J" 



MW MP 1Coc@20 c No. formula Name g/mol c lJ1cg 
127 C8H8BRNO 3-Bromoacet.anilide 21 ... 07 87.50 1.01E+02 128 C8H8BRNO 4-Brornoaceranilide 21 .. .07 168.00 1.01£+02 129 C8H8CL20l Chloreoneb 207.06 - 1.16E+03 130 C8HBC1.2N20 J.(l,+Olchlorophenyi)-1-Methyluru 219.07 - 2.85E+02 131 C8H8CLNO 2-Chloroacelanilide 169.61 - 3.76E+01 132 C8H8Q.NO 3-Chloroac:etanilide 169.61 - 7.17E+01 
133 C8H8CLN02 Methyi-N-(3-Chlorophenyl) Carbamate 185.61 - 1 • .COE+02 1l<f C8H8FNO 2..floroacetanillde 153.15 - 7.8ofE+01• 135 C8H8FNO 3-Fioroac:et.anillde 153.15 - 3.67E+01 1-36 C8H8FNO ~II Ide 153.15 - 2.99E+01 137 C8H8N203 2-Nitroaeetanillde 180.16 9<f.OO 8.62£+01 131 C8H8N203 3-Nicroac:eCanillde 180.16 155.00 1.62£+01 139 C8H8N203 <f-Nitroac:efanillde 180.16 216.oo 1.62£+01 1<f0 C8H80 · h:etophenone 120.1 .. 20.50 ".30E+01 1 .. 1 C8H9BRN20 ~romophenyl) Urea 229.08 - 2.32£+02 1 .. 2 C8H9Cl.N20 3-(3-Chlorophenyl)-1-Methylurea 11<f.63 - I • .C0£+01 1 .. 3 C8H9CLNZ02 B-Chloro 4 Melhoxylphenyl) Urea 200.63 - 9.90£+01 144 C8H9FN20F Q.Methyi-4-Fiorophenyi) Urea 161.17 - 5.96£+01 
145 C8H9NO Acelanllide 135.16 114.30 2.66E+01 146 C8H9N02 ~ate 151.16 - 5.30£+01· 147 C8H10 Elhylbenzene 106.17 -95.16 5.19E+02• 141 C8H10 M-Xylene 106.17 . -48.16 5.19E+02•. 149 C8H10 O.Xylene 106.17 -25.16 5.19£+02• 150 C8H10 P-Xylene 106.17 12.a.. 5.19E+02• 151 C8H10Q.303PS Melhyi-Chlorapyrifos 323.58 - 3.30£+03 152 C8H10N20 o-Melhylphenyl Urea 150.18 - 3.59£+01 153 C8H10N02 3-Phenyt-1-Methylurea 152.17 151.00 1.90£+01 154 C8H100SPS Methyl Paralhion 249.21 36.oo 9.80£+03 155 C8H11BRN202 lsodl 247.10 15S.OO 1.30£+02 156 C8H1o40.NS Atrazlne 216.70 172.00 1.49£+02 
157 C8H14N405 Metribuzin 214.29 125.00 9.50£+01 151 C8H1902PS3 Dlsulfolan 274.41 - 1.71E+Ol 159 C9H6CL2N203 Methazoht 261.D7 - 2.62£'+03 160 C9H7CL303 Sliva 269.32 111.00 2.60£+03 161 C9H7N Quinoline 129.15 15.60 5.70E+G2 162 C9H10 MoMelhylstyn!ne 118.11 -86.16 l.l<fE+02• 163 C9H10 ().Melhylstyren 118.11 -61.16 l.l<f£+02· 164 C9H10 . PoMelhylstyrene 11L11 -l<f.16 8.1<fE+02• 

• 165 C9H10 CIS-Piapenylbenzene 118.11 -62.16 I.S..E+02• 166 C9H10 T~benzene 118.11 -29.16 l.l<fE+02• 167 C9H108Ra.N202 · 3-(3-Chloco+Bromophenyi)-1-Melhyl 293.56 - 3.76£+02 161 C9H10BRQN202 Chlorblamnon 293.56 - 4.60£+02 
16t C9H10CL2N2 Diuron 217.10 158.00 . 4.ooE+02 
170 C9H10CL2N20 3-(3,4-0fch~)o1,1-Dimedtyl 233.10 - 1.61E+02 171 C9H10CL2N02 J.O.+Oichloraphenyl)o1-Methly-1-M 249.10 - 2.66£+02 172 C9H10CUN02 Unuran 249.10 93.00 1.20£+02 173 C9H10Q.N02 3-Chl~nilide 199.64 - 1.23E+01 174 C9H11 BRN202 3-(4-8romophenyi)-1-Methyl-1-.'\1ethox 259.11 - 1.a..E+02 175 C9H11BRN202 Metoblomuran 259.11 95.00 6.00£+01 
176 C9H11CL3N03PS Chlorpvrifos 350.60 43.00 6.10£+03 1n C9H11a.N20 3-Q-Chlorophenyl)o 1,1-Dirnelhylurea 198.65 . - 6.10£+01 171 C9H11CLN20 3-(4-Chloraphenyi)1,1-Dimethylurea 198.65 170.00 4.96£+01 . I 179 C9H11a.N20 Monuran 191.65 17S.OO 1.00£+02 180 C9H11a.N202 3-(3-Chloro-4-Melhoxyphenyf)-1-Meth . 214.65 - 6.85E+01 
181 C9H11a.N202 ).(+Chlorophenyi)-1-Methyi-1-Metho 214.65 - 1.S3E+02 182 . C9H11a.N202 Monoinuran 214.65 - 2.00E+02 183 C9H11FN20 3-0-Fiorophenyi1,1-Dimethylurea 182.19 - 5.31£+01 11<f C9H11FN20 ].1(4-fiolophenyl)-1, 1-Dirnelhylurea 112.19 - 2.66£+01 
115 C9H11NO 2-MelhyiM:etanilide , .. 9.19 110.00 2.79£+01 
116 C9H11NO 3-Methylacetanlllde 149.19 65.50 2.79£+01 
187 C9H11NO 4-Methylacetanillde 149.19 148.50 2.79E+01 
188 C9H11N02 4-MelhoxyaCetanilide 165.19 . 131.00 2."9E+01 189 C9H11N02 Ethyl N-Phenylcarbarnate 165.19 - 6.54£+01 
190 C9H12 1 ,2,3-Trimethylbenzene 120.19 -25.16 8.S..E+02• 
191 C9H12 1 ,2,4-Trimethylbenzene 120.19 - .. 6.16 8.ME+02• 
192 C9H12 Cumene 120.19 -96.16 8.8<fE+02• 
193 C9H12 M-Ethyltoluene 120.19 -95.16 8.ME+02• ,,.. C9H12 O.EthyiiOiuene 120.19 -81.16 8.ME+02• 
195 C9H12 P-Ethyltoluene. 120.19 -62.16 8.ME+02• 
196 C9H12 Propyl benzene 120.19 . -99.16 8.ME+02• 
197 C9H12N20 1,1-Dimethyi-3-Phenylurea 164.20 - <C.63E+01 
198 C9H12N20 Fenuran 164.20 128.00 2.70E+01 · 

• • ltlionlled 

. Jtn-"E 15, 1992 Poi.WT10S EN<iJMEwHa 
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No. 
199 
200 
201 
202 
203 
20-4 
205 
206 
207 
208 
209 
210 
211 
212 
213 
214 
215 
216 
217 
218 
219 
220 
221 
222 
223 
224 
225 
226 
227 
228 
229 
230 
231 
232 
233 
234 
235 
236 
237 
238 
239 
240 
241 
242 
243 
244 
245 
246 
247 
248 
249 
250 
251 
252 
253 
254 
255 
256 
257 
258 
259 
260 
261 
262 
263 

.~ 264 

-".:.,. 

· K detennines the partitioning of an organic chemical 
between. the soi//sedbnent.and the aqueous solution. 

MW MP 
Formula Name g/mol c 
C9H13BRN202 Biomacil . 261.13 158.00 C9H13a.N202 TerbKII 216.67 176.00 C9H13CLN6 Cvanazine 2-41.71 167.00 C9H160.N5 Propazine 229.72 213.00 C9H16N<COS Tebuthluron 228.32 -C9H17N5S Ametryn 227.33 -C9H19NOS 5-Ethvl Oi-N, N-Propylthioarbamate 189.32 -C9H2204P2S4 Ethlon · 38-4.49 -13.00 C10H05PS Parathion 264.15 6.00 C10H7N3S Thiabendazole 201.25 -C10H8 Azulene 128.17 174.00 C10H8 Naphthalene 128.16 80.00 C10H8C.N03 Pyruon 225.63 -C10H8f3N20 ]o(l.(TrifloromethyllPhenyl)o 1, 1..01 229.18 -C10H80 Naphthol 14-4.16 96.00 C10H9F3N304 Trifluralin 292.20 49.00 C10H11f3N20 Fluometuron 232.20 164.00 C10H12a.N02 Chlorpropham 213.66 -41.00 

C10H12N20 3oPhenylo 1-Cyclepropylurea 176.21 -C10H12N205 Dlnoseb 2-40.21 -C10H13CLN20 J.(J.Ch~phenyl)o1,1-DIM 212.68 -C10H13a.N202 J.(J.Chforo-4.Methoxvlphenyi).1,1-D 228.68 -C10H13N02 · Propham 179.21 -C10H13N02 fso.Piopyi.NoPhylcarbamate 179.21 -C10H13N02 ~· 179.21 -C10H14 1 ,2.3,4-Tetramethylbenzene 134.22 -6.16 C10H14 1.l.l,S.Tetrameehylbenzene 134.22 -24.16 C10H14 1.2A,S.Tetramelhylbenzene 134.22 78.8-4 C10H14 Butylbenzene 134.22 -88.16 C10H14 M-Dielhylbenzene 134.22 -8-4.16 
C10H14 . O.Oielhylbenzene 134.22 -31.16 C10H14 P-Dielhytbenzene 134.22 -42.16 C10H14N20 3..(4 Melhylphenyi).1,1-Dimechyturea 178.23 -C10H14N202 ].(3..,..~1,1-Dimelhylure 194.23 -C10H14N202 3-(4 Melhoxyphenyl)o 1,1-Dimelhylure 194.23 -C10H16CL3NOS Triallale 304.67 -C10H17C.2NOS ·- Dlallale 270.22 -C10~·118 Decahydronaphthalene. as 138.25 -43.16 C10H18 Decahydronaphtbalene, Trans 138.25 -30.16 C10H18CLN5 lpazine 243.7-4 87.00 C10H19N50 Prometon 225.29 -C10H19N5S Pramelryne 241.36 -
C10H19N5S Terbutyme 241.36 -C10H1906PS2 Malathion 330.36 3.00 C10H21NOS Pebulate 203.34 -C11H10 2-Methylnaphthalene 142.19 l4.60 C11H13F3N404 Dlnltramine 35-4.31 -C11 H14Cl.NO Propachlor 211.69 71.00 C11 H15BRN20 ].(3,S..Oimechyf.4.8romophenyl)o 1,1· 271.16 -C11H15NO Butyranlllde 1n.24 -C11H15N02 -n-Butylphenylcarbamate 193.24 -C11H16 Pentamethylbenzene 148.25 5-4.8-4 C11H16 Pentylbenzene 148.25 -75.16 C11 H160.02PS3 Carbophenothion 341.42 -C11H16N20 . 3-(3,5-Methylphenyl)o 1,1-Dirnethylur 192.25 -. C11H21N5S Dipropecryne 255.38 -C11H21NOS . Cvcloate 215.35 -C12H4CL6 2,2',4,4' ,5,5'-Hexachlorobiphenyl 361.90 103.00 
C12H4CL6 2.2',4,4',6,6'-Hexachlorobiphenvf . 361.90 103.00 
C12HSCLS 2,2',4,5,5'-hntachlorobiphenyl 326.45 75.00 
C12H7CL3 2,4,4'-Trichlorobiphenyl 258.75 -C12H8CL2 2.2'-Dichlorobiphenyl 224.31 -C12H8CL2 2.4-Dichforobiphenyl 224.31 -C12H8S Oibenzothio~ 18-4.25 98.00 
C12H9a 

·' 
.2.Chlorobiphenyi 189.86 34.00 

C12H9a ' . 3-chlorobiphenyl 189.86 16.00 
i • ·-&irnlled • .. 

-. .. . . . " ~.---.... .. . -· .. ... 
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KocC2o c(·' 
I./kg .... 

7.20£+01 
5.10£+01 
2.00£+02 
1.60£+02 
6.20£+02 
3.92£+02 
2.-40E+02 
1.54£+0-4 
-4.80£+03 
1.72£+03 
1.SOE+OJ• 
1.30£+03 
1.20£+02 
2.99£+02 
3.81E+02 
4.30£+03 
1.75£+02 

. 5.90E+02 
5.19£+01 
1.24£+02 
1.G4E+02 
5.4-4£+01 
5.10£+01 
8.80£+01 
1.14£+02 
1.50£+03• 
1.SOE+03• 
1.50E+Ol• 
1.SOE+OJ• 
1.SOE+03• 
1.SOE+03• 
1.50E+03• 
3.20£+01 
5.19£+01 
2.49£+01 
2.22£+03 
1.90£+03 
2.92E+03• 
2.92E+03• 
1.66£+03 
3.50£+02 
8.10£+02 
7.00E+02 
1.80E +03 
6.30£+02 
8.50£+03 
4.00£+03 
2.65£+02 
3.35£+02 
5.07£+01 
1.80£+02 
2.52E+03• 
2.52E+Ol• 
4.54£+04 
S.32E +01 
1.17£+0) 
3.45£ +02 
1.20£ +06 
4.17£ +05 
S.OOE+OS 
4.14E +04 
8.2SE +0) 
1.34E+04 
1.12£+04 
2.93E+03 
2.93£+03 



. ,.,. ""'~---------~---- --' 

MW MP koc@20 c No. Formula Name g/mol c Ukg 
265 C12H9CLF3N30 Norfluorazon 303.67 - 1.91E+03 266 C12H10 Biphenyl 154.21 71.00 4.23E+03• 267 C12H11cUNO Pronamide 256.13 - 2.00£+02 268 C12H11N Diphenylamine 169.22 55.00 5.96£+02 269 C12H11N02 Carbaryl 201.22 142.00 3.90E+02 270 C12H12 1.2-Dimethylnaphthalene 156.23 -1.16 4.23£+03· 271 C12H12 1.3.Qirnethylnaphthalene 156.23 -4.16 4.23£+03• 272 C12H12 1,4-0imethylnaphthalene 156.23 7.&4 4.23£+03· 273 C12H12 1.5-0imethylnaphthalene 156.23 81.&4 4.23£+03• 274 C12H12 1.6-DirnethylnaphthaJene 156.23 -14.16 4.23£+03• 275 C12H12 1,7-0irnethylnaphthalene 156.23 -13.16 4.23£+03· 276 C12H12 1-lthylnaphthalene 156.23 -14.16 4.23£+03• 

277 C12H12 2,3-0irnethylnaphthalene 156.23 104..&4 4.23£+03• 278 C12H12 2,6-0imed1ylnaphthalene 156.23 111..&4 4.23£+03• 279 C12H12 2,7-0imelhyfnaphthalene 156.23 97.&4 4.23_£+03• 280 C12H12 2-lthylnaphlhalene 156.23 -7.16 <4.23£+03• 281 C12H12F3N304 Flucharalin 319.24 - 3.60£+03 282 C12H15N03 Carbofuran 211.17 151.00 1.30£+02 283 C12C16CL2N2 Nebuton 275.18 - 2.30£+03 284 C12H16N20 ~tyluru 204.26 - 8.40£+01 . 285 C12H17N02 n-Pe'ltyi Phenylcarbamate 207.26 - <4.03£+02 286 C12H18 1.2,3-Trielhylbenzene 162.27 -66.16 5.78£+03• 287 C12H18 1.2,4-Triethylbenzene 162.27 -66.16 . 5.78£+03• 288 C12H18 1.3,5-Trielhylbenzene 162.27 -66.16 5.78£+03• 
289 C12H18 Hexamelhylbenze 162.27 165..&4 5.78£+03• 290 C12H18 Hexylbenzene 162.27 -61.16 5.78£+03• 291 C12H21N203PS Oiufnon 304.35 - 2.27£+02 292 C13H10BRCL202P5 Leptophos 499.04 - I 9.30£+03 .293 C13H12N202 ~)Urea 228.2<4 - 3.59£+02 294 C13H14 1-Prapvinapht~Wene 170.25 -8.16 7.06£+03• 295 C13H14 2-Piopylnaphthalene 170.25 -3.16 7.06£+03• 296 C13H14 2..flhyi-3-Methylnapbthatene 170.25 70.84 7.06£+03· 297 C13H14 2~1ene 170.25 44.&4 7.06E+03• 291 C13H14 2-Eihyi0-7-MelhylnaphthaJene 170.25 44.&4 7.06£+03• 299 CllH16F3N304 8enefift 335.28 66.00 1.07£+04 300 C13H18N20 .2-Phenylcydohexyurea 218.29 - 1.16£+02 
301 C13H19N306S Nhrabn 345.37 - 9.60£+02 

-. -' 

302 C13H20 1-Phenylheptane 176.30 -48.16 7.06£+03• ~ 303 C14H90.S 4,4'-0ichlonxiiphenyhrichloroethan 354.50 109.00 1.50£+05 304 C14H9CLF2N202 Dlflubenzuran 310.69 - 6.79£+03 

( 
305 C1<4H10 An1hlace11e 178.22 216.00 2.60£+04 306 C14H10 Phenanduene 178.22 101.00 2.30£+04 307 C14H16 1-lutylnaphlhalene 18<4.28 -20.16 1.13£+04· 308 C14H16 2-lutylnaphthalene 184.28 -5.16 1.13£+04• 309 C14H16F3N304 Profluralln 347.29 - 8.60£+03 310 C14H17CLN02 Alachlor 266.74 - 1.90£+02 311 C14H20N20 3-Phenylcydopenuru . 37<4.14 - 2.3.2£+02 312 C14H20N20852 Paraq&ar <408.41 - 1.54£+04 
313 C14H21N304 Bunlin 295.33 - 8.20£+03 314 C1<4H22 1.2.3,4-Tetraethylbenzene 190.33 11.&4 1.13£+04· 315 C1<4H22 1.2.3,5-Tetraelhylbenzene 190.33 1D.84 1.13£+04· 316 C14H22 1.2,4,5-T~ene 190.33 9.&4 1.13E+04• 317 C1<4H22 1-Phenyloc:aane 190.33 -36.16 1.13£+04· 318 C1SH1002 ~lcAcid 364.06 - 8.82£+02 319 C1SH12 9-Methylanduanc:en 192.25 82.GO 6.SOE+04 320 Cl 5H1 5CLN202 Chloracuron 290.74 - 3.20E+03 321 C15H18 1-Pentylnaphthalene 198.31 -22.16 1.93£•04· 322 C15H18 2-Pentylnaphthatene 198.31 -4.16 1.93£•04· 323 C1 5H18CL2N203 OxadJazon 345.22 - 3.24£+03 32-4 C15H23N304 lsopropalin 309.36 - . 7.53£+04 
325 C15H2<4 1-Phenylnonane 204.35 -24.16 1.93£+04· 326 C16H10 Pyrene 202.24 156.00 8.40~+04-327 C16H2204 Oibutyfphthalate 278.34 - -4.50£+02 328 C16H26 1-Phenyldecane 218.38 -1<4.16 . 3.18E+04• .i29 C16H26 Pentaelhylbenzene 218.38 54.&4 3.18E+04• 330 C17H21N02 Napropamide 271.35 - 6.80£+02 331 C17H28 1-Phenylundeane 232.41 -5.16 I 5.20E+04• · 332 C18H12 1.2-Benunthracene 228.28 162.00 i 6.50£+05 333 C18H12 Tetracene 228.28 332.00 : 6.50£+05 334 C18H30 Heuethylbenzene 246.<44 127.8<4 8.45£+04· 335 C20H16 9,1 O.Oirnethylbenzanthracene 256.33 123.00 .4.76£+05 336 C21H36 1-Phenyl~tadecane 288.52 21.84 3.53£+05" 

• ·Estimated 

.. 
··- .. L 

.. JUI'£ 15. 1992 POLU :.· .I'GII'UI.ISG 
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Soil sorption coefficient is used in river, 
runoff and soil/grou!lflwater models. 

Calculated vs. Experimental 
10,000,000 -------------------------~ 

• 

• 

• . ~ 

• 

Koc in ...;"''~SGI;;;;;;.;:rbed~/;.;;lcs;:.;.orza~n;.;.;ic;;..;a;;.;;.;.;;rbo..;;.n_ 
ms/ L aqueous concentration 

1 "1,000 10,000 100,000 1,000,000 10,000.000 
Calculated 

• Fipre 1. Comparison of values for calculated and experimental soil-sorption 
coefficients showsseneral apeement between the two. 

Estimate the equilibrium distribution oftbe pesticide 0..252 x 10,000 x 0.1 x I 000 x 2590 
rcsultiq from a I k&lhecwe (I hccwe • 10,000 • 63,000 1111 • 0.063 kg 
mZ) application incorporated to a 10 em depth. lbe total amaant of atrazine is 1.003 kg/hectare. 
Volatilization into tbe air is assumed to be nqligible. i lbis is dose aaous11 to tbe application ( 1.003 \S I 

1be amount of orpnic carbOD in soil per hectare is: i · application). 1be equilibrium distribution of atrutne 
m • 10,000 x 0.1 x 1000 x 1..25 x 2911 i is estimated to be 6.3 pen=t iD water and 93.7 ncr· 

- ~.000 lea of orpDic carbOD ! cent in soil. : 
.. :::: ~· I. tbe soil sorpboa ooefl"u:ieDI of I 

Determination of the amount of atrazine in 
tbe soil phase per bectan: requires a trial and error 
procedure. Trying x • 0.94 leg • 940,000 mg in 
Equation I gives: 

C • 940,000125,0001149 • 0..252 mg/L 
b~ -:ount of atrazine in the aqueous phase per I 

POLWTJON ENGINEaiNG JUNE 15, 1992 

aum, Y. J~ng. Dtmia H. Chen and Carl L J:t .. ' 
an with Lamtzr Uniftnity, B~aumont, TexDS. P.:m.JI 
jillll1ldal suppott for this p10ject MW pro,·idtd "' ~~.· 
Gulf Co4st HIIZJII'dous Substance Research Ctntt•r 

leader Interest Review ; 
Please citde the appropriate number on the Reider s~- I 
Ice C1td to indic:ale the 1M of interest in the <~n•ciP 
High 471 Med"eum 472 Lo" 473 
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Appendix A 
Chemical Formulae of Compounds 

Cited in this Book 

NAME MOLECULAR FORMULA 

ACENAPHTHENE c,2 H,o 

ACENAPHTHYLENE c,2 Ha 

ACETONE C 3H6 0 

ACETYLENE c2 H2 

ACROLEIN c3 H4 o 

ALDRIN C12 H8 CI 6 

m-ALKYLPHENOLS RC 6 0H 5 

ALLYLALCOHOL c3 H6 o 

m- AMINOPHENOL C6 H7 NO 

STRUCTURAL FORMULA 

D._ 
Vl) 

__fi 
UJ 

0 
II 

CH 3 -C-CH3 

HC: CH 

CH 2 t. CH- CH = 0 

Cl 

Cl 

A 
VR 

Cl 

Cl 

C H2 : C H - CH 2 - OH 

A 
VNH, 

Appendix A 

NAME MOLECULAR FORMULA 

m-AMYLPHENOL c
11 

H
16
o 

ANILINE C6 H7 N 

ANTHRACENE C 14HIO 

BENZ (A) ANTHRACENE C18 H12 

BENZENE 

BENZYLCHL.ORIOE 

BENZO (B) 
FLUORANTHENE 

BENZO (J) 
FLUORANTHENE 

BENZO (K) 

FLUORANTHENE 

BENZOFURAN 

BENZOIC ACID 

C 6 Hl2 

C 7 H7 CJ 

C20H12 

C20H12 

C20H12 

C 8 H6 0 

c7 Hs o2 

245 

STRUCTURAL FORMULA 

OH 

0 CH2- (CH21s - CH, 

0 
~ 

·~ 

0 
OCI 

~u';J 

v---1 
COOH 

(-"'"\1 0 

\_ 
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NAME MOLECULAR FORMULA STRUCTURAL FORMULA NAME MOLECULAR FORMULA STRUCTURAL FORMULA 

~ 
~Hs 

BENZO (GHI) 
c22 H12 

!so-BUTANOL C4Hco0 CH 5 -~-0H 
PERYLENE CH1 

BUTENE c4 He CH 1 -cH a CH-CH 1 

BENZO(A)PYRENE C20H12 

BUTYLENE c4 He cH,- CH • CH- CH 1 

BENZO (E) PYRENE C20H12 
OH 

CIOHI4 0 0 (() 
1,4- BUTYLPHENOL 

BENZOTHIOPHENE CeH6S :,. 
CICH111 

H 0 

cb 
CAPROLACTAM C6 H11 NO 0 

BICYCLOOCTANE ce H,4 
H Cl 

OCH:o 

I 

...... 
CARBON TETRACHLDRIDE 

Cl- C- Cl 

HO ~ 'f-\ OH 

VI 
CCI4 I 

BISPHENOL A c 1 ~ H16 o 2 

I ( Tetrachloromethane) 
Cl 

CH1 

...... 
0 
\0 

CARBONYL SULPHIDE cos s z c :r 0 

H 
I CHCI2Br Cl- C -Br BROMOrnCHLOROMETHANE 
I 
Cl 

Br 

CAROTENE c4o H5& 

BROMOETHYLPROPANE c 5 H11 Br 
I 

H1c-f- c H5 

C H,CH1 
0 

Cl(}t' 

H 

I I 
I 

C6 0 2CI4 

CHBr 3 
Br-C -Br 

CHLORANIL 
Cl Cl 

BROMOFORM 
I 

0 

Cl Cl Br 

CI$C~( 
H 

Icc•, 

I 

CHLORDANE C10H6CI·e 

CH3Br H-C- Br BROMOMETHANE 
I 

Cl 

H 

Cl 
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NAME MOLECULAR FORMULA 

CHLOROETHYLENE C2 H3CI 

CHLOROETHYLVINYLETHER C4 H7 0CI 

CHLOROFORM CHCI 3 

CHLOROMETHANE CH
3

CI 

CHLOROMETHYLMETHYLETHER C
2 

H
5 

0 Cl 

...... 
V1 CHLOROMETHYL 
~GUAIACOL C8 H9 0 2CI 
...... 
0 

CHLOROMETHYL 
PHENOL C7 H7 0CI 

CHLOROMETHYLVERATROLE C9 H11 0 2 Cl 

CHLORONAPHTHALENE C10 H7 CI 

o-CHLORONITROBENZENE C6 H4 Cl N02 

Appendix A 

STRUCTURAL FORMULA 

CH1 •CH-CI 

CI-CH2 -CH2 -0-CH • CH
2 

Cl 
I 

CI-C-H 
I 
Cl 

H 
I 

H-C- H 
I 
Cl 

CI-CH1 -0 -CH 5 

CH 5 

CIOOCH 
OH 

5 

OH 
CH,0 

Cl 

~ 
c1JYocH1 

OCH 1 

r0.A 
VJ 

~NOz 
0 

Appendix A 

NAME MOLECULAR FORMULA 

CHLORDENE C10H4 Cl6 

CHLORDENE EPOXIDE C10H6 CI 6 0 

CHLOROBENZENE C6 H5 CI 

m-CHLOROBENZOIC ACID C
7 H5 

CI0
2 

CHLOROBIPHENYL C12 H9 CI 

CHLORODECANE C10 CI
10

0 

CHLORODIBENZOFURAN C
12 H8 OCI 

CHLORODIBROMOMETHANE CH Br2CI 

CHLORODIFLUOROMETHANE CH Cl F 
2 

CHLOROETHANE c2 H 5 c1 

249 

STRUCTURAL FORMULA 

~ Cl Cl ~ 
HH 

Cl~c•c• 
A-; Cl 

fi-f. H 
Cl Cl H O 

6 
AH 
l:Jl.c, 

Q-Ocl 

~~ 
\ Cl/ 

H 
I 

CI-C- Br 
I 
Br 

H 
I 

CI-C-F 
I 
F 

~ 
CH5 -~-CI 

H 
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NAMt MOLECULAR FORMULA STRUCTURAL FORMULA NAME MOLECULAR FORMULA STRUCTURAL FORMULA 

OH 
0 

a-CHLOROPHENOL C6 H5 OCI OCI I CYCLOHEXANONE c6 H10o 0 
Cl 

C3H7 Cl 
I 

0 
2 -CHLOROPROPANE CH,-CH-CH, CYCLOPENTANE C5H10 

CH, 
CHLOROPROPENE c3 H5 Cl CI-CH • CH-CH 3 CYMENE CIOHI4 G-CH(CH,l

2 

CHRYSENE Cta H 12 L IL _J 2,4- D 
C8 H 6 Cl 20 3 CIQ-o-cH2-cooH ( 2,4- dichlorophenoxyacetic 

acid) Cl 

CORONENE C24HI2 m-u DBH 
CI3HIOCI2 CIOCHOHOCI (4,4'-dichlorobenzhydrol) ~ 

_. 

...... CREOSOTE mixture of phenols 
D B p C H OCI c1-o-~-oco 

V1 
I 

(4,4'-dichlorobenzophenone) 13 8 2 
0 

...... 

...... 

...... OH 
m-CRESOL 

c7 H8 o 0 DDA co{)--~ -{)co ( methylphenol) (4,4'-dichlorodiphenyl acetic C14H1o 0 z Cl2 CH 
-- C=O ~ • 

acid ) I OH 

0 D DC N C H NCI 
~ H ~--.. CYCLOHEPTANE C7Ht4 c•{)-t~ \}-co ( 4,4'-dichlorodiphenylacelonitrile) 14 9 2 - ~N -_/ 

0 
II 

CYCLOHEXANE c& H,z 0 D DC O C H OCI ~j(c'YI• (dichloro diphenyl carbonyl) 13 8 2 ~ ~)l Cl CO 
OH 

HCCI
2 CYCLOHEXANOL c6 H12o 0 D D D c H Cl c•{)-c

0

HUco (4,4'-dichlorodiphenyldichloroethane) 14 IO 4 
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NAME MOLECULAR FORMULA STRUCTURAL FORMULA NAME MOLECULAR FORMULA STRUCTURAL FORMUL/ 

DOE -o-ccr2 
(4,4'-dichlorodiphenyldlchloroethylene) Cl4 H a Cl4 Cl ~~CI DIBENZ (A, H )ANTHRACENE C22 H,4 

DDM 
cr-Q-cH2-Qcr CCC ( 4,4'-dichlorodiphenylmethone ) c,3 H,oc'2 DIBENZOFURAN c 12 H8 o . 

Br 
0 0 M S C H Cl 

H 

0 cr-(}-{ -=Ocr p-Ol BROMOB ENZENE C6 H4 Br2 ( 4,4'-dichlorodlphenylchloroethone) 14 II 3 
H-C-CI Br I 

H 

0 0 M U 
Cl-o-f.nCI 

H 
I 

( 4,4'-dichlorodiphenylchloroethylene) Cl4 Hg Cl3 DIBROMOCHLOROMETHANE CHBr2 Cl CI-C-Br 
I 

~-CI Br 
H 

DONS 
c 14 H 12 c1 2 Cl-o-~H-oCI DIBROMOETHANE c 2 H4 Br2 ( 4,4'-dichlorodiphenylethone ) Br-CH 2 -CH2 -Br 

CH5 

...... DDNU 
Cl-o-f.-oCI IJ1 ( 4,4~dichlorodlphenylethylene ) c 14 H10 c1 2 DIBROMOMETHANE CH 2 Br 2 Br-CH

2
-Br 

I ...... C-H 
I ...... H 

N 

OB· 
DDT 

-o-ccr, ' 
(4,4'-dichlorodlphenyltrlchloroelhone) Cl4 Hg Cl!l Cl ~H~CI 2,3- DIBROMOTOLUENE CH 3 C

6
H3 Br 2 Br 

OH 

t5----D QC(CH5) 0 ECACHLOROBIPHENYL cs Cl,o Cl '/ _ '\ '/ _ '\ Cl 2,4 -DIBUTYLPHENOL c,4 H22o • 
/. 

Cl Cl Cl Cl 
C(CH5!5 

DECAHYDRONAPHTHALENE c,o H,a cb DICHLOBENIL C7 H3 C1 2 N QcN 
H Cl 

Cl 

01 BENZ ( A,H) ACRIDINE C 21 H,3N ~JL.~J m-DICHLOROBENZENE C6 H4 Cl 2 0 Cl 
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NAME MOLECULAR FORMULA STRUCTURAL FORMULA NAME MOLECULAR FORMULA STRUCTURAL FORMUL, 

DICHLOROBENZOFURAN C8 H 3 CI 2 0 I I CI(Q 
Cl ;:,... I 0 

DICHLOROMETHYI,. GUAIACOL C8 H7 0 2CI 2 
Cl6 
Cl :-... I OCH, 

OH 

OH 

4,4'-DICHLOROBIPHENYL ci2He Cl2 Clo-oCI DICHLOROMETHYLPHENOL C7 H6 0CI 2 
cH,ocl 

:--.I 

Cl 

H cH, 

DICHLOROBROMOMETHANE CHCI 2 Br 
I 

DICHLOROMETHYLVERATROLE C9 H100 2 Cl 2 
CIOCI Br-C-CI 

I 
:-.,. OCH, Cl 

OCHs 

Cl OH 

Clo CC' DICHLOROCATECHOL C6 H4 0 2 Cl 2 2,3- DICHLOROPH ENOL C6 H4 0CI 2 ;:,... OH Cl 
OH 

F 

DICHLORODIFLUOROMETHANE CCI 2 F2 
I 

1,2-DICHLOROPROPANE C 3 H6 CI 2 ~H 2 -~H-CH> F- ~- Cl 

Cl Cl Cl 

..... 
t ,3- DICHLOROPROPENE VI DICHLOROETHANE C2 H4 Cl 2 CI-CH-CHs 
( d ichloropropylene) C3 H4 Cl 2 CI-CH:rCH-CH2 -CI 

I b ..... ..... 
w 

Cl 
I (IC" DICHLOROETHYLENE C2 H2 Cl 2 CH2 • ~ 2,4- DICHLOROTHIOPH ENOL C6 H3 SHCI 2 
Cl Cl Cl 

Cl 
H 

~CI DICHLOROFLUOROMETHANE CHCI 2 F 
I 

DIELDRIN C12 H8 Cl 6 o F-C-CI 0 I 
Cl Cl 

Cl 

Cl 
OH 

Clo 0 DICHLOROGUAIACOL C7 H6 0 2 Cl 2 :-... I OCH, 
3,5 -DIETHYLPH ENOL CIO Hl4 0 

OH HsCz CZHS 

OH (_.,..._A 
DICHLOROMETHANE 

CH 2 CI 2 
~ 1,5-DIHYDRODIHYDROXY-BENZO C H O 

( methylene chloride) CI-C- H 
I (A) PYRENE 20 14 2 Cl 

~ ~ y 
OH 
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I 

........ 
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NAME 

ETHYLENE OXIDE 

m-ETHYLPHENOL 

FENITROTHION 

FLUORANTHENE 

FLUORENE 

F LUOROTRICHLOROMETHANE 

FORMALDEHYDE 

GLUCURONIC ACID 

GLUTATHIONE 

GLYCERINE (GLYCEROL) 

MOLECULAR FORMULA 

c2 H4 o 

Ce HloO 

C9 H12 N0 5 PS 

C1sH1o 

C13H1o 

CCI 3 F 

H CHO 

C6 HI007 

CIO HI7N306S 

c3 He 03 

Appendix A 

STRUCTURAL FORMULA 

cH2 - cH1 
"-o/ 

;; 
Vc,Hs 

CHs\ft ~N02 P-0 '=/... 
CHO/ - CHs ' 

~ ::,.. 

I 

~ 
~ 

Cl 
I 

CI-C-CI 
I 

0 
II 

F 

H- C- H 

COOH 

;-, 
O~H 

OH 

H
1 
N~HCH2 CH2 CONH~HCONHCH2 COOH 

COOH CH
2
SH 

HOCH1 CHOH CH2 OH 

Appendix A 

NAME MOLECULAR FORMULA 

ENDOSULFAN DIOL C 9 H8 CI 6 0 2 

ENDOSULFAN SULPHATE c9 H 6 CI 60 4S 

ENDRIN c12 H 8 c1 6 o 

ENDRIN ALDEHYDE C12 H6 Cl 6 0 

EPICHLOROHYDRIN C3 H 5 OCI 

ETHANE c2 Hs 

ETHYLBENZENE C8 HIO 

ETHYLENE c2 H4 

ETHYLENE-1,1'-DIBROMIDE C2 H4 Br2 

ETHYLENE DIAMINE C2 H9 N2 

257 

STRUCTURAL FORMULA 

~~ CH
1
0H 

Cl,~ 

II ~c•, I 
_. ----.\_...:--- f'-.... C H 

2
0H C I 1 

Cl 

Cl 

c•fli:-ycH2 -- o, 

cr}'~CH2-o I 
Cl 

CI~CI 
Icc•, cH o 

Cl 

Cl 

Cl 

c.-\------ s-- -CIV1~·1 -'( . 

c,k-'----- r·o 
CHt- CH- CH

2
CI 

'-o/ 

CH 3 - CH 3 

c 1H, 

r8 
CH 2 •CH

2 

Br- CH 2 -CH 2 - Br 

N~z- CH2 -CHz- NH 2 

H 



-IJ1 
I --IJ1 

25l 

NAME MOLECULAR FORMULA 

2,4-DIMETHYL-3-ETHYLPHENOL c
10 

H
14 

0 
( ethylxylenol ) 

2,4-DIMETHYLPHENOL ( XYLENOL) Ce H10 0 

DINITROBENZENE C6 H4 N2 0 4 

2,4-DINITR0-6-METHYLPHENOL C7 H6 05 N2 

2,4-DINITROPHENOL C6 H4 N2 05 

2,4-DINITROTOLUENE 

Dl PHENYL! SODECYL 

PHOSPHATE ESTER 

p-DODECYLPHENOL 

ENDOPEROXIDE 

ENDOSULFAN 

C7 H6N2 04 

C22H31 P04 

c,e H:soo 

c,s Hr402 

C
9 

H
6

CJ
9 

0
3 

5 

Appendix. 

STRUCTURAL FORMULA 

OH 

~cH, 

Yc•"• 
CH 5 

~cH, y 
CH 1 

N02 

()-No2 

OH 

cH,ONo2 

N02 

~No2 y 
N02 

cH5 ONo. 
N02 

~c. "• 
c10 H 21 o- ~- oc1 "s 

0 

6 
(CH2J

11 
CH1 

r?-~0 
~v 

CH 3 

CI«CI ~o 
lccr2 's-+o 

Cl ,j 
Cl 

Appendix A 

NAME MOLECULAR FORMULA 

1, 4- DIHYDROXYANTHRAQUINONE C
14 

He 0
4 

3,4- DIHYDROXY-5-CHI.OROTOLUENE C
7 

H
7
0

2 
Cl 

( chloromethylcatechol ) 

DIHYDROXYDIHYDROALDR IN 

1,3- DIHYDROXINAPHTHALENE 

2,3- DIHYDROXYTOLUENE 
( methylcatechol ) 

c,2HI002CI6 

Cro He 02 

Cr He02 

2,3-DIHYDROXY-1,4,5-TRICHI.OROTOLUENE CrH502 Ct3 

9,10-DIMETHYLANTHRACENE CrsHrr 

9,10-DIMETHYLBENZ (A) ANTHRACENE C
20

H
16 

2,4- DIMETHYL-6-tert-BUTYLPHENOL C
12 

H
1
eO 

7,14 -DIMETHYLDIBENZ (A, H) 
ANTHRACENE c24 H,e 

259 

STRUCTURAL FORMUL 

0 OH 

~~ 
~ 

0 OH 

cr)) 
YoH 

OH 

Cl~ 
Cl~ 

Cl OH 

OH 

~ 
~OH 

CH5 

OOH 
OH 

CI~CH; Cl 

Cl ~ OH 

H 

~ 
~ 

CH5 

p· 
CH 3 ( p 

r?-A/~;; 
~-~~_).~] 

CHs 

• I -..;: CH' C(CHsl6 

/. 

CH 1 

CH, (<) 
~/~) 
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NAME MOLECULAR FORMULA STRUCTURAL FORMULA NAME MOLECULAR FORMULA STRUCTURAL FORMULII 

Cl 
0 

Cl~ II 
Cl C 

METHYLETHYL KETONE C4 H8 0 cH,- c -cH2cH, KETOENDRIN c 12 H9 OCI 6 H Cl 
Cl <{ 

OH 

2-METHYL-4-ETHYLPHENOL C9 H12 0 . I ()("• MALEIC ANHYDRIDE c4 Hz 03 o,(Jo 

CH2CH 0 

0 H 
I METHYL GUAIACOL Ca HIO Oz METHANE CH 4 

H-C- H 
I ocH, 
H 

OH 

o5 o5o 1-METHYLNAPHTHALENE en H 10 9-METHYLANTHRACENE c,!5 H,z .....:: .....:: 

&0 OH 

1-METHYLPHENANTHRENE c,5 H,z /. 3-METHYL-4-tert-BUTYLPHENOL c 11 H160 0 CHs ::,... 
C ICHsl, 

..... 
CHs- CH • CH(] 

METHYLCHLORIDE ~ VI METHYLSTYRENE C9 H10 (chloromethane) CH
3

CI H-C-CI 
I' I 
H ..... 

...... 
0\ CH, 

METHYLVERATROLE Cs H,2o2 OOCH, METHYL CHOLANTHRENE cz1 H,a 
OCH, 

~CI ~ 

OH 
ICH,I COCICH,I MIRE X c,o Cll2 ~·· 5-METHYL- 2,6 -ditert-BUTYLPHENOL C

15 
H

24
0 • "' I ' I 

Cl CH, ~ 
Cl 
Cl 

NAPHTHALENE c,oHa ro METHOXYCHLOR C16 H15 Cl3 0 2 H,co('.::;;-c
1
H-oOCII, /. 

CCI, 

COOH 

()) METHYLENE CHLORIDE H 
I 1-NAPHTHOIC ACID ell Ha 02 ( dlchloromethane ) CH2 Cl2 

Cl -C- H /. 
I 
Cl 
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NAME 

HEXANE 

p-HEXYLPHENOL 

HYDROGEN SULPHIDE 

2-HYDROXYBIPHENYL 

HYDROXYDIELDRIN 

......,. IN DE NO ( 1,2,3- cd) PYRENE 
U1 
I 

....... 

....... 

....._. ISOPRENE 

dl-ISOPROPYLETHER 

o -ISOPROPYLPHENOL 

KETODIELDRIN 

MOLECULAR FORMULA 

C 6 H14 

c,2H,aO 

H2 S 

c,2H,oO 

C12 H 8 0 2 Ct 6 

c22H 12 

C~H 8 

c6 H14o 

C9 H120 

c12H8 o ct 6 

Appendix A 

STRUCTURAL FORMULA 

HHHHHH 
I I I I I I 

H-c-c-c-c-c-c-H 
I I I I I I 
HHHHHH 

(;; 
YH (CH l CH, c 2 2 4 

H-S-H 

Q--0 
OH 

CI~CI 
JCCiz CH1 0 

Cl 

Cl OH 

~ 
H-C-H 

~ I ~ ~ 
H-C•C-C•C-H 

CH 5 H H CH 5 
'-b-o-~/ 
/ .......... 

CH 5 CH 5 

OH 

OCHICH,It 

Cl 

c1~o I c11 cH2 
Cl 

Cl 

Appendix A 

NAME MOLECULAR FORMULA 

HEPTACHLOR C10 H5 CL 7 

HEPTACHLOR EPOXIDE C10H4 0Ct 7 

p-H EPTYLPH ENOL c,3H2oO 

HEXACHLOROBENZENE C6 Ct 6 

HEXACHLOROBIPHENYL c6 H2 Ct 6 

HEXACHLOROBUTADIENE c4 Cl 6 

HEXACHLOROCYCLOHEXANE c6 H 6 ct 6 

HEXACHLOROCYCLOPENTADIENE C
5 

Ct
6 

HEXACHLOROETHANE C2 Ct 6 

HEXADECANE c,aH34 

263 

STRUCTURAL FORMULA 

CI~CI Cl 

I cc12 I 
Cl 

Cl 

Cl itCI C;l 

,?1-
CI~ Cl 

Cl 0 

H 

6 
(CH21

6 
CH 5 

Cl 

CI~CI 
c1yc1 

Cl 

CUI C~l Cl Cl 
Cl '/ '\ '/ '\ Cl 

- -

Cl Cl Cl Cl 
I I I I 

CI-C:C-C=C 
I 
Cl 

Cl 

CIOCI 

Cl Cl 
Cl 

Cl Cl 

C1-o-c1 
Cl Cl 

Cl Cl 
I I 

CI-C-C-CI 
I I 
Cl Cl 

CH 5 (CH 2 1
14 

CH 5 
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26~ 

NAME MOLECULAR FORMULA STRUCTURAL FORMULA NAME MOLECULAR FORMULA STRUCTURAL FORMUL 

NITROBENZENE C6 H5 N02 0 PARAFFIN CnH2n+2 

OH 

o-NITROPHENOL C6 H5N03 
0No2 

~ PARATHION Cro H 14 N05 p5 :-o 'I \ ·No1 

c 2 H•o\s -o 
c 2 H•o/ -

m-NITROTOLUENE C7 H7 N02 6 PENTACHLOROANISOLE N0 2 c 7 H3 o 
OCH5 

CI(Jt' 
Cl :-.. Cl 

Cl 

Cl cc NONYLPH ENOL mixture of ol kyl phenols PENTACHLOROBENZENE C6 HCI 5 
Cl Cl 

Cl 
Cl Cl Cl 

Cl OCTAC HLOROBI PHENYL c 12H2CI 8 CI~CI PENTACHLOROBIPHENYL c 12 H5 Cl 5 Q-Qc• Cl Cl Cl 
Cl Cl Cl 

Cl Cl 

CI<JOCI Cl Cl 
I I 

..... OCTACHLORONAPHTHALENE C10CI 8 PENTACHLOROETHANE c 2 H Cl 5 CI-C-C -CI 
l./1 Cl ::-.,. /. Cl 

I I 
H Cl 

I 
Cl Cl ..... ..... 

OH 
(X) 

CI(J( 

OCTAOECANE Cre H 38 CHs (CH 2 )10 CH 5 PENTACHLOROPHENOL C6 Cl5 OH 
Cl "' I Cl 

Cl 

OCTANE Ca Hre CHs (CH 2 )
1 CH> 

PENTANE c5 H,2 CH
5 -CH

2 -CH2 -tH2-CH 1 

OH 

OH p-OCTYLPHENOL c,4 H22 o Q p-PENTYLPHENOL c 11 H16o 0 2(CH.)
1 

CH 1 
(CH2)

4 
CH5 

__..,.. 
OXYCHLOROANE C5 H6 CI 2 0 ~CI PERYLENE C20HI2 

i:1 
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NAME MOLECULAR FORMULA STRUCTURAL FORMULA NAME MOLECULAR FORMULA STRUCTURAL FORMULA 

0 

GO 
II 

PHENANTHRENE Cr4Hro PROPACHLOR C11 H14 CI NO 

(cH,lzoCHI Cl 

...-; 

OH 

PHENOL C6 H 5 OH 0 PROPYLENE c3 Hs H2 CcCH-CH 1 

OH 

&9 o-PHENYLPHENOL c,2HroO o-o PYRENE CrsHro ...-:: 

...-:: 

0 0 II 
PHOSGENE COCI 2 

II 
QUINONE cs H4 o2 0 C-CI 

I 
Cl 

II 
0 Cl 

~ 
COOH 

OOH 
PHOTOALDRIN c 12 HeCI 6 Cl 

I 

SALICYLIC ACID C7H603 I 
Cl Cl 

...... Cl 
lJ1 

~ I 
Cl CH 5 .:_ PHOTODIELDRIN C12 He Cl 6 0 Cl 

SILVEX C9 H7 CI 3 0 3 Cl 00-~H-COzH ...... Cl Cl 0 

"' Cl 

0 

PHTHALIC ANHYDRIDE Ce H4 03 0) 0 :-,. 
n 

SODIUM DIOCTYL SULFOSUCCINATE C19H35 0 7 S No 

0 

PHYTOL c2oH4o0 - STYRENE Ce He C1 H
0 CH • CH 2 

NH 2 
Cl 

PICLORAM C6 H3 C1 3 N2 0 2 CIJ[;t 
CIV.O-CH2 -COOH Cl I ...-:: t OH 2,4,5-T CeH 5 CI 3 0 3 N 

[( 2,4,5- trlchlorophenoxy) Cl 

acetic acid] 

PORHYRIN C4oH4eNs Oa S2 - TERPENOIDS opprox. C10 H 16 8 up 
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.NAME MOLECULAR FORMULA STRUCTURAL FORMULA NAME MOLECULAR FORMULA STRUCTURAL FORMULA 

Br OH ¢8• 
(}ll 

TETRABROMOBENZENE C6 H2 Br4 TETRACHLOROPHENOL C6 H2 OCI4 Br Cl Cl , Cl 

Cl 

¢c OlN-o-OH 
TETRACHLOROBENZENE C6 H2 CI 4 T F M ( tr ifluoromethylnltrophenol) C 7 H4 F 3 N03 

Cl 

Cl cr 1 

Cl Cl 

Q-0 OSH TETRACHLOROBIPHENYL C12 H6 Cl4 THIOPHENOL C6 H6 S . 

Cl Cl 

Cl a CI~J( TETRACHLOROCATECHOL C6 H2 0 2 CI 4 
rl TOLUENE C7He 

Cl ::,..,. OH 
OH 

TETRACHLORODIBENZO- P- DIOXIN C12 H4 Cl4 0 2 Clo:O:cr TOXAPHENE approx. C10 H10CI 8 Cl :-.._ 0 /- Cl ..... 
Ln 

Cl I 

O::JC!CI 

CH'>cH 0 H CO 
;::::; TETRACHLORODIBENZOFURAN C12 H4 Cl 4 0 CHs > I I I 

0 I /- Cl 
TRIAL LATE C10 H16CI 3 NOS CHs> N-C-S-~ ·C • 0 CH H Cl cH, 

8r 

(J(' TETRACHLOROETHANE c2 H2 Cl 4 Cl- CH -CH-CI TRIBROMOBENZENE c6 H3 Br3 I I 
Br Cl Cl 

Cl Cl H I I 
TRIBROMOMETHANE (bromoform) 

I TETRACHLOROETHYLENE c2 ct 4 CO- C ' C-CI CH Br3 
Br- C- Br 

I 
Br 

Cl co 

Cl(}t' (1( TETRACHLOROGUAIACOL C 7 H4 0 2 CI 4 Cl :-... I OCH, 
TRICHLOROBENZENE c6 H2 Cl 3 Cl 

OH 

Cl Cl Cl TETRACHLOROMETHANE 
CCI4 

I o----D Cl- C--CI TRICHLOROBIPHENYL c
12 

H7 Cl3 ( carbon tetrachloride) I 
Cl 

Cl 
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NAME MOLECULAR FORMULA STRUCTURAL FORMULA NAME MOLECULAR FORMULA STRUCTURAL FORMULA 

Cl 

cO TRICHLOROCATECHOL C6 H3 0 2 Cl 3 
Clo TRIMETHYLNAPHTHALENE c.3 Hl4 
Cl ~ I OH /. 

OH CH, CH! 

OH 

TRIMETHYLPHENOL C9 H 120 OCH, TRICHLOROETHANE C2 H 3 Cl 3 ~H~-~H-CI 
CH, 

Cl Cl CH 5 

OH 

Cl (to• TRICHLOROETHYLENE C2 HC1 3 
I TRINITROPHENOL C6 H3 N3 07 CI-C • CH-CI N02 

N02 

CH, 
F o,NONo• 

TRICHLOROFLUOROMETHANE C Cl 3 F 
I TRINITROTOLUENE C7 H5 N3 0 6 1/. CI-C-CI 
I 
Cl NOz 

TRICHLOROMETHANE H VINYL CHLORIDE 
C2 H3 Cl CH Cl3 

I H2 C 'CH -CI 
(chloroform) CI-C-CI (chloroethylene) I 

Cl 

...... 
lJl CH 5 Cl 
I CIOCI VINYLIDENE CHLORIDE I ...... TRICHLOROMETHYL GUAIACOL C8 H7 0 2 CI 3 

c1 ~ I ocH
5 

( dichloroethylene) 
C2 H2CI 2 

H2 C • C-CI 

N ...... OH 

CH 5 

6CH5 CIOCI TRICHLOROMETHYLVERATROLE CgH 9 02CI 3 
Cl ::-... I OCH, 

XYLENE Ca HIO I 

OCH 5 

OH Cl 

Clo 
XYLENOL OCH, TRICHLOROGUAIACOL C7 H 5 0 2 CI 3 Cl ::-... I OCH, ( dimethylphenol ) Ca HIOO I 

OH CH 5 

OH 

OCI TRICHLOROPHENOL C
6

H
3 

Cl
3 

0 
Cl 

Cl 

TRIM ETHYL BENZENE 6cH5 

c9 H•2 
CH 5 



COMPOUND: 
FORMULA: 

AQ.UEOUS SOLUBILITY : 
DIELECTRIC CONSTANT: 

LOG KOW: 

ACETONE 
CH 3 COCH 3 
INFINITE 
20.7 AT 25C 
-0.24 

LOG KOC: MISCIBLE IN WATER 
{FROM SOLU~ILITY) 

LOG KOC : 0.015 
{FROM KOW} 

MOBILITY CLASSIFICATION: VERY HIGHLY JtfOBILE 
REMARKS: ACETONE HAS TENDENCY TO DISPERSE CLAY AT 

LOW CONCENTRATION AND AT HIGH 
CONCENTRATION CAN CAUSE COLLAPSE OF THE 
INTER-LAYER SPACINGS INCa
"MONTMORILLONITE (INCREASE IN HYDRAULIC 
CONDUCTIVITY) 

15-122 



COMPOUND: 
FORMULA: 

AQUEOUS SOLUBILITY: 
DIELECTRIC CONSTANT: 

LOG KOW: 

n- BUTYL ALCOHOL 
CH3{CH2)3 0H 

70,800 mg/L AT 30C 
17.7 AT 25C 
0.88 

LOG KOC: 0.94 
{FROM SOLUBILITY) 

LOG KOC : 1.02 
{FROM KOW) 

1vtOBILITY CLASSIFICATION: VERY HIGHLY MOBILE 
REMARKS : NO TENDENCY TO BE ADSORBED BY SOILS 

15-123 



COMPOUND: 
FORMULA: 

AQUEOUS SOLUBILITY: 
DIELECTRIC CONSTANT: 

LOG KOW: 

CARBON DISULFIDE 
cs 2 
2,940 mg/L AT 20C 
2.64 AT 25C 
1.84 

LOG KOC : 1.80 
(FR.OM SOLlTBILITY) 

LOG KOC : 1.81 
{FROM KOW) 

MOBILITY CLASSIFICATION: HIGHLY MOBILE 

REMARKS : NO TENDENCY TO BE ADSORBED BY SOILS 

15-124 



COMPOUND: 
FORMULA: 

AQUEO_US SOLUBILITY : 

DIELECTRIC CONSTANT: 

CARBON TETRACHLORIDE 
CCI4 

800 mg/L AT 25C 
2.2 AT 25C 

LOG KOW : 2.64 

LOG KOC: 2.15 
(FROM SOLUBILITY) 

LOG KOC: 2.44 
(FROM KOW} 

~MOBILITY CLASSIFICATION: :MEDIUM MOBILITY 

c'REl~ARKS : CARBON TETRACHLORIDE TENDS TO SHRINK CLAYS 
AND SOILS RELATIVE TO THEIR PHYSICAL SWELLING 
BEHAVIOR IN WATER. CCI 4 MAY REDUCE THE 
HYDRAULIC CONDUCTIVITY OF CLAYS; HOWEVER, 
CCl4 COULD CAUSE CLAYS TO FORM CHANNELS 
THAT WOULD INCREASE THE HYDRAULIC 
CONDUCTIVITY, AND THEREBY INCREASE ITS MOBILIT1 

15-125 



COMPOUND: 
FORMULA: 

AQUEOUS SOLUBILITY: 

DIELECTRIC CONSTANT: 

CHLOROBENZENE 
c6H5 CI 

448 mg/L AT 30C 
5.65 AT 25C 

LOG KOW: 2.71 

LOG KOC : 2.31 
(FROM SOLUBILITY) 

LOG KOC : 2.57 
(FROM KOW) 

MOBILITY CLASSIFICATION: :MEDIUM :MOBILITY 

REMARKS : CHLOROBENZENE WOULD BE RETAINED BY SOILS, 
AND THAT THE AMOUNT ADSORBED WOULD BE 
EXPECTED TO INCREASE WITH AN INCREASING 
ORGANIC CARBON CONTENT. 

15-126 



COMPOUND: 
FORMULA: 

AQUEOUS SOLUBILITY : 
DIELECTRIC CONSTANT: 

LOG KOW: 

META-CRESOL 
C6H40HCH3 
21,800 mg/L AT 20C 
11.8 AT 25C 

1.92 
LOG KOC : 1.26 
(FROM SOLUBILITY} 

LOG KOC : 1.55 
{FROM KOW) 

MOBILITY CLASSIFICATION: VERY HIGHLY MOBILE 

REMARKS: META-CRESOL IS NOT RETAINED BY SOILS AND 
ADSORPTION IS MINIMAL 

15-127 



COMPOUND: 
FORMULA: 

AQUEOUS SOLUBILITY : 
DIELECTRIC CONSTANT: 

ORTHO-CRESOL 
c6H40HCHg 

24,000 mg/L AT 20C 
11.6 AT 26C 

LOG KOW : 1.92 
LOG KOC : 1.23 
(FROM SOLUBILITY) 

LOG KOC: 1.24 
{FROM KOW) 

MOBILITY CLASSIFICATION: VERY HIGHLY MOBILE 

REMARKS : ORTHO-CRESOL IS NOT RETAINED BY SOILS AND 
ADSORPTION IS MINIMAL 

15-128 



COMPOUND: 
FORMULA: 

AQUEOUS SOLUBILITY: 
DIELECTRIC CONSTANT: 

LOG KOW: 

PARA-CRESOL 
c6 H4 OHCH 3 
19,400 mg/L AT 20C 
9.9 AT 25C 

1.92 
LOG KOC: 1.29 
{FROM SOLUBILITY) 

LOG KOC: 1.27 
(FROM KOW} 

MOBILITY CLASSIFICATION: VERY HIGHLY MOBILE 

REMARKS : PARA-CRESOL IS NOT RETAINED BY SOILS AND 
ADSORPTION IS MINIMAL 

15-129 



COMPOUND: 
FORMULA: 

AQUEOUS SOLUBILITY: 
DIELECTRIC CONSTANT: 

CYCLOHEXANONE 
CH2{CH2 ) 4 CO 

5o,ooo mg/L AT aoc 
18.3 AT 25C 

LOG KOW : 0.81 
LOG KOC : 1.04 
{FROM SOLUBILITY) 

LOG KOC : 0.96 
(FROM KOW) 

MOBILITY CLASSIFICATION: VERY HIGHLY MOBILE 

REMARKS: CYCLOHEXANONE WOULD HAVE A VERY WEAK 
TENDENCY TO BE RETAINED BY SOILS 

15-130 



COMPOUND: 
FORMULA: 

AQUEO_US SOLUBILITY: 

DIELECTRIC CONSTANT: 

DIETHYL ETHER 

c2 H50~H5 
60,050 mg/L AT 25C 

4.2 AT 25C 

LOG KOW: 0.77 

LOG KOC: 0.99 
(FROM SOLUBILITY) 

LOG KOC: 0.96 
{FROM KOW) 

-MOBILITY CLASSIFICATION: VERY HIGHLY MOBILE 

REMARKS : NO TENDENCY TO BE ADSORBED BY SOIL 

15-131 



COMPOUND: 
FORMULA: 

AQUEOUS SOLUBILITY: 
DIELECTRIC CONSTANT: 

ETHYL ACETATE 
CH3 COO C 2 H5 
85,300 mg/L AT 20C 

6.02 AT 25C 
LOG KOW: 0.73 

LOG KOC : 0.89 
(FROM SOLUBILITY) 

LOG KOC: 0.91 
{FROM KOW) 

MOBILITY CLASSIFICATION: VERY HIGHLY MOBILE 
REMARKS : NO TENDENCY TO BE ADSORBED BY SOIL 

15-132 



COMPOUND: 
FORMULA: 

AQUEOUS SOLUBILITY: 

DIELECTRIC CONSTANT : 

LOG KOW: 

ETHYLBENZENE 
c6H5CH 2 CH3 
150 mg/L AT 20C 
2.41 AT 25C 

3.15 
LOG KOC : 2.60 
{FROM SOLUBILITY) 

LOG KOC : 2.87 
{FROA1 KOW) 

MOBILITY CLASSIFICATION: LOW MOBILITY 

REMARKS: ETHYLBENZENE WOULD HAVE A STRONG TENDENCY 
TO BE RETAINED BY SOILS, AND THE AMOUNT 
ADSORBED WOULD BE EXPECTED TO INCREASE 
DRAMATICALLY AS THE AMOUNT OF ORGANIC 
CARBON IN THE SOIL MATERIAL INCREASES. 

15-133 



COMPOUND: 
FORMULA: 

AQ.UEOUS SOLUBILITY: 
DIELECTRIC CONSTANT: 

LOG KOW: 

METHANOL 
CH30H 

COMPLETELY MISCIBLE IN WATER 
32.6 AT 25 C 

0.66 
LOG KOC: MISCIBLE IN WATER 
(FROM SOLUBILITY) 

LOG KOC : -0.23 
{FR0~1 KOW) 

MOBILITY CLASSIFICATION: VERY HIGHLY MOBILE 

REMARKS : NO TENDENCY TO BE ADSORBED BY SOIL 

15-134 



COMPOUND: 
FORMULA: 

AQUEOUS SOLUBILITY: 
DIELECTRIC CONSTANT: 

METHYLENE CHLORIDE 
CH2Cl2 
13,200 mg/L AT 20C 
9.1 AT 25C 

LOG KOW: 1.26 

LOG KOC : 1.40 
{FROM SOLUBILITY) 

LOG KOC : 1.40 
(FROM KOW) 

lvfOBILITY CLASSIFICATION: VERY HIGHLY MOBILE 

REMARKS : NO TENDENCY TO BE ADSORBED BY SOIL 

15-135 



COMPOUND: 
FORMULA: 

AQUEOUS SOLUBILITY: 
DIELECTRIC CONSTANT : 

METHYL ETHYL KETONE 
CH3coc 2 c2H5 
270,000 mg/L AT 20C 
18.5 AT 25C 

LOG KOW: 0.26 
LOG KOC : 0.58 
(FROM SOLUBILITY) 

LOG KOC: 0.55 
{FRO:f\1 KOW) 

MOBILITY CLASSIFICATION: VERY HIGHLY MOBILE 

REMARKS : NO TENDENCY TO BE ADSORBED BY SOIL 

15-136 



COMPOUND: 
FORMULA: 

AQUEO_US SOLUBILITY: 
DIELECTRIC CONSTANT: 

LOG KOW: 

NITROBENZENE 
CsH5N02 
2000 mg/L AT 20C 
34.8 

1.88 
LOG KOC : 1.90 
(FROM SOLUBILITY} 

LOG KOC: 1.79 
(FROM KOW) 

-MOBILITY CLASSIFICATION: HIGHLY "10BILE 

REMARKS : NITROBENZENE HAS BEEN SHOWN TO SHRINK 
CLAYS AND SOILS. THE HYDRAULIC CONDUCTIVITY 
OF KAOLINITE CAN DECREASE IN CONTACT 
WITH NITROBENZENE 

15-137 



COMPOUND: 
FORMULA: 

AQUEOUS SOLUBILITY : 
DIELECTRIC CONSTANT: 

PYRIDINE 
C5H5N 
COMPLETELY MISCIBLE IN WATER 
12.3 AT 25C 

LOG KOW : 0.55 

LOG KOC: MISCIBLE IN WATER 
(FROM SOLUBILITY) 

LOG KOC: 0.84 
(FROM KOW) 

MOBILITY CLASSIFICATION: VERY HIGHLY MOBILE 

REMARKS : NO TENDENCY TO BE ADSORBED BY SOIL 

15-138 



COMPOUND: 
FORMULA: 

AQUEOUS SOLUBILITY: 
DIELECTRIC CONSTANT: 

TETRACHLOROETHYLENE 
C2CI4 
150 mg/L AT 20C 
2.35 

LOG KOW : 2.BB 
LOG KOC : 2.60 
(FROM SOLUBILITY) 

LOG KOC : 2.41 
(FROM KOW) 

MOBILITY CLASSIFICATION: MEDIUM MOBILITY 

REMARKS: TETRACHLOROETHYLENE HAS A FAIRLY STRONG 
TENDENCY TO BE RETAINED BY SOILS, AND THE 
AMOUNT ADSORBED WOULD INCREASE AS THE 
ORGANIC CARBON CONTENT OF THE ADSORBENT 
INCREASES. 

15-139 



COMPOUND: 
FORMULA: 

AQUEOUS SOLUBILITY: 

DIELECTRIC CONSTANT : 

TOLUENE 
CsH5 CH3 
500 mg/L AT 20C 

2.44 AT 25C 

LOG KOW : 2.69 

LOG KOC : 2.23 
{FROM SOLUBILITY) 

LOG KOC : 2.43 
(FROM KOW) 

:MOBILITY CLASSIFICATION: MEDIUM MOBILITY 

REMARKS : TOLUENE WHEN MIXED WITH ACETONE IS MORE 
MOBILE THAN IT WOULD BE IN WATER. MANY 
SOLVENTS ARE MORE SOLUBLE IN SIMILAR 
ORGANIC SOLVENTS THAN THEY ARE IN WATER. 

15-140 



CO:tvfPOUND: 
FORMULA: 

AQUEOUS SOLUBILITY: 
DIELECTRIC CONSTANT : 

1,1,1- TRICHLOROETHANE 
c 2 Ha Cia 
700 mg/L AT 20C 
7.1 AT OC 

LOG KOW : 2.47 

LOG KOC: 2.19 
(FROM SOLUBILITY) 

LOG KOC : 2.27 
(FROM KOW) 

~10BILITY CLASSIFICATION: MEDIUM MOBILITY 

REMARKS: 1,1,1- TRICHLOROETHANE CAN BE BIODEGRADED 
UNDER ANAEROBIC CONDITIONS PRODUCING 
DICHLOROETHANE, WHICH IS MORE MOBILE 
THAN PARENT TRICHLOROETHANE 
(LOG KOC = 2.00 }. 

15-141 



COMPOUND: 
FORMULA: 

AQUEOUS SOLUBILITY: 

DIELECTRIC CONSTANT : 

TRICHLOROETHYLENE 
C2HCI3 
1,000 mg/L AT 20C 
3.42 AT 25C 

LOG KOW : 2.37 

LOG KOC: 2.09 
(FROM SOLUBILITY) 
LOG KOC: 2.22 
{FROM KOW) 

MOBILITY CLASSIFICATION: MEDIUM MOBILITY 
~EMARKS : TRICHLOROETHYLENE HAS BEEN FOUND TO CAUSE 

LESS SWELLING OF CLAYS THAN WATER AND HAS 
BEEN REPORTED TO DECREASE THE HYDRAULIC 
CONDUCTIVITY OF THE RANGER SHALE FROM ITS 
VAULE IN WATER (38 X 10 -9 em/sec) TO ABOUT 
2 X 10-9 em/sec. TRICLOROETHYLENE CAN BE 
BIODEGRADED BY SOIL BACTERIA UNDER AEROBIC 
CONDITIONS {AND POSSIBLY UNDER ANAEROBIC 
CONDITIONS). 

15-142 



COMPOUND: 
FORMULA: 

AQUEOUS SOLUBILITY : 
DIELECTRIC CONSTANT : 

META. - XYLENE 
Cs H4 (CHa) 2 
175 mg/L 
M- XYLENE: 2.44 AT 25C 

LOG KOW : 3.20 
LOG KOC : 2.56 
(FROM SOLUBILITY) 

LOG KOC: 2.91 
{FROA1 KOW) 

").fOBILITY CLASSIFICATION: LOW MOBILITY 

REMARKS: XYLENE HAS BEEN IMPLICATED AS A SOLVENT 
THAT CAN INCREASE THE HYDRAULIC 
CONDUCTIVITIES OF CLAYS AND SOILS OR 
DECREASE THEM WHEN EXPOSED TO THE 
SOLVENT. 

1:,-143 



COMPOUND: 
FORMULA: 

AQUEOUS SOLUBILITY: 
DIELECTRIC CONSTANT : 

ORTHO - XYLENE 
Cs H4 (CH3) 2 
175 mg/L 
0- XYLENE: 2.57 AT 25C 

LOG KOW: 3.13 
LOG KOC : 2.56 
{FROM SOLUBILITY) 

LOG KOC: 2.55 
(FHOM KOW} 

MOBILITY CLASSIFICATION: MEDIUM MOBILITY 

REMARKS: XYLENE HAS BEEN IMPLICATED AS A SOLVENT 
THAT CAN INCREASE THE HYDRAULIC 
CONDUCTIVITIES OF CLAYS AND SOILS OR 
DECREASE THEM WHEN EXPOSED TO THE 
SOLVENT. 

15-144 



COMPOUND: 
FORMULA: 

AQUEOUS SOLUBILITY: 
DIELECTRIC CONSTANT: 

PARA - XYLENE 
CsH4(CH3)2 
198 mg/L 
·p- XYLENE: 2.27AT 25C 

LOG KOW : 3.18 

LOG K OC : 2.56 
{FROM SOLUBILITY) 

LOG KOC : 2.87 
(FROM KOW) 

MOBILITY CLASSIFICATION: LOW MOBILITY 

REMARKS: XYLENE HAS BEEN IMPLICATED AS A SOLVENT 
THAT CAN INCREASE THE HYDRAULIC 
CONDUCTIVITIES OF CLAYS AND SOILS OR 
DECREASE THEM WHEN EXPOSED TO THE 
SOLVENT. 

15-145 
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ABSTRACT 

A PREDICTIVE MODEL FOR POLLUTION 

FROM GASOLINE IN SOILS AND GROUNDWATER* 

** Arthur Baehr and M. Yavuz Corapcioglu 

Department of Civil Engineering 
University of Delaware 
Newark, Delaware 19716 

Gasoline and other petroleum products enter soils and groundwater 
from leaking pipelines and storage tanks, and from accidents involving 
tank trucks and railroad cars. This type of contamination has become a 
serious environmental problem in many states. In the unsaturated zone 
petroleum can penetrate downward rather quickly due to the relatively 
small amount of water present. In the capillary zone, where the water 
content steadily increases downward the percolating petroleum will begin 
to spread out forming a lens of free petroleum on top of the water table. 
Dissolved constituents can enter the aquifer at this interface and be 
transported over large horizontal distances in the saturated zone toward 
water wells away from the original source. 

A predictive mathematical model describing the movement of a 
petroleum product, .such as gasoline, in the soil will be obtained. This 
unique problem is one of multiphase transport (immiscible, air and water 
phases) with chemical reactions and microbial degradation. 

The model has been applied to study the fate and transport of 
hydrocarbons found in petroleum products such as gasoline trapped in an 
unsaturated zone. This particular application can help assess the long 
term threat to underlying water resources posed by the fraction of the 
petroleum product which remains after remedial efforts have ceased. 
Thermodynamic equilibrium principles and the role played by oxygen in 
the biodegradation of hydrocarbons are incorporated into the model. The 
resulting system of equations is then solved using a finite difference 
scheme. The results predict the concentrations of each hydrocarbon in all 

* Some parts of this study were presented in IAWPRC Seminar on "Degra
dation, Retention and Dispersion of Pollutants in Groundwater"< 
September 12-14, 1984, Copenhagen, Denmark, and published in tne 
Proceedings. 

**Now U.S. Geological Survey, Weston, Virginia, 22092. 
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phases (water, air, immiscible, adsorbed) in space.and time allowing the 
user to estimate the amounts of hydrocarbons which enter the underlying 
aquifer or which leave the soil via volatilization into the atmosphere. 
Such predictions will be presented for selected cases. 

Understanding and prediction of gasoline and other petroleum 
products in soils and groundwater will advance effective recovery and 
clean-up methods of these contaminants as well as help.to assess the 
risk of potential accidents to water supplies. This will insure the 
balance between industrial and environmental concerns. 

INTRODUCTION AND PREVIOUS STUDIES 

Gasoline and other petroleum products enter soils and groundwater 
from faulty storage tanks or leaking pipelines and from accidents in
volving tank trucks and railroad cars. Most groundwater contamination 
cases are caused by underground tanks from gasoline stations. Although, 
in general, the volumes involved at a particular station are not as 
great as volumes associated with spills beneath refineries and inter
state pipelines, the frequency of occurrence and widespread distribution 
of such incidents are responsible for the concern. In New Jersey, for 
example, gasoline leaks from service station tanks are the most fre
quently reported type o.f groWldwater .contamination incident (Kramer, 
1982). The Pennsylvania Department of Environmental Protection investi
gated over 200 hydrocarbon spills from 1972-1974 (Osgood, 1974). These 
are just a few examples among many other contamination cases reported 
across the United States. 

Qualitative descriptions of the migration of the immiscible plume 
through the unsaturated zone and the entry of dissolved constituents in 
the saturated zone has been described by several researchers, among 
others, API (1972), Schwille (1976, 1981) Somers (1974). Holzer (1976) 
applied Hantush's theory.for the movement of a fresh-water lens in an 
unconfined saline aquifer to the movement of an oil lens in fresh water 
to identify the probable source area of an oil spill of unknown origin. 
Van der Waarden et al. (1971) carried out experiments with an oil refinery 
product as a model for transferable components and with actual petroleum 
products such as gasoline and kerosene. In all the experiments they 
found evidence that water extractable components are leached out from an 
oil zone by trickling water at a rate which is determined by partition 
coefficients of the compounds and by the water/oil ratio. Van de 
Waarden et al. (1977) have shown that adsorption reduces concentrations 
and delays transport. Hoffmann (1970) has solved the classical one
dimensional dispersion equation for various point sources of oil con
tamination with an assumption of a constant exchange rate and contact 
area. He did not consider the immiscible contaminant but rather con
sidered only dissolved pollutant. Thus, it is no more than another 
solution of the one-dimensional hydrodynamic dispersion equation. Dracos 
(1978) has proposed an approach to estimate the spread of an oil slick in 
soils. By employing simple mass conservation principles, he presented 
expressions to calculate the maximum spread of the oil polluted area. 
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QUALITATIVE DESCRIPTION OF THE PHENOMENON AND FORMULATION 

When significant volumes of petroleum products are introduced, the body of spilled oil can penetrate downward rather quickly through the 
unsaturated zone. As soon as it reaches the top of the capillary zone, the oil spreads out over the water table. As noted by Schwille (1981), the magnitude and form of the area of spreading depends among other 
things on the total quantity of oil infiltrated, the infiltration rate,. the hydraulic. gradient and the pel:Illeability o£ the-.:soil •. Another haz.,. . ardous result of the spill occurs at the same time~ Although the petroleum products are "immiscible" with water, this does not mean that the 
various constituents are absolutely insoluble in water. Solubility 
differences are observed among.the many gasoline constituents. Gasoline and kerosene, for example, exhibit a higher total solubility than heavier products and crudes. In case of rainfall, the percolating water will 
solubilize some of the oil in the unsaturated zone and carry the dis
solved constituents to the groundwater where they can be transported over large horizontal distances in the saturated zone. Very small concen
trations of dissolved product make water unfit for domestic use. As noted by API (1972), experiments have shown that, although some of the 
dissolved constituents may be adsorbed by some types of soil in the 
saturated aquifer zone, they will be desorbed by relatively cleaner 
recharge water. The general principles outlined above are illustrated in Figure 1. 

In the unsaturated zone transport of the contaminant can occur as 
solutes in the water phase, vapors in the air phase and as unaltered 
constituents in the immiscible phase. Phase transfers incorporated into the model are dissolution, adsorption and volatilization. Conservation 

lllllllllll~~lll ~~llllllllllllllllllllllllllll .. l~~~lllllllllllllijllllll ... : ... ·. ~ ... W~ .. :- ...... : 
. . . . .. . . . . ; .. 

Figure 1. A Petroleum Contaminated Groundwater System 
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principles expressed in terms of quantifications of the physical, chemi
cal and microbial processes described above lead to a ·system of governing 
equations. At the water table, the concentration of the dissolved con
stituents obtained by solving the system in the unsaturated zone which 
provides the boundary condition for the contaminant in the saturated 
zone. As noted above, a generalized mathematical model, incorporating 
the physical, chemical and biological processes which collectively 
describe the transport of a reactive and immiscible contaminant in soils 
and groundwater provide a model for. predicting the .l.ong .. term effect of 
this type of contamination in a given soil/aquifer system. The problem 
is one of mu.l.tiphase transport, that is, the contaminant can be trans
ported as solutes in water, vapors in air and as .. unreacted ..constituents 
in an immiscible phase. Conservation principles lead to a system of 
nonlinear partial differential equations. governing .the phenomenon. 

In the derivation of governing equations, we start from three 
dimensional macroscopic conservation of mass equations for each phase in 
the pores. Namely, water, air and immiscible (e.g., gasoline, kerosene) 
phases occupy the pore volume of the contaminated medium. The simul
taneous flow of fluids not totally soluble in one another exhibit dis
tinct fluid-fluid.interfaces within the pores (e.g., gasoline, water and 
air). This type of flow is called immiscible displacement. Here the 
distinct fluids will be termed phases_. The term immiscible phase will be 
used to refer to a largely unaltered industrial liquid. The immiscible 
phase, say gasoline, has various aonstituents like benzene, toluene, 
xylene, ethyl benzene, cyclohexane, etc. The constituent index, k, 
ranges from 1 to N. The chemical composition of this phase would differ 
somewhat from the petroleum product introduced to the ground due to the 
differing susceptibilities of the constituents composing the phase to 
various reactions occurring at the phase boundaries (for example, solu
bilization or microbial degradation). Corapcioglu and Baehr (1985) have 
obtained the system of governing equations to model the immiscible con
taminant transport in soils and groundwater. After various states, they 
derived the total conservation of mass equation 

a 
at [~ew + Gk6a + ~ei + 5kPsl = -V· [ <~Sc - ~kwVSc> 

k + (q Gk- ~k V~) + (q.Ik- ~k.VL )] - R. _a _ a -k -~ _ 1 ;K b10 
(1) 

where ~' ~ and Sk are the concentrations of the kth constituent of the 
contaminant in the water, air, immiscible and adsorbed phases, respective
ly, Ps is the soil bulk density, ew, ea and ei are the volumetric con
tents for water, air and immiscible phases, respectively, Sw' Sa and gi 
are respective specific dischar~es, and Pw• Pa' p. the dispersion tensors 
for the respective phases and . denotes tfie toEal rate of microbial 10 degradation. 

Equation (l) yields N equations one for each constituent. 
Fortunately, the system presented above does not need to be solved in 
full generality to address some important environmental problems. Based 
on the problem of interest, it can be simplified for a solution. One 
problem is the transport and fate of an established gasoline plume 
trapped in the unsaturated zone. In this case, which is of interest in a 
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water qual~ty study, we shall make use of local equilibrium chemistry to express eq. (1) in terms of one dependent variable only. Then, the dependent variables, Gk' Ck and S , can be expressed in terms of the dependent variable, Ik' so that t~e total conservation of mass equation can be written in terms of ~. 

Equilibrium partitioning of constituents between phases 

Gk r [ 1 ~ = N Ik a~ 

L .!_ I ~j=1 wj j 

~ = [k Lj(;j IJ]'k w~ 

sk = ri [wk I 
1~ IJ]'k 

. 1 w. J J= J 

Then, Eq. (1) would yield to (Corapciog1u andBaehr, 1985) 

+ 

N Ik e Hk. + e . (wk l. -> a a~ ~ k=l wk 

a~. :w w~ 

k + [q.Ik-Dk.VIk]-R-. -~ : ~ b~O 

(2) 

(3) 

(4) 

(5) 

where~., Hk., and Hki are the equilibrium partition coefficients for the kth ~onstftuent b~tween soil water, soil air, solid phase and the immiscible phase, respecti ve1y, and wk is the gram molecular weight of the kth constituent. Equation (5) is a highly nonlinear equatio~. It will give N equations, one for each constituent. The solution of this equation coupled with Darcy's law for each phase will provide an estimate 
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of the fate of hydrocarbons trapped in the unsaturated zone under assumed equilibrium conditions. Specific discharge terms qw, qa, and q. will be 
obtained by solving the conservation of mass equation lor water~ ~ir, and immiscible phases respectively. The microbial degradation term Rb· 
would couple the model with a conservation of mass equation for sot~ oxygen. 

Modeling the microbial reaction rate for the kth constituent, ~· 
in a general manner is not a straight-forward task due to the overwhei~ng complexity of the microbial ecosystem. Dibble and Bartha {1979) discuss parameters affecting the biodegradation of oil sludges, and in addition to the all important oxygen supply ~io will also depend on the populations of all .microbes utilizing the .. kth constituent? -the :hydrocarbon composition of the various phases (immiscible, water, air, adsorbed), the volumetric content of the immiscible and water phases, areas of contact 
between the phases, the availability of minerals and macronutrients, and temperature. The dependence of the rate of biodegradation on microbial population is fundamental. Corapcioglu and Haridas (1984) presented a 
mathematical model in which the equation for bacterial concentration is coupled with another transport equation for the bacterial nutrient seeping in the porous medium. The main emphasis in Corapcioglu and Haridas' model was the simultaneous transport of bacterial population and a nutrient. 

As noted earlier, the microbial organisms in the soil will degrade hydrocarbons. In the context of microbial requirements hydrocarbons can serve as energy and carbon sources. Jamison et al. (1976), Raymond et al. {1976) and Huddleston and Meyers (1979) repo~field and laboratory data
collected for studies on petroleum biodegradation and indeed demonstrate that such microbes naturally exist in soils. 

Oxygen is required for significant microbial degradation of hydrocarbons which is carried out largely by aerobic bacteria, although 
degradation at much slower rates can occur under anaerobic conditions, 
particularly by sulfate-reducing bacteria (Davis, 1967). For the pur
poses of this model the activity of such anaerobes will be neglected and indeed this is a meaningful approximation to the hydrocarbon utilizing 
population {Raymond, 1983, personal communication). The optimum con
ditions of aeration, moisture content, and nutrient availability which hardly exist in nature can be approached artificially in remedial programs for groundwater supplies contaminated by gasoline or other petroleum 
products. In such programs nutrients and oxygen are added to the ground
water to increase the activity of the naturally occurring bacteria 
{Chaffee and Weimar, 1983). Researchers in the petroleum industry 
(Raymond, 1978) have documented success in applying this ·technique for rehabilitating gasoline contaminated aquifers. Schwille (1976) com

menting on investigations of petroleum contamination incidents reports of microbial degradation of petroleum products and the associated reduction 
zone surrounding the plume where free oxygen is no longer available. This evidence suggests that oxygen, rather than the supply of hydrocarbon, is 
limiting in such an environment. 

Raymond (1983) estimates that 3. 5 lbs. of o2 is required on the 
average to degrade 1.0 lb. of gasoline hydrocarbons. This is a requirement which precludes rapid biodegradation of hydrocarbons without 
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supplementing the oxygen which may replenish the contaminated subsurface environment under natural conditions. For a particular soil, other nutrients and minerals required by the microbes may also be limiting; however, the upper limit on degradation imposed by the oxygen shortage is universal. 

Oxygen availability is modeled by introducing the conservation of mass equation for total oxygen. Here it is assumed that the free oxygen is partitioned between the air and water phases (oxygen dissolved in immiscible phase is assumed negligible) according to the equilibrium assumption. If the soil air is assumed to be at constant pressure (atmospheric) then the air phase may be assumed to be stationary, that is, q = 0. Then the conservation of mass equation for oxygen is, _a 

= - (6) 

where G0 is the concentration of oxygen in air phase, Ho is the Henry's Law 2 coefficient relating 02 to the concentration 2 of free oxygen dissolved in water, ~ is the hydrodynamic dispersion tensor for free oxygen dissolved - 02 in the water phase, Da is the hydrodynamic dispersion tensor for free oxygen in the air= 02 phase, rk is the stoicr~ometric factor relating the mass of oxygen required to degrade the kth hydrocarbon constituent. In eq. (6), the hydrocarbon utilizing microbes appear as the only oxygen sink in the soil ecosystem. In addition to plants, protozoa, nematodes and earthworms, other microbial populations require oxygen for carrying out processes such as soil organic matter decomposition, nitrification, sulfur oxidation and nitrogen fixation. This activity is most intense near the soil surface, thus a possible technique to account for this significant oxygen demand would be to adjust the surface boundary condition assqciated with eq. (6), e ,-,~:::t.ively subtracting off an estimate of this oxygen demand. This a ~ional oxygen demand will be directly dependent upon the 
biomas~ ~f the indigenous soil flora and fauna. 

As noted earlier, the dependence of the rate of biodegradation on microbial population is fundamental; however, the inclusion of microbial populations in the model is not necess~ to formulate a meaningful approximation to the upper bound for R};. due to the critical role of the oxygen supply discussed above:° Certainly the upper bound for aerobic degradation is given by the stoichiometric equivalent of the total available free oxygen, anticipating a numerical solution, a discretized version of this upper bound is, 

. .., 
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Rk. (t) = min 
b~o 

B 
{ ~t r (Go e + Ho e > I J rk~ 2 a 2 w t 

n 

t < t < t 1 n n+ b.t = t· - t . n+l n (7) 

where Bk is a weighting factor for the kth constituent, allocating the availabie oxygen among the N constituents, 

subject to 

k = 1,2, ••• N 
N 

I Bk ~ 1 
k=l 

(8) 

k Note that eq. (7) selects for Rb· (t) 
metric equivalent to available o~?gen 
amount of hydrocarbon present {second N 

b.t either the allocated stoichio
(first argument) or the total 
argument) , whichever is less. If I B = 1 then all of the available oxygen is consumed by microbes k=l k degrading hydrocarbons. 

The value chosen for Bk will reflect the nature of the approximation. For example, the choice Sk = 0 represents the most conservative estimate {no microbial degradation for the k~~ constituent) while sk = 1 would represent the most optimistic estimate {greatest possible microbial degradation for the kth constituent). The case Sk = 0 for all k = 1,2, ••• ,N allows the model to predict the fate of ~~e immiscible contaminant without ~o~sidering microbial degradat~on at all. In this case eq. (7) can be el~nated from the system and Rb· = 0, k = 1,2, ••• ,N. This option may indeed be the best estimate for ~0~. for halogenated hydrocarbons (Wilson and McNabb, 1983) as well as fSf0 hydrocarbons. A chaise of values for sk so as to provide an inter.mediate estimate for microbial degradation can be based on data presented by Jamison et al. (1976). This data appears to be the only study which reports such an extensive list of constituent specific data for the microbial degradation of a petroleum product. 

RESULTS AND DISCUSSION FOR A SPECIAL SUBPROBLEM 

Upon discovery of a subsurface petroleum spill, the rehabilitation plan generally includes an effort to recover the petroleum product standing on top the water table. All of the spilled product is not recoverable, however, leaving behind a significant portion of the total spill as unaccountable or more precisely trapped in the soil. This trapped fraction, immobilized by capillary forces, may represent a long term threat to underlying water resources since over time constituents of the immiscible phase will selectively solubilize {the petroleum product will weather) and be leached down to the groundwater CFigure 1). For the purposes of assessing this long term threat, it.is appropriate to assume that the immiscible phase is immobilized (i.e., ~i = 0) or that a 
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stationary immiscible plume has been established since the source (e.g., leaking tank) would be discontinued and the time required for the immiscible plume to be rendered stationary is small compared to the time for which contaminants remain trapped in the soil. The fate of constituents in the unsaturated zone is truly a three dimensional problem; however, the mass transport of major concern is in the vertical direction either downward towards the water table or upward towards the ground surface. Baehr and Corapcioglu (1985) address this important subproblem by solving the one dimensional (vertical) form of the model equations presented in this paper under the assumption of chemical equilibrium for homogeneous, isothermal soils. At the edge of a plume concentration gradients will exist and a one-dimensional mod~ would be unable to describe the lateral spread of constituents due to diffusion. However,. the one-dimensional approximation is a conservative one in that all of the initial mass remains confined to the initial plume boundaries, maximizing the leaching of constituents to the underlying water resource. Baehr and Corapcioglu (1985) have analyzed a finite difference scheme for their numerical solution. 

Preliminary findings indicate that the fraction of the initial constituent mass which ultimately finds its way to the groundwater is sensitive to the diffusive properties of the soil (Baehr and Corapcioglu, 1985). Given this sensitivity, unless these properties are determined at a particular site one can only justify ~~e most conservative case where only advective transport is allowed, insuring that all of the initial mass in the contaminated column finds its way to the groundwater. Figure 2 provides constituent fluxes for a hypothetical gasoline for an average recharge rate typical of precipitation rates in ~~e northeastern U.S. (a very conservative estimate for recharge) under these conditions. Figure 3 illustrates the depth profile at given times for the same gasoline assuming the same recharge. 
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The biodegradation rate is also sensitive to ~;e diffusive properties of the soil as illustrated by Figure 4. The larger the effective diffusion constant for the soil, the more oxygen recharge permitted, allowing for larger estimates of the upper bound for aerobic degradation. The low estimate is based on oxygen recharge dissolved in recharge water only, indicating that air phase oxygen recharge is required to generate significant biodegradation rates. 
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ABSTRACT 

Low molecular weight, volatile chlorinated hydrocarbons are widely 
distributed in groundwater. The experiments described below were 
undertaken to demonstrate the feasibility of biodegrading chlorinated 
compounds in groundwater over a range of environmental cor.ditions. The 
bi cd eg radati on and mineralization of ~rich 1 oroethyl ene by methane 
ox id iz ing bacteria lias demonstrated. Chl orofonn, vinyl chloride, 
methylene chloride, isomers of dichloroethylene and ethylene dibromide 
were also biodegraded. Similar experiments were conducted in groundwater 
containi,,g bot!l Chlorinated compounds and non-chlorinated cor.Jpour.ds such 
as benzene, toluene, acetone and tetrahydrofuran. In the presence of 
methane ox~dizing bacteria, extensive biodegradation of both chlorinated 
and non-chlorinated chemicals was observed. 

Biodegradation was also demonstrated in a saturated soil environment. A 
laboratory "aquifer simulator 11 was constructed to model the design of a 
proposed in situ treatment system which required the recirculation of 
contaminated groundwater th.rough the aquifer. Trans-1,2-dichloroethylene 
was chosen as the test compound since it was rapidly biodegraded and 
produced an immediate product during methanotrophic biotransformation. 
The intermediate has been identified as trans-1,2-dichloroethylene epoxide 
and is readily identified during the same GC analysis used for the parent 
compound. The epoxide is chemically unstable with a half-life of 30 
hours. These experiments showed that when methane was added to the 
aquifer simulator trans-1,2-0CE rapidly disappeared and the epoxide 
intermediate appeared immediately. The appearance of the intermediate is 
evidence of the~ situ biodegradation in a saturated soil environment. 

·The development of biodegradation technology for chlorinated chemicals is 
currently in a field testing stage. A portion of a contaminated 
groundwater plume has been defined and will be treated with methane, 
mineral nutrients and oxygen to stimulate growth of methane oxidizing 
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bacteria. Response in this treatment area will be compared to the 
untreated plume to detennine degradation response. 

1. INTRODUCTION 

Contamination of Groundwater by Halogenated Al iphatics 

Low molecular weight val at i 1 e ch 1 orinated hyd.rocarbons such as ch 1 orinated 
ethenes, chlorinated ethanes and chloromethanes ·a·re·common cont-aminants of 
groundwater. The use of these chemicals as solvents by commercial and 
industrial activities results in their frequent djscharge to sewage 
treatment plants and to surface and ground waters, making their pres·ence 
almost ubiquitous. These compou·nds are .persistent in the environment and 
are transported rapidly in groundwater (Chiou et al., 1979; Roberts et 
al., 1978). Their presence in drinking water aqulTers is of cncern 
because of their taxi city and demonstrated or suspected carcinogenicity 
(Infante and Tsang as, 1982; U.S. EPA, 1980). Through out the Northeastern 
United States alone, one hundred municipal water supplies have been closed 
as a result of contamination by these ch 1 ori nated hydrocarbons (U.S. EPA, 
1983). . 

These substances are generally known to resist degradation by conventional 
biological wastewater treatment processes. As a result, chemicals such as 
trichloroethylene pass through activated sludg~ or trickling filter 
treatment plants and are released to receiving waters, groundwater or air. 
Removal of the chlorinated al iphat i cs from groundwater by the conventional 
methods of activated carbon adsorption and ~ir stripping is often 
inefficient and expensive. For example, a mixture of vinyl chloride and 
trichloroethylene !=an be treated by activated carbon to remove 
trichloroe:hylene, but might require further treatment by air stripping to 
remove vi ny 1 ch 1 or ide • 

Bi od eg rad at ion of Ch 1 oreal iohat i cs by Methane Uti 1 iz ing Bacteria 

We have studied a bacterial mixed culture which grows by oxidizing methane 
and which can co-oxidize vinyl chloride, vinylidene chloride, all 
dichloroethylenes, and trichloroethylene {Fogel et al., 1986). This 
discovery has significant potential for app1 icatTansin the field of 
groundwater and wastewater treatment. In order to realize this potential, 
however, it was necessary to first demonstrate that these substances are 
indeed mineralized under proposed treatment conditions,and not simply 
converted to other taxi c substances. 

Biochemistry of Methanotroohs 

Methane-utilizing bacteria oxidize methane first to methanol and then to 
fonnalc!ehyde which can be converted to biomass or to co2• . _ 
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,.--~> HCOOH --> --> C02 CH4 ~ CH30H ~ CH 0 
2 

' > biomass 

Most methanotrophs are capable of utilizing only methane and other 
one-carbon compounds as sole sources of carbon and energy, although a few facultative Methanotrophs have been reported which can also grow on more complex compounds {Lynch et !l_., 1980). 

The first step in methane oxidation is performed by the enzyme methane 
monooxygenase which obtains oxygen directly from molecular oxygen (Higgins and ()Jayl e, 1981). · Methane monooxygenase is a highly non-specific enzyme as evidenced by the fact that even obligate methanot·rophs are able to insert an oxygen into a wide variety of "non-growth" compounds {Dalton and Stirling; 1982). Such oxygenations include hydroxylation of n-alkanes such as ethane, the· epoxidation of n-alkenes such as ethylene, and 
dechlorinations of aliphatic and aromatic substances, including 
chloromethanes (Harbor et !!.·' 1983; Hou et .!!.·, 1979). 

Non-toxic Nature of Biodegradation Products 
j 

One of the goals of our research was to determine whether degradation by meth a not roph i c bacteria is a safe treatment approach for these halogenated aliphatics. We investigated this by either identifying the products/intermediates of biodegradation or by demonstrating their complete mineralization to CO • We evaluated the degradation by 
methane-utilizing bacte~ia of211 halogenated aliphatic compounds which are widely found as contaminants of water supplies (Table I). For the 10 compounds "ihich were oxidized by our bacterial culture, we compiled a list of compounds wh"l:h might be intermediates or prod:Jcts of the oxidation of these substances, based on a 1 iterature review of known products of 
chemical, mammalian, and bacterial oxidation of chlorinated aliphatics. 

Table I 

Halogenated Aliphatic Compounds Evaluated 

t rich 1 oroethy 1 ene 
tet rach l oroethyl ene 
cis-1 ,2-di chl oroethyl ene 
trans-1 ,2-di chl oroethyl ene 
vinylidine chloride 
vinyl chloride 
chloroform 
methylene chloride 
1 ,2-d i ch 1 oroethene 
ethylene d i bromide 
1 , 1 , 1-t ri ch 1 o roe thy 1 en e 
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Predicted I nte rmed i ates/ Products of Bi od eg rad at ion 

In order to predict the products of biodegradation of chlorinatec: ~enes 
by methanotrophs, we assumed that they are first oxidized to the 
chlorinated epoxides, since the epoxidation of ethenes by methanotrc ·:s 
has been previously observed (Higgins et al., 1980; Hou et al., 1979;. 
Methanotrophs oxidize ethylene by the. addition of an oxygenatom across 
the carbon double bond: 

----> H2c-c2 
'of 

Although ethylene oxide itself is relatively stable, the·chlori·natec! 
ethylene epox ides are unstable and hydrolyze rapidly in water at nio!':.:·al 
pH with hal f-1 ives on the order of one minute for vinyl chloride epoxide 
and trichloroethylene epoxide (Guengerich et al., 1979; Mille-r & 
Guengerich, 1982) and about ten minutes fortetrachloroethylene epoxide 
{Bronsted et ~·, 1926). 

The hydrolysis products of vinyl chloride epoxide and trichloroethylene 
epoxide have been previously determined (Guengerich et al ., 1979; Miller & 
Guengerich, 1982) and are a mixture of chlorinated an'dnon-chlorinated 
compounds which can be further biodegraded. Vinyl chloride epoxide 
undergoes spontaneous rearrangement to form 2-chl oroac 'taldehyde and 
dechlorination to form glycolaldehyde (Guengerich et ai ., 1979). 
Tri en 1 O!'"oethyl ene epoxide hydrolyzes at neutral pHtoform a mixture of 
prOducts: dichloroacetic acid, g!yoxylic dcid and formic acid (Miller and 
Guengerich, 1982, 1983; H~nschler et al., 1979). Chloral (trichloro
aceta1dehyde) is also formed from arearrangement of an enzyme-bound 
trichloroethylene epoxide in rat liver (t'l~11er and Guengerich, 1982). The 
hyc!r:ilysis of dichloroethylene epoxides will yield similar products. 
These hydrolysis products can be further degraded by methanotrophs and 
other soil microorganisms (Findlay et !l,. 1987; Leahy~!}_., 1987). 

Biodegradation in Groundwater 

A second goal of our research was to determine whet.her the biodegradatiJn 
of chlorinated compounds would occur in groundwater in the presence of 
other types of chemical contaminants. For this aspect, groundwater from a 
Superfund site was obtained and inoculated with methane oxidizing · 
bacteria. Mineral nutrients, oxygen, and methane were added and the 
biodegradation of both chlorinated and non-chlorinated compounds measured 
over a wide range of concentrations. 

Biodegradation in an Aquifer Simulator 

The third goal of our research was to design and operate a bench-s~al e 
simulator to demonstrate the biodegradation of trans-1,2-dichloroethylene 
under aerobic conditions by methane-utilizing bacteria in a soil/water 
environment. Trans-1,2-dichloroethylene was selected for this experiment 
because its biological oxidation produces a transient intermediate which 



is readily analyzed by EPA Method 601 (Leahy et al., 1987). The 
production of this transient intermediate in tfleaquifer simulator was 
eviden.ce that trans-1,2-dichloroethylene was actually biodegraded, rather 
than volatilized or absorbed to the soil (Moore et al., 1987} •. The use of 
the s imul at or all owed the effect of envi ronmentalcond it ions on the 
bi ad eg rad at ion of t rans-1 ,2-d i ch 1 oroethyl ene to be eva 1 uated. 

Demonstration of Biodegradation under Field Conditions 

Our final research objective was to develop a commercial treatment process 
for bi odeg rad i ng chlorinated sol vents in situ. This effort is supported 
by EPA's Small Business Innovative Research Program and by internal 
funding from Cambridge Analytical Associates. The design features of the 
project are similar to those tested in the aquifer simulator. 

II. MATERIALS AND METHODS 

Methanotroph Culture 

The methar.e-utilizing culture used in this study (CL-M) was isolated from 
lake sediments enriched by growth on methane as sole carbon source (Fogel 
et a1 ., 1986). The culture is capable of degrading trichloroethylene ncu ar.d other C~11orinated solvents. 

The culture is a stable consortium composed of four morphologically 
distinct bacteria. Three of the bacterial types can be isolated as pure 
OJltures and grown on either yeast extract or methane. These pure 
~:rains, however, are not capable of degrading TCE. The fourth strain 
~arms pink colonies on agar plates but the colonies are always 
superimposed on one of the other col any types. This pink strain can not 
be isolated as a pure culture. Only the mixed culture containing this 
pink strain is capable of degrading TCE and ..2!!J1.: when grown on methane. 
This evidence indicates that the pink strain is the obligate methanotroph 
which ·degrades TCE. Other examples of methanotrophs unable to grow as 
pure cultures are documented in the literature (Wilkenson & Harrison, 
1973; Lidstrom-O'Connor et al., 1983). These strains are sensitive to the 
methanol and cell lysis 'j)'Fooucts they produce. Such strains can only grow 
in the presence of other bacteria capable of acting as scavengers for the 
by-products that are toxic to the methanotrophs. 

Culture Conditions 

Culture were grown on a mineral salts media (Fogel et al ., 1986}, with 
methane as the sole carbon source. Cultures were maTntiined in serum 
bottles capped with Teflon-faced silicon septa. Further details on 
individuals experiments are given in Result~: . 

16-19 



Chemical Analyses 

The halogenated aliphatic compounds were analyzed by gas chromatography using EPA method 601 (U.S. EPA, 1984). The analyses were carried out on a Hewlett Packard Model 5890 Gas Chromatograph, with a 6 ft. X 0.25 in. 00 glass column packed with 1% SP-1000 on 60/BO.mes.h ... Carbopac-B {Supelco~ Inc., Bellefonte, PA). The gas chromatograph was interfaced to a halogen-specific Tracer Hall 700 electrolytic. condu·ctivity detector 
operated in the halogen-specific mode and a model .. LSC-2 automated purge and trap sample concentrator. 

The concentration of CO?, CH4 and a, in the headspace of cultures were analyzed by gas chromatograpt1 on a Rewlett Packard Model 5890 Gas 
Chromatograph with a 6 ft packed stainless steel Carbosieve column with thermal conductivity detection. 

I I I. RESULTS 

Biodegradation of Halogen Substituted Aliphatics. 

The methanotrophic consortium is able to degrade 10 out of the 11 environmental p~Jll utants tested. Further, the consortium tal erates e: ~j 
d~grades these compounds at concentrations as high as 1 to 2 ppm. Mc:..,t importantly, the con cent rat ions of these compounds can be reduced to a faw parts per bi111on or less as a result of th~s co-metabolic process. Such treatmetn down to very low concentrations can usually not be achieved by conventional biological treatment. 

For each compound tested, cultures were incubated with the test compounds in the presence of 15% (v/v) methane in the headspace. Control cultures were killed with sodium azide to control for abiotic degradation and loss by volatilization. Acetylene, which is a specific inhibitor of the enzyme methane monooxygenase, was added to an additional culture to determine whether the biodegradation of these compounds was dependent on the 
activity of that enzyme. The data plotted in Figure 1 show the results of representative experiments. The results for the compounds tested are summarized in Table II. 

All the test compounds 1 isted in Table II, except tetrachloroethylene 
(TECE) which is not degraded and 1,1,1-trichloroethane (1,1,1-TCE) which is degraded very slowly, were degraded at concentrations above 1 ppm. Compounds which degraded very rapidly, such as trans-1,2-dichloroethylene can be degraded at concentrations well abov"' ~pm. The biodegradation of the ten halogenated aliphatics was inhibitec by:the addition of acetylene, as shown in Figure 1, confirming that the first step in the biodegradation is the oxidation of the compounds by methane monooxygenase. -

We have detected dichloroethylene oxides as transient intermediates in methanot roph i c biodegradation of cis and t rans-1 ,2-d i chl oroethyl ene 
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Trichloroethylene, and Ethylene Dibromide by a Methanotrophic 

Consortium. Live cultures •; killed cultures containing 20 ug/ml 

sodium azide,o; live cultures containing 0.2% (v/v) acetylene_, ... 
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Table II 

Biodegradation of Halogenated Aliphatic Compounds 

by Meth a not roph i c Consort i urn 

Compound 

t rich 1 oroethy 1 ene 

tetrachloroethylene 

cis-1, 2-d i ch 1 oroethyl ene 

trans -1 ,2-d i ch 1 oroethyi ene 

vinylidine chloride 

vinyl chloride 

chloroform 

methylene chloride 

1, 2-d i ch 1 oroethene 

ethylene dibromide 

1,1, 1-t ri chl oroethyl ene 

Rate of Degradation 

( nmol e/mg/h our) 

2.3 

not degraded 

16.8 

25.8 

0.4 

14.6 

5.9 

12.6 

16.0 

1.8 

0.1 
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(Findlay et al., 1987). The corresponding epoxides of trichloroethylene 
and vinylChloride were not detected, as expef4ed due to their extremely 
short half-lives. Mineralization studies of C-radiolabeled 
trichloroethylene, chloroform, 1,2-dichloroethylene and ethylene dibromide 
have confirmed that mixed cultures of methanotrophs and soil 
microorganisms are capable of ultimately converting these halogenated 
compounds to carbon dioxide and biomass. 

Biodegradation of Mixed Solvents in Groundwater 

Groundwater contaminated with chlorinated solvents frequently also 
cant ai ns non-ch 1 orinated solvents. It was, therefore of interest to know 
whether methane oxidizing bacteria could biodegrade both classes of 
compounds. To investigate this, goundwater was obtai ned from an 
appropriate Superfund site, analyzed, and a treatability study performed. 
The results are shown in Table 3. The data show that, in addition to the 
usual array of chlorinated compounds acetone, toluene, benzene, and 
tetrahyd rofu ran were present. The results of the t reatabi 1 ity study show 
:~at both classes of chemicals were biodegraded. Apparently, the methane 

:dizing bacteria were responsible for biodegrading the chlorinated 
- :Jounds while other members of_ the consortium biodegraded the 
non-chlorinated compounds. -

Table 3 
Biodegradation of Volatile Organics in Groundwater 

Concentration (ug/L) 

Compound 0 Hours 36 Hours 

methylene chloride 91 8.8 
1, 1-d i chl oroethane 69 14.8 
t rans-d i ch 1 oroethyl ene 253 nd 
1 ,2-d i chl oroethane 112 nd 
l, 1, 1-t rich 1 oroethane 131 86 
t ri ch 1 o roethy 1 ene 477 nd 
tet rach 1 oroethyl ene 115 100 
benzene 86 nd 
toluene 54 nd 
acetone 1,200 1,000 
tet rahyd rofu ran 500 250 

* blank = 6 ug/L (lab contamination) 
nd = not detected 
Analyses by EPA Method 601/602 .. 

87.5 Hours 

* 

nd 
125 

7 ch 1 ori nated compounds by EPA Metl:1_od 601 
4 non-chlorinated compounds by EPA Method 602 

Ki 11 ed Control 
184 Hours 

86 
59 

225 
92 

113 
387 

91 
64 
38 

1000 
400 



.Biodegradation of Ethylene Dibromide at Trace Levels in Drinking Water 

Ps mentioned previously, methanotrophic bacteria can reduce the 
concentration of halogenated compounds to a few parts per billion. We 
have demonstrated this reduction to less than one part per billion of 
ethylene dibromide in drinking water (Dooley-Danna et al., 1987). 
Methanotroph i c bacteria, naturally occu ring in drink ingwater contaminated 
with ethylene dibromide, were shown to degrade ethylene dibromide from 6 
~arts per bill ion to bel ow 0.25 parts per bill ion. Parallel studies with C-radiol.abeled ethy.lene dibromide confirmed that the .contaminant .was 
mineralized to carbon dioxide and biomass. 

Methanotrophic bacteria degrade ethylene dibromide and other halogenated 
compounds by co-metabolism with methane. Si nee methanot rophs do not 
utilize the halogenated compounds as growth substates, these bacteria can 
degrade these compounds to very low concentrations, as long as methane is 
provided. 

Aquifer Simulator 

This study demonstrated the biodegradation of trans-1,2-dichloroethylene 
by methanot roph i c bacteria during simulated aquifer treatment (Moore et 
al., 1987). Although biodegradation of this compou~d had ai ready been 
demonstrated in mixed ::,acterial 1 iquid cultures, it was important to 
de;1lonstrate that the same process c.:an occur in a saturated soil 
environment. A laboratory 'aquifer simulator' was constrtJcted to model 
the design of a proposed in situ treatment system which involves the 
recirculation of contam~nated ground water through the aquifer. 

Trans-1,2-dichloroethylene was chosen as the target compounc: · ince it is 
rapidly biodegraded and generates an intermediate, dichloroet:-.ylene oxide, 
which can be easily detected during methanotrophic biotransformation. 
This epoxide, which is unstable and degrades with a half-life of 
approximately 36 hours, provides a unique marker with which to follow 
biodegradation. Our approach was to add mineral nutrients, methane and 
bacteria to the aqui_fer s. imul a tor and demonstrate, by the appearance of 
the epoxide, the potential for in situ biodegradation of chlorinated aliphatic sol vents. - --

A diagram of the bench-scale aquifer simulator used in these experiments 
is given in Figure 3. The system was designed to represent a portion of a 
saturated sand aquifer in which groundwater flow is controlled using two 
gravel-fi 11 ed trenches, one for the withdrawal of groundwater and the 
other for re-injection of removed groundwater and dissolution of methane, 
oxygen, and mineral nutrients. The simulator was constructed from a 30 
gall on aquarium filled with sand, pea stone and water to create a 
water-saturated sand zone underlying an unsaturated zone. 

Simulated ground water withdrawal and injection trenches were created by 
placing aluminum screens vertically near the ends of the aquarium. In the 
middle of the two trenches, vertical glass plates were placed to create 
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baffles to improve the uniformity of the 
The trenches were filled with pea stone. 
trenches was used to pump water from the 
injection trench. 

water flow through the sand zone. 
Tubing installed within the 

withdrawal trench to the 

Dissolution of methane and oxygen in aquifer water was accomplished by sparging the headspace gas above the injection trench through an air stone in the injection trench and connected by plastic tubing to an aeration pump installed at the top of the injection gas compartment. The entire tank was sealed to minimize volatilization oftrans-1~2-dichloroethylene and the epoxide intermediate from the tank. Ports were installed in the tank cover for gas sampling and in the circulation tubing fo.r collection of aqueous s amp 1 es for ana lyses. 

Simulator Operation 

The tank was filled with water containing 1 mg/1 of trans-1~2-dichlor:oethyl ene. The pump was set to recirculated the s imul at or water at a liquid hydraulic retention time of one day. The headspace gas was sparged into the trench at a rate of about one 1 iter per minute. 

The aqueous con cent ration of t rans-1, 2-d i ch 1 oroethy 1 ene in the s imu 1 a tor was monitored initially to detennine the effect of volatilization and soil adsorption. The con cent ration of t rans-1 ,2-d i ch 1 oroethyl ene decrease over timE! to 200 ppb (parts per bill ion) with no epoxide intennediate 
formation. This point was arbitrarily picked as Day Zero of the e.xperime1t. On Day 6, a rni!'le~al nutr~ent so1utit:~r. was added to the tank. On the same day, methane gas (10 to 20% '1/vj added was added to the dissolution compartment headspace. Methane concentrations in the 
reci r at ing heads pace quickly decreased as me!hane dissolved into the water. Or. Day 7, methanotrophic bacteria were added to the tank. through the injection trench. 

Aqueous samples were taken periodically to monitor changes in 
trans-1~2-dichloroethylene and dichloroethylene oxide concentrations over time •. The concentrations of nitrate and phosphate and the pH of the simulatr .. water were also monitored. The headspace gas was analyzed for methane, ·ygen and carbon dioxide. 

Simulator Results 

Figure 4 shows the concentrations of trans-1,2-dichloroethylene and the dichloroethylene oxide biodegradation intermediate during the experiment. As this figure indicates, there were substantial losses of the 
trans-1,2-dichloroethylene from the aqueous solution even before the addition of methane or methanotrophs. These losses are presumably due to soil adsorption and volatilization into the aquarium headspace, as well as possible diffusion through the aquarium seals. However~ when mineral nutrients, methane, and methanot rophs were added to the system at 140 
hours~ the rate of trans-1,2-dichloroethylene loss increased and the epoxide intennediate ill1Tlediately began to appear. The appearance of this epoxide intennediate confirms the~ situ biodegradation by the 
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methane-utilizing bacteria. 

These results showing epoxide intermediate production and 
trans-1,2-dichloroethylene reduction are clear indications of biodegradation of t rans-1 ,2-d i ch 1 oroethyl ene by the methane-uti 1 iz ing bacteria in a saturated soil environment. These data are evidence that bi odeg rad at ion of t rans-1, 2-d i ch 1 oroethy 1 ene, t rich 1 oroethy 1 ene, and at:· .~r chlorinated aliphatics in contaminated soil and groundwater is a feasible bioremediation method and should be attempted under full scale field · conditions. 

Field Demonstration Project 

We have begun a field demonstration of the application of the technology described in this report to the in situ bioremediation of groundwater and soils contaminated with chlorinatedSOTvents. This project was initially supported by a Phase II u.s. EPA Small Business Innovative Research Grant and is currently supported by Cambridge Analytical Associates, Inc. 

Our demonstration project is at a large industrial site which has areas of soil and groundwater contaminated with trichloroethylene, trans-1,2-dichloroethylene and several other chlorinated compounds. The site has an on-going g roundloiater withdrawal and air stripping remedial operation. 

Proposed Treatment System 

Two parallel trenches r.ave 'een constructed in a contaminated area of the aqu~fer, one for withdrawal of groundwater ·(downgradient) and one for injection (upgradient). These trenches are located perpendicular to the groundwater flow direction. Monitoring wells have been placed between the injection and withdrawal trenches (Figure 4). 

Nitrogen, phosphorus, methane; and oxygen will be added to the recirculating groundwater to stimulate bacterial activity. We have performed experiments to determine the optimum amount of phosphate needed to overcome the soil adsorptive capacity and to prevent metal phosphate precipitation from occuri ng. Additional 1 aboratory experiments have been performed to determine the optimal form and concentration of nitrogen. These mineral nutrients will be added from a stock solution tank with a metering or syringe pump to the recirculated ground water after gas absorption and before being injected into the ground. A conservative tracer will also be added to monitor the injected ground water flow. 

The injection trench will receive the recirculating groundwater that has been supplemented with mineral nutrients, methane and oxygen. This water will flow downgradient through the contaminated soils and groundwater where methane oxidizing bacteria will degrade the chlorinated solvents contained in the groundwater and soils. Preliminary laboratory studies and test ope rat ions have been completed. System ope rat ion will commence after initial field measures have been made. 
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Full Scale Aquifer Remediation 

The controlled biodegradation of commonly occuring chlorinated compounds 
in groundwater holds great promise as a cost-effective in situ treatment 
technique. The work presented here was designed to demonstrate the 
technical feasibility and effectiveness of using methane oxidizing 
bacteria to biodegrade trichloroethylene and related compounds. 

Full scale remediation of aquifers contaminated by halogenated solvents 
could be carried out by either of two strategies. The first, referred to 
as ground water reci rcu 1 at ion, was illustrated by _our _aquifer simulator 
experiment. This approach would be appropriate for clean-up of recent 
spills, in which the contamination was contained in a relatively small 
area. 

An alternative approach, the Biological BarrierTM' is the subject of a 
patent application by CAA Bioremediation Systems. This technology would 
be applied in cases of extensive groundwater contamination involving a 
plume of dissolved solvent moving off-site or toward a drinking water 
source. A region of intensive methanotrophic activity would be created in 
front of the approaching contaminant plume. As the groundwater flowed 
through this "biological barrierTM"' the chlorinated solvents would be 
degraded. 
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T 
his case history describes the result of a 
field demonstration of in situ bioreclamation 
at an area containing petroleum 
hydrocarbon contamination .of soils and 
ground water created by a leak of 

approximately 80.000 gallons of unleaded gasoline. 
The project was conducted from May to November 1984. 

The primary focus of the field project was to 
• "' · · ···· · demonstrate .Utat hydrogen peroxide could.effectively: 

supply oxygen. to a contaminated aquifer and thereby 
enhance the natural biodegradation process. Therefore,_ 
the scope of the field test was limited to measuring the 
general efficiency of the bioreclamation process and 
did not attempt to determine the ultimate level of 
gasoline removal. 

Site Description 
The site, located in northem Indiana, is a·petroleum 
hydrocarbon storage facility which was contaminated by 
a gasoline spill five years prior to this demonstration. 
The spilled gasoline spread rapidly, over a period of 

dissolved hydrocarbons was a maximum of SO«l ppm. 
Most of the phase-separated hydrocarbon (free phase 
gasoline) had been recovered prior to the remediation 
demonstration. 

The site is situated on a glacial outwash, consisting 
primarily of silt, sand and gravel deposits, which 
resulted from glacier melt and subsequent movement 
of a large prehistoric :river that flowed through the area. 

--On a large scale;..there . .is:a.high.degree of geological 
continuity, but extensive . .soil sampling identified .. 
significant inhomogeneity which presented some -

· ·challenges to ·this project. -

A srnall portion of the hydrocarbon plume was selected 
for the field demonstration. Selection of the specific 
location was based on its accessibility and its.location 

· · away from both the plume edge and source, so that the 
site would be relatively homogeneous with respect to 
contamination. FJQure 1 shows the spill site and 
location of the primary treatment area. 

days, tc cover an area of approximately 20().4()() by Procedures 
600-11XXJ feet. Initial free product thickness was less The primary treatment area was hydrologically 
than a foot. During.the recovery of free phase material, separated from the surrounding area to prevent 
fluctuations in the water table contaminated the soil migration of any remaining free phase gasoline into the 
over a depth of 6-8 feet Levels of contamination of the test area. This was accomplished through the use of 
soil ranged in concentration from 300-10.000 parts per two concentric triangular injection galleries illustrated in 

-·. · · million·(ppm~gasotine .. .Leaching.oUhe.gasolinelnto the .... F19ure2. Water from a recovery well (designated PN-2) 
ground water resulted in a plume of soluble located at the center of the test zone was injected into 
contaminants that extended several hundred feet the inner triangle gallery. Water from a pumping well 
downgradient from the spill site. The concentration of (PN-1 in Figure 1) located near the original leak site 
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and 470 feet upgradient of the test area was the source 
for the outer gallery. The original test design called for 
injection rates o1100 gallons per minute (gpm). The 
resulting hydrologic mounding was intended to protect 
the treatment zone from intrusion of gasoline and the 
movement of gasoline out of the test area Thus, any 
change in contaminant level would be due to the 
·bioreclamation· process. Injection strategies, however; 
were modified during the test due to a combination of 
low perme&bilities·through·the-galleries and mineral · 
precipitates. 

The results of sieve analysis classified the sand as a 
medium- to fine-grained, well-rounded quartz sand with 
minor silt and gravel. The silt, although a minor 
constituent, reduced the intrinsic permeability of the 
sands. This was especially critical since the highest 
percentage of silts was found in samples taken near the 
surface (5-7 feet). This silt had a deleterious effect on 
the transport of water which was injected just above this 
low permeability zone. 

Another characteristic of the site geology and chemistry 
that affected the bioreclamation study was the 
presence of iron, calcium and magnesium in the 
formation. These materials appeared to form 
precipitates with the nutrient solution and caused . 
further difficulty with the permeability of the formation. 
Consequently, changes were made in the original 
design and operation. The initial amount of water that 
could be introduced into the inRer gallery was 28 gpm. 
This decreased to 15 gpm after one month of operation. 
In order to increase flow to the inner gallery, 
recirculation water from pumping well PW-1 was 
introduced into observation wells 12-15 as well as to the 
cistern (see Figure 2). This increased the average 
injection rate to the inner gallery up to 20-30 gpm but 
altered flow patterns and reduced the amount of 
information that could be obtained from observation 
wells about the microbial activity. After one month, 
water addition to the observation wells was terminated, 
and the injection rate continued to decline. 

A
second approach to improve infiltration 
rates was then tried. The remote pumping 
well PN-1 was shut down and water from 
recovery well PN-2 was pumped to the 
outer and inner galleries. It was assumed 

that infiltration In the· inner ga11ery would be increased 
because more water was being removed from that 
zone. During this period, the total injection to both 
galleries dropped from 50 to 20 gpm, at which point, it 
stabilized. As a consequence of these changes, 
nutrients were recirculated to the outer gallery, and 
hydrogen peroxide was added to both galleries. Thus, 
the area between the galleries received approximately 
one half the total hydrogen peroxide and more nutrients 
than was initally anticipated. This is in addition to the 
indeterminate amounts of nutrients and hydrogen 

· peroxide that moved outward from both galleries. 

A third approach to increasing infiltration involved the 
installation of six injection wells. The new wells were 

• 1 

placed as shown in Figure 3 to have the greatest effect 
on the low permeability zone. These wells also had the 
effect of introducing nutrients and hydrogen peroxide 
more closely to the active zone. The wells were put into 
service on October 22 and used through November 15, 
1984, the last day of the test. The water circulation 
during this period averaged 20 gpm. 

Since none of the attempts to increase infiltration rates 
to design levels were successful, the original test period 
was extended to allow a sufficient volume of hydrogen 
peroxide and nutrients to circulate through the site for 
easily meaSurable results. In total, the test was 
conducted over 180 days. During 129 of those days, 
hydrogen peroxide addition was at its maximum level 
(500 ppm). 

The progress of remediation was followed by 
monitoring water samples for -both. nutrients and 
microbial activity and by taking periodic core samples 
to determine hydrocarbon levels. 

To provide a background for interpreting the test results, 
the site was extensively analyzed for residual 
hydrocarbon levels in the soil, background nutrient 
levels (ammonium and phosphate), residual dissolved 
oxygen (D.O.) and initial bacterial count. Soil 
contamination was determined by ultraviolet analysis of 
isoctane extracts of soil samples collected at three 
depths at numerous coring locations. The site was 
extensively cored during the test with 13 cores taken 
prior to start-up and 19 cores taken at the completion of 
the test. Two less extensive intermediate corings were 
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confined to the inner gallery. Water samples were 
collected throughout the test from 15 observation wells 
located across the site (see Figure 2). 

The test site was divided horizontally into zones 
Onner-A, between--8 and outer-C) as shown in 
Fagure 4 .. Soil contamination was also measured with · 

depth. A statistical analysis of the initial hydrocarbon 
·levels shown in Table 1· indicated that the gasoline soil 

contamination was uniformly distributed horizontally 
across zones A, B and C but not uniformly distributed 
vertically. The vertical distribution of the contamination 
was highest at about 25 feet, the average • \'Ster table 
depth for the site. The average hydrocarbo.l level at 
24-26 feet (8,895 ppm) was statistically greater than the 
levels at 22-24 feet (3,575 ppm) or 26-28 feet (3,993 
ppm), as shown in Table 1. 

were less than 0.4 ppm across the site and averaged 
- 0.2 ppm. Initial bacterial counts were generally low 
but uniform throughout the site. The total bacteria, as 
determined on nutrient agar, were on the order of 
1.2 x 103 colony forming units (CFU)Igram (gm) of soil. 
Gasoline-utilizing bacteria counted on mineral agar 
were an order of magnitude less, 2 x 102 CFU/gm. 
There was no statistically significant correlation 
between bacterial counts and either depth or area. 
These low initial bacterial counts demonstrate the 
limiting effect of low nutrients and oxygen. 

After a short period of initial water circulation, microbial 
nutrients were batch fed to the water being introduced 
through the inner gallery. These were applied several 
times weekly by adding a blend of ammonium chloride, 

monosodium phosphate and ·disodium phosphate. 

1----------------------f· . Once the presence of ammonium and phosphate was 
observed throughout the area within the inner gallery, 

·Figure 3 .. Location of New Injection Wells 
· . In Primary 1htatment Area ·· ·: · ; · 

·· (Used Beginning October 22, 1984) 

Based on soil analysis, it was estimated that the initial 
hydrocarbon contamination was 4,200 + 1- 840 
pounds.in the inner gallery and 13,400 +I- 3,900 
pounds between the galleries, or about 17,600 pounds 
for the total area inside the galleries. Background 
nutrient levels across the site were less than 1 ppm for 
both ammonia and phosphate. Residual D.O. levels 

hydrogen peroxide was added continuously to the inner 
gallery feed. 

Hydrogen peroxide was used as the oxygen source 
during the test. It is converted to oxygen through the 
decomposition process: Hz02 -+ 112 0 2 + H20, in 
which one part of hydrogen peroxide supplies a half 
part of oxygen. Hydrogen peroxide was added 
continuously since oxygen concentration is typically the 

limiting factor in the natural degradation of petroleum 
products. The concentration of hydrogen peroxide was 
initiated at 100 ppm and gradually increased to a level 
of 500 ppm. 
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Horizontal Zone 

A (Inner Gallery) 

B (Between Galleries) 

C (Outer Galleries) 

Vertical Depth 

22-24 ft 

24-26 ft 

26-28 ft 

Mean Hydrocarbon 
Level (ppm) 

5.646 

4,823 

6,331 

3,575 
8,895. 

3,993 
"Sia!istic:ally greater than hydrocat1)0n leYels at other vertical deptrls. 

Results 

T 
he progress of bioreclamation can be 
followed by several direct and indirect 
parameters. The presence of nutrients, 
particularly nitrogen and phosphorus, and 
baderial levels were determined as 

indicators that the subsurface environment had been. 
suitably modified to promote biodegradation. From 
initial concentrations of -1 ppm, the nitrogen and 
phosphorus levels were increased 10- to 250-fold in the 
test areas shown in Table 2. The inner gallery area 
shows the highest concentrations of nutrients since 
they were added primarily through the inner gallery. 
Based on additional field experience acquired since 
this study, it is now recognized that these nutrient levels 
were excessive and that effective bioreclamation can 
generally be achieved at substantially lower nutrient 
levels. 

Enumeration of microbial populations in soil and 
ground water samples demonstrates the impad of 
nutrient addition on microbial growth and thus indicates 
that metabolism is occurring. The baderial counts 
increased dramatically during the test in response to 
the addition of nutrients and oxygen. As shown in 
Table 3, baderial numbers were highest in the inner 
gallery where the primary injections of nutrients and 02 
occurred. These bacterial enumerations indicate that 
significant stimulation occurred where the nutrients 
were effectively transported. 

While measurement of nutrient levels and bacterial 
populations serve as good indicators of the response of 
the site to the bioreclamation process, such 
measurements do not give a direct indication of 
remediation. Remediation can be tracked only by 
measuring the change in contaminant level. This was 
achieved by monitoring the change in hydrocarbon 
level in soil coring samples. Table 4 summarizes this 
change in various Sedions of the test area, clearly 
showing that there was substantial removal of 
hydrocarbon contamination during the test. 

The most significant redudion occurred in the inner 
gallery. This was expected since this area received the 
greatest amount of oxygen and nutrients and showed 
the higher baderial.counts and nutrient levels. 

The changes in hydrocarbon levels were statistically 
analyzed ( > 95 percent confidence level) to confirm that 
they were real and not simply due to the inherent . 
variability of the initial.gasoline levels. An analysis of 
variance procedure was used to compare data from all 
corings and to establish that the inner gallery (Test Area 
A) underwent a ·continued and statistically significant 
deere~ in hyorocarbon.level over the course of the 
study. Because of the lack of intermediate coring data 
fer the zones between the galleries and the outer . 
gallery, the initial and final coring results were used to 
show that the hydrocarbon reduction in these test areas 
was also statistically significant. 

The utilization of hydrogen peroxide was measured as 
well since a key objedive of the test was to examine the 
effectiveness of hydrogen peroxide as an oxygen 
source tor bioreclamation. Because some of the 
hydrogen peroxide introduced into the inner gallery 
flowed toward the outer gallery, it is estimated that 
10,800 pounds of hydrogen peroxide were utilized in the 
larger area between the galleries (Test Area B), and 
6,400 pounds were utilized in the inner gallery (Test 
Area A). Table 5 shows a summary· of the pounds of 
hydrogen peroxide utilized compared with the pounds 
of gasoline degraded for these two zones. Note that the 
ratios tor the pounds of hydrogen peroxide to pounds of 
gasoline degraded were 2:2 tor the inner gallery and 
1:2 for the area between the galleries. These figures do 
not take into account gasoline degraded outside of both 
galleries; therefore, assessments of the degradation 
and utilization of hydrogen peroxide are conservative. 

Table 2. Nutrient Levels During Test 

Test Area 
Nitrogen, Phosphorus, 

ppm ppm 

A (Inner Gallery) 100-250 100-250 

B(Between 
Galleries) 50-200 60-250 

C (Outer 
Galleries) 10- 50 1- 10 

Table 3. Bacterial Counts During Test 

·Total Gasoline 
Test Area Bacteria Utilizers 

CFU/gm Soil CFU/gm Soil 

A (Inner Gallery) 13.8 X 106 1.1 X 106 

B (Between 
Galleries) 8.0 X 1()4 1.4 X 104 

C (Outer Galleries) 6.6 X 103 5.3 X 102 
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Test Area 
Mean Hydrocarbon 

Level (ppm) 

Initial Anal Reduction 

A (Inner Gallery) ·5,646 665 88% 

B (Between Galleries) 4,823 1,750 64% 

C (Outer Galleries) 6,331 2,361 63% 

;:_:~' ~· ;~-.5.:Hydrog8i\"Paioxlde ~~··:. 

Ratio of 

Test .-:-ea Gasoline Hz02 to 
H202 Degraded Gasoline 
(lbs) (lbs) (lbs) 

A (Inner 
Gallery) 6,400 2,974 2:2 

B(Between 
Galleries) 10,800 9,140 1:2 

Conclusions 

T 
he use of hydrogen peroxide is an effective 
means of supplying oxygen during an in situ 
bioreclamation process. 

In situ bioreclamation is effective in reducing 
residual hydrocarbon soil contamination. 

In situ bioreclamation requires close supervision and 
understanding of site hydrology and chemistry to 
ensure proper transport of nutrients through the 
contaminated zone. 

• 

This paper presents data collected from a study by the 
American Petroleum Institute (API) and FMC 
Corporation. The report prepared in conjunction with 
this study is currently undergoing review by the API. As 
such, the interpretations and conclusions presented in 
this paper are not necessarily endorsed by the API. 
This case history has been Pff'pared by Aquifer 
Remediation Systems, which was formed as an 
operating group of FMC Corporation in 1984 and was 
acquired by Jntemational Technology Corporation (11} in 
1986. IT/Aquifer Remediation Systems maintains offices 
at 30 Plainsboro Road, Plainsboro, NJ 08536. 
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ENVIRONMENTAL DEGRADATION 
OVERVIEW 

*CONTAMINANT REMOVAL (NOT ALWAYS GOOD) 

* METHODS OF CONTAMINANT REMOVAL 

* ENVIRONMENTAL REACTIONS 

* ENZYME KINETICS 

*CHEMICAL DEGRADATION SCHEMES 

* MAJOR FACTORS AFFECTING 
BIOTRANSFORMATIONS 

* LIMITATIONS OF THEORETICAL CALCULATIONS 
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TOXICITY OF C =.GRADATION 
PRODUCTS 

FLUOROACETIC ACID 
(TOXIC) 

CHLOROACETIC ACID 
(NOT TOXIC) 

FLUOROPROPIONIC ACID (NOT TOXIC) 

FLUOROBUTYRIC ACID (TOXIC) 

IT IS VERY DIFFICULT TO PREDICT THE TOXICITY OF AN ORGANIC 
MOLECULE BASED ON STRUCTURE. FLUOROACETIC ACID (2 
CARBONS)(ALSO KNOWN AS "1080") IS VERY TOXIC- IT INTERFERES 
WITH THE ENERGY PRODUCTION IN THE TRICARBOXYLIC ACID (KREBS) 
CYCLE. CHLOROACETIC ACID IS NON-TOXIC BECAUSE THE CHLORINE 
ATOM IS TOO LARGE TO "FIT" INTO THE ENZYME INVOLVED. 
FLUOROBUTYRIC ACID (4 CARBONS) IS TOXIC BECAUSE IT IS EASILY 
CONVERTED INTO FLUOROACETIC ACID. FLUOROPROPIONIC ACID (3 
CARBONS) IS NON-TOXIC BECAUSE IT IS NOT CONVERTED INTO 
FLUOROACETIC ACID. 

LIKEWISE, DEGRADING TRICHLOROETHANES OR DICHLOROETHENES TO 
VINYL CHLORIDE IS NOT A DESIRABLE PROCESS. 



PHYSICAL LOSS OF 
ORGANIC CONTAMINANTS 

*EVAPORATION 

* ADSORPTION 

* DILUTION I DISPERSION 

THERE ARE MANY FACTORS WHICH INFLUENCE THE 
PHYSICAL MOBILITY OF A CHEMICAL CONTAMINANT 
IN THE SUBSURFACE, INCLUDING WATER SOLUBILITY, 
VISCOSITY, DENSITY, AND VAPOR PRESSURE OF THE 
CHEMICAL CONTAMINANT; AND THE POROSITY, 
PERCENT CARBON AND/OR CLAY CONTENT OF THE 
SUBSURFACE ENVIRONMENT. 



THREE CONTAMINANT PHASES IN 
THE UNSATURATED ZONE 

GROUNOWATE 
TABLE 

rm=IT~IIr= llt=Tn=rn=Tir=n 
BEDROCK 

UNSATURATED 
ZONE 

CAPILLARY ZONE 

PETAOLEIN 
PAOOUCT 

DISSCl¥ED 
tfiOI. 

CLEAN SOIL ] r-------..., MC)tS'T\JA( 

SOL CONTAMINATED IV 
PETROLEUM PRODUCT 

RELEASE 

When petroleum products are released into the subsurface, 
they move primarily by gravity down through the 
unsaturated zone, with only a minor horizontal movement 
(away. from the release source) due to dispersion and 
capillary forces. As the plume encounters the capillary zone 
above the water table, the weight of the plume depresses 
first the capillary zone and then the water table. The liquid 
product forms a pancake shape on top of the water table as 
the plume is drawn down by gravity. The floating plume 
will then be confined to horizontal flow, usually in the same 
direction as the groundwater. 



SELECTION OF REMEDIATION 
TECHNOLOGIES 

f 
KEY 

QUESTION 

_, ... 
IIIILUat 

-·Till UNU7UMT111 -•m 

--· 'l'llllllt 

WIIATAIIITIII 
ft~lt 

-TAIIITIII 
awnc:ALIUCCnl 
~ 

-TWILI.WOM 
ATIIY_, 

( ACTION J 
SITE ASSESSMENT 

1£CHNOLOGY IELECT10N 

IB.KT TECHNOLOGY 
IAIEDONWUI 

liTE /IMD HOW IT MATCHES lHE 
lECNQ.CIG't'l CSF'I 

PERF MONITORING 

Figure 1. An Overview of the Approach 

(Lyman, ~.,1990) 

SECT10N2.0 

SECTIONU 

SECT10N4.0 
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DISTRIBUTION IN THE UNSATURATED ZONE 

TABLE 11. UKEUHOOO OF LIQUID CONTAMINANTS BEifQ ® PRESENT IN THE UNSATURATED ZONE 

liTE OF 
FACTOR UNITS ~ 

INCREASING LIKELIHOOD 3IJIII 

RELEASE· RELATED 

llul Meclunl Large 

•Amollll ......... ...,. (c1CIO) (100.1000) (>1000) 

0 0 0 

llowfWe-. 
~ 

...... Of ........ 
.. Releul 

0 0 0 

Lang ...... Short 

•Timl•nce......_ IIIOI'Ih ~12) (1 • 12) (c 1) 

0 0 0 

liTE ·lELA TED .... · ·· ..... 
' .. 

..._ .-.... OMp 

• Dtplt To Groundnlllr ....... . (c 1) (1·5) (>5) 

0 0 0 ... a.t.dlullt Low 

·~ ConMivllr Cln'-c (>104 ) (10 .. ·1cr') (<10 .. , 

0 0 0 ... Uedum Low 

•ltafnlllllntltrdon .... _...,. (>0.1) (0.115 • 0.1) (c0.05) 

0 0 0 

WMII ....... Cool 

•lol T.,..,.bn "C C>20) (10. 20) (c10) 

0 0 0 

Low ......,. .... 
•lallofplon c..., 

•'• 
(c0.1) (0.1. ,, (>1) 

(IScdlce ANe) 0 0 0 

CONTMINANT· RELATED 

1..- ........ .. 
• LlqliM YIICOIIIJ cP 

(c2) (2·20) (>20) 

0 0 0 

tlgh ........ Low 

• LlqliM Denenr t (>2) (1~ (<1) 

P"' 0 0 0 

High ........ Low 

•V1f*Pres8UI'I mmHg 
(>100) (1~100) (ctO) 

0 0 0 
High MecNn Low 

• w.-SciiiAIIIlJ ~ 
(>1000) (100..1000) (c100) 

0 0 0 

(Lyman, et al., 1990) 
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CONTAMINANT VAPORS IN THE 
UNSATURATED ZONE 

TABLE 12. LIKEUHOOD OF CONTAMINANT VAPORS BEING 
PRESENT IN THE UNSATURATED ZONE 

SITE OF 

~ 
FACTOR UNfTS INT.;,.EST . INCREASING LIKELIHOOD 

~ 
RELEASE· RELATED 

' SIMI Medlulll IMgl 

•Amount A...._. galonl 
(c100) (1CI0-1000) (>1000) 

0 0 0 

Slow ReiN• .. ........,_,. 
•Rail Of Rei ... ........ 

0 0 0 

• Time Snce Rlllll• 
_... Lang Medloln Short 

(>12) (1-12) (< 1) 

0 0 0 

&n'E • REUTED 

ShallcM Meclunl Deep 
• Depll To Grounctwat.r --- (< 1) (1-5) (>5) 

0 0 0 
High Medurll ~ 

• Air Conductivity c:rni..C (>104 ) (to4-t~) (<10 4 ) 

0 0 0 
High Medium ~ 

........ lnflftr811on ..... c:rnlday (>0.1) (.~.1i (..0.05) 

0 0 0 
Cool Medum w.rm 

•loiTempernn -c (<10) (10 ·20) (>20) 

0 0 0 

• Sol Sorption C.,.cftJ m''V Low Mldklft 1¥ 
(Sult.cl AneJ (..0.11) (0.~1) (>1) 

0 0 
CONTAMINANT· RELAtED 

High Medurll ~ 

•LIIPII YIICOiftJ' cP (>20) (2-201 (<2) 

0 0 0 

HIF MecUn ~ 

• Uqullf Denelty I (>2) (1-2) (c1) wan 
0 0 0 

Low MGdUn Hi1' 
• VlpCII' Preaaure mmH; (c10) (10.100) (>100) 

0 0 0 
High 

......,. 
~ 

..... SolubiiiJ m~ (>1000) (100-1000) (<100) 

0 0 0 

(lyman, et al., 1990) 
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FLUX INTO AQUIFER 

e. I 

4.1 

2.1 

HEXANE 
Ll 

Ll 21.1 41.1 ... 
(Baehr and Yavuz, 1984) 

TOTAL ~ 

--oTHER'S 

AROMATICS 

OTHER ALK~_NJ;S ... 1a1 

Baehr and Yawz used theoretical equations to predict the flux into the aquifer of 

va~ous components of •a hypothetical gasoline for an average recharge rate typical of 

precipitation rates in the northeastern U.S. (a very conservative estimate of recharge) 

under these conditions. • 



TERMS AND DEFINITIONS 

* BIOTRANSFORMATION 
The transformation of an organic compound which has been biologically 
mediated. It could mean making an organic molecule larger, smaller or 
just changing the structure. 

* BIODEGRADATION 

Biodegradation generally means making an organic molecule smaller 
through biological activity. 

* PARTIAL DEGRADATION 

Partial degradation means to change an organic molecule while not 
completely degrading it to carbon dioxide and water. 

* MINERALIZATION 

Mineralization generally means the complete change of an organic 
compound to carbon dioxide, water, ammonia, etc. 

* ULTIMATE DEGRADATION 

Ultimate degradation is the same as mineralization (the complete 
change of an organic compound to Inorganic compounds. 



TERMS AND DEFINITIONS 

* CONSORTIA 

A consortia of microbes is the collective sum of all microorganisms (a 
mixed population). This Is usually used when one doesn't know what 
microbes are present and/or actively doing the biodegradation. 

* HETEROTROPHIC 

Heterotrophic microbes require organic compounds for both their carbon 
source and for energy production. 

* AUTOTROPHIC 

Autotrophic microbes use carbon dioxide for their carbon source but 
use Inorganic compounds or Dght for energy production. 

* CO-METABOLISM (SECONDARY UTILIZATION) 

Co-metabolism Is a term used to Indicate the metabolism of a 
compound along with the •primary• compounds used as a food source. 
Frequently this appears to be the •accidental metabolism of some 
compound which Is structurally similar to the main food. This appears 
to be very Important In the degradation of chlorinated and aromatic 
compounds which microbes do not normally use as their primary food 
source. 



BIOLOGICAL TRANSFORMATION 
OF ORGANIC CHEMICALS 

* AEROBIC 
Aerobic bacteria require molecular Oxygen as an electron acceptor for their 

metabolism and thus their survival. Strict •aerobes will die in the absence 

of oxygen. In general hydrocarbon fuels~ are relatively rapidly degraded 

under aerobic conditions. Most aerobic microbes do not easily degrade 

halogenated or.sanic compounds. 
,-

* ANAEROBIC 
Anaerobic bacteria can live in the absence of oxygen and use inorganic 

compounds or C02 as electron acceptors in order that they might oxidize 

organic compounds for energy. Strict anaerobes will die in the presence of 

oxygen. Typically the metabolic rate for the degradation of hydrocarbon 

fuels by anaerobes is much slower than for aerobes. However. even 

though the rate is relatively slow many anaerobes seem to possess the 

necessary enzyme systems for the degradation of chlorinated compounds. 

* METHANOTROPHIC -qerob4c 

Methanotrophic bacteria are a special class of aerobes which require 

methane as their carbon source and oxygen as their electron acceptor. 

This type of bacteria also seems to be very efficient in the degradation of 

Lmall.chlorinated molecules. Although they could not "live" on the 

chlorinated hydrocarbons they co-metabolize the chlorinated compounds 

with methane. There has been considerable interest in these microbes 

because it is possible to encourage the growth of these bacteria throughout 

a treated volume by saturating the soil alternately with oxygen and 

methane. This reduces the rampant growth of microbes near the wells 

supplying the nutrients. which tend to plug the infiltration wells. 



AEROBIC DEGRADATION BY 
METHANOTROPHIC BACTERIA 

Methanotrophic 
Degradation Rate 

Compound n moles/mg/hr 

trans-1 ~2-Dichloroethene 25.8 

cis-1 ~2-Dichloroethene 16.8 

Vinyl Chloride 14.6 

Methylene chloride 12.6 

Chloroform 5.9 

Trichloroethene 2.3 

Ethylenedibromide 1 .8 

1 I 1 I 1-Trichloroethane 0. 1 

From Fogel 
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A DEGRADATION REACTION OF 
TRICHLOROETHYLENE 

1, 1 DCE Cis 1, 2 OCE 

25,1001DAYS 

VINYL CHLORIDE 

~ 

TRANS 1, 2 OCE 

. d e.5.~s u er-7 .S/o WI. 
ved.'l uo t~dd~ ~ r..c..rJ +-v ct~ kc..:t- LJ"e;;Jl us l".Jvk 

h a.~ h, S4/)\ /.e J- 4.1\J 1 -z w if-< + 

EPA GROUND WATER MONITORING SERIES 
CERI-87-8 

LA!VL is '-4Si,.;J J. J, to a.tJat.,z.,~ 7CG' .5p/t( 

eA-ofo C<Co~Sh~(. tv-Jed'fZf-<-- -f;dJ. t::V-J£.('1'2.< UiNy/ d/c/-;'4.

(dt-vt.(f'/'J ~~ <;;-.. C(;.u::,l'fz/.v_J vlt~~ttl c.-4fo/'o·~ l.v word.. eA~vfro \ 
4o.sH.4 ,o..~ ,....._) 

Above is an example of the degradation of trichloroethylene with half lives for 

degrading to the various products. I have been unable to determine where the EPA 

obtained the half lives listed so the above times should be used only as an example of 

how a product plume might change In its composition and/or concentrations. Although 

one can find many reaction half lives in the literature, one should be very cautious in 

assuming that those times will apply in all/any situations. Frequently degradation 

schemes as above will vary depending on the typefabundance of microbes which can 

depend on soil moisture, oxygen and many other factors. 



A DECAY PROFILE OF 
TRICHLOROETHYLENE 

CIS-1, 2-DCE 

TRANS-1, 2-DCE 

EPA GROUND WATER MONITORING SERIES 
CERI-87-8 

Any time that a compound decays to a variety of different products at different rates 
the composition of the product plume will change with time. In some cases one would 

not be surprised to not find the original product after a period of time. It is often 
necessary to know and understand the decay scheme of chemicals in order to 
understand the analytical results as associated with the site history and geology. Again 
please don't assume that all sites will have the reaction rates shown above. 



CONTAMINANT PLUMES SHOWING 
MOVEMENT OF DEGRADATION 

PRODUCTS 

TCE PLUME 

-- ~DCEPLUME -.... ~-.:. ~ .#,-- -- ..... 
• I , - ' ' ---~ I !,"- - ..... ....., ...... 

1
1 I I '-, '-, ', 

' \ ' ' ' \ \ \ \ ' ' 
\ \ ' \ \ ' 
\ \ ' \ \ ~ \ \ ' ' .......... ... ' \ ' ' -----e ' ' "" ~ \ 

' ', .. - I ' .......... _ ~ ..... , ____ .... ~ 

...... .. .. .......... ... -- ,."" ...... ______ ..,. 

EPA GROUND WATER MONITORING SERIES 
CERI-87-8 

One should be aware that a plume of one compound will not move at the same rate as 
that of another compound. If there isn't a continuous source for the TCE plume (such 
as a lot of undissolved pure TCE) separate and distinct plumes will be generated for the 
various degradation products (TCE, DCE. & VInyl chloride). 



ENVIRONMENTAL REACTIONS 
flb;ofi~ 

* SUBSTITUTION 

* DEHYDROHALOGENATION 

* OXIDATION 

* REDUCTION 

* DECARBOXYLATION 

The above classes of reactions can take place both abiotically and with 
biotic intervention. In general the reaction conditions (temperature. 
concentration. pH. etc. are sufficient for these reaction to take place 
without biological (enzymatic) help to increase the rate of the reactions. 
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I SUBSTITUTION REACTIONS 
Abio-h' '-

* SOLVOLYSIS (HYDROLYSIS) 
(ff'0"1 

ALKYL HALIDES ~~\iJ' 
!( 

R-X + H20 -----> R-OH + H-X 

NITRILES 
R-CH2-CN + H20 ----- > R-CH2-COOH + NH3 

ESTERS 
R-COOR' + H20 ----- > RCOOH + HOR' 

AM IDES 
R-COONR' 2 + H20 ----- > RCOOH + HNR' 2 
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HYDROLYSIS REACTIONS 
ABIOTIC 

R-X + H20 ----- > R-OH + H-X 

WHERE X = A HALOGEN (CI or Br) -t 

C 
o..f>'l-9\..1 ,u 

and R- = AN ORGANI MOLECULE ~ 
~(. . e. ~\..,.. 

COMPOUND 

H3C-CI 

H2CIC-CI 

HCCI2-CI 

CI3C-CI 

14 j \. ~ r-• .J t- \ \fe 
f c. \A ~ ¥\."'-\ 

o erz... -T-
\or->'1 

HALF LIFE 

- 1 MONTH 

- 700 YEARS 

- 3,500 YEARS 

- 7,000 YEARS 

IN GENERAL Br > Cl and SH- > OH- and Hydrolysis is 
pH DEPENDANT 
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II DEHYDROHALOGENATION REACTION 

-C-C- ----- > C = C + H-X 
I \ 

X H 

Where X - Halogen 

GeneraDy this reaction proceeds very slowly with monochlorinated compounds, but 
polychlorination increases the rate. The rate for this reaction also increases with 
Increasing hydroxide ion concentration (Ph). Even though one of the carbons (C·X; C 
oxidation state goes from + 1 to 0) Is reduced, and the other carbon IC-H; C oxidation 
state goes from -1 to 0) Is oxidized, this reaction is not considered an external redox 
reaction. Also this reaction does not occur with vicinal (1 ,2·) dichloro- compounds. 



HYDROLYSIS Vs 
DEHYDROHALOGENATION 

FIGURE 2 
Estimated half-lives for some halogenated aliphatic compounds 

100,000,-------------------------, 

From Vogel 

Substitution 
alone 

+ . + :·.· 

· DehydrohaJogenalion · 
alone or with substitution 

Number of halogens per carbon atom 

Chlorinall'd compounds ( •) 

Dehyd~ohalogenation and hydrolysis are competing reactions in the degradation of 
chlorinated organic compounds. The figure above indicates that polychlorination tends 
to increase dehydrohalogenation while decreasing hydrolysis. Also note that brominated 
compounds are more reactive than the corresponding chlorinated compounds. 
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REDOX REACTIONS 

REDUCTION: GAIN OF ELECTRONS (H) 

OXIDATION: LOSS OF ELECTRONS (H) 

MORE OXIDIZABLE COMPOUNDS 
PHENOLS 
AROMATIC AMINES 
OLEFINS (UNSATURATED) 
ALKYL SULFIDES 

LESS OXIDIZABLE COMPOUNDS 
SATURATED ALIPHATICS 
HALOCARBONS 
ALCOHOLS 
ESTERS 
KETONES 
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Ill OXIDATION REACTIONS 

* alpha-HYDROXYLATION 
OH 
I 

-C-X + H20 ----- > -C-X + 2H + + 2e· 

* beta-OXIDATION 

RCH2CH2COOH + 2H20 ----> RCOOH + CH3COOH + 
4H+ + 4e· 

* EPOXIDATION 
X 0 X 
I I \I 

C=C + H20 -----> C-C + 2H+ + 2e· 

0 
I \ 

C=C + H20 -----> C-C + 2H+ + 2e· 

* BIOHALOGENATION 
HO X 

\ I 
C=C + X+ H20 -----> C-C 



Ill OXIDATION REACTIONS 
(CONT.) 

* OXIDATION OF ALKYL COMPOUNDS 

RCH3 + 2H20 --> RCH20H ---> RCOOH + 6H+ + 6e· 

*AROMATIC HYDROXYLATION (OXIDATION) 

Ar + H20 -----> ArOH + 2H+ + 2e· 

* OXIDATIVE DEALKYLATION 

ROCH3 + H20 -----> R-OH + HCHO + 2H+ + 2e· 

* OXIDATION OF SULFUR 

* OXIDATION OF AMINO GROUP 

RNH2 + 2H20 -----> RN02 + 6H+ + 6e· 



PHOTO-OXIDATION OF ALDRIN 

Aldrin 

a 
a 

Aldrin dlol 

(Verschueren, 1983) 

Cl 

0 
Photo dieldrin 

Above is the metabolic pathway of Aldrin and Dieldrin under oceanic 
conditions. Conversion of Aldrin to Dieldrin was 80% complete after 8 
weeks in river water kept in a sealed jar under sunlight and artificial 
fluorescent light. The initial concentration was 1 Oug/1. 
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IV REDUCTION REACTIONS 

* HYDROGENOL YSIS 

R-X + H+ + 2e- ----- > R-H + x· 

* DIHALOELIMINATION 

X X 
\ I 
C-C + 2e- -----> C=C + 2X-

*COUPLING 

2R-X + 2e- ----- > R-R 2X-
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V DECARBOXYLATION 

RCOOH ----- > R-H + C02 
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A CHEMICAL REACTION WITH ENERGY 
PROFILE 

H HH 

HO- + H--}9--1 -~> H0--~---1 
H 

--)~ Ho-<9(H +I-
H H H 

reactants transition state products 

The Basic Hydrolysis of Methyl Iodide 

t AH 
_.i_ ________ ,__....f CH

3
0H + 1-

energr '-------------__J 
reaction coordinate~ 

Energy Profile (Schematic) for CH31 + OH- ---+ CHaOH + r-

THERMODYNAMICALLY A REACTION WILL OCCUR IF THE NET ENERGY 
OF THE IS LESS THAN THAT OF THE REACTANTS. 

EVER. TH RATE T WHICH A REACTION WILL OCCUR IS 
DEPENDENT ON COMING A TRANSITION STATE ENERGY BARRIER 
AND HOW FREQUENTLY THE REACTANTS COME TOGETHER IN THE 
CORRECT CONFIGURATION. AN ENZYME CAN INCREASE THE RATE OF 
A REACTION BY HELPING TO STABILIZE THE TRANSITION STATE AND 
BY "HOLDING" THE REACTANTS IN THE CORRECT CONFIGURATION FOR 
THE REACTION TO OCCUR. 
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ENZYM'ATIC HYDROLYSIS ( ETHYLACETATE ) 

If (±)IS c,, 
En 8 + (+)cS C- OEt ~ L 1 (+)cS d 

N• (-)60 

Polarized Polarized 
active ethyl 
center acetate 

Reformed 
a dive 
center 

+ 

Enzyme· 
substrate 
complex 

Acetic acid 

+ EtO-

Acyl enzyme + Etholate 

HOHtl 
l 

EtCH 

1 ~/CH2 
c r.:•' En jQI OH + H• 

L.··H N• 

Acyl enzyme 
hydrolysis intermediate 



WHERE: 
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ENZYME KINETICS 
b ~c..\< {1.\. c- d ~ rvt h't>IV ("lA. k 

kXS 
Monod Kinetics 

rs = RATE OF SUBSTRATE REMOVAL 
X = MICROBIAL MASSNOL SOIL 
S = SUBSTRATE CONCENTRATION 
k =CONSTANT 
k5 = HALF SATURATION CONSTANT 
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ENZYME KINETICS 

kXS 
r -- ------------s Monod Kinetics 

At high substrate concentrations: first order 
with respect to biomass. 

r = k X s 

At very low substrate concentrations: first 
order with respect to substrate concentration 

and to biomass. 
k 

r s = ------- X S = k2 X S 
ks 

WHERE: rs = RATE OF SUBSTRATE REMOVAL 
X = MICROBIAL MASSNOL SOIL 
S = SUBSTRATE CONCENTRATION 
k = CONSTANT 
k1 

= HALF SATURATION CONSTANT 
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BIOTRANSFORMATION OF ALIPHATIC HYDROCARBONS 

H3C(CH2)nCH2CH2CH3 --------> H3C(CH2)nCH2CH2CH200H 

J, 
H3C(CH2)nCH2CH2CHO <-------- H 3C(CH2)nCH2CH2CH20H 

! . 
H3C(CH2)nCH2CH2COOH -->--->---> H 3c(CH2)n&H2COOH 

"! 
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ANAEROBIC TRANSFORMATIONS OF 

CHLORINATED COMPOUNDS 

METHANES 

CCI4 
J, 

CHCI3 

! 
CH2c12 

a = abiotic 
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FACTORS INFLUENCING BIOTRANSFORMATION 

• Inaccessibility of the Chemical 

• Absence of Factor Essential for Growth 

• Toxicity of the Environment 

• Inactivation of the Requsite Enzyme 

• Structural Characteristic of the Molecule 

• Inability of the Community of Microorganisms 
to Metabolize the Compound because of some 
Physiological Inadequacy 
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MAJOR FACTORS AFFECTING BIOTRANSFORMATION 

1. pH 6. Oxygen 

2. Temperature 7. Nutrients 

3. Water Content 8. Nature of Microbes 

4. Carbon Content 9. Acclimation 

5. Clay Content 10. Concentration 
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pH INFLUENCE ON BIO TRANSFORMATION 

• pH 6.5 - 8.5 for most soil bacteria 
• Fungi can tolerate more acidic conditions 
• Enzyme activity affected by pH 
• Percent of Substrate sorbed is affected 
• Enzymes favor certain ionized forrris of chemical 



TEMPERATURE INFLUENCE ON BIOTRANSFORMATION 

• Microbes have temperature limits 

• Microbial activity stimulated by temperature 
Mesophiles 25 - 35° 

Psychrophiles 

Thermophiles 

< 20° 

45- 65° 

• Chemical Reaction Rate Proportional to Temperature. 
• Adsorption Processes are Exothermic 

:r.J \..(04 w i ,..c.f'U.5t!..- +<,....,. ID 0 !.(Ow a..., ).,o,..blc 

~ ~-k 0 f- ~diolll 
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WATER CONTENT INFLUENCE ON BIOTRANSFORMATION 

• Moisture Required but Reduces Gas Exchange 

• Optimum for Aerobics is 50 - 75% Soil Capacity 
• Affects Soluble Chemical Concentrations 
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CARBON CONTENT INFLUENCE ON BIOTRANSFORMATION 

• Major Source of Microbial Food 
• Strongly Sorbs Many Chemicals J. ~k-< ~1>1 iNe<ccess 1tLr -h. h 4.c{e a. ' e--
• Added Organics can cause Increase Or Decrease 

CLAY CONTENT INFLUENCE ON BIOTRANSFORMATION 
pH wiLl J.F~c...+- -r-k ".J 

• Many Chemicals Sorb to cr:y ~ ""'e;./4 t-1-.ttl.\ /rJ a.r:.e-1!->~iJk t~ 1-l::l lic:-H' (t..i4 

• Different Clays React Differently to Chemicals 
• Clay Causes Increased Moisture, Decreased 0 2 
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OXYGEN AFFECT ON BIOTRANSFORMATION 

• Terminal Electron Acceptor for Aerobes 

• Required for Aerobes 

• Toxic ·for Anaerobes 

• Determines Mechanisms and Products Formed 
• Soil Rarely Totally Aerobic 
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NUTRIENT AFFECTS ON BIOTRANSFORMATION 

• Required for Growth and Respiration 

• Serve as Electron Acceptors 

• May be Supplied by Chemical Being Degraded 

NATURE OF MICROBIAL POPULATION 

• Not All Chemicals degraded by all Organisms 

• Population Size and Spacial Distribution Important 

• Some Chemicals Degraded Sequentially by Different 

Species 
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ACCLIMATION AFFECTS ON BIOTRANSFORMATION 

• Frequently a Biotransformation Lag Period 

Required Enzymes Induced 

Preferential Selection of Degrading Organism 

CHEMICAL CONCENTRATION AFFECT ON 

BIOTRANSFORMATION 

• Too High a Concentration may be Toxic 

• Too Low may not Support Growth 
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ESTIMATION OF RATE PARAMETERS 

r .p · If f. s.J-/,.,..;t. ~ 
vf~ 'J cUt-~ ., a. J e-j-(~ """"' ~ 4 J/ 1-~ 

• Field Vs Lab Measurements - Vfr) d··-:::..~ T~,... s -tl..J' oCCU.ffiv-J,:. 

• Measurement of Test Chemical Disappearance 

• Lab Measurement of 14c Production e>A. 
13

C 02 • 

• Meassurement of Microbial Numbers It Biomass 
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MEASUREMENT LIMITATIONS 

• Abiotic Vs Biotic Processes 

• Microbial Concentration 

• Bound Chemical Residues 

• Model Limitations 

• Specificity of Constants 

• Concentration Dependance of Constants 

• Acclimation 
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CONTAMINANT MIGRATION-- INORGANIC SOLUTES 

I. INTRODUCTION 

II. CASE HISTORIES 
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B. HEAVY METAL AND TRANSITION METAL CONTAMINATION 

C. MUNICIPAL LANDFILLS 
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pH and Redox Buffering Mechanisms in a Glacial 
Drift Aquifer Contaminated by Landfill Leachate 

by Alan E. Kehew arid Richard N. Passeroa 

Abstract 
The KL Landfill in Kalamazoo County, Michigan was closed in June 1979 because of ground-water contamination. 

Study of water analyses from a monitoring-well network has provided insight into a variety of pH and pe buffering reactions 
within the contaminant plume. The reactions occur when contaminated ground water containing dissolved organic acids 
from the landfill reacts with carbonate minerals and other solid phases in a glacial drift aquifer. Concentrations of Total 
Inorganic Carbon (TIC) in the plume, measured as the difference between Total Carbon (TC) and Total Organic Carbon 
(TO C), are lower than those obtained by alkalinity titrations. The difference results from the dissociation of organic acids in 
solution, producing organic anions that are included in the erroneously high titration alkalinity values. 

Organic acids cause dissolution of carbonate minerals in the drift and increased concentrations of calcium, magnesium, 
and bicarbonate in the plume. Geochemical modeling using WATEQF indicates that the plume is supersaturated with respect 
to calcite, dolomite, and siderite. The dissolution reactions buffer pH in the plume at near background levels. 

Redox potentials are below the level of sulfate reduction in the contaminant plume. Therefore, redox buffering 
mechanisms, reactions that inhibit changes in redox potential in the presence of a strong reducing agent, are much less 
effective than pH buffering in this system. Possible redox reactions occurring along the flow path include oxidation of 
organic compounds coupled with reduction of nitrate to ammonium and reduction of ferric iron in oxyhydroxide phases to 
ferrous iron. 

WATEQF simulations indicate that dissolved iron concentrations in the plume are well above saturation levels with 
respect to sulfide phases, moderately above saturation with respect to siderite, and below saturation with respect to iron 
hydroxide. It is likely that iron precipitates as sulfide phases until the dissolved sulfide is consumed. The concentration of 
dissolved iron is subsequently controlled by precipitation of siderite, which occurs when moderate levels of supersaturation 
are reached. 

These redox buffering reactions are insufficient to maintain high pe levels, and pe values drop to the level of sulfate 
reduction in the contaminant plume. Together, pH and redox buffering reactions control the concentrations of most major 
chemical species in the KL Landfill contaminant plume. 

Introduction 
Attenuation of contaminants in aquifers beneath 

general refuse landfills involves a variety of physical and 
chemical processes, including reactions between dissolved 
chemical species and aquifer solids. Landfillleachates often 
contain high concentrations of dissolved organic carbon, of 
which various organic acids make up a significant fraction 
(Chian and De Walle, 1977; Baedecker and Back, 1979a, b). 
Despite the presence of these organic acids, the contami
nated ground water is commonly in the neutral range of pH 
values, indicating that buffering of the pH is occurring. 

Microbial decomposition of labile organic compounds 
in Jeachates and contaminated ground water tends to lower 
their redox potential. Decomposition continues as the leach
ate moves through the vadose zone beneath the landfill and 
into the saturated zone. Dissolved or solid oxidized com-

"Center for Water Research. Department of Geology, 
Western Michigan University, Kalamazoo, Michigan 49008. 

Received November 1988, revised June 1989 and January 
1990, accepted February 1990. 

Discussion open until March I, 1991. 

pounds in the aquifer are reduced with oxidation of the 
organic compounds. These reduction reactions, such as the 
reduction of ferric to ferrous iron, occur in a specific 
sequence (Drever, 1988), and the redox potential of the 
contaminated ground water remains at a level determined 
by a particular reaction until the oxidized member of the 
reaction is reduced. Redox buffering, the tendency of a 
solution to maintain redox stability, is conceptually similar 
to pH buffering. 

pH and redox buffering reactions taking place beneath 
and downgradient from the landfill alter the chemistry of the 
contaminant plume and influence attenuation reactions 
within it. This paper describes pH and redox buffering in a 
glacial drift aquifer contaminated by landflll leachate. 

Site History 
The KL Landfill, located approximately three miles 

west of the city of Kalamazoo, Michigan (Figure 1), was 
used as a township dump in the early 1960s. Although 
records do not exist for this period, it is likely that most 
refuse Jandfilled at this time was household and farm waste. 
In 1968, Kalamazoo County assumed management of the 
site and used it as a commercial landfill until 1979, when 
volatile hydrocarbons were detected in nearby residential 
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KL Landfill 
Fig. 1. Location of the KL Landfill. 

wells. The landflll was closed in June 1979, monitoring wells 

were installed on and off the site (Figure 2), and a hydrogeo

logic investigation was conducted (Passero et al, 1981 ). The 

closure plan included regrading, application of a final, 

bentonite-enhanced soil cover, installation of gas vents, and 

revegetation, followed by quarterly sampling of more than 

50 monitoring and residential wells. Volatile hydrocarbons 

have been detected in residential wells as far as 2000 feet 
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downgradient from the landfill. As part of the remediation 

effort, contaminated shallow residential wells were replaced 

with deep wells in a confined aquifer at the base of the drift 

and a water main was extended into the area. 

In 1982, the site was added to the National Priority List 

(NPL) under the U.S. EPA Superfund program. During the 

Remedial Investigation Feasibility Study (RIFS), 12 new 

monitoring wells were installed and sampled (U.S. EPA, 

1986a). Volatile organic scans and trace-metal analyses 

comprise the majority of the chemical data obtained from 

well samples, and most analyses are incomplete with respect 

to major cations and anions. Analyses adequate for model

ing were, therefore, obtained from additional samples taken 

from selected wells in 1987 and 1988 (Table I). 

Hydrogeologic Setting 
The geology and hydrogeology of the site were 

described by Passero et al. ( 1981 ). The landfill is located near 

the crest of the Kalamazoo Moraine. a prominent north

east-trending ridge deposited by the Lake Michigan Lobe 

(Figure 3). Topographic relief across the moraine is approx

imately 200 feet. The moraine is constructed of till units 

interbedded with glaciolacustrine and glaciofluvial sedi

ments. In the vicinity of the landfill, the near-surface sedi

ments consist of two discontinuous till units separated by 

glaciofluvial sand and gravel (Figure 4). Thicknesses of these 

units are: upper till, 0-30 feet; outwash, 0-20 feet; and second 

till, 13-60 feet. Beneath the second till is a thick (I 05-145 feet) 

, ..... 

BONNIE CASTLE 
LAKE 

• .. w .... 

....... , 

Fig. 2. Location and designation of wells used In monitoring well network at the KL Landfill. Une A-A' Is location of cross 

section shown In Figure 4. 
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Fig. 3. Position of KL Landfill with respect to Kalamazoo 
moraine. 

sand and gravel outwash unit known as the shallow aquifer, 
the principal aquifer for wells in the area The shallow 
aquifer is underlain by a thin (5-10 feet), discontinuous 
glaciolacustrine bed, a third till unit (37-178 feet thick), a 
thin (10-30 feet) uncontaminated outwash unit (the deep 
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Fig. 4. Cross section along line A-A' (Figure 2). Contact 
between deep aquifer and Mississippian Coldwater Shale 
bedrock not shown. 

aquifer), and the Mississippian Coldwater Shale. Depths to 
the water table beneath the rolling topography of the 
moraine range from about 23 feet to 138 feet in the vicinity 
of the landfill. The water table appears to be mounded 
beneath the landfill. 

Regional ground-water flow in the area is to the 
northwest, away from a northeasterly trending divide just 
east of the landfill. West of the site, however. flow is complex 
(Figure 5) and includes westerly and southwesterly compo-

KlA'tl•ut 

Fig. 5. Water-table surface contour map in the vicinity of the landfill on 3/31/88. 
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Table 1. Chemical Data (concentrations in mg/1) from KL Landfill Site 

T 
Well Date oc pH roc' TC 

MW-S snlll'7 11 7.0 <% 

TW~ JIIIIS7 9.% 7..5 I «XX 

TW~ 511111'7 ll.O 7..5 IC«< 

TW~ 3129111 11.0 7.63 190 990 

MJ 3129111 11.6 7.4 691 710 

M~ JIILC7 s.o 7.74 91 

M~ 3129.U lo.J 7.15 IJO 190 

MW-3 5nlll'7 IJ..S 6..5 IM 

MW-9 5nlll'7 ll.S 6.4 ·~ 
MW-2 5nlll'7 1% 6.1 <2 

Ml 31111S7 6..5 1." 14 

MW-7 snlll'7 11.0 6.6 3.~ 

I roc- Total Organic Carbon, mg/1 as c. 
2 TC- Total Carbon. mg/1 as C. 
'TIC- Total inorganic Carbon, mgfl as C. 
'Total AIK- Total Alkalinity, mg/1 as CaC01• 

Total 
TIC' AIK' Hco,-

192 

:12110 

1110 

99 

72 

JSO 

61 

no 

66S 

321 

~ 

%56 

1 Ratio of inorganic cations to anions (milliequivalents per liter). 

nents. A buried channel cut into the till unit that confines the 
deep aquifer was delineated by analysis of gamma ray logs, 
lithologic logs, and electrical earth-resistivity studies (Passero 
et al., 1981 ). This channel, which lies between Bonnie Castle 
Lake (a recharge lake northeast of the landfill) and Dustin 
Lake (a flow-through lake west to southwest of the Iandftll), 
is interpreted to extend beneath the landfill in a south
westerly direction toward Dustin Lake. The buried channel, 
which is filled with sand and gravel of the shallow aquifer, 
appears to focus contaminant migration from the southern 
part of the landfJ.ll in a southwesterly direction at an angle to 
the regional flow. The specific capacity of wells and contam
inant data along this trend suggest that the channel-ftll 
sediment has a higher hydraulic conductivity than the sur
rounding sediment of the shallow aquifer. A similar trend 
extends west-northwestward from the western boundary of 
the landfill (Figure 5), and a somewhat similar linear pattern 
of preferential contaminant movement also exists along this 
trend. 

The glacial drift of southwestern Michigan consists of 
carbonate and noncarbonate sedimentary lithologies and a 
variety of igneous and metamorphic rock types (Shah, 
1971). Carbonate lithologies constitute approximately 80% 
of clasts in gravel deposits of the Lake Michigan Lobe 
(Wingard, 1971 ). Dolomite is more abundant than calcite in 
many drift samples. 

Ground water in drift aquifers in southwestern 
Michigan is moderately low in total dissolved solids (TDS). 

cr 

6.4 

233 

1~2 

116 

152 

32 

" 
69 

61 

6.4 

63 

26 

A mean TDS value of 259 mg/1 was calculated for 28 
analyses from Kalamazoo County reported by Allen et al. -. 
( 1972). Ground water in Kalamazoo County is classified as 
calcium-magnesium bicarbonate type (Western Michigan 
University, unpublished data). At the KL Landfill, upgra
dient well MW-5 (Table 1) is assumed to approximate back
ground quality, even though samples contain slightly ele
vated levels of chloride and nitrate. 

/on 
so,'- No,· NH." H,s Ca'' Mg'' Na" K Fe ratio1 

21 52 <1.0 ,..9 20.6 l.ll G.61 OJJT7 .93 

<I ll.~ 0.1 l.~ .,. :zm 179 IO..S 46..1 

s.o <0.1 61 - 192 .,. Jl.6 37.6 

<I l.l •u <4 267 lSI II~ ll.6 Sl.J l.7~ 

<I 1.4 31.6 d 2%4 135 9l.l IU 32.0 100 

<I <1.0 12 51.6 21.9 30.1 3.46 0.11 

<I <1.0 l.l <~ 99.7 65.3 IS. I 1.90 3.59 1.11 

<3 <0.1 <0.1 93.6 61.1 17.~ 7.31 Sst 

16 <0.1 9.6 100 61.6 97.6 9.12 11.1 

<3 0.1 O.IS 95.3 33.1 60.6 3.15 9.30 

<1.0 ~5.9 <O..S 6L4 .~.9 0.01 

<3 <0.1 O.IS 61.7 25.7 10.1 l.OS o.2S2 

Data Collection 
Geochemical processes in contaminant plumes can be 

investigated using chemical equilibrium models. Computer 
codes such as WATEQF (Plummer et al., 1976) require 
field-measured pH, temperature, and other parameters, if 
available, as well as concentrations of all major cations and 
anions. Minor chemical species increase the number of 
mineral saturation calculations that can be performed. 
Because most chemical analyses from the KL Landfill area 
do not include all major ions, more complete analyses were 
required for modeling ground-water chemistry in the plume. 
These came from two sources, one of which consists of data 
from U.S. EPA samples collected on May 18, 1987 as part of 
the RIFS (Table 1). RIFS wells were purged by manual 
bailing or by submersible pump. Field measurements 
included pH, temperature, and specific conductance. The 
other source includes samples obtained from four additional 
wells (TW4, M3, M4, and M8) specifically for this study. 
Wells TW4, M4, and M8 were sampled on March II, 1987, 
and wells TW4, M3, and M4 were sampled on March 29, 
1988 (Table 1). These four wells are fitted with dedicated 
deep rod pitcher pumps. Samples were collected after purg
ing three to five well volumes. Temperature, pH, and specific 
conductance were measured immediately, and samples were 
field-filtered through 0.45 micron filters. One sample at each 
well was acidified for dissolved metal analysis and a second, 
nonacidified sample was collected for other parameters. 
Analyses for ammonia, nitrate, chloride, sulfate, and silica 
follow procedures described by the American Public Health 
Association (1985). Sulfide, calcium, iron, magnesium, 
manganese, potassium, and sodium were analyzed by 
methods given in U.S. EPA (1986b). 

Alkalinity titrations to determine dissolved inorganic 
carbon were suspect for samples taken from the contami
nant plume because organic acid anions accept protons 
.added during the titration procedure (Baedecker and Back, 
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1979a). The reported alkalinity and bicarbonate values 
would therefore overestimate the true bicarbonate concen
tration. To test this hypothesis, Total Inorganic Carbon 
(TIC) was measured in the 3/29/88 samples (wells TW4, 
M3, and M4) as the difference between Total Carbon (TC) 
and Total Organic Carbon (TOC). TC and TOC were 
determined using a Dohrmann DC-52-D Carbon Analyzer. 
TIC values, reported as mg/ I carbon, were then converted to 
bicarbonate concentrations. The results of these analyses, 
reported in Table 2, indicate that approximately 90 percent 
of the dissolved carbon occurs in organic compounds. 
Bicarbonate concentrations determined by the TIC proce
dure are therefore more accurate than titration values for 
ground-water samples taken from the contaminant plume. 

Distribution of Contaminants 
The general shape of the contaminant plume, which is 

restricted to the shallow aquifer, can be illustrated by the 
distribution of chloride (FigUre 6). This map is based on 
ground-water samples from residential wells and monitor
ing wells sampled in May and September 1987, including the 
wells with MW designation shown in Table I. Zones of 

preferential contaminant migration to the northwest and 
.southwest are evident. Anomalously high chloride concen
trations along KL Avenue, and particularly those near the 
intersection of KL Avenue and 4th Street, probably result 
from road-salt contamination. 

Well TW 4, completed just below the water table along 
the western edge of the landfill, yields the highest levels of 
most contaminants. Ground water at TW4 is highly reduc
ing, rich in organic compounds (Table I), and approxi
mately neutral in pH. TOC is very high in well TW4 (Figure 
7) and decreases downgradient to the northwest and 
southwest. The TOC value measured at well M8 in this study 
(14 mg/1) appears to be anomalously low. In data from the 
early 1980s (Passero et al., 1981), TOC values ranged 
between 150 and 200 mgfl for this well. TOC values in other 
wells, such as TW4, have increased over the same period. 

The distribution of cations is similar to that of chloride. 
Calcium (Figure 8), iron (Figure 9), magnesium, sodium, 
potassium, and ammonium, conform to this pattern, 
although the downgradient rate of attenuation is different 
for each cation. Anionic species in the plume other than 
chloride include bicarbonate, dissociated organic acids, and 

Table 2. Results of Carbon Analysis at KL Landfill Site 

Percent 
TC TOC TIC organic Calculated 

Well (mg/las C) (mgj/as C) (mgfl as C) carbon HC03- (mg/1) 
TW4 990 890 99 89.9 503.3 
M3 770 698 72 90.6 365.8 
M4 190 130 61 68.4 309.9 

! . 
·•· 

' 
SCALE wtP'EET 

116.4 

• 
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Fig. 6. Areal distribution of chloride In the shallow aquifer at the KL Landfill. Contour interval 50 mg/1 plus 10 mg/1 contour. 
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Fig. 7. Areal distribution of TOC at the KL Landfill site using data shown on Table 1. 100 mg/1 contour In southwestern arm Is 
dashed In assumed position because measured value for well MB is anomalously low. 
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Fig. 8. Areal distribution of dissolved calcium In the shallow aquifer at the KL Landfill site using data from Table 1. 
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Fig. 9. Areal distribution of dissolved Iron In the shallow aquifer at the KL Landfill site using data from Table 1. 

sulfate. The distribution of bicarbonate cannot be mapped 
with available data because of the analytical problems dis
cussed earlier. Sulfate concentrations are low in the plume 
relative to background. They are generally at nondetectable 
or very low levels along the southwesterly contaminant 
trend, and increase downgradient along the northwesterly 
trend. H2S was detectable (2.4 mg/1) only in well TW4 on 
3/11/87. 

pH Buffering Processes 
Buffering of pH refers to reactions that tend to stabilize 

pH in the presence of acids or bases. Although analytically 
difficult to identify and measure, it is likely that organic 
acids are abundant in most general refuse landfillleachates 
(Chian and DeWalle, 1977). Rudder (1988) identified 
numerous organic acids in the leachate-contaminated ground 
water at the KL Landfill (Table 3) using ion chromatog
raphy and Fourier transform IR spectrophotometry. 
Anomalously high ratios of inorganic cations to anions 
(Table I) are additional evidence that the contaminated 
ground-water solution contains anions from dissociated 
organic acids. In TW4, for example, the sum of cations 
exceeds the sum of inorganic anions (using a bicarbonate 
value calculated from measured TIC) by approximately 23 
meq/1, suggesting that organic acid anions make up the 
difference to balance the solution. Analyses reported by 
Passero et al. (1981) and U.S. EPA (U.S. EPA, unpublished 
data), which contain more inorganic parameters than Table 
I, confirm the lack of significant concentrations of other 
inorganic ionic species in the contaminant plume. The pH at 

TW4 ranges from 7.0 to 8.0 in the presence of these organic 
acids, indicating that buffering is occurring. 

Elevated concentrations of calcium, magnesium, and 
bicarbonate in the contaminant plume indicate that carbon
ate mineral dissolution is occurring and is an important 
buffering mechanism. Reactions (I) and (2) illustrate the 
dissolution of calcite and dolomite by reaction with acid. 

CaC03 + H•- Ca2+ + HC03- (1) 

CaMg(C03)2 + 2H•- Ca2+ + Mg2• + 2HC03- (2) 

Acids produced in general refuse landfills include carbonic 
acid derived from C02 generated during the decomposition 
of organic wastes as well as various organic acids (Baedecker 
and Back, 1979a; Nicholson et al., 1983). These acids result 
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Table 3. Organic Acids Identified in Ground Water 
at KL Landfill Site (Rudder, 1988) 

Acetic acid 
Oxalic acid 

Propionic acid 
n-Valerie acid 
Glutamic acid 
Hexanoic acid 
Malonic acid 

Phenol 
Pyrogallol 
Resorcinol 

Hydroquinone 
Benzoic acid 
Tannic acid 



Table 4. Mineral Saturation Data (log IAPIKT) from KL Landfill Site 

Mackinawite FeS Hematite Goethite Calcite Dolomite Siderite Fe(OH}J 
Well Date FeS (Amorplr.) F~OJ FeO(OH) CaCOJ CaMg(C0J)2 FeCOJ (Amorph.) 

TW4 1 3/11/87 3.68 2.01 6.14 0.31 1.06 1.91 1.92 -2.53 
TW42 5{18/87 2.73 1.07 8.32 1.39 1.16 2.08 1.92 -1.41 
TW43 3{29{88 3.01 1.35 9.29 1.88 0.89 1.68 2.01 -0.94 
M3• 3{29{88 2.61 0.94 7.62 1.04 0.49 0.90 1.47 -1.77 
M41 3{29{88 2.39 0.73 8.35 1.42 0.60 1.12 0.96 -1.41 
1 Assumptions: TOC is 90% of total carbon: HC01- input as 790 mg/1. pe calculated by WATEQF from sulfide/sulfate distribution as 

-3.98. 
2 Assumptions: TOC is 90% of total carbon: HC03- input as 813 mg/1. pe input at approximate level of sulfate reduction (Eh = -0.17 V). 

H2S input at 0.1 mg/1. 
3 Assumptions: pe input at approximate level of sulfate reduction (Eh = -0.17 V); sulfate inputat detection limit (I mg/1); sulfide inputat 

0.1 mg/1. 
• Assumptions: pe input at approximate level of sulfate reduction (Eh = -0.17 V); sulfate input at detection limit (I mg/1); sulfide input at 

0.1 mg/1. 
1 Assumptions: pe input at approximate level of sulfate reduction (Eh = -0.17 V); sulfate input at detection limit (I mg/1); sulfide input at 

0.1 mg/1. 

in open system dissolution of carbonate minerals (constant 
COz partial pressure) in carbonate soils between the refuse 
and the water table in a landfill (Nicholson et al., 1983). 

In this study, WATEQF (Plummer et al., 1976) was 
used to model carbonate mineral equilibria using chemical 
analyses from wells TW4, M3, and M4. The calculated 
saturation indices for various minerals are shown in Table 4, 
expressed as the log of the ratio of the ion activity product to 
the equilibrium constant (Log IAP/KT). 

Supersaturation with respect to calcite, dolomite, and 
siderite (Table 4) may reflect slow precipitation kinetics or 
the complexing of calcium and iron with organic com
pounds. Calcite precipitation rates are low near saturation 
(Berner and Morse, 1974), and it may be necessary for 
saturation indices to rise appreciably above zero for signifi
cant calcite precipitation to occur (Suarez, 1977). In addi
tion, calcite precipitation may be inhibited by competition 
between magnesium and calcium ions for nucleation sites 
and by blocking of nucleation sites by adsorption of polar 
organic molecules on calcite mineral surfaces in the aquifer 
(Baedecker and Back, 1979b). Baedecker and Back (1979b) 
also suggest that calcium is consumed in the formation of 
calcium salts of fatty acids (soaps) in a landfill environment 
and is thus unavailable for calcite precipitation. Rudder 
(1988) found evidence suggesting formation of complexes 
between iron and organic ligands in ground water from the 
KL contaminant plume. Complexation would retard the 
precipitation of iron carbonate and iron sulfide phases by 
keeping iron in solution beyond the point at which it would 
precipitate in the absence of organic ligands. 

Exchange of ammonium in contaminated ground 
water for calcium and magnesium adsorbed on aquifer 
particle surfaces (Kehew et al., 1988) may also contribute to 
carbonate mineral supersaturation. In an analysis of the 
Borden, Ontario landfill, Nicholson et al. (1983) suggested 
that calcium and magnesium derived from ion exchange 
reactions provide a continuous source of calcium for calcite 
precipitation, once a sufficiently high level of supersatura
tion occurs. 

The degree of supersaturation of carbonate minerals 

calculated by WATEQF is dependent on the pH measure
ment. Wells TW4, M3, and M4 are equipped with dedicated 
pitcher pumps. Some degassing of COz may have occurred 
during sampling, but it is unlikely that COz degassing alone 
could account for the degree of oversaturation measured. 

Although carbonate mineral dissolution reactions 
appear to play a major role in pH buffering within the 
contaminant plume, other reactions may also contribute to 
the consumption of hydrogen ions derived from carbonic 
and organic acids. These reactions include the reduction of 
ferric hydroxide and sulfate by organic carbon as shown 
below: 

4Fe(OH)l + 8H• + CHzO- 4Fe2
• + II HzO + COz (3) 

so.z- + H• + 2CHzO- HS- + 2COz + 2Hz0 (4) 

High dissolved iron concentrations are produced by reac
tion (3). The importance of sulfate reduction is difficult to 
assess because both sulfate and hydrogen sulfide are present 
in very low concentrations in TW4 and other downgradient 
wells. If a sulfate source is present in the refuse, it is possible 
that reduction to sulfide and precipitation as sulfide phases 
take place within or beneath the landfill. 

The net result of the pH buffering reactions described is 
that pH remains in the range of 7 to 8 in the wells down
gradient of the landfill. Large quantities of calcium, magne
sium, and bicarbonate are released to ground water near the 
landfill from pH buffering reactions. Concentrations grad
ually decrease down gradient (Figure 8) as a result of precipi
tation and/or other attenuation mechanisms. 

Redox Buffering Processes 
Redox potential is often expressed as pe, the negative 

log of the electron activity. Redox buffering (Drever, 1988) 
refers to the ability of a solution to maintain a constant pe in 
the presence of electron donors. Organic compounds com
monly serve as electron donors during microbial oxidation 
reactions, which yield COz under aerobic conditions, and 
C02 and CH. under anaerobic conditions. Methane is 
commonly produced in general refuse landfills (Baedecker 
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and Back, 1979b) and has been detected both in gases 
(Passero et al., 1981) and ground water at the KL Landfill 
(Western Michigan University, unpublished data). 

Electron acceptors in redox buffering reactions include 
a variety of compounds found in ground water and in 
aquifer materials. Specific redox reactions occur in a 
sequence defined by energy yields to microorganisms. This 
sequence includes, in order of decreasing redox potential, 
the redox couples 02/H20, N03-/N2, Mn02/Mn2•, 
Fe203/ Fe2+, and sol• I H2S (Drever, 1988). Under reducing 
conditions, nitrate reduction may yield NH. • rather than N2 
(Knowles, 1982; Kaspar et al., 1981). 

Redox conditions are difficult to define and model. A 
"master" pe value for a ground-water solution, measured by 
a platinum electrode, may not accurately characterize the 
redox conditions because it includes the combined poten
tials of multiple redox couples in solution (Lindberg, 1984). 
Redox potentials based · on the concentrations of both 
members of a redox couple can be calculated, but individual 
redox couples in solution commonly yield redox potentials 
that differ from other couples (Nicholson et al., 1983). 

Field redox potentials were not measured in monitor
ing wells at the KL Landfill and detectable concentrations of 
oxidized and reduced members of potential redox couples in 
the plume were not obtained. Despite the lack of these data, 
interpretations of redox conditions can be made based on 
analytical results. The chemical composition of downgra
dient ground water indicates that the redox potential in the 
plume is very low and the capacity of the aquifer to buffer pe 
is lower than its capacity to buffer pH. This conclusion is 
consistent with the presence in solution of reduced forms of 
nitrogen, iron, and sulfur. Nitrogen exists primarily as 
ammonium, indicating that the pe is below the level at which 
denitrification occurs in the redox sequence. Elevated dis
solved iron and manganese concentrations relative to back
ground in the plume can be explained by reduction of iron 
and manganese in oxyhydroxide coatings on aquifer grains. 
Iron concentrations are much higher than manganese in the 
plume. 

WATEQF simulations of the contaminated ground 
water were made using an assumed pe value at the level of 
sulfate reduction, approximately -3 (Drever, 1988). This 
value is reasonable near the landfill because the plume in this 
area contains very low to nondetectable sulfate concentra
tions. At this pe, the solution is significantly undersaturated 
with respect to amorphous Fe(OHh (Table 4), suggesting 
that other reactions control iron concentrations in the 
plume downgradient from the landfill. Siderite precipitation 
is a reaction that may control iron concentrations because 
saturation indices for this carbonate mineral are above the 
level of saturation (Table 4). According to Nicholson et al. 
( 1983), siderite precipitation rates may be slower than cal
cite, thus allowing concentrations to rise to supersaturation 
prior to precipitation. Another possible explanation for 
siderite supersaturation is that some of the iron in solution is 
complexed with organic ligands (Rudder, 1988; Kehew et 
ru., 1988). Dissociated organic acid anions such as tannic 
acid (Table 3) are known to form complexes with dissolved 
iron (Rudder, 1988). The presence of iron-organic com-

plexes would lower free ferrous iron concentrations in solu
tion and siderite would be closer to saturation than is indi
cated by WATEQF calculations made without accounting 
for complexation. 

Detectable hydrogen sulfide was measured only in the 
sample taken from TW4 on 3/11 I 87. The sulfate concentra
tion was below the detection limit of I mg/1 in this sample. 
WATEQF was used to estimate the pe and sulfide mineral 
saturation indices based upon the sulfate/sulfide redox 
couple using the measured H2S value (2.4 mg/1) and an 
assumed sulfate concentration at the detection limit (I 
mg/1). At the calculated pe of -3.98, several iron sulfide 
phases were supersaturated (Table 4) including amorphous 
FeS, which precipitates first from solution (Berner, 1970). It 
is likely that precipitation of FeS or some other sulfide phase 
controls dissolved sulfide concentrations because iron con
centrations are high and pe levels are in the range at which 
sulfide mineral precipitation is expected to occur. If some of 
the dissolved iron is complexed with organic ligands, how
ever, the calculated saturation indices would overestimate 
the degree of supersaturation of sulfide phases. 

Redox speciation data, therefore, suggest that redox 
buffering is not effective in maintaining pe levels in the KL 
Landfill plume. Utilization of all available electron accep
tors does not provide the buffering capacity necessary to 
prevent low redox potentials downgradient of the landfill. 
Indeed, TOC and iron distributions (Figures 7, 9) suggest 
that several hundreds of feet of travel along the flow path is 
necessary before redox potential returns to background 
levels. 

Conclusions 
The reactions involved in pH and redox buffering are 

important in controlling the concentrations of many major 
and minor chemical species in the KL Landfill contaminant 
plume. Acid leachate causes carbonate mineral dissolution 
which, in tum, buffers the pH in the glacial drift aquifer at or 
near neutral background levels. Increases in calcium, mag
nesium, and bicarbonate concentrations result from these 
buffering reactions, thereby increasing the saturation indices 
of carbonate minerals in ground water. Supersaturation of 
carbonate minerals persists possibly because precipitation is 
retarded kinetically and/or inhibited by complexation of 
cations with organic ligands in solution or blockage of 
nucleation sites on mineral surfaces. Determination of satu
ration indices based on uncorrected titration alkalinities 
may overestimate carbonate mineral saturation levels 
because the resulting bicarbonate concentrations errone
ously include organic acid anions. 

Redox reactions in the contaminant plume include 
oxidation of dissolved organic compounds coupled with 
reduction of oxidized compounds in dissolved or solid 
phases. Redox buffering is inadequate to maintain back
ground pe, which is below the level of sulfate reduction in 
the plume. Specific reactions include the reduction of iron 
and manganese contained in oxyhydroxide solid phases. 
Dissolved iron concentrations as high as 50 mg/1 are attrib
uted to this reaction. Siderite precipitation provides a possi
ble solubility control for iron concentrations in the plume 
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when the saturation index reaches a value of approximately 

2.0. It is also possible that dissolved iron persists above 

saturation levels with respect to carbonate and sulfide 

phases because of complexation with organic acid ligands. 

Sulfide mineral precipitation may maintain sulfide concen

trations in the plume at very low levels. 
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GEOCHEMISTRY OF SEVERAL CONTAMINANT SOURCES 

In this lecture we will discuss different inorganic contaminants, such as nitrate, lead, chromium, 
iron, arsenic, manganese, molybdenum, selenium, and organic contaminants associated with 
sewage treatment plants, metal extraction plants, and municipal landfills. Some of these 
contaminants are mobile in most ground water systems, whereas other contaminants are 
attenuated by precipitation and adsorption processes. 

The purpose of this lecture is to apply the different geochemical processes that we previously 
have discussed to several types of contaminant sources. Lecture materials are taken from the 
articles and other sources provided in this handout. 
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NITRATE CONTAMINATION 

Nitrate is a serious cause of ground water contamination. Nitrogen is a major component of 
animal and human wastes and agricultural fertilizer. The EPA drinking water standard for 
nitrate is 10 mg/L as N. The dominant form of nitrogen is No3-, which is very soluble and 
generally not affected by adsorption. Unconfined aquifers are susceptible to gradual long-term 
increases in nitrate concentrations, because of the widespread nature of nitrate and its mobility 
in aquiferss. 

Dentitrification can reduce nitrate concentrations in ground water, and this process is 
represented by the following reaction: 

N03- + organic carbon 

Denitrification is expected to occur only in zones that are depleted in dissolved oxygen, namely 
anaerobic environments. Field studies, however, have shown that denitrification will occur in 
ground water zones where labile organic matter and denitrifying bacteria exist even if the 
ground water contains low concentrations of dissolved oxygen. 
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Evidence for denitrification at a uranium-mill tailings site, Maybell, Colorado 

P. Longmire 1 & B. M. Thomson2 

1. Los Alamos National Laboratory, MS CS46, Los Alamos, New Mexico 87545 2. University of New Mexico, Department of Civil Engineering, Albuquerque, · New Mexico 871S1 

ABSTRACT: Sulfuric-acid leachate generated from surface disposal of uranium mill tailings at Maybell, Colorado has impacted groundwater quality within the Browns Park Formation. Groundwater contamination, however, is localized directly beneath the tailings impoundment. Tailings leachate at the site contains elevated concentrations of NOs, S04, U, and other solutes. Groundwater quality data, 
microbiological studies, and geochemical modeling suggest that NOs is being 
removed from solution through denitrification processes under reducing conditions. Presence of H2S, liquid and gaseous hydrocarbons, humic acids, and abundant pyrite have maintained reducing conditions subjacent to the impoundment. Denitrifying bacteria (Pseudomonas, Acinetobacter, and Flavobacterium) identified in sediment samples catalyze redox reactions with NOs. Subsequently, contaminant 
concentrations of NOs decrease 1000 times over short lateral flow distances (SOO m). 
Laboratory batch experiments using unconsolidated sediments from the Browns Park Formation, with N03, glucose, and other nutrients added, resulted in a 40 to 60 
percent decrease of NOs concentrations over two weeks. Geochemical modeling of groundwater at the site suggests that denitrification is coupled with neutralization of acidic leachate by calcite. Application of biochemical and geochemical processes occurring at Maybell provide an excellent model for in situ aquifer restoration programs considered at other uranium tailings and N03- contaminated sites. 
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Table 1. Analyses of tailings-pore water, 
Maybell, Colorado. Sampled on March 17, 
1989. (all concentrations in millimolar units 

unless noted). 

Species and Parameter Lysimeter 082 Lysimeter 083 

Mg 18.1 12.8 
Ca 11.7 11.5 
K 1.18 1.56 
Na 4.96 5.13 
so4 116 84.4 
Cl 0.37 0.59 

AI 26.7 13.0 
Mn 15.8 6.36 
Fe 6.79 10.0 
N03 (N) 30.0 28.6 
P04 0.03 0.01 
NH4 (N) 57.1 

u 0.004 0.002 
TDS (mg/L) 15300 11500 
Temp (OC) 17.0 17.0 
pH 2.87 3.26 
Eh (field, mV) +756 +686 
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CASE HISTORY: LONG-TERM FATE 
OF ORGANIC MICROPOLLUTANTS 

IN SEWAGE-CONTAMINATED 
GROUND WATER, BARBER ET AL . 

HYDROGEOLOGICAL CHARACTERISTICS 
G/11 • Hydraulic conductivity- 1.3 x 1Q-3"Fft/s 

• Porosity - 35°/o 
• Ground water flow velocity - 0.3 to 

1.0 m/d 

Source: Barber et al. (1988) 
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VOLATILE ORGANIC COMPOUNDS IDENTIFIED 
IN SEWAGE EFFLUENT-CONTAMINATED 

GROUND WATER. OTIS AIR BASE. MA 

COMPOUNDS 

BENZENE 
p-DICHLOROBENZENE 
a-DICHLOROBENZENE 
DICHLOROETHENE 
TETRACHLOROETHENE 

SOURCE: BARBER et al. (1988) 
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AVERAGE RETARDATION FACTOR 

R = rz/r w = 1 + 3.2 ffoc (KOW)0·72 p(1-n)/n 
where 

R = Average retardation factor; 

r z = Solute residence time; 

rw =Water residence time; 

f = Material< 125 urn; 

foe = Fraction of organic carbon on < 125 
urn material; 

p = Density of sediment; and 

n = Porosity 

Source: Schwarzenbach et al. (1983) 

NWWA 



..... 
" I 
N 

" 

RETARDATION FACTORS 

COMPOUND 

Trich loroethene 

Tetrachloroethene 
p=Dichlorobenzene 

PREDICTED OBSERVED 

1.0 1.0 

1.1 1.0 

1.3 1.0 

f = 0.05, foe= 0.001, p = 2.60 g/cm3, and n = 0.30 

Source: Barber et al. (1988) 
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Bacterial distributions as reflected by plate counts and their relationship to dissolved 
organic carbon content (from Ceazan and others, 1984). 

This study involved quantifying bacterial levels in water by counting the number 
of colony-forming units on both nutrient agar and dilute soil-extract media 
(Ceazan and others, 1984). The areas with elevated bacterial counts and the 
distribution of dissolved organic carbon (DOC) coincide with the position of the 
plume estimated using measured contaminant concentrations. The strong 
correlation between bacterial counts and distribution of DOC suggests that 
microbial processes are removing organic contaminants from the plume 
(Ceazan and others, 1984). !7-28 
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SUBSURFACE BEHAVIOR 

• Variations in source composition 

• Variations in bed loading 

• Adsorption 

• Biological transformation 

• Dispersion 
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SUMMARY 

• The compounds TCE, PCE, and DCB are 
good indicators of sewage contamination: 

- Relatively unique to the sewage source 
- Mobile in low organic carbon sediments 
- not readily biodegradable 

• Many trace organic compounds have per
sisted over 30 years 

• Persistent organic compounds not 
removed by secondary treatment can con
taminate large quantities of ground water 
by rapid infiltration into low-carbon, per
meable aquifers 
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HEAVY METAL AND TRANSITION METAL CONTAMINATION 

Heavy metal and transition metal contamination occur in situations where the pH is much lower or much higher than the normal range for ground water. Conditions of extreme pH in ground water are common in waste materials at metal mines or in ash disposal areas associated with coal-fired power plants. Selenium and arsenic, for example, have been reported at very high concentrations in ground water at fly-ash disposal sites in North Dakota in zones where pH 
levels are above 10. In contrast, similar investigations at fly-ash disposal sites in southern Ontario, where the ground water pH is between 7 and 9.5, have established that the 
concentrations of these elements are below EPA standards. 

Field studies conducted at metal extraction-processing sites, where sulfuric and nitric acids are used, have shown that the contaminated ground water (with a pH below 4.5) invariably has high concentrations of many transition metals, heavy metals, non-metals, and in some cases radio nuclides. The neutral pH zones of contamination that occur downgradient of the low-pH zones are characterized by lessor concentrations of contaminants, where some contaminant concentrations are below EPA standards (chromium, iron, manganese). Decreases in contaminant concentrations are the result of pH influence on decreasing solubility (except for arsenic, selenium, and molybdenum) and enhancement of adsorption of cationic species under increasing alkaline conditions. The hydrogeochemical nature of sandy aquifers that contain acidic leachate can be represented by three main zones: the acidic zone, the neutralization zone, and the neutral-pH zone, the hazardous contaminants are transferred from the water 
phase to the solid phase by precipitation and adsorption in the neutralization zone. 
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HEAVY METAL AND TRANSITION 
METAL CONTAMINATION 

• Occur in situations where waste leachate 
has a pH much lower or much higher than 
the normal range for ground water. 

• Fly-ash disposal sites and metal 
extraction-processing sites are character
ized by heavy metal and transition metal 
contamination. 

• Contaminants typically found include 
arsenic, cadmium, chromium, molybde
num, and seleniu·m. 
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NEUTRALIZATION EFFECT 

UNCONFINED PERMEABLE AQUIFER 

ACID ZONE NEUTRAL 
pH ZONE 

pH 

BACK GROUND 
WATER 

I 111 

The above figure illustrates the effect of neutralization on contaminant concentrations along the flow path and indicates the acid zone, neutralization zone, neutral pH zone, and background water (Shepherd and Brown, 1982). 
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CHARACTERISTICS OF ZONES 

ACID 
ZONE 

NEUTRALIZATION 
ZONE 

• ESSENTIALLY THE SAME • 
AS TAILINGS WATER 

pH INCREASES FROM 
ACIDIC (::3.5) TO NEAR 
NEUTRAL (::6.0l LEVELS 
IN A RELATIVELY SHORT 
DISTANCE 

• HIGH CONCENTRATION 
OF: 

HEAVY METALS 
TRANSITION METALS 
RADIONUCLIDES 
MAJOR CATIONS 
MAJOR ANIONS 

• LOW pH: TO "" 3.5 

• RAPID DECREASE IN 
CONCENTRATION OF: 

RADIONUCLIDES 
HEAVY METALS 
TRANSITION METALS 
TOXIC NON-METALS 
SOIL CALCITE 

MINERALS 

• ACTIVE PRECIPITATION 
OF GYPSUM 

NEUTRAL pH 
ZONE 

• VERY LOW CONCENTRA-
TIONS OF: 

RADIO NUCLIDES 
HEAVY METALS 
TRANSITION METALS 
TOXIC NON-METALS 

• HIGH TDS WATER 
PREDOMINANTES 

• SOIL CALCITE 
UNREACTED 

• ALL CONTAMINANT 
CONCENTRATIONS 
REDUCE DOWN 
GRADIENT 

The above table summarizes general chemical characteristics of the acid zone, neutralization 
zone, and neutral pH zone. The widths of these zones can vary, based on site-specific 
hydrogeological conditions and contaminant leachate characteristics (Shepherd and Brown, 
1982). 
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MOBILITIES OF SELECTED TRACE 
ELEMENTS IN GROUND WATER 

Element Form 

Aluminum AIS04+, Al3+, AI (OH)4-

Antimony Sb(OH)3°, Sb(OH)6-
Arsenic H3As03°, H2As04-, 

HAs04
2-

Cadmium Cq2+, CdS04°, Cd~Q3o 
Chromium Cr6+: HCr04- Cr04

2- crs+: 

Cr0H2+, Cr(OH)3° fr- t' va/<.J-1-

Mobility 
PH Acid Neutral Alkaline 

high low high 
low high high 

low high high 
high low low 
low high high 

high low low 
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MOBILITIES OF SELECTED TRACE · 
ELEMENTS IN GROUND WATER 

Element Form Mobility 
PH Acid Neutral Alkaline 

Copper Cu2+, Cu(OH)2°, 
Cu(C03)~- varies moderate moderate 

Fluoride F- AIF + CaF+ moderate high high ' 2 ' · Iron Fe2+: Fe2+, FeS04° 
Fe3+: Fe(OH)2+, moderate moderate high 
Fe(OH)4- high low low 

Lead Pb2+, PbC03° moderate moderate moderate 
Manganese Mn2+, MnHC03+ high low low 
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MOBILITIES OF SELECTED TRACE 
ELEMENTS IN GROUND WATER 

Element Form Mobility 
PH Acid Neutral Alkaline 

Mercury Hg, Hgl~, Hg(OH)2° high moderate low 

Molybdenum H2Mo04°, Mo04
2- low high high 

Nickel Ni2+ NiHCO + 
' 3 ' 

Ni(OH)3- high low low 

Selenium HSe03-, SeO~-, 

HSe- low moderate high 

Zinc Zn2+ ZnCO o 
' 3 ' 

Zn(C03) 2
2- high low high 

Anions are generally adsorbed under relatively oxidizing conditions with acidic pH, because 
adsorbents such as clay minerals and iron oxyhydroxides have a net-positive surface charge. 
Antimony, arsenic, chromium, copper, fluoride, molybdenum, and selenium are adsorbed onto 
mineral surfaces under acid pH conditions. Cations are generally adsorbed under alkaline pH 
conditions, including cadmium, iron, lead, manganese, and zinc. Precipitation reactions also 
control the mobilities of the above elements. 
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LANDFILLS 

A serious cause of ground water contamination is leachate 
generated from municipal and industrial landfills. Investigations 
indicate that major constituents such as chloride, bicarbonate, 
sodium, calcium, and magnesium and minor constituents such as 
ammonium, iron, and manganese are mobile in landfill leachate. 
These constituents usually do exceed EPA and state standards. The 
pH of landfill leachates can vary from acidic to alkaline, whereas the 
pH of the contaminated ground water is neutral in most cases. 

The leachate from municipal landfills has high concentrations 
of organic compounds. Complexing of trace elements, however, with 
organic compounds is reported by Cherry et al. (1984) to be 
insignificant and immobility of transition metals and non-metals is 
the rule rather than the exception. Humic and fulvic acids present in 
landfill leachate may, however, complex with metals as well as other 
organic contaminants. 

Mineral dissolution can occur m contaminated ground water, 
because the landfill leachate migrating through the porous medium 
causes the reduction of iron and manganese oxyhydroxides. This is 
particularly the case when chemically-reducing landfill leachate 
reacts with iron and manganese-bearing minerals or solid phases 
stable under oxidizing conditions. These minerals or solid phases 
dissolve and their solubilities increase by many "orders of 
magnitude." Hydroxides and oxyhydroxides of iron and manganese 
are natural scavengers of inorganic and some organic contaminants. 
Their dissolution can cause the release of elements that have 
adsorbed onto the surface of the iron and manganese oxyhydroxides 
or hydroxides. 
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FACTORS AFFECTING LANDFILL LEACHATE COMPOSITION 

REFUSE COMPOSITION 

The amount of landfill materials available for leaching depends upon the physico-chemical 
characteristics of the waste, rates and extent of solid waste stabilization, and the volume of 
infiltration to the landfill. The total mass of refuse available for leaching may also be influenced 
by refuse surface area and contact time between the refuse and leaching solution. 

REFUSE PROCESSING 

Refuse processing refers to shredding and baling activities, which represent alternatives for 
refuse volume reduction for landfilling, and for material and energy recovery by many 
municipalities. The physical characteristics of refuse are changed after it undergoes a 
shredding process. These include an increase in surface area (greater contact of the refuse 
mass with percolating water); an increase in in-situ refuse density; a decrease in permeability 
of the refuse; a higher concentration of contaminants in the refuse; and accelerated refuse 
decomposition. 

LANDFILL AGE 

Variation in leachate composition and cumulative mass removal of contaminants in solid waste 
are dependent on age factors. Most leachate constituents exhibit concentration decreases over 
a 3 to 30 year period, including iron, zinc, phosphate, chloride, sodium, cooper, organic 
nitrogen, and total solids. The steady decreases can be attributed to continued flushing of the 
refuse by precipitation. Total organic carbon, however, can persist for many years (50) and still 
remain high. With increasing landfill age, humic and fulvic acids become more predominant. 
Volatile acids, including butyric acid, acetic acid, and propionic acid, are produced which 
corresponds to the first stage of anaerobic degradation during early stages of leachate 
generation. 

The declining concentrations of specific organic classes of leachate (TOC) with increasing 
landfill age are also seen for organic degradation in natural environments. Based on research 
findings and available literature, Chian (19n} concluded that the resistance of organics to 
bacterial degradation follows the pattern: free volatile fatty acids< carbohydrates, proteins, and 
humic acids < aromatic hydroxyl, carboxyl, and fulvic acids. 

The stability of organic compounds influences the solubility of trace metals, forming soluble 
complexes. Humic and fulvic acids are strong complexing ligands. 
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RATE OF WATER APPLICATION 

The rate of water application can influence the mobility of the landfill leachate in a number of 
ways. A greater rate of water application will accelerate the attainment of landfill field capacity. 
Higher rates of water application to a landfill will produce a more dilute leachate than lower 
rates of water application. 

DEPTH OF LEACHED BED 

Refuse depth is a design variable which operates in conjunction with the rate of water 
application to influence leachate composition. In general, water percolating slowly through a 
landfill provides greater contact time between the solid and dissolved phases, and increases 
the chances for a high strength leachate to result. Increasing depth also results in a longer 
residence time and high strength leachate. For high infiltration rates, contact time is diminished 
between the two phases and a more dilute leachate is expected. 

LANDFILL TEMPERATURE 

Landfill temperature, a largely uncontrollable factor influencing leachate composition, has been 
shown to fluctuate with seasonally ambient temperature variation near the landfill surface, but 
significant changes are less pronounced with increasing landfill depth. 
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FACTORS AFFECTING LANDFILL 
LEACHATE COMPOSITION 

1. REFUSE COMPOSITION 

2. REFUSE PROCESSING 

3. LANDFILL AGE 

4. RATE OF WATER APPLICATION 

5. DEPTH OF LEACHED BED 

6. LANDFILL TEMPERATURE 
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MUNICIPAL LANDFILL 
LEACHATE COMPOSITION 
(VALUES IN mg/L EXCEPT 

AS NOTED) 
SPECIES/ 
PARAMETER 
pH (pH units) 
Eh (VOLT) 
TOG 
TDS 
Alkalinity as CaC03 
NH4 
N03 + N02 
Org-N 
Fe 
Mn 
Cu 
Cd 
Pb 
Hg 
Se 
Cr 

SOURCE: Lu and others, 1985 
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RANGE OF 
VALUES 
3.7-11.5 

-0.132 - +0.50 
5.2-27,700 

0-44,900 
0-20,350 
0- 1 '106 
0-27.2 
0-1,416 
0-5,500 
0-50 
0-9.9 
0-0.4 
0-2.0 
0-0.2 
0-2.7 

0.01 -18 

NWWA 



PROCESSES INFLUENCING 
GENERATION OF LANDFILL 

LEACHATE 

CARBON DIOXIDE AND ORGANIC ACIDS 
LOWER pH OF LEACHATE 

ACIDIC pH ENHANCES MINERAL DISSOLUTION 

BIODEGRADABLE ORGANIC COMPOUNDS 
DEPLETE DISSOLVED OXYGEN 
CONCENTRATIONS AND CREATE ANAEROBIC 
CONDITIONS 

REDOX POTENTIAL CONTROLS SOLUBILITY OF 
IRON AND MANGANESE OXIDES 
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Eh (millivolts) 
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Redox regime (Eh profile} in clayey subsoil and distribution of N-species ratio (Yanful, et al. 1988}. Highly reducing conditions with Eh of -130 mVexist near the soiVwaste interface and vary to +50 mV at about 50 em below the interface at the Samia landfill, Ontario, Canada 
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MINERAL SATURATION INDEX (SI) 
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Mineral saturation indices vs. depth in pore waters in clay-rich zone at Sarnia landfill, Ontario, 
Canada (Yanful, et.al., 1988}. Porewater is oversaturated with respect to FeC03 in the top 20 em of the profile. The degree of supersaturation decreases with depth. Porefluid is 
oversaturated with respect to calcite at all depths in the profile. 
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Eh 

A sarrple of water collected from the waste (square dot) plots 
close to the pyrite - siderite l:x:>undary and the Eh conditions 
x:nay be controlled by the reaction: 

Water sarrples near the waste-subsoil interface (solid triangle) 
plot in the stability field for FeC03 , indicating an increase 
in Eh and pH over conditions existing in the waste. Clay 
sarrples below the waste-clay subsoil interface (open circles} 
show higher Eh values, plotting close to the siderite - Fe(OH} 3 
toundary. Introduction of highly reduced aqueous species from 
the waste into the subsoil results in reduction of subsoil Fe3+ 
to Fe2+ and precipitation of siderite: 

.......... . 

' . 
.......... 

' 

'· 

FERRIC HYDROXIDE 
Fe(OH)J 

OXIDIZED 
WATER 

.......... 

f(.f"''•' c. li'tdro1dct.. 

-400 

I' 

REDUCED 
-600 WATER 

' -800 
12 14 

pH 

Stability relations of iron hydroxides, sulphide and carbonate in water at25°C and one atmosphere 
total pressure. • Water sample in the waste, .t soil samples near interface and o soil samples deeper in 
the profile. IS = w-t\ ICO., = w- 2

, IFe = w- 3·4 , 10-4
·
11

, w- 5·11• ( Yo,rui e-t ~~~. 1 /9811). 
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ORGANIC COMPOUNDS OR 
CLASSES IDENTIFIED IN LANDFILL 

LEACHATES 

ACETONE 

SHORT CHAIN ALCOHOLS 

SHORT CHAIN ACIDS 

ALKANES 

KETONES 

CHLORINATED SOLVENTS 

AROMATIC SOLVENTS 

PHTHALATE ESTERS 

HYDROCARBONS 

OTHERS 

SOURCE: LU et al. (1985). 
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LANDFILL LEACHATE AND 
ENVIRONMENTAL INTERACTIONS 

MIGRATION MECHANISMS 

DIFFUSION AND DISPERSION 

DILUTION 

ADSORPTION 

PRECIPITATION/DISSOLUTION 

COMPLEXATION 

ION EXCHANGE 

REDOX REACTIONS 

BIOGEOCHEMICAL PROCESSES 
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LANDFILL LEACHATE AND 
ENVIRONMENTAL INTERACTIONS 

SOIL PROPERTIES AND COMPOSITION 

MINERALOGY 

GRAIN SIZE r<tW~'" ;k4- tr<~ 
(0 

ORGANIC MATTER Kdo, ~I< 0 c (om) 

BIOLOGICAL ACTIVITY 

TEXTURE 

J. 46ou"
CATION EXCHANGE CAPACITY c.Ec o.-t foH &ID ~Ec.. 

f1EC ~ · 

ANION EXCHANGE CAPACITY 
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CASE HISTORY: HYDROGEOCHEMICAL STUDIES AT A LANDFILL IN DELAWARE 

Baedecker and Apgar 

ABSTRACT 

Plume of leachate have migrated downgradient from the Army Creek landfill in Delaware, a site used for disposal of industrial and municipal refuse during the 1960's. A series of contaminantrecovery wells was installed in the early 1970's between the landfill and downgradient watersupply well to intercept and remove contaminated water. Beneath the landfill and immediately downgradient of the landfill large amounts of iron and manganese are dissolved, organic 
matter is oxidized and reduced, oxygen is consumed, ammonia is adsorbed, and nitrate is 
reduced. Farther downgradient some of the reactions are altered; iron and manganese 
precipitate, less organic matter is oxidized and reduced, and more ammonia is removed by ion exchange. Farther downgradient the water chemistry is controlled largely by mixing. 
Measurements of chemical constituents in water near the landfill show that most constituents have decreased in concentrations over an 8-year period (1973-1981 ). As leachate moves downgradient, the attenuation of contaminants is controlled by the following processes: (1) operation of the recovery-well system that removes contaminated water and reverses the local flow, (2) dilution of leachate with native groundwater, (3) mixing of anaerobic leachate with 
oxygenated water that facilitates the decomposition of organic matter and precipitation of 
metals, and (4) interaction of contaminants with aquifer materials. Although the recovery-well 
systems have intercepted and removed most of the contaminated water and the quality of 
water from most downgradient monitor wells has improved, the leachate remains anaerobic, 
large amounts of gases are generated, and refractory organic compounds are present. 
Continued pumping of contaminant-recovery wells has lowered the head in the aquifer and 
wasted a large amount of uncontaminated groundwater. 
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CONCLUSIONS 

• Chemical reactions and processes in con
taminated water do not remain constant 
with time. 

• Early stage landfill leachate has high con
centrations of carbon, nitrate, and sulfate . 

• Late stage landfill leachate has high con
centrations carbon, ammonium, hydrogen 
sulfide, methane, iron, and manganese. 

• Under low- flow conditions, geochemical 
attenuation occurs. 
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CONCLUSIONS 

• Attenuation of leachate depends on: 

- Aquifer restoration system 

- Dilution of leachate with native ground 
water 

- Mixing of anaerobic leachate with oxy
genated ground water (decomposition 
of organic matter and precipitation of 
metals) 

- Interaction of contaminants with 
aquifer materials 
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CLASS EXERCISE 
NAME THE FOLLOWING ORGANIC COMPOUNDS. 

H H ' / CI,..-C=~-C- H 
c.1 "-H 

NAME ____________ _ 

NAME __________ __ 

DRAW THE STRUCTURAL FORMULA FOR THE 
FOLLOWING ORGANIC COMPOUNDS. 

PERCHLOROPROPANE 

2-BROM0-1-CHLOROPROPANE 

2, 2, 4-TRIMETHVLPENTANE 

1, 1, 2-TRICHLOR0-2, 2, 1-TRIFLUOROETHANE 
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NAME MOLECULAR FORMULA STRUCTURAL FORMULA 

ACETONE 

Cl 

Cl 

ALDRIN 
Cl 

Cl 

BENZENE 0 

m- DICHLOROBENZENE A 
Vel 

ETHYLBENZEN E 

TOLUENE 
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CLASS EXERCISE 

BASED ON MOLECULAR FORMULA, LIST 
ORGANIC COMPOUNDS IN ORDER OF 
DECREASING AQUEOUS SOLUBILITIES. STATE 
YOUR REASONS FOR THE ORDER. 

ACETONE (C3HsO) I 

ALDRIN (C12HaCis) (p 

BENZENE (CsHs) ·J--

a-DICHLOROBENZENE (CsH4CI2) 3 

TOLUENE (C7Ha) 

ETHYLBENZENE (CaH1o) 5 
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CLASS EXERCISE 

BASED ON MOLECULAR FORMULA AND WEIGIIT, LIST THE 
ORGANIC CO:MPOUNDS IN ORDER OF INCREASING ORDER OF 
MOBaiTY (FROM LOW (1) TO IDGH (9)). 

ACETONE (M.Wf.=58) ca 
"- ...... c -eli. c ) ~ 

BENZENE (M.WT.=78) 0 
TOLUENE (M.Wf.=92) 6 

, 

p-XYLENE (M.WT.=106) ¢ 
cH, 

-

E'IHYLBENZENE (M.Wf.=106) o-CH2CH3 

p-CRESOL (M.WI'.=l08) Q 
OH 

NITROBENZENE (M.Wf.=123) 6 
s 

PARATIDON (M.WI'.=291) C,HsO,U -o 
..,..P-O N02 

C2H50 

DDT (M.WT.=354) a-Qr-(}-o 
CCI3 
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CLASS EXERCISE 

A. CALCULATE THE TOTAL POUNDS OF OXYGEN REQUIRED TO 
OXIDIZE THE 1000 LBS OF GASOLINE (ROUND OFF NUMBERS); 

I ()C> b lk/x 'f 5'-lg X h-!o/( C/iifl cl-12. ~ 3. 2 X ID '(Molt!' 5c H 2. 

% )4y 

3.2. xJo" ~ x I. s ~_'X' 32. ;{ ;x I" :::: ~. 9 .xlo "It 02. 
~ ~ 4sLf_,. 

B. HOW MANY POUNDS OF WATER WOULD BE REQUIRED TO 
SUPPLY THE OXYGEN ASSUMING THAT THE WATER WAS IN 
EQUILffiRIUM WITH AIR (8 PPM 0 2). 

~ .. ffl'h:: ~ ·e C • WI "ro 
.60.0$. V)t ~ D 

~ 4. ~X jO ")b (J z 

2 lb.s }i, 0 
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CLASS EXERCISE 

GIVEN THAT Rd = 1 + pKd, where 
n 

Rd =RETARDATION FACTOR, 
p = DENSITY (g/cm3), 
n = POROSITY, AND 
Kd = DISTRIBUTION COEFFICIENT (ml/g) 

CALCULATE Kd AND Rd FOR THE FOLLOWING: 

SPECIES KOC OC Kd p/n Rd 
ACETONE 1.0 0.002 12 
CHLORO-
BENZENE 372 0.002 12 
M-XYLENE 600 0.002 12 
NOTE. Kd = KOC X OC 
BELOW IS AN ISOCONCENTRATION MAP FOR A 
HYPOTHETICAL WASTE SITE WITH GROUND 
WATER CONTAMINATION. LABEL 
ISOCONCENTRATION LINES WITH 
APPROPRIATE SPECIES BASED ON Rd. 

18-6 



CLASS EXERCISE 

GIVEN THAT Rd = 1 + pKd, where 
n 

Rd =RETARDATION FACTOR, 
p = DENSITY (g/cm3), 
n = POROSITY, AND 
Kd = DISTRIBUTION COEFFICIENT (mllg) 
CALCULATE Kd AND Rd FOR THE FOLLOWING: 
SPECIES KOC OC Kd . p/n Rd 
CTET 275 0.001 1 0 
PCE 257 0.001 1 0 
1,1,1-
TCA 186 0.001 1 0 
TCE 166 0.001 10 
NOTE. Kd = KOC X OC 
BELOW IS AN ISOCONCENTRATION MAP FOR A 
HYPOTHETICAL WASTE SITE WITH GROUND 
WATER CONTAMINATION. LABEL 
ISOCONCENTRATION LINES WITH 
APPROPRIATE SPECIES BASED ON Rd. 

18-7 



CLASS EXERCISE 

BASED ON CHEMICAL DATA PRESENTED IN 
GRAPHS, WHICH MONITOR WELLS ARE LOCATED 
UP GRADIENT, WITHIN THE SOURCE, AND DOWN 
GRADIENT FROM THE CONTAMINANT SOURCE? 

DESCRIBE CHEMICAL EVOLUTION OF GROUND 
WATER FROM PRE- TO POST-CONTAMINANT 
CONDITIONS. CONSIDER REDOX, MINERAL
SOLUTION INTERACTIONS, AND CONTAMINANT 
MIGRATION. 
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CLASS EXERCISE 
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CLASS EXERCISE 
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CLASS EXERCISE 
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CLASS EXERCISE 
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CLASS EXERCISE 
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CLASS EXERCISE 
NAME THE FOLLOWING ORGANIC COMPOUNDS. 

C.IILo,qo /11£TIIYL NAME 3·METHVL·5-CHLOR9PHENOL 

NAM Ec1s-1. 2-DICHLOROPROPENE 

DRAW THE STRUCTURAL FORMULA FOR THE 
FOLLOWING ORGANIC COMPOUNDS. 

Cl ct, 1 /c.1 
C.l-(-(-(-Cl 

C.l / I '- c.1 

PERCHLOROPROPANE 

Cl 

2-BROM0-1-CHLOROPROPAN~ ls1 H 
' J / H-(-(-(-C.I 

H/ I "'-H 
Br 

2, 2, 4-TRIMETHVLPENTANE c.H1 H c ~ 3 H 
H , 1 1 I .,.,.. 
t-1 -(-{:-C.-C.-C..- t-1 
H_. I ~ I 'H 

CH3 ~ 

1, 1, 2-TRICHLOR0-2, 2, 1-TRIFLUOROETHANE 

Cl, /C\ 
c.t -c-c- r= 
~ / '\. F 
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SOLUTION TO CLASS EXERCISE 

BASED ON MOLECULAR FORMULA, LIST 
ORGANIC COMPOUNDS IN ORDER OF 
DECREASING AQUEOUS SOLUBILITIES. 
STATE YOUR REASONS FOR THE ORDER. 

ACETONE (CaHsO) 
ALDRIN (C12HsCis) 
BENZENE (CsHs) 
o-DICHLOROBENZENE (CsH4CI2) 
TOLUENE (C1Hs) 
ETHYL BENZENE (CsH1o) 

(HIGH SOLUBILITY) ACETONE > BENZENE > 
TOLUENE > ETHYL BENZENE > o-DICHLORO 
BENZENE > ALDRIN (LOW SOLUBILITY) 

INCREASING MOLECULAR WEIGHT RESULTS IN 
DECREASING AQUEOUS SOLUBILITY. 

OXYGEN ATOMS PRESENT IN ORGANIC 
MOLECULE INCREASES AQUEOUS SOLUBILITY 
(INCREASE IN POLARITY). 
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SOLUTION TO CLASS EXERCISE 

BASED ON MOLECULAR FORMULA AND WEIGIIT, LIST THE 
ORGANIC COMPOUNDS IN ORDER OF INCREASING ORDER OF 
MOBILITY (FROM LOW (1) TO IDGH (9)). 

ACETONE (M.WT.=58) ORDER OF MOBILITY= 9 
·Miscible with water; log P oct -.24 
Mobility Relative to p-Xylene: 2456 

BENZENE (M.WT.=78) ORDER OF MOBILITY= 6 
Solubility 1780 mg/1 at 20°C; log P oct 2.13 
Mobility Relative to p-Xylene: 10.5 

TOLUENE (M.WT.=92) ORDER OF MOBILITY= 5 
Solubility 515 mg/1 at 200C; log P oct 2.69 
Mobility Relative to p-Xylene: 2.8 

p-XYLENE (M.WT.=106) ORDER OF MOBILITY= 3-4 
Solubility 198 mg/1 at 25°C; log p oct 3.15 
Mobility Relative to p-Xylene: 1 

ETHYLBENZENE (M. WT. = 106) ORDER OF MOBILITY = 3-4 
Solubility 152 mg/1 at 200C; log P oct 3.15 
Mobility Relative top-Xylene: 1 

p-CRESOL (M.WT.=108) ORDER OF MOBILITY= 7 
Solubility 18,000 mg/1 at 20°C; log P oct 1.92 
Mobility Relative to p-Xylene: 16.9 

NITROBENZENE (M.WT.=123) ORDER OF MOBILITY= 8 
Solubility 1,900 mg/1 at 20°C; log P oct 1.85 
Mobility Relative to p-Xylene: 20 

PARATIDON (M.WT.=291) ORDER OF MOBILITY= 2 
Solubility 24 mg/1 at 20°C; log P oct 3.81 
Mobility Relative to p-Xylene: 0.2 

DDT (M.WT.=354) ORDER OF MOBILITY= 1 
Solubility 0.003 mg/1 at 20°C; log P oct 6.19 
Mobility Relative to p-Xylene: 0.0009 
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SOLUTION TO CLASS EXERCISE 

USING THE INFORMATION GIVEN BELOW TO CALCULATE THE 
AMOUNT OF OXYGEN REQUIRED TO CO:MPLETELY OXIDIZE 
GASOLINE (ASSUME THE FORMULA FOR GASOLINE IS -CH2-) TO 
CARBON DIOXIDE AND WATER: 

TOTAL AMOUNT OF GASOLINE: 1000 LBS. 
THE HALF REACTIONS ARE AS FOLLOWS: 

2-CH2- + 302 -> 2C02 + 2H20 
BALENCED REACTION REQUIRES 3 MOLES OF 0 2 FOR EVERY 
2 MOLES OF -CH2-

A. CALCULATE THE TOTAL POUNDS OF OXYGEN REQUIRED TO 
OXIDIZE THE 1000 LBS OF GASOLINE (ROUND OFF NUMBERS); 

1000 LBS GAS*450 GllMS*1 MOLE GAS/14 G GAS 32143 MOLES GAS 

SINCE 2 MOLES OF GAS REQUIRES 3 MOLES OF OXYGEN THEN 
ABOUT 45000 MOLES OF OXYGEN WOULB BE REQUIRED. 

45000 MOLES 0 2 * 32 G/MOLE 0 2 * 1 LB/450 G = 3200 LBS 0 2 

B. HOW MANY POUNDS OF WATER WOULD BE REQUIRED TO 
SUPPLY THE OXYGEN ASSUMING THAT THE WATER WAS IN 
EQUILffiRIUM WITH AIR (8 PPM 0 2). 

3200 LBS 0 2 * 1 LB H20/0.000008 LBS 0 2 = 400000000 LBS H20 
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SOLUTION TO CLASS EXERCISE 

GIVEN THAT Rd = 1 + pKd, where 
n 

Rd =RETARDATION FACTOR, 
p = DENSITY (g/cm3), 
n =POROSITY, AND 
Kd = DISTRIBUTION COEFFICIENT (ml/g) 
CALCULATE Kd AND Rd FOR THE FOLLOWING: 
SPECIES KOC OC Kd p/n Rd 
ACETONE 1.0 0.002 0.002 12 1.02 
CHLORO-
BENZENE 372 0.002 0.744 12 9.93 
M-XYLENE 600 0.002 1.20 12 15.4 
NOTE. Kd = KOC X OC 
BELOW IS AN ISOCONCENTRATION MAP FOR A 
HYPOTHETICAL WASTE SITE WITH GROUND 
WATER CONTAMINATION. LABEL ISOCONCEN
TRATION LINES WITH APPROPRIATE SPECIES 
BASED ON Rd. 
M-XYLENE CHLOROBENZENE ACETONE 
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SOLUTION TO CLASS EXERCISE 

GIVEN THAT Rd = 1 + pKd, where 
n 

Rd =RETARDATION FACTOR, 
p = DENSITY (g/cm3), 
n =POROSITY, AND 
Kd = DISTRIBUTION COEFFICIENT (ml/g) 
CALCULATE Kd AND Rd FOR THE FOLLOWING: 
SPECIES KOC OC Kd p/n Rd 
CTET 275 0.001 0.275 1 0 3. 75 
PCE 257 0.001 0.257 1 0 3.57 
1,1,1-
TCA 186 0.001 0.186 10 2.86 
TCE 166 0.001 0.166 10 2.66 
NOTE. Kd = KOC X OC 
BELOW IS AN ISOCONCENTRATION MAP FOR A 
HYPOTHETICAL WASTE SITE WITH GROUND 
WATER CONTAMINATION. LABEL 
ISOCONCENTRATION LINES WITH 
APPROPRIATE SPECIES BASED ON Rd. 
CTET PCE TCE 
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SOLUTION TO CLASS EXERCISE 

UP GRADIENT: MW-3 
SOURCE: MW-2 
DOWN GRADIENT: MW-1 

DESCRIBE CHEMICAL EVOLUTION OF GROUND 
WATER FROM PRE- TO POST-CONTAMINANT 
CONDITIONS. CONSIDER REDOX, MINERAL
SOLUTION INTERACTIONS, AND CONTAMINANT 
MIGRATION. 

Iron and manganese are mobile under reducing 
conditions in the absence of hydrogen sulfide. 
Elevated concentrations of iron and manganese 
within organic-contaminated ground water are the 
result of reduction and dissolution of ferric and 
manganese hydroxides. These elements are 
concentrated at the leading edge of the ground water 
plume. Benzene and MTBE are also mobile due to 
their high aqueous solubilities. Ethyl benzene, 
toluene, and xylene isomers are less soluble in 
aqueous solutions relative to benzene and MTBE. 
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Additional References: 

Deutsch, W.J. and J.W. Thackston, 1986. Aquifer Restoration Considerations at Inactive 
Uranium Mill Tailings Sites, Proceedings of the Fourth Annual Hazardous Materials 
Management Conference. 
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Aquifer Restoration 

• General geochemical principles 

• Methods of restoration 

• Examples 

19-1 



General Geochemical Principles 

• Develop a valid conceptual model of the 
hydrochemical system 

Characterize water and rock chemistry 

Establish dominant processes 

Explain observed trends 

• Work toward stable equilibria 

Consider existing pH and EH of the 
environment 

Use minerals present in the aquifer to your 
advantage 

Consider reaction rates and the possible need 
for biological mediation 
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General Geochemical Principles (continued) 

• Evaluate potential detrimental side effects 

Gas generation 1"1-J(~ f H = ~-e_...~~rd:t CJ)L- 5e..s 

Mobilization of unwanted constituents 

Clogging of pores 
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Aquifer Thermal Energy Storage 

700ft 

POWER PLANT 

~ -c 4 n· ..> _, '""f L.> (41--<- /(_ r t-.t r s ...A-
c.~ ~.,.;I; bt'"i~.<~ I w j/1 C-4'- sc. C..Lt l c .. ~ 

tt> fo t. 5 ~f ea. s .... +-1.<.~ .J. '-' i If 

.p ~c. j p; /-A, +-c 4/ c./i-c -

C( o '~p w df wit-"~.-,; IS f\-\i tJ. Of/J':;tt/-- ~ ..1-.• S 1 .0 J.:, e "hrc. r-<:Jri) e c.A' ~ -!JouP f-~ s~-f-f&.> t-L 1..) .a; I~ ,-t. 
~ <{,, S"P • -h4:.< ~PiN 4.. f:, ,-(_ ~ 
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Hydrology Issues 

• Rate at which aquifer can be pumped 

• Diffusion of treatment chemicals into pores 
and contaminants out of pores 

• Volume of water that must be treated 
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General Issues 

• Overall feasibility of the plan 

• Time frame· 

• Applicability of institutional controls on water use 

• Level of water quality improvement required 

• Effect of restoration on nearby groundwater 
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Aquifer Restoration Methods 

• Natural restoration 

• Induced restoration 

Pump, treat, and reinject 

In situ 

19-7 



Aquifer Restoration Methods 

• Natural restoration 

Physical processes 
-- dispersion 
-- diffusion 

Chemical Processes 
-- neutralization p!'e<:~pi~·()~ 
-- mineral dissolution & ppt'n 
-- oxidation/ reduction 
-- adsorption & ion exchange 

Biochemical degradation 
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Uranium Roll-Front Schematic 
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In-Situ Uranium Mine 

Injection, Recovery and Monitoring Well Pattern 
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Aquifer Groundwater/Sediment Interactions 
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Roll-Front Mineralization In-Situ 
Uranium Mine 
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Experimental Design of Flow-Through 
Column Experiments -

Meter 
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Results of Column Experiments 
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Uranium Concentration in Effluent from 
Texas and Wyoming Natural Restoration 
Column Experiments 
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Aquifer Restoration Methods (continued) 

• Induced restoration 

Groundwater sweeping 
- removal and disJ?osal 
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Removal and Disposal Alternatives 

SALT EVAPORATION 

POND 

WELL FIELD 

IRRIGATION USE 
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Geochemical Factors Affecting 
Groundwater Seeping 

• Water flowing into zone of contamination may 
increase contaminant level 

• Slow desorption of strongly held contaminants 
may require long periods of sweeping 
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Calcium Effluent Concentrations from 
Groundwater Sweeping Laboratory Test 
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Concentration of Ammonium Ions 
in Effluent 
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Induced Restoration Methods (continued) 

• Pumping, surface treatment, and recirculation 

Reduces volume of water that must be disposed 

Direct chemical and physical treatment 
of contaminants 
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Surface Treatment Methodologies 
WELL FIELD 

1 
PRETREATMENT 

(acidify, add ferrous iron, add sulfide, 
neutralize, flocculate, filter) 

[Mg, Fe, Mn, AI, Cr, U, Ra, Th, As, Se, Mo, Cd] 

J 

l 
TDS REDUCTION 

(reverse osmosis, electrodialysis, distillation 
{Ca, Mg, Na, K, S0

4
, Cl, N0

3
] 

l 
SPECIFIC ION TREATMENT 

(biological denitrification, redox adjustment) 
[N0

3
, Se, U] 

I 

CLEAN WATER 
REINJECTION 

BRINE DISPOSAL 
-EVAPORATION 
- DEEP INJECTION WELLS 
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Geochemical Considerations in Surface 
Treatment and Reinjection 

• Compatibility of treated water with aquifer 

~ O· ,..r K ~J cl4<jS Expansion of clays - o.A--D.l'J 7 fVb- GVJ e p 

Precipitation of minerals and 
blockage of pores 

Dissolution of contaminants 
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Induced Restoration Methods {continued) 

Minimizes surface exposure of contaminants 

Modest chemical alteration of natural groundwater 
followed by reinjection 

Aquifer system reaches chemical equilibrium 
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Aquifer Restoration Aided by 
Chemical Reduction 
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Results of In Situ Treatment 
Column Experiments 
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Geochemical Considerations in Chemical 
Addition and Recirculation 

• Effects of in situ treatment must be established 

Lab tests 

Field demonstration 

• Associated reactions must be determined 
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In Situ Treatment 

Advantages 

• Cost effectiveness 

• Minimal disturbance to existing site 

• On-site destruction of contaminants 

• Continued treatment after shutdown of the project 

• Permanent solution 
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In Situ Treatment 

Disadvantages 

• Relatively new:t~finology 

• Requires proper hydrologic conditions 

• May not lower concentrations of 
contaminants to required level 

• May introduce unwanted chemicals 
or byproducts 

• Not applicable for all contaminants 
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·Aquifer Restoration Summary 

• Both chemical and physical natural restoration can be 
effective in certain circumstances 

• Groundwater sweeping alone removes some contaminants 
but may not be effective for some redox-sensitive elements. 

• Injection of chemical reductants can be useful for 
immobilizing metals, however, the reducing environment 
must be permanent 

• For complex contamination involving metals, high TDS, 
and organics a combination of methods may be necessary 
for restoration 
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