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1.0 Introduction 

The objective of the report is to provide: a reasoned ~:1d documented discussion on th~: technical 
issues ~ssociatcd with the measurement and sclcctior. of partition (or distribution) cocflicicnt, 
~.~.~values o.nd their usc in fom1ulating the retardal'.·::m factor. R" The contaminant retardation 
f<tctor (R,) is the parameter commonly used in transpc)rt models to describe the chemical 
intcrnction between the contamin•tnt u.nd gcologicalmatcrinls (i.<'., soil, sediments, rocks, and 
geological formations. hcncctbrth simply referred to a~ soilsJ). It includes processes such as 
surf:.tcc adsorption. absorption into the soil structure, precipitation, and physical 1ittration of 
colloids. Speci fica !I)•. it describes the r.ttc of contaminant tr.msport relative to that of 
groundwater. This report is provided for technical st;1ff from EPA and other organi1~tions who 
:~.rc responsible for prioritizing site remediation and waste mnnagement decisions. The 
two-volume report describes the conceptualization, mensurcmcnt, and usc of the~ parameter. 
and geochemical aqueous solution and sorbcnt properties that arc most important in controlling 
the adsorption/retardation behavior of a selected set of contaminants. 

This review is not mcunt to assess or judge the udcqt.tacy of the 1<.J uppronch used in modeling 
tools for estimating adsorption and tr.msport of contaminants and rndionuclidcs. Other 
approaches. such as surf~tcc complexation models. Cl!rtainly provide more robust mechanistic 
approaches for predicting contaminant adsorption. However, us one reviewer ol"this volume 
noted. ··~,·s •1rc the coin of the realm in lhis business.'' For better or worse. the~ model is 
integral part of current methodologies for modeling (;Ontaminant and radionuclidc tr::msport and 
risk analysis. 

The~ concept. its usc in fate and transport compu1~r codes, and the methods for the 
measurement of~ values arc: discussed in detail in Volume I and briefly introduced in Chapters 2 
and 3 in Volume II. Particular attention is directed at providing an understanding of: (t) the usc 
ofl<u values in formulating P"f, (:!)the difference between the original thermodynamic~ 
parameter derived from the ion-exchange literature and its "cmpiricizcd" use in contaminant 

Throughout this report, the term "partition cocflicicnt" will be used to refer to the "Ks "linear 
isothenn'' sorption model. It should be noted. however, that the tcm1s "partition cocflicient" and 
"distribution coefficient" <ll'c used interchangeably in the literature for the l<.J model. 
2 A list ofncronyms, abbreviations, symbols, nnd notation is given in Appendix A. A list of 
definitions is given in Appendix B 

3 The tc:nns "sediment'' and "soil" have particular meanings depending on one's technical 
discipline. For example, the: tenn "sediment" is oficn reserved for tra.tlsportcd and deposited 
particles derived from soil, rocks, or biological material. "Soil" is sometimes limited to referring 
to the top layer of the earth's surface, suitable for plant life. In this report, the tcnn "soil" was 
selected with concurrence of the EPA Project Officer as a general term to refer to all 
unconsolidated geologic materials. · 
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tr<mspon codes, and (3) the explicit and implicit nssumptions underlying the usc of the Ku 
parameter in contaminant transport codes. 

The K, parameter is very important in estimating the potl!ntial for the :tdsorption of dissolved 
contaminants in contact with soil. As typically used in fate and contaminant transport 
calculations. the KtJ is defined as the ratio of the contaminant conccntrntion associated with the 
solid to the contaminant concentration in the surrounding aqueous solution when the sy!'to.:m is at 
equilibrium. Soil chemists and geochemists knowledgeable of sorption processes in natural 
environments have long known that generic or default 1\,s values can result in significnnt errors 
when used to predict the impacts of contaminant migration or site-remediation options. To 
address some of this concern, modelers often incorporate a degree or conservatism into their 
calculations by selecting limiting or bounding conservative l<.J values. For example, the most 
conservative (i.e., maximum) estimate from the perspective of off-site risks due to contaminant 
migr.ttion through the subsurfucc naturnl soil and groundwater system!\ is to assume that the soil 
has little or no ability to slow (retard) contaminant movement (i.e., a minimum bounding~ 
value). Consequently, the contaminant would travel in the direction and at the rate of water. 
Such an assumption mny in f01ct be uppropriate for certain contaminants such as tritium, but may 
be too conservative for other contaminants. such as thorium or plutonium, which react strongly 
with soils and may migrmc 1 o= to I O" times more slowly than the: w;~tcr. On the other hand, when 
estimating the risks and cosL<; <lssociatcd with on-site remediation options, a ma.ximum bounding 
Ku value provides un estimate ofthc maximum concentration of a contaminant or radionuclidc 
sorbed to the soil. Due to groundwater now paths. site characteristics, or environmental 
uncertainties, the tinul results or risk and transport calculations for some contaminants may be 
insensitive to the~ vuluc ewn when selected within the mngc of technically-defensible. limiting 
minimum a.nd maximum Kd values. For those situations that arc sensitive to the selected K11 value, 
site-specific~ values arc csscnth1l. 

The K11 is usually :1 measured p;mu11cter tiHlt is ob~<.~incd from laboratory experiments. The 
S general methods used to mem:urc ~ v:llucs arc reviewed. These methods include thc batch 
laboratory method, the column laboratory method, lield-batch method. licld modeling method. 
:md Koc method. The summa!)' identities what the •mcillary infonnation is needed regarding the 
adsorbent (soi 1), solution (conwminatcd ground-water or process waste water), contaminant 
(concentration. valence state, speciation distribution). and labomtory details (spike addition 
mcthodolob'Y· phase separation techniques, contact times). The advantages, disadvantages, and, 
perhaps more importantly, the underlying assumptions of each method arc al~o presented. 

A conceptual overview or geochemical modeling calculations and computer codes as they pertain 
to evaluating Ku \'alucs and modeling of adsorption processes is discussed in detail in Volume I 
and briefly described in Chapter 4 of Volume II. The usc of geochemical codes in evaluating 
aqueous speciation. solubility. and adsorption processes associated with contaminant fate studies 
is reviewed. This approach is compared to the tr.Lditional calculations that rely on the constant Ku 
\:Onstruct. The use of geochemical modeling to address quality assurance and technical 
defensibility issues concerning available Ku data and the measurement ofK11 values is also 
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discussed. The geochemical moclcling review includes a brief description of the EPA's 
MINTEQA2 geochemical code and o summary of the types of conceptual models it contains to 
quantify adsorption reactions. The status of radionuclidc thermodynamic and contarnin::mt 
adsorption model datab~1scs lor the MINTEQA2 code is also reviewed. 

The main locus ofVolllmc 11 is to: (1) provide a "thumb-nail sketch" of the key geochemical 
processes affecting the sorption of a selected set of contaminants: (2) provide references to 
related key cxpl!rimental :md review aniclcs for iunhcr reading: (3) identify the important 
aqueous· and solid·phasc pammctcrs controlling the sorption oi these contaminants in the 
subsurfucc environment: and (4) identify, when possiblr:. minimum and maximum conservative K.J 
vttlucs for each contaminnnt as n function key gcoche1r.dcnl processes affecting their sorption. The 
contaminants chosen for the first ph:1sc of this project include cadmium. cesium, chromium, ICJd, 
plutonium, radon, strontium. thorium. tritium ("H). and ur.mium. The selection of these 
contaminants by EPA and PNNL project smffwas based on 2 criteria. First, the contaminant had 
to be of high priority to the site remediation or risk assessment activities of EPA. DOE. andlor 
NRC. Second, because the avnilabl·: funding precluded ;s review of nll contaminants that met the 
first criteria, a subset was selected to represent cutesorics of contaminants based on their chemical 
behavior. The six nonexclusive categories nrc: 

• Cations· cadmium, cesium. plutonium. strontium, thorium, and uranium(VI). 
• Anions· chromium(Vl) (as chromntc) and ur.mium(Vl). 
• R:adionuclidcs ·cesium. plutonium. rJdon, strontium. thorium. tritium ('H). and umnium. 
• Conservatively transported contaminants· tritium ('H) and radon. 
• Nonconscrvntivcly transported contaminants - other than tritium {'H) and radcm. 
• Redox sensitive clc:mcnlS • chromium, plutonium, and uranium. 

The gcncrJl geochemical behaviors discussed in this report can be used by analo0')' to cstimutc the 
geochemical intcrJctions of similar clements for which dat<~ arc not available. For example. 
cont<lminanL'i present primarily in anionic fom1, such as Cr(VI), tend to adsorb to a limited extent 
to soils. Thus, one might generalize that other anions, such as nitrate, chloride, and 
U(Vl)·anionic complexes. would also adsorb to a limited extent. Litcraturc on the adsorption or 
these 3 solutes show no or very little adsorption. 

The conccntrntion of contaminants in 0rroundwatcr is controlled primarily by the amount of 
contaminant present at the source: I"Jte of release from the source; hydrologic factors such as 
dispersion, advection, and dilution~ and a number of geochemical processes including aqueous 
gcochemicul processes. :1dsorption/dcsorption. precipitation. and diffusion. To accurJtcly predict 
contaminant transpon through the subsurface. it is essential that the important geochemical 
processes affecting cont:lminant transport be identified and. pcrh<~ps more importantly, accurately 
described in a mathematically and scienti1icnlly defensible manner. Dissolution/precipitation and 
adsorption/d!!sorption :1rc usually the most important processes affecting contaminant interaction 
with soils. Dissolution/precipitation is more likely to be the key process where chc:micnl 
noncquilibium cxiSL!.i, such as at a point source, an ~trca where high contaminant concentrations 
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...... exist, or where steep pH or oxidation-reduction (redox) gradients exist. Adsorption/desorption 
will likely be the key proc~:ss controlling contaminant migrJtion in m·eas where chemical steady 
state exist, such as in areas far from the point source. 'Diffusion flux spreads solute via a 
concc:ntrntion gradient (i.e., Fick's law). Diffusion is a dominant transport mechanism when 
:~dvection is insignificant, and is usually a negligible transport mechanism when water is being 

. advectcd in response to various forces. 
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2.0 The~ Model 

The simplest and most common method of estimating contaminant retardation is bused or, the 
partition (or distribution) cocflicicnt. K~.~. The K~.~ parameter is a factor related to the partitioning 
of a contaminant between the solid and aqueous phases. It is an empirical unit of measurement 
that attempts to uccount for various chemical and physical retardation mechanisms that arc 
influenced by a myri~rd of variables. The K~ metric is the most common measure used in transport 
codes to describe the extent to which contaminants :U'c sorbed to soils. lt is the sitnplcst, yet least 
robust model available. A primary :tdv~mtage of the K.s model is that it is easily inserted into 
hydrologic transport codes to quantify reduction in the rate oftram•port of the contaminant 
relative to gr·oundwatcr, dthcr by advection or diffusion. Technical issues. complexities, and 
shortcomings of the K11 upproach to describing contaminnnt sorption to soils :trc summarized in 
detail in Chupter 2 of Volume I. Particular attention is directed tit issues relevant to the selection 
of~ values from the literature for usc in transport codes. 

The partition coefficient. Ku. is uclined as the ratio of the quantity orthc adsorbate adsorbed per 
mass of solid to the amount oftJ1c <ldsorbatc remaining in ·"olution at equilibrium. For the 
reaction 

A • C, 1:1 A,. 

the mass action expression for K.1 is 

K ,., Mass of Adsorb::ttc Sorbed ., A, 
.r Mass of Adsorbate in Solution C, 

where A "' free or unoccupied surfucc adsorption sites 
ci ,. total dissolved adsorbate remaining in solution at equilibrium 
A, = amount of adsorbate on the solid at equilibrium. 

The~ is typically given in units ofmVg. Describing the~ in terms of this simple reaction 
assumes that A is in great excess with respect to C, and that the activity of A, is equal to I. 

Chemical retardation, Rr. is deli ned as, 

v 
R - I' r-- • 

\' 
t 

where v, = velocity of the water through a control volume 
vc = velocity of corltaminant through a control volume. 

(2.1) 

(2.2) 

(2.3) 

The chemical retardation tcnn docs not equal unity when the solute interacts with the soil: almost 
always the retardation term is b'l'Catcr than 1 due to solute sorption to soils. In rare cases, the 
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retardation tbctor is ;~ctually less than 1. and such circumstances arc thought to be caused by 
anion exclusion (Sec Volume I. SI!Clion 2.S). Knowledge of the K11 and of media bulk density and 
porosity for porous now. or of' media fr.tcturc surf"cc ~m:a. fr<~cturc: opening width, and matrix 
diffusion attributes for fracture:: now. allows culcul~ttion of the retard~1tion factor. For porous Oo\V 
with saturated moisture conditions. the R, is defined as 

where p11 -· porous media bulk density (ma.o.;sllcnbrthl} 
effective porosity of the media ut saturation. n .. 

~ 

(:!.J.) 

The 1\.u par.tmctcr is valid only for a particular udsorbcnt and applies only to those :.~qucous 
chemical conditions (c.J: •• adsorbate concentration. solution/electrolyte matrix) in which it wa.~t 
measured. Site-specific~ values should be used for sitc·specilic contaminant and risk 
a.o.;scssmcnt calculutions. Ideally. site-specific ~values should be measured for the r:mgc of 
aqueous and gcologic:tl conditions in the syl'item to be modeled. However. litcrnturc-dcrivcd K11 
values arc commonly used for scrccnin!; calculations. Suitable selection and usc of literature· 
derived~ values for usc in screening calculations of contaminant transport is not a trivial matter. 
Among the assumptions implicit with the K. construct is: ( 1) only truce amounts of contaminants 
exist in the aqueous •md solid phases, (2) the rc:!ntionship between the amount of contaminant in 
the solid and liquid phases is linear, (3) equilibrium conditions exist. (4) equally rnpid adsorption 
and desorption kinetics exists, (5) it describes contaminant partitioning between 1 sorbate 
(contaminant) and 1 sorbcnt (soil). and (6) all adsorption sites arc accessible and have equal 
strength. The last point is especially limiting for groundwater contaminant models bcc<~usc it 
requires that K.t values should be used only to predict transport in systems chemically identic<~! to 
those used in the: laboratory measurement of the~. Variation in either the soil or t~queous 
chemistry of a system can result in extremely large differences in Ku values. 

A more robust approach than using a single K.s to describe the partitioning of contaminants 
between the aqueous and solid phases is the paramctric-"K.J model. This model varies the ~value 
according to the chemistry and mineralogy of the system at the node being modeled. The 
parJmetric-~ value. unlike the constmt-~ v~Juc, is not limited to a single set of environmental 
conditions. Instead. it describes the sorption of a contaminant in the I"Jngc of environmental 
conditions used to create the parametric-~ cqumions. These types of statistical rclation:;hips arc 
devoid of causality and therefore provide no information on the mechanism by which the 
radionuclidc partitioned to the solid pha.'\e, whether it be by adsorption. absorption. or 
precipitation. Understanding these mechanisms is extremely imponant relative to estimating the 
mobility of a contaminant. 

When the parametric-~ model is used in the transport equation. the code must also keep track of 
the current value of the indcpc:ndcnt v:~.riables at coch point in space and time to continually 
update the conccntmtion or the independent variables affecting the K,, value. Thus, the code must 
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track m~my more parameters and some numerical solving techniques (such as closcd-fom1 
unalytical solutions) can no longer be used to pcrrorn1 the intcgr.Ltion necessary to solve for the: ~ 
value and/or rct;1rdation C.1ctor. Rr Generally. computer codes that can accommodate the 
parametric·Ko:.~ model usc a chcmicnl subroutine to updntc: the l<.J value used to dctcm1inc tl1c R11 , 
when called by the m•lin transport code. The added complexity in solving the transport cquution 
with the pammctric-~ sorption model and its empirical nature may be the reasons this approach 
h3S been used sparingly. 

Mechanistic models explicitly accommodate for the dependency of~ values on contaminant con
centration, charge. competing ion concentration. variable surface charge on the soil, and solution 
species distribution. Incorpor;lting mechanistic aJsorption concept" into transport models is 
desirable because the models become more robust and, perhaps more importantly from the 
standpoint of regulators and the public, scientifically defensible. However. truly mechanistic 
adsorption models arc rarely, if ever, applied to complex natural soils. The primary reason for this 
is because mttuml mineral surfuccs arc vc:ry irregular und difficult to characterize. These surfaces 
consist ofmuny different microcrystalline structures that exhibit quite: different chc:mieul 
properties when exposed to solutions. Thus, cxaminntion of the surf;1cc by virtually any 
experimental method yields only avc:rascd eharactc1istics of the surface and the interface. 

Less ancntion will be directed to mechanistic models because they urc not extensively 
incorporated into the majority of EPA, DOE, and NRC modeling methodologies. The complexity 
of installing these mcch~mistic adsorption models into existing trnnsport codes is fomtidublc. 
Additionally. these models also require a more extensive database collection ctrort than will likely 
be available to the majority of EPA. DOE. anc.J NRC contarrlin~mt tr~msport modelers. A brief 
description of the state of the science is presented in Volume I primarily to provide a parJdigm for 
sorption processes. 
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There: arc 5 gencr.tl methods used to measure K11 values: the: batch laborJtory method. laboratory 
flow-through (or column) method, Geld-batch method. field modeling method, and K.c method. 
These methods and the ~1ssocimed technical issues arc described in detuil in Chupter 3 of Volume 
I. Ench mcthou has advant<~ges and disadvantages, and perhaps more importantly. each method 
has its own set of assumptions for calculating~ values from c~pc:rim~.:ntal data. Consequently, it 
is not only common. but expected th:1t K.s values measured by different methods will produce 
different values. 

3.1 Laboratory Batch i14erlwd 

Batch tests ~rc commonly used to measure~ v;,Jucs. 111e test is conducted by spiking a solution 
with the clement of interest, mixing the spiked solution with n solid for a specified period of time:. 
separating the solution from the solid, and mcn.-;uring the concentration of the spiked clement 
rcmainins in solution. The concentration oreontamimmt associated with t.he solid is dctem1inc:d 
by the difference between initial and tina! contaminant concentration. The primary advant~ge of 
the method is that such cxpcrimcnL'i can be completed quickly for a wide variety of clements and 
chemicul environments. The primury disadvant:tge of the batch technique: lor measuring K.s is that 
it docs not necessarily reproduce the chemical reaction conditions that t;tkc: place in the real 
environment. For instance, in a soil column, water passes through at a linitc rate and both 
reaction time ami degree of mixing between water and soil c;m be much less than those occurring 
in a laboratory batch test. Consequently. K11 vn!uc:s from batch experiments can be: high relative: to 
the extent of sorption occurring in :t real system, and thus result in an estimate of contaminant 
retardation thut is too large. Another dis.1dvant~1ge ofbatcl1 experiments is thut they do not 
accurately simulate sJ.ssorption of the radionuclidcs or contaminants from a contaminated soil or 
solid waste source. The K11 values arc frequently used with the assumption that !!.Qsorption and 
[.~sorption reactions arc reversible. This assumption is contrary to most experimental 
observations that show that the desorption process is appreciably slower than the adsorption 
process, a phenomenon referred to us hysteresis. The rate of desorption may even go to zero, yet 
n sibnificant mass of the contaminant remains sorbed on the soil. Thus. usc of i<.J values 
determined from batch adsorption tests in contaminant transport models is generally considered to 
provide c~:timates of contaminant rcmobili7.ation (rclc~\sC) from soil that nrc too large (i.e .• 
estimates of contaminant retention that arc too low). 

3.2 l .. aborutory Flow-Titrou~lt ,'.-!etlwd 

Flow-through column experiments arc intended to provide a more realistic simulation of dynamic 
field condition~ and to quantify the movement of contaminanLc; relative to groundwater flow, It is 
the second most common method or determining Ku values. The basic experiment is completed 
by pa.o;sing a liquid spiked with the contaminant of interest through a soil column. The column 
experiment combines the chemical effects of sorption and the hydrologic effects of groundw"'tcr 
flow through a porous medium to provide an estimate of retarded movement of the contaminant 
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of interest. The retardation factor (a ratio of the velocity of the contaminant to that of water) is 
measured Jircctly from the experimental dnta. A ~ v~duc can be calculated from the retardation 
factor. It is frequently useful to compare the back-calculated K11 value from th'--sc experiments 
with those derived directly from the b~1tch experiments to cvalumc the innucncc of limited 
intcr<~ction between solid and solution imposed by the !low-through system. 

One potent in! mlvantagc of the flow-through column studies is that the rct:1rc.lation factor can be 
inscned directly into the tr.mspon code. However. if the study site cont:lins different hydrologic~! 
conditions (c.~ .• porosity and bulk density) than the column experiment. than a ~value needs to 
be calculated from the rct;trdation factor. Another advantage is that the column experiment 
provides a much closer approximation of the physic;ll conditions and chemical processes 
occurring in the field site than a batch sorption experiment. Column cxpcrimc:nL.; penn it the 
invcstigution of the inOucnce oflimitcd spatial and temporal {noncquilibium) contact between 
solute and solid have on cont~tminant retardation. Additionally. the innucncc of mobile: colloid 
facilitated trnnspon und partiul saturution can be investigated. A third advantage is that both 
ndsorplion or desorption rc:~ctions cun be studied. The predominance of I mechanism of 
adsorption or desorption over another cannot be predicted a priori and therefore generalizing the 
results from 1 set of labor.ttory experimental conditions to field conditions is never without some 
uncertainty. Ideally. now-through column cxpcrimcnL'\ would be used exclu.o,;ivcly for d~.:tcnninil,S 
~values, but equipment cost. time: constraints. experimental complexity. and data reduction 
uncertainties discourage more c:xtensivc usc. 

3.3 Otlter Metltods 

Less commonly used methods include the K. .... method. ifi·Situ butch method, and the field 
modeling method. The K. .. method is u very effective indirect method of calculating K.J values, 
however. it is 01~ly :1pplicablc to organic compounds. The i11·siru batch method requires that 
paired soil and groundwater samples be collected directly from the aquifer system being modeled 
and then measuring directly the nmount ofcont~1minant on the solid and liquid phases. 111c 
advantage of this approach is that the precise solution chemistry and solid phase minc:rnlogy 
existing in the study site is used to measure the~ value. 1-lowcver. this method is not used often 
bccaus~ of the •malytic•1l problems associated with measuring the exchangc~tblc fr,J.ction of 
contamimmt on the solid phase. Finally, the field modeling method of c:.~lcui:Jting ~ values u~cs 
groundwater monitoring data and source term data to c:llculatc a~ value. One key drawback to 
this technique is that it is very model dependent. Because the calculated ~ value: arc model 
dependent and highly site spccitic, the ~values must be used for contaminant transport 
calculations at other sites. 

A number of issues exist concerning the measurement of~ values and the selection of~ values 
from the literature. These issues include: using simple versus complex systems to measure ~ 
values. field variability, the "gravel issue," ~md the "colloid issue." Soils nrc u complex mixture 
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. ..... containing solid. gaseous, and liquid-phases .. ·Each phasc-conwins several different constituents. 
The use ofsimplilied systems containing single mincr:ll phases and uqucous phases with I or 2 
dissolved species h:ts provided v~llu~1blc pt1rudigms for unclc:rstunding sorption processes in more 
complex, natural sysh.:ms. However, the ~ vulues generated fron1 these simple systems arc 
generally of little value for importing directly into transport models. V:tlucs for transport models 
should be generated from geologic materials from or similar to the study site. The "1:,'1'avel issue" 
is the problem that transport modelers fucc when converting laboiJtory-dcrivcd K.s values based 
on experiments conducted with the <2-mm fraction into values that can be used in systems 
containing particles >1 mm in size. No standard methods exist to uddrcss this issue. ·n,crc arc 
many subsurface soils dominated by cobbles, b'1'avel, or boulders. To base the:~ values on the 
<2-mm fraction. which muy constitute only <I percent or the soil volume but is the most chemi
cally reactive frnction, would grossly overestimnte the actual Kd Clf the aquifer. Two general 
approaches hnvc been proposed to address this issue. The lirst is to assume U1ut all particles >2-
mm has 41 ~ = 0 mVg. Although this a.c;sumption is incorrect (i.e., cobbles, grJvcl, and boulders 
do in f•1ct sorb contaminants). the extent to which sorption occurl' on these larger particles mny be 
small. The second approach is to normalize laboratory-derived Ku v:1lues by soil surf:1cc area. 
Theoretically, this Iutter apr>roach is more satisfying because it permits some sorption to occur on 
the >2·mm fraction und the extent of the sorption is proportional to the surface areu. The 
underlying assumptions in this npproach arc that the mineralogy is similar in the less th01n 2- and 
b'Tcatcr than :::-mm fructions and that the sorption processes occurring in the smaller fraction urc 
similar to those thut occur in the larger fraction. 

Spmial variability pro\'ides udditional complexity to understanding and modeling contruninant 
retention to subsurfucc soils. The extent to which contaminuntc; purtition to soils chungcs 41S 11cld 
mineralogy and chemistry change. Thus, a single Ku value is utmost never sufficient for an entire 
study site and should change as chemically important environmcntul conditions change. Three 
appro::1ches used to vary K11 values in transport codes arc the ~ look-up table approach. the 
parrunctric·K11 upprouch. and the mechanistic~ approach. The extent to which these approaches 
arc presently used and the c.tsc of incorporating them into a flow model varies greatly. 
Parametric-~ values typically have limited environmental ranges of application. Mechanistic ~ 
values arc limited to unifonn solid and aqueous systems with little application to heterogenous 
soils e.xisting in nature. The easiest and the most common variable-~ model interfaced with 
transport codes is the look-up table. In ~ look-up tubles, scpaiJtc ~values arc assigned to a 
matrix of discrete categories defined by chemically important ancillary par.uneters. No single set 
of ancillury parameters, such as pH and soil texture, is universally appropriute for de lining 
categories in Ku look-up tables. Instead, the ancillary parameters must vary in accordance to the 
geochemistry of the contaminant. It is essential to understand fully the criteria and process used 
for selecting the values incorpoiJted in such a t::tblc. Differences in the criteria and process used 
to select~ values can result in appreciable difrcrcnt Ku values. Examples are presented in this 
volume. 

Contruninant transport models gcncmlly treat the subsurface environment as a 2·phasc: system in 
which contaminants arc distributed between a mobile aqueous phase and an immobile solid phase 
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. (e.g., soil). An incrcosing body or cvidcncc indicates that under some subsurface conditions. 
components of the solid phase may exist as colloids1 thnt m:-.y be transported with the t1owing 
water. Subsurf<tcc mobile colloids originntc from (1) the dispersion of surface or subsurfncc soils. 
(2) dccemcntation of second :try mineral phuscs. and (3) homogeneous precipitation of ground· 
wmc:r constituents. Association of contaminants with this additional mobile phase may enhance 
not only the amount of contaminant that is transported, but also the rate of contaminant transport . 
.Most current :lppronchcs to predicting contamin~mt transport ignore this mechanism not because 
it is obscure or becaus~: the mathematical algorithms hnve not been developed, but because little 
information is available on thl! occurrence, the mineralogical properties, the physicochemical 
properties, or the conJition::. conducive to the generation of mobile colloids. There arc 2 primury 
problems associated with studying colloid-facilitated transport ofcontamin<~nts under natural 
conditions. First, it is difficult to collect colloids from the subsurface in a manner which 
minimizes or eliminates sampling artifacts. Secondly, it is diflicult to unambiguously delineate 
between the contaminants in the mobilc·uqucous and mobile-solid phases. 

Often Ku values used in transport models arc selected to provide a conscrv~1tivc estimate or 
cont<tminant mi&rr~ttion or hculth effects. However. the s:m1c K11 VJluc would not provide a 
conservative estimate for clean-up calculations. Conservatism for remediation culculations WI)Uld 
tend to err on the side of underestimating the extent of contttminant desorption that would occur 
in the a'-wifcr once pump·and·trcut or soil nushing trc~1tments commenced. Such an estimate 
would provide an upper limit to time, money, and work required to extract~~ contamimmt from a 
soil. This would be uccomplishcd by selecting o ~ from the upper r .. .mgc of literature values. 

It is incumbent upon the transport modeler to understand the strengths and weaknesses ol'thc 
different~ methods. and perhaps more importantly, the underlying assumption ol'thc methods in 
order to properly s~:lcct K11 vulucs from the literature. The Ktt values reported in the liternturc for 
any given contuminant may vary by us much as 6 orders of ma~rnirudc. An understanding of the 
important geochemical processes and knowledge of the important uncillnry parameters affecting 
the sorption chemistry of the contaminant of interest is necessary for selecting appropriate K<~ 
value(s) for contaminant transport modeling. 

A colloid is any tine-grained material. sometimes limited to the particlc·size I""Jnge of 
<0.00024 mm (i.e .. smaller than clay size), that can be easily suspended (Bates and Jnckson, 
1980). ln its original sense, the definition of~~ colloid included any linc·gr.lincd material that docs 
not occur in crystatlinc folin, The geochemistry of colloid systems is discussed in detail in sources 
such as Yariv and Cross ( 1979) and the references therein. 
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·4.0- Apptic:ttion of Chc:mical Reaction Models 

Computerized chemical reaction models bused on thennodynamic principles may be used to 
c:~lculnte processes such :ts :~qucous complexation. oxiclation/recltJction. ndsorption/dcsorption. 
and mincr:tl prccipitation/c!issCIIution lor contaminanL<> in soii·W:ller systems. The capabilities or a 
chemical reaction model depend on the models incorporated into its computer code and the 
avail:tbility ofthcm1odynamic and/or adsorption dam for aqueous and mineral constituents or 
interest. Chemical reaction models, their utility to understanding the solution chemistry of 
cont:~mimmts, :Uld the Mll\'TEQA~ model in particular :trc described in detail in Chapter 5 of 
Volume l. 

The MfNTEQA2 computer code is an equilibrium chemical rc:tction model. It wns developed 
with EPA funding by origimllly combining the mnthcmatical structure ofthc: MINEQf .. code with 
the thelirlodynamic database and geochemical attributes of the WATEQ3 code. The MINfEQ/\2 
code includes submodels to calcul:ttc aqueous spcciationlcomplcxation. oxidation·reduction. gas· 
phase equilibria. solubility and saturation state (i.e., saturation index), precipitation/dissolution of 
solid phasc:s, and adsorption. The most cuiTcnt Vl!rsion ofMINTEQA2 available from EPA is 
compiled to execute on a pl!rsonal computer (PC) using the MS·DOS computer operating system. 
The MlNTEQA2 softw~1rc package includes PRODEF A2. a computer code used to crcnte and 
modify input files for MrNTEQA2. 

The MINTEQA2 code contains an extensive thermodynamic database for modeling the speciation 
and solubility of contaminants and gcologicully significant constiruents in low-tempcrature. soil· 
water systems. Of the contaminants selected for consideration in this project [chromium. 
cadmium, cesium. tritium eH). lead, plutonium. radon. strontium, thorium, :~.nd uranium]. the 
MJNTEQA2 thermodynamic database contains speciation and solubility reactions for chromium. 
including the valence states Cr(ll). Cr(III). and Cr(VT); cadmium: lead; strontium; and uranium, 
including the valence states U(lii), U(IV), U(V). and U(Vl). Some of the thermodynamic data in 
the EPA version have been superseded in other users' databases by more recently published data. 

The MINTEQA2 code includes 7 adsorption model options. The non·clcclrostatic adsorption 
models include the activity Kdc'. activity Langmuir, activity Freundlich, and ion exchange models. 
The electrostatic adsorption models include the diffuse layer, constant capacitance:. and triple 
layer models. The MINTEQA2 code docs not include an integrated database of adsorption 
constants and reactions for any of the 7 models. These d>~ta must be supplied by the user as part 
of the input file infonnation. 

Chemical reaction models, such as the MlNTEQA2 code. cannot be used a priori to predict a 
partition coefficient. K11 , vatu~:. 111c MrnTEQA2 code may be used to calculate the chemical 
changes that result in the aqueous phase from adsorption using the more data intensive, 
electrostatic adsorption models. The results of such calculations in turn can be used to back 
calculate a K.J value. The user however must make assumptions concerning the composition and 
mass of the dominant sorptivc substrate, and supply the adsorption parameters for surface· 
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complexation constants for the cont:tminants of i ntercst and the ussumed sorptivc ph usc. The 
EPA (EPA 1992; 1996) has used the MrNTEQA2 model and this appro~tch to estimate K.J values 
for several mct~lls under~~ v<~ricty of geochemical conJitions and mctttl conccntr.aticms to support 
several waste disposal issues. The EPA in its "Soil Screening Guidance:" dctcrn1incd 
M1~'TEQA1-cstimatcd K,1 values for barium. beryllium. cadmium. Cr(lll), Hg(ll), nickel, silver, 
and zinc as a function of pH assuming adsorption on a fixed mass or iron oxide (EPA. 1996: RTl. 
1994). The calculations assumed equilibrium conditions. and did not considt.:r redox potcnti~tl or 
metal competition for the adsorption sites. In addition to these constraints, EPA (1996) noted 
th:llthis approach was limited by the potential sorbent surfaces that could be considered and 
availability of thermodynamic data. Their calculations were limited to metal adsorption on iron 
ox ide. although sorption of these metals to other minerals. such as clay:;; and carbonates. is well 
known. 

Typically. the duta required to derive the v~1lucs ofotdsorption parameters that arc needed as input 
for adsorption submodcls in chemical reaction codes arc more extensive than infonnation reported 
in a typical laboratory b:.ttch ~study. I !'the ~ppropriate duta arc reported. it is likely that a user 
could hand C<tlculate u compositton-based KJ value from the data reponed in the adsorption study 
without the need of a chemical reaction model. 

Chcmic•tl reaction model!\ cun be Ul\cd. however, to suppon evaluations of K11 values and related 
contamimmt migration and risk assessment modeling predictions. Chemical reaction codes can be 
used to calculate :.1qucous complexation to determine the ionic state and composition of the 
dominant species for a dissolved contaminant present in a soil-water system. This infonnntion 
may in tum be used to suhst;mtiatc the conceptual model being used for c~Liculating the adsorption 
of a particular contamimmt. Chemic•\! reaction models can be used to predict bounding. 
technically defensible: ma.ximum conccntr.1tion limit" for contaminants ... ., a function or k<:y 
composition parameters (q: .• pH) for any spccilic soil-w~1tcr system. These vulucs may provide 
more realistic bounding values for the ma.ximum conccntmtion attainable in a soil-water system 
when doing risk assl!ssmcnt calculations. Chemical reaction models can also be used to analyze 
initial and lin:.1l geochemical conditions associated with lnboratory ~ mcusuremenL'\ to dctcmine 
if the mcusuremcnt had been affected by processes such a.c; mineral precipitation which might have 
compromised the derived Ks values, Although chemical reaction models cannot be used to 
predict ~values. they can provide aqueous speciation and solubility inl'onnation that is 
exceedingly valuable in the evaluation of~ values selected from the literature andJor measured in 
the l:~boratory. 
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·· --5.0--Contaminant·Gcochcmistry and -~1 Valut-s 

The important geochemical f<~ctors affecting the sorption' of cadmium (Cd), cesium (Cs). 
chromium (Cr). lead (Pb). plutonium (Pu), radon (Rrl), strontium (Sr), thorium (Th), tritium ("H). 
and uranium (U) arc discussed in this chapter. The objectives ofthis ch:1ptcr are to: (I) provide~~ 
''thumb·nail sketch" of the key geochemical processes ~1ffccting Sl1rption of these contaminants. 
(~)provide rcfcn:nccs to key experimental und review articles for further rending, (3) identify the 
important uqucous- and solid-phase parmnetcrs controlling contamimtnt sorption in the subsurn1cc 
environment, nnd (4) idcnti fy. when possible. minimum and muximum conservative ~ values for 
cnch contaminant as a fu11ction key geochemical processes affecting their sorption. 

S.l Ge11eru/ 

Important chemical spccintion. (co)prccipitationldissolution. und adsorption/desorption processes 
of each cont;1min:mt arc discussed. Emphasis of these discussions is directed at describing the 
general geochemistry that occurs in oxic environments containing low concentrations of organic 
carbon located far from ~~point source (i.e., in the far field}. These environmental conditions 
comprise n large portion of the contamin<etcd sites of concern to the EPA. DOE, and/or NRC. 
We found it necessary to focus em the far-field. as opposed to ncar-licld, geochemical processes 
for 2 main reasons. First, the ncar licld frequently contains very high conccntro.~tions of salts. 
acids, bases, and/or contaminants which often require unusual chemical or geochemical 
considcr.1tions that arc quite difn.:rcnl from those in the far licld, Seeondly,thc diiTcrcnces in 
chemistry among v:Lrious ncar·Jield cnvironmcnLo; varies greatly, further compromi&ing tht.: value 
of n generalized discussion. Some qualitative discussion of the effect of high salt conditions and 
anoxic conditions nrc presented for contaminants whose sorption behavior is profoundly affected 
by these conditions. 

The distribution of aqueous species for each conwminant was calculated for an oxidizing 
environment containing the water composition listed in Table S.l and the chemical equilibria code 
MTNTEQA2 (Version 3.1 0, Allison cr a/., 1991 ). The water composition in Table 5.1 is based on 
a "mean composition of river water of the world" estimated by H~:m (1985). We usc this 
chemical composition simply :IS a convenience as a proxy for the composition of a shallow 
groundwmcr. Obviously, there arc signiticant differences between surface: waters and 
groundwatcrs, am! considcrublc variability in the concc:ntl':ltions of various constituents in surface 
and groundwaters. For example. the concentrations of dissolved gases and complexing ligands, 
such as carbonate, may be less in a groundwater :IS a r1:sult of infiltration of surface: water through 

When a contaminant is associated with a solid pht~Sc. it is commonly not known if the 
contaminant is adsorbed onto the surface: of the solid, ;J.hsorbed into the: structure of the solid, 
precipitated as a 3-dimensional molecular coating on 1hc surface of the solid. or absorbed into 
organic matter. "Sorption .. will br: used in this report as n generic tc:nn devoid of mechanism to 
describe the partitioning of aqueous phm~c constituent~ to a solid phase. Sorption is frequently 
quantified by the partition (or distribution) cocflicicnt. K11• 
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the soil column. Additionally, the rcdc'x potential of ground waters. cspccinlly deep groundwatcrs, 
will likely be more reducing that surface water. As explained later in this ch:1ptcr. the adsorption 
and solubility of certain conwminants and rac.lionuclid~.o'!-i may be significantly different under 
reducing groundwater conditions compured to oxidizing conditions. However. it wa..~ necessary 
to limit the scope of this review to oxidizing conditions. Usc of the water composition in 
Table 5.1 docs not inv:~lidatc the aqueous speciation calculntions discussed later in this chapter 
rclutivc to the behavior of the selected contaminants in oxidizing and transitional ~;roundwatcr 
systems. The calculations dcmonstrotc what complexes might exist for a given contaminant in any 
oxidizing water as a function of pH and the specified c::on<:entrations of each inorganic ligand. lf 
the concentration of a comrlcxing ligand, such as phnsphatc, is less for a sitc·spccitic 
groundwater compared to that used for our calculations. then aqueous complexes containing that 
cont~1minant ~md ligand may be less import.:~nt for that water. 

Importantly, water composition in Table 5.1 has a low ionic strength and contains no natural (c.~ .• 
humic or fulvic acids1

) or unthropogenic (e.g., EDTA) orgnnic materi:lls. The species 
distributions of thorium and uranium were also modch:d using pure water, free of any ligands 
other than hydroxyl ions, to show the: effects of hydrolysis in the absence of other complexation 
reactions. 11,c concentrations used for the dissolved contaminants in the species distribution 
calculations arc presented in Table 5.2 and arc further discussed in the following sections. The 
species distributions of cesium. radon, and tritium were not detem1ined because only I uqucous 
species is likely to exist under the environmental conditions under consideration: namely, cesium 
wvuld exist as Cs\ radon as Rn°(gus). and tritium as triti:ttcd water, HTO (T • tritium, JH). 

Throughout this chapter. particular attention will be directed at identifying the important aqueous
and solid-phase parameters controlling retardation: Clf cont:lminants by sorption in soil. This 
infom1ation was used to guide the review ;md discussion of published K,1 vnlues according to the 
import.:~nt chemical, physical, and mineralogical char.1ctcristics or variables. Perhaps more 
importantly, the variables huc.l include parameters that were readily available to modelers. For 
instance. particle size and pH arc often uvailnblc to modelers whereas such parameters a.." iron 
oxide or surface area are not as frequently ~vailablc. 

1 "Humic und fulvic acids arc breakdown products of cellulose from vascular plants. Humic <~cids 
arc defined as the alkaline-soluble portion of the organic material (humus) which precipitates trom 
solution at low pH and arc generally ot' high molc:cul;.lr weight. Fulvic acids arc the alkalin~:· 
soluble portion which rcmalns in solution ;tt low pH and is of lower molecular weight'" (Gascoync, 
198~). 

z Retarded or attenuated (i.e., nonconscrvativc) transport means that the conuminant moves 
slower than water through geologic material. Nonrctarded or nonattenuatcd (i.e., conservative) 
transport me•ms that the contamin:mt moves at the same rate ~L.~ water. 
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Tnblc 5.1. E!'timated mc•m compo~ition of river 
water of the world from Hem ( 1985).1 

Totnl Conc:cntr;ltion 
Dissolved Constituent 

m~l moVI 

Silica. as H4Si04 20.8 2.16 X 10"" 

Ca 15 3.7 X 10.,. 

Mg 4.1 1.7 X 10.4 

Na 6.3 2.7 X 10"" 

K 2.3 5.9 X 10'' 

Inorganic Carbon. as CO) 57 9.5 X 10_. 

so" 11 1.1 X 1 O"" 

Cl 7.8 2.2 X 10"" 

F 1 s x 1 o·5 

NO, 1 2 X 10'' 

PO., 0.0767 8.08 X 10'7 

' Most vulur~ from this table: were: 1nkc:n from Hc:m (1?85: Tublc: 3, 
Column 3). Mc:pn conctnlrntiont ortntul di1110lvc:d Ouoridc und 
ph08!1hUU: urc: nor llslc:d in Hem ( 19!15, Tublc: J). The: c:onc:c:nrrulion or 
.diuolved nuoridc: wu~ taken from Hem (I 98S, p. 1:!0) who atlltc• thot 
lhC: COnCC:nll'lltion oCtotuJ dii~OJVrd 0UOrldC: II gc:ner&IJ)' ll'llthlln 
1.0 mg/1 for most nutural wutc:rs. Hem (19HS, p. l:H) lista :s 11&11 for 
uvc:rugc: concc:ntrulion ortotul diuolvc:d pho~phorous in river wuu:r 
c:sumuted by Mc:ybc:ck (198Z.). Thtll com:c:ntrotion oCtotul phosphorua 
Will convertrd to totul !'hu~f'lhlltt' lPO,l 11Mttd ahove. 
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Element 

Cd 

Cs 

Cr 

l'b 

Pu 

Rn 

Sr 

Th 

'H 

u 

.. 

.. ·-Table 5.2. Concentrations of contarnimmt.s used ·in the aqueous 
species distribution culculntions. 

'l'owt Cone. Rcfc.>n•ncc fnr Cnnccntrlltlon of Coot:tmlnant 
(~~!) Uwd In AIJUcous ~peci01tlnn Cillculutluns 

1.0 Hem ( 198$, p. 14~) list<; this \'aluc as a mcd1an concentrntion of d1ssolvc:d 
C>~Limium ba~cd on the rcconnai~sance study of Duramct a/. (1971) of' met>~! 
concentration~ in surlbce waters in the United St;ncs. 

.. OiMribution of aqueous species was not modeled, because mobilicy of dissolved 
cesium is not significantly :~fleeted by complexation (sec Section 5.3). 

1.4 I-I em { 19S.5, p. I JH) hst!l thi!l v:~luc ns lin aver<~gc conccntr.Jtion estim:ucd by 
Kharkar t't al. ( 196ll) lor chromium in river waters. 

1.0 Hem ( 1985, p. 144) ltsts th1s value as an ;~vcro~~c: concentration c:Mimatcd by 
Duram N a/. ( 1?71) for lead in surfucc-water sumplcs from north· und southcustcm 
sections of the United States. 

3.2 X 10'1 This concc:ntrJtion is bused on the maximum activity ofZJq.Joi()Pu measured by 
Simpson ct ul. ( 19M4) in J~ w:uer ~unples taken from the highly alkaline Mono 
Lake in Califomi:~. 

.. Aqueous speciation was not colculatcd. because mdon migrates as a di!lsolved g:~s 
und is not urrcctcd by complexation ('icc Section 5.7). 

110 Hem ( 19HS, p. 135) lisL'i this value 01s the mcdi:an concentration of strontium for 
larger United ::itates public water supplies based on analyses reponed by Skou~o;tad 
.and Horr ( 1963 ). 

1.0 Hem ( I9RS, p. I SO) gives 0.01 to I 1-1&'1 as tl1c rongc cxpc:ctcd for thorium 
concentrations in fresh wuters. 

.. Aqueous speciation was not c:alculoted, becau!o>C tritium et·l) mib'lillCS as tritiated 
water. 

0.1 and Because dissolved hexavalent ur.mium can exist as polynuclear hydroxyl 
1,000 complexes, the hydrulysis of uranium urtdcr oxic conditions is therefore dependent 

on the conccntr:~tion of total dissolved ur:mium. To demonstrate tl1is aspect of 
ur.mium chemist!')', 2 concentrations (0, 1 :md 1,000 ).lg/1) of toul dissolved 
ur,mium were used to model the species distributions. Hem (1985, p. l4t!) gives 
0.1 to I 0 llWl as the rJngc for dissolved uranium in most natural wate~. For 
waters associated with uranium ore deposito;, Hem Mates that the uranium 
con..:cntmtions muv be crcutcr than 1.000 urJI • 
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S.S Leutl GerJcltemistl')' fllttl KJ Vu/ue!o' 

5.5.1 Overview: Jmportunt Aqueous- and Solid-Phase Pnr:~mctcrs 
Controllin~ Retard~1tion 

Lend has 3 known oxidation states, 0. +2, and ... 4. nnd the most common redox state <::ncountcred 
in the environment is the divalent fonn. Total dissolved lc~d conccntrotions in natural waters arc 
very low (-1 o·~ M). Dissolved lead in natural systems may exist in free ionic fonn and also as 
hydrolytic and complex species. Spcci"tion calculations show that at pH values exceeding 7, 
aqueous lead exists mainly as carbonate complexes [PbCO;(aq), and Pb(C03)~']. Important 
n1ctors that control aqueous speciation of lead include pH, the types and concentraticms of 
complexing ligands and m:~jor cationic constituents. and the magnitude of swbility constant..; for 
lead-ligand nqueous complcxl!s. 

A number of studies nnd calculations show that under oxidizing conditions depending on pH and 
ligand concentrations. pure-phase lead solids. such as PbCO,. Pb~(OH):(C03)z, PbSO,., 
Pb,(PO~),(CI). and Pb"S04(CO,h(OH);~. m:ty control aqueous lcotd concentrations. Under 
reducing conditions, gah:na ('PbS) may regulate the concentrations of dissolved lead. lt is also 
possible th:lt lead concentrations in some natural systems arc being controlled by solid solution 
phases such as barite (Ba11 .,>Pb.SO~>· apatite [C~ 1 ., 1Pb,(P0,.)30H), calcite (C~ 1.qPb,C03), and 
iron sultides (Fc0 .->Pb,S). 

Lead is known to adsorb onto soil constituent surfaces such as clay, oxides, hydroxides. 
oxyhydroxidcs, and organic matter. tn the absence of a distinct lead solid phase, natural lead 
concentr"..ttions would be controlled by adsorption/desorption reactions. Adsorption data ~how 
that lead has very strong adsorption affinity for soils as compared to a number of first transition 
metals. Lead mlsorption studies on bulk soils indicate that the adsorption is strongly correlated 
with pH and the CEC v~tlucs of soils. Properties that affect CEC of soils. such as organic matter 
content, clay content, and surfucc area, have greater affect on lead adsorption than soil pH. 

S.S.~ Gt•neral Geocltt.•tm:wry 

Lead is an ubiquitous heavy metal and its concentration in uncontaminated soil r.mgcs from 2 to 
200 mg./kg ~md averages 16 mg./kg (Bowen, 1979). Annual anthropogenic lead input into soils 
has been estimated to be from 0.04 to 4 J.lg/kg (Tcr Haar ct a/ .• 1967). ln contaminated soils, 
lead concentt"Jtions may be as high as 18 percent by weight (Matti god and Page, 1983~ Ruby ct 
at., 1994). Lead in nature occurs in 4 stable isotopic fonns e0o1Pb, :!Ol'Pb, 207Pb, and lo~Pb). The 
isotopes, 2011Pb. l 07Pb, and :o11Pb arc the stable encl products of the lJKU, 23'U. and ~2Th thorium 
decay series, respectively (Robbins, 1980). Additionally, heavier isotopes ot'lead e'0Pb, 211 Pb, 
::

12Pb, and :1"Pb) arc known to occur in nature as intermediate products of uranium and thorium 
decay (Robbins, 1978). The 
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most common valence state of lead encountered in the environment is the divalent l'om1 (Sacs and 
Mesmer, 1976). Extensive studies of lend biogeochemistry have been conducted due to its 
known adverse effects on organisms (Hammond. 1977). Comprehensive descriptions of 
environmental chemistry oflcud have been published b)' Boggess •md Wixson (1977) and Nriagu 
(1978). 

5.5.3 Atfllt!UtiS Speciaritm 

Lead exhibits typical amphoteric1 metal ion behavior by fom1ing hydrolytic species (8:1cs and 
Mesmer, 1976). Formation of monomeric hydrolytic species. such as PbOI-r. Pb(OH);(aq) and 
Pb(OH)j • is well established. Although several polymeric hydrolytic species such as Pb:OH'·. 
Pb3(0H)~·. Pb~(OH)~\ and Pb,(Ol-1)~· arc known to fonn at high lead concentrations, calculations 
show that these types of species arc unlikely to fonn at concentrations of dissolved lead(--1 o·'l M) 
typically encountered even in conwminatcd environments (Rickard and Nriagu, 1978). These 
investigators also showed th:1t computation models of speciation of dissolved lead in fresh· or 
seawater predicted that <It pH values exceeding :~bout 6.5. the dominant species arc lead· 
curbon:1tc complexes. Lead is known to form aqueous complexes with inorganic ligands such as 
carbonate, chloride, nuoridc. nitrate, and sulf~tc. 

To examine the distribution of dissolved lead species in natur.1l waters. MTNTEQA2 moue! 
calculations were completed using the water composition described in Table 5.1. The tom! lead 
concentration was assumed to be 1 }lg/1 based on the data for natural waters tubulatcd by Ouram 
ct a/. (1971) and Hem {1985). A total of21 aqueous species (uncomplexcd Pb2•• and 20 complex 
species. listed in Table 5.8) were used in the computation. Results of' the: computation arc plotted 
as a species distribution diagr:tm (Figure 5.2). The data show that, under low pH (<6) conditions, 
free ionic Pbz· appears to be the dominant srccies. and the neutr.1l species. PbSO:(aq). accounts 
for about S percent of the toml dissolved le~td. Within the pH mngc of6.S to 7.5, the main 
species of lead appear to be free ionic species. Pb2\ and the neutral complex species. PbCO;(aq) 
with minor pcrccnt:1gc of the species consisting ofPbHCO; (about 15 percent), PbSO~(aq) (<5 
percent). and PbOH• (<5 percent). Between the pH range 7 to 9. the ncutrJI complex species 
PbCO;(aq) dominates dissolved le:~d speciation. At pH values exceeding 9, in addition to 
PbCO;(aq). a significant fr;tction of soluble lead is present ns the anionic carbonate complex. 
Pb(CO,)~·. These calculations also confirm Rickard and Nriagu's (1978) observation that 
polymeric: species arc not significant in the chemistry of lead in natural waters. The species 
distribution illustrated in Figure 5.2 docs not change if the concentration of total dissolved lead is 
increased from 1 to 1,000 ~gil. 

This speciation calculation demonstrates that the imporunt factors that control aqueous 
speciation oflead include pH and the types ofeomplcxing ligands. Aqueous speciation of lead 
has a direct bearing on dissolution/precipitation of lcud .. solid phases and the <~dsorptionldesorption 

1 Amphoteric bch:1vior is the ability of an aqueous complex or solid material to have a negative. 
neutral. or positive charge. 
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reactions.· Complexation enhances the solubility of lc;1d·bcming solid phases. This enhancement 
in solubility is dependent on the strength of complcx:nion [inclicatcd by the ma~;nitudc of stability 
constant] and the total concentrations ofcomplexing lig::mds. Also, m• will be: discussed shortly, 
<~dsorption of lead is afl'cctcd by the type, charge, ami the conccntr.\tion of lend complexes present 
in solution. C::1tionic lead species, especially Pb2

• and its hydrolysis species, adsorb more 
commonly thnn anionic lead complexes. 

5.5.4 Dis.•wlution/Prcct'pitutiolz!Copreclpltufl'otz 

Lead solids in the environment may occur in a number of mineral forms (Rickard and Nriagu 
1978; Mattigod et al., 1986: Zimd<lhl and Hassen. I 977). However, these :1uthors have idcntiticd 
n limited number of secondary lead minerals that ma>' control the concentrations of dissolved lead 
in soiVwatcr environments. If the conccntrntion of dissolved le~ld in o. pore water or groundwater 
exceeds the solubility of any of these phases, the lead-containing solid phase will precipitate and 
thus control the maximum concentration of lc<1d that could occur in the aqueous phase. 
According to Rickard and Nriagu (1978). under oxidizing conditions. depending on pH and ligand 
concentrations. cerussite (PbC03), hyc!roccrussitc [Pb~(OHh(CO,)~), anglcsitc (PbSO~). or 
chloropyromorphitc [Pb~(P0~)3CIJ may control aqueous lead concentrations. A review paper by 
McLean and Bledsoe (1992) included data which showed that lc•1d concentrations in a calcareous 
soil was controlled by lc01d·phosph•1te compounds at lower pH and by mixed mineral phases at pH 
vnlues exceeding 7.5. A study conducted by Mattigod ct al. ( 1986) indicottcd that the mineral 
leadhillitc [Pb~SOiCO))z(OH):] m••Y be the solubility controlling solid for lead in a mine-waste 
con~.aminatcd soil. 
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Tublc 5.8. Lend aqueous species included in the 
speciation calculations. 

Aqueous Species 

Pb2• 

PbOH·. Pb(OH);(aq). Pb(OH)j, Pb(OH);· 
Pb2(0H)3, Pb;~(OH)~· 

PbCO;(aq), Pb(CO,)i·. PbHCO; 

. s ~ PbSOA(aq), Pb( 0o~) 2 " 

PbNO; 

PbCt. PbCI;(nq), PbCI), PbCt:· 

PbF+, PbF;(aq). PbF;. PbF;· 
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Fi~ure s.:. Calculmed distribution of lead aqueous species as a function of pH for the 
water composition in Tnble S.l. [The species distribution is based on a 
conccntrJ.tion of 1 ~g/1 total dissolved lead.) 

Lead may also exist in soils as solidRsolution phases. Solid solutions arc defined as solid phases in 
which a minor clement will substitute for n major clement in the mineral structure. Depending on 
the degree of substitution and the overall solubility of the solid-solution phase, the equilibrium 
solubility of the minor clement in the solid solution phase will be less than the solubility of the 
solid phase containing only the minor element (pure phase), For instance, lend may occur as a 
minor replacement in barite: rsnc~o~1Pb.SO"]. apatite [Ca0.~1Pb~(P0.)30H], calcite [C~,.~1Pb.C03]. 
and iron sulfides, [Fc11.,1Pb.S] (Driescns,.1986; Goldschmidt, 19S4: Nriagu nnd Moore, 1984; 
Rickard and Nriagu. 1978). Consequently. the equilibrium solubility of lead controlled by these 
phases will be less than the concentrations controlled by corresponding pure phases, namely 
PbSO,. Pb,(P04) 30H, PbC03, and PbS, respectively. . 
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Under reducing conditions. g•1lena (PbS) muy control the lead concentrutions in the environment. 
Rickard and Nriagu ( 1978) culculated that, within the pH r01ngc of 6-9, the equilibrium solubility 
of galena would control total lead conccntr:1tions at levels less than approximately 1 0' 10 M 
(<21 ng/1). Therefore. if galena is present in a soil under reducing conditions, the aqueous 
conccntmtions of lead will be controlh:d at extremely low conccntrntions. 

S.S.S Sorptltm/DestJrptitm 

Lead is known to adsorb onto soil constituent surfaces such as clays, oxides, hydroxides, 
oxyhydroxides. and organic matter. Jon exchange reactions of lead on a number of clay minerals 
such as montmorillonite, kaolinite, illite, and venniculitc h:tve been studied by a number of 
investigators. 111esc studies showed that lead was preferentially adsorbed by exchange on clays, 
readily replacing calcium and potassium (Bittel and Miller. 1974; Overstreet and Krishnamurthy, 
1950). Studies conducted by Lagcrwerff and Brower (1973) on montmorillonitic. illitic, and 
kaolinitic soils con finned that lead would preferentially exchange for calcium. Another clay 
mineral, vcm,iculitc. is also known to exhibit very high ion exchange selectivity for lead (Rickard 
and Nringu, 1978). Based on u number of studies Rickurd und Nriagu (1978) also concluded that 
beyond neutral pH, precipitmion reactions may control lead concentrations in solution rmher th:m 
ion exchange and adsorption rc:1ctiom: involving clay mincrnl surfaces. 

Experimental data show that only hydrogen ions and unhydrolyt.c:d :1luminum ions arc cup01blc of 
displacing lead from exchange sites on clay mincmls (Lagc:rwerff and Brower. 1974; Zimdahl and 
Hassett. 1977). Clay mincr~1ls also differ in their exchange: preference for lead. Bittel and Miller 
(1974) showed that the cxch~mgc preference for lc~1d varies in the sequence, 

kaolinite> illite> montmorillonite. 

These studies also showed that, in neutral to high pH conditions, lead can preferentially exchange 
for calcium, potassium. and cadmium. Undc.:r low pH conditions, hydrogen ions and aluminum 
ions would displ<~cc !cud from mineral exchange sites. 

Studies of lead adsorption on oxide, hydroxide. and oxyhydroxidc minerals show that the 
substrate properties, such :1." the specific surface and degree or cry:;tallinity, control the degree of 
adsorption (Rickard and Nriagu, 1978). Experimental data by Forbes eta/. (1976) showed that 
goethite (FeOOH) has higher adsorption affinity for lead than zinc, cobalt, and cadmium. Data 
show that manganese-oxide minerals also adsorb lead ions (Rickard nnd Nriagu. 1978). These 
investigators concluded that the high specificity of lead adsorption on oxide and hydroxide 
surfaces and the relative lack of dcsorbability (<1 0 percent) of adsorbed lead indicated that lead 
upon adsorption forms solid solutions with oxide or hydroxide surf.1ces. Therefore. this lack of 
reversibility indicated that the reaction is not a true adsorption phenomenon. 

A number of studies have con finned that many natural and synthetic orgaruc materials adsorb 
lead. Data showing sib'Tii ticnnt correlations between concentrations of orgnnic matter and lead in 
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soils indicate that soil organic m;~tter has a higher affinity for lc~td adsorption ns compared soil 
minerals, 

A number of lead adsorption studies on bulk soils indicate that the adsorption is strongly 
correlated with pH :md the CEC values of soils (Zimd:thl and Hassett, 1977). A multiple: 
regression :m~lysis by Hassett ( 1974) of lead adsorption data indicated that properties that affect 
CEC of soils, ljUCh :1s org:mic matter content. cl:1y content, and surface: area, have a greater effect 
on lead adsorption than soil pH. The results of a number of studies of lc:~d adsorption on a 
variety of soil and mineral surfaces were summarized by McLean and Bledsoe ( 1992). These data 
show that lend has very strong adsorption aflinity as compared to a number of first row transition 
metals (cobalt, nickel, copper. and zinc). According to a recent study (Peters and Shem, 1992), 
the presence of very strong chclnting organic ligands dissolved in solution will reduce ~1dsorption 
of lead onto soils. These data show that the adsorption of lead in the environment is influenced by 
a number of factors such us the type and properties of adsorbing substrate, pH. the concentrations 
of lead. aml the type and conccntMions of other competing C<ltions and complex fom1ing 
inorganic and organic ligands. 

S.5.6 Partitio11 CtJefjiciem, K11 , Values 

5.5.6.1 General Availability of K,1 Data 

The: review of lead K~ data reported in the literature for a number of soils (Appendix F) led to 
the following important conclusions regarding the factors which influence !cud adsorption on 
minerals and soils.' These principles were used to ev:lluate available quantitative data and 
generate u look·up table. These conclusions are: 

• Lead may precipitate in soils if soluble concentrations exceed ubout4 mg/1 at pH 4 ;md 
about 0.2 mg/1 at pH 8. ln the presence of phosphate and chloride, these solubility limits 
may be as low as 0.3 mg/1 at pH 4 and 0.001 mg/1 at pH 8. Therefore. in experiments in 
which conccntmtions of lead exceed these values, the calculated 1<tt values may reflect 
precipitation reactions rather than adsorption reactions. 

• Anionic constituents such as phosphate, chloride, and carbonate arc known to influence 
lead reactions in soils either by precipitation of minerals of limited solubility or by reducing 
adsorption through complex formation. 

• A number of adsorption studies indicate that within the pH range of soils ( 4 to 11 ). lead 
adsorption increases (:1s docs precipitation) with increasing pH. 

Since the completion of our review ~md analysis of~ data for the selected conUlminants and 
radionuclides, the studies by A.zizian and Nelson (1998) and Yong and MacDonald (1998) were 
identified and may be of interest to the render. 
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• Adsorption of lead incrc~tscs with incrc~1sing organic matter content of soi Is. 

• Jncrc:1sing equilibrium solution conccntrntions corrcl;1tes with dccrea.o;;ing !cud adsorption 
(decrease in~). 

The factors which inOucncc lead adsorption were identified from the following sources of data. A 
description ~md assessment of these dat<.l an: provided in Appendix F. Lead m.lsorption behavior 
on soils •and soil constituents (clays, oxides, hydroxides. oxyhydroxidcs, and organic m:mer) has 
been studied extensively. However, calculations by Rickard and Nriagu ( 1978) show that the 
solution lead conccntr.ttions used in :1 number of •tdsorption studies may be high enough to induce 
precipitation. For instance, their culculations show that lend may precipitate in soils if soluble 
conccntrations exceed •tbout 4 m£11 at pH 4 and about 0.~ mg/1 at pH 8. In the presence of 
phosphate and chloride:, these solubility limits muy be: as low ns 0.3 mg/1 at pH 4 :md 0.001 mg/1 at 
pH 8. Therefore, in experiments in which concentrations of !cud exceed these values, the 
c<~lculatcd ~ v<~lues may reflect prccipiwtion rc<~ctions r.1ther than adsorption reactions. 

Lead adsorption studies on manganese and iron oxides and oxyhydroxidcs indicate irreversible 
~dsorption which wtts :.1nributcd to the formation of solid solution phases (i.r. •• coprccipitation) 
(Forbes ct a/., 1976; GrJ.sselly and Hctcnyi, 1971: Rickard and Nriagu, 1978). No correlations 
however h<tvc been established between the type and content of oxides in soil and the lend 
adsorption char:1ctcristics of soil. 

Anionic constituent'> such a.-. phosph•ttc, chloride. and cm·bonate arc known to inOucnce !cud 
re01ctions in soils either by precipitation ol'mincrnls of limited solubility or by reducing adsorption 
through complex formation (Rickard and Nriagu, 1978). Presence of synthetic chclming ligands, 
such as EDT A. has been shown to reduce lead adsorption on soils (Peters and Shcm. t9n). 
These investigators showed that the presence of strongly chclating EDT A in concentrations as 
low as 0.01 M reduced KJ for lc:.~d by <~bout 3 orders of magnitude. By comparison quantitative 
data is lacking on the effects of more common inorganic ligands (phosphate, chloride, and 
carbonate) on lead adsorption on soils. 

A number of adsorption studies indicate that within the pH range of soils (4 to 11 ), lead 
adsorption increases with incrca.o;ing pH (Br .. tids ct al .• 1972; Bittel and Miller, 1974; Griffin and 
Shimp, 1976; Haji-Djafari ct a/., 1981: Hildebrand and Blum. 1974; Overstreet and Krishamurthy, 
1950; Scrudato and Estes, 1975: Zimdahl and Hassett. 1977). Griffin and Shimp (1976) also 
noted that clay minerals adsorbing increasing amount~ oflead with increasing pH may also be 
attributed to the fonnation of le:1d carbonate precipitates which was observed when the solution 
pH values exceeded S or 6. 

Solid org:mic matter such as humic material in soils is known to ndsorb lead (Rickard and Nri<~gu, 
1978; Zimdahl and Hassen. 1977). Additionally. soluble organic matter such as fulvates and 
amino acids arc known to chelate soluble lead and affect its adsorption on soils (Rickard and 
Nriagu. 1978). Correlative relationships between the organic matter content of soils and its 
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..• cfTect on-lead adsorption have: been established by Gerritse era/, (1982)and Soldatini eta/.· 
(1976). 

Lead adsorption by a subsurface soil sample from Hanford. Washington was investigated by 
Rhoads ct a/. (199~). Adsorption data from these experiments showed th:.tt ~values incre:tScd 
with decreasing lead concentrations in solution (from 0.2 mg/1 to 0.0062 mg/1). 

5.5.6.:! K,Look-Up Tables 

Among all avnilablc data. GerriL"e ct al (1982) obutined adsorption data at lead concentrations 
(0.0001 • 0.01 mg/1) which apparently precluded precipitation reactions. Also, these 
concentrations arc within the mngc or lead concentrations most frequently encountered in ground 
waters (Chow, 1978). Additionally, data obtained by Rhoads t!l al. (1992) indicated that~ 
values vary log-linearly as a function of equilibrium lead concentrations within the range of 
0.00001 to 0.2 mg/1. The d:1ta generated by Gerritse eta/. ( 1982) and Rhoads ct a/. (1992) were 
used to develop a look-up table (Table 5.9) of~ as a function of soil pH and equilibrium lead 
concentrations. 

5.5.6.2.l Limits of~ Values with Respect to pH 

The pH ranges in the look-up tllble (Table 5.9) were selected from the rJtc of change that we 
noted in the K11 data as a function of pH. The~ values within this pH range increase with 
increasing pH. and arc gre01tcst at the maximum pH limit (pH 11) of soils. 

Table 5.9. Estimated r.mgc of~ values for lead as a function of soil pH. and 
equilibrium lead concentrations. 

Equilibrium Lend Soil pH 

Conc:cntrntion (p.g/1) K,1 (mUg) 4.0-6.3 6.4. 8.7 8.8-11.0 

Minimum 940 4,360 11,520 
0.1 -0.9 

Maximum 8,650 23.270 44,580 

Minimum 420 1,950 5,160 
1.0-9.9 

Maximum 4,000 10,760 . 20,620 

Minimum 190 900 2,380 
10.99.9 

Maximum 1,850 4,970 9,530 

Minimum 150 710 1,880 
100.200 

Ma.ximum 860 2.300 4.410 
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5.5.6.2.2 ·Limits of~ Values with Respect to Equilibrium Lead Concentrations 

The limits of equilibrium lead conccntmtions (0.0001 mg/1 to about 0.2 mg/1) were selected based 
on the experimental data generated b)' Gerritse ct a/. ( 1982) and Rho:tds cr a/. (1992). These 
investigators showed that within the runge of initial lead conccntrationl' used in their experiments 
the principal lead removal reaction from solution was <Jdsorption und not precipitation. Four 
concentration ranges were selected to develop the K11 values. 

S.6 Plutonium Geocltemistry a11d K11 Value,\' 

5.6.1 Overview: Jmportullt Aqueous· and Solid·Pita:;e Parameters 
Cotrtrollin~: Rerurdutio11 

In the r.mges of pH and conditions typically encountered in the environment. plutonium can exist 
in al14 oxidation states. namely +3, 4, +5, and +6. Under oxidizing conditions, Pu(IV), PuM. 
and Pu(YI) arc common. whereas, under reducing conditions. Pu(lll) and Pu(IV) would exist. 
Dissolved plutonium folins very strong hydroxy-carbonate mixed ligand complexes, therefore, its 
adsorption and mobility is strongly affected by these complex species. Under conditions of low 
pH and high conccntrJtions of dissolved organic carbon, it appears that plutonium-organic 
complexes mny be control <Jdsorption and mobility of plutonium in the environment. 

If plutonium is present as a distinct solid phase (amorphous or panly crystalline Pu02 xH:O) or as 
a solid solution, the upper limits of aqueous plutonium conccntrntions would be in the 10'12 to 
1 0'11 M rnngc. Dissolved plutonium in the environment is typically present at !: 1 0' 13 M levels 
indicating that adsorption may be the principal phenomenon that regulates the mobility or this 
actinide. 

Plutonium can adsorb on geologic m:1tcrial from low to extremely high affinities with~ values 
ranging from 11 to 300,000 mllg. Plutonium in the higher oxidation state adsorbed on iron oxide 
surfaces may be reduced to the tetrJvalent state by Fe(II) present in the iron oxides. 

Two factors that innucnce the mobili1..ation of adsorbed plutonium under environmental pH 
conditions (>i) arc the concentrations of dissolved carbonate and hydroxyl ions. Both these 
ligands folin very strong mixed ligand complexes with plutonium, resulting in desorption and 
increased mobility in the environment. 

S. 6.2 General Geocltemistl"}' 

Plutonium is produced by tissioning uranium fuel and i~ u~cd in the construction of nuclear 
weapons. Plutonium has entered the environment either through accidental releases or through 
disposal of wastes generated during fuel processing and the production and detonation of nuclear 
weapons. Plutonium has 1 S isotopes, but only 4 of these isotopes namely, 23NPu [ty, (half life) • 
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· ··· ,.. ·- ~.Appendix F 

Partition Cocfficicnl'i For Lead 

F.l.O Back~round 

The review of lead Xu data reported in the literature for a number of ~oils led to the following 
important conclusions regarding the factors which influence lead adsorption on minerJ.Is, soils, 
and sediments. These principles were used to evnluate nvail.able qu:mtitativc: dat.a and generate a 
look-up mble. These conclusions arc: 

• L~d may precipitate in soils if soluble concc:ntl".ttions e.xcc:cd about 4 mgll at pH 4 and 
about 0.2 mg/1 at pH 8. In U1e presence of phosphate and chloride. these solubility limits 
may be as low as 0.3 mg/1 at pH 4 ;md 0.001 mg/1 nt pH 8. Therefore, in experiments in 
which conccntr.ttions of lead exceed these values. the calculated ~values may reflect 
precipitation reactions rather than adsorption reactions. 

• Anionic constituents such as phosphate, chloride, and carbonate are known to influence 
lead reactions in soils either by prccipimtion of minerals of limited solubility or by reducing 
adsorption through complex fonnation. 

• A number of adsorption studies indicate that within the pH range of soils (4 to 11). lead 
adsorption increases with increasing pH. 

• Adsorption of lead incr~scs with increasing organic matter content of soils. 

• Increasing equilibrium solution concentrations correlates with decreasing lead adsorption 
(decrease in KJ. 

Lend adsorption behavior on soils and soil constituents (clays. oxides, hydroxides, oxyhydroxidcs, 
and organic matter) has been studied extensively. However, calculations by Ricknrd and Nriagu 
· ( 1978) show that the solution lead concentrations used in a number of adsorption studies may be 
high enough to induce prccipimtion. For instance, their calculations show that lead may 
precipitate in soils if soluble concentrations exceed about 4 mg/1 at pH 4 and about 0.2 mg/1 at pH 
8. In the presence of phosphate and chloride, these solubility limits may be as low as 0.3 mg/1 at 
pH 4 and 0.001 m£Vl at pH 8. Therefore, in experiments in which concentrations of lead exceed 
these: values, the calculated ~values may reflect precipitation reactions rather thnn adsorption 
reactions. 

Based on lead adsorption behavior of 12 soils from Italy, Soldatini ct a/. (1976) concluded that 
soil organic matter and clay content were 2 major fuctors which influence lead adsorption. In 
these experiments, the maximum adsorption appeared to exceed the cation e.«change capacity 
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(CEC) of the soils. Such an anomaly mny huve resulted from prccipit:ttion reactions brought 
about by high initial lead concentrations used in these cxperimc:nlo; (~0 to 830 mg/1). 

Lead adsorption ch~1ractc:ristics of 7 alkaline soils from India were dctcm1ined by Singh and 
Sckhon ( 1977). The alllhors concluded that soil clay, organic matter. and the calcium carbonate 
influenced lead adsorption by these soils. However, the initial lead conccntrJtions used in these 
experiments rm1gcd from S to I 00 mg/1. indicating that in these alkaline soils the dominant lead 
removal mechanism was quite possibly precipitation. 

In another adsorption study, Abd·Eifattah and Wada (198 1) measured the lead adsorpti<m 
behavior of7 Japuncsc soils. They concluded that soil minerul component.; which influenced lead 
adsorption r.mgcd in the order: iron oxidcs>hatloysitc>imogolite, ullophanc>humus, 
bolinite>montmorillonitc. These data muy not be reliable because high lead concentrations (up 
to 2,900 mg/1) u~ed in these experiments mny have resulted in precipitation reactions dominating 
the experimental system. 

Anionic constituents, such as phosphate, chloride, and carbonate, arc known to intlucr~ct: lead 
reactions in soils either by prccipit01tion of mincr:lis of limited solubility or by reducing adsorption 
through complex fonnution (Rickard and Nriagu, 1978). A recent study by Bargar ct at. ( 1998) 
showed that chloride solutions could induce precipitation of lead as solid PbOHCt. Presence of 
synthetic chc:lating ligands such as cthylcncdiaminctctr~cctic acid (EDTA) has been shown to 
reduce lead ~1dsorption on soils (Peters ~1nd Shcm, 1992). These investigators showed that the 
presence of strongly chclating EDTA in concentrations as low as 0.01 M reduced !<.J for lead by 
about 3 orders of magnitude. By comparison quantitative data is lacking on the effects of more 
common inorg:..nic ligands (phosphate, chloride. and c<~rbonate) on lead adsorption on soils. 

A number of" adsorption studies indicate that within the pH range of soils (4 to 11). lcud 
adsorption increases with increasing pH (Bincl and Miller, 1974: Bmids ct a/., 1972; Griflin a11d 
Shimp. 1976; Haji·Djafrui cr a/., 1981: Hildebrand and Blum, 1974; Overstreet and 
Krishnamurthy, 1950; Scruc.lato and Estes. 1975: Zimdtlhl and Hassett. 1977). Griflin and Shimp 
( 1976) also noted that clay mincr;1ls adsorbing increasing amounts oi lead with incrca.o;ing pH may 
al~o be attributed to the iormation of lead carbonate precipitates which was observed when the 
solution pH values exceeded S or 6. 

Solid organic matter such as humic materia! in soils and sediments arc known to uc!sorb lead 
(Rickard and Nringu. 1978: Zimdahl and Hassett. 1977). Additionally. soluble organic matter 
such as fulvatcs and amino acids arc known to chelate soluble lead and affect its adsorption on 
soils (:Rickard and Nriagu. 1978). Gerritse cr al. (1982) examined the lead adsorption properties 
of soils as a function of organic m~tner content of soils. Initial lead concentrations used in these 
experiments ranged from 0.00 I to 0.1 mg/1. Based on adsorption data, the investigators 
expressed K11 vuluc for a soil as a function of organic matter content (as wt. %) and the distribution 
coefficient of the organic man cr. The data also indicated that irrespective of soil organic matter 
content, lead adsorption increased with increasing soil pH (from 4 to S). !n certain soils, lead is 
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also known to fonn methyl- lead complexes (Rickal'cl and Nriagu, 1978). However. quantitative 
relationship between the redox status of soils ;md its effect on ovcmlllead ;tdsorption due to 
methylation of lead species is not known. 

Tso (1970). am! Sheppard ct a/. (1989) studied the retention of~ 111Pb in soils and its upt.tke by 
plants. Th~:se investigator~ found th:.tt le:td in trace concentrations wns strongly retained on soils 
(high~ v:~lucs). Le•td :~dsorption by a subsurf:~cc soil sample from Hun ford, Washington was 
investigated by Rhoads ct a/. ( 1 992). Adsorption d•l!a from these experiments showed that ~ 
values increase~.! with dccrc~tsing lead concentrations in solution (from 0.2 mg/1 to 0.0062 mg/1). 
At a fixed pH of 8.35, the authors found that KtJ values were log-linearly correlated with 
equilibrium concentrations of lead in solution. Calculations showed that iflcad concentrations 
exceeded about 0.207 mg/1, leud-hydroxye:1rbonatc (hydroccrussitc) would probably precipitate: in 
this soil. 

The ~ d:~tu described above arc listed in Table F.l. 

F.2.0 Approach 

The initial step in dcvclof'ing a look·up table consisted of identifying the key parameters which 
were correlated with lc;Jd w.Jsorption (Kt v~lucs) on soils Md sediments. Data sct.c; developed by 
Gerritse ct a/. ( 1982) and R11oads er aJ. (1992) con~ining both soil pH and equilibrium lc<~d 
concentr4Jtions :1S independent variables were selected to develop regression relationships with ~ 
as the dependent variable:. From these data it was found that a polynomial relationship existed 
between~ values and soil pH measurements. This rt!lationship (Figure F.l) with a correlation 
eocfticicnt of0.971 (f) could be expressed as: 

~ (tnl/g) = 1639 • 902.4(pH) + 150.4(pHi (F.l) 

The relationship between equilibrium concentrations of lead and~ values for a Hanford soil at a 
fixed pH was expressed by Rhoadr. ct a/. ( 1992) as: 

Ku (ml/s) = 9,550 co.m (F.2) 

where C is the equilibrium concentration of lead in j.!g!l. The look·up table (Table F .2) was 
developed from using the relationships F.l and F.2. Four equilibrium concentrJtion and 3 pH 
categories were used to estimate the ma."ximum and minimum~ values in each category. The 
relationship bct\vccn the~ values and the 2 independent variables (pH and the equilibrium 
concentration) is shown as a 3 .. dimc:nsional surface (Figure F.2). This graph illustrates that the 
highest Ku values arc encountered under conditions of high pH values and very low equilibrium 
lead concentrations and in contrast, the lowest K,s values arc encountered under lower pH and 
higher lead concentrations. The Ku values listed in the look-up table encompo.sses the ranges of 
pH ~md lead concentrations nonnal!y encountered in surface and subsurface soils and sediments. 
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Soil l>tscriptioa 

Scdi:ncd, St'!:t R«k 
roor...rion, W)~'='-! 

h-.J(SoiiC) 
h-.J (Soil C) 
h-..!y l.cJ..":''lSo•l D) 
S:~.-..Jy In:~._, (So!l D) 

l (WTl (So:>iJ2} 
1\.[t\Ji:.m ~.,J(S.lll J) 
0rJ.L"Iic soil{Sv•HJ 
r "'~ Sr.dy I oa:n 

tSoi16) 

Sa.-..! tfh.;fvrd) 

Table F. I. Summary of KJ values for lead adsorption on soils. 

o~, O'lallic fro• pll ("£C ... (ml'J) Fartriausul Rcruuu 
Cent< at Carbc.a Od:J~ (m~ IC>OJ) Panmttn~ 

("'-~·) , ... t.%) A•lut 
{'ooL~'.) 

- - - 10 - 20 - lbjd>;~~ ._..; tt ...t, 19S I 

- - - H - 100 -
- - - S.H - ·-~ -
- - - 7.0 - .t,OOO -
0 - - H 11 zw B.l!•" f •;-rri..,...(T.t Cicrrit.'-l:ncl (19S1) 
0 -- - so ll 129S Ib:.;b £ a;-cri."T.cnt 
1 -- - 7.S 16 J.OCAl n~!.:h Ea.,ai!:-oC"'t 
2 - - 80 16 4,000 B.l:.;h E • ;-cri:ud 

IS - - 7J 17 11.000 Il~cb E•.<• ~- .crJ: ~~·Jttcl (1959) 
l - - t9 51 I? Dxd1 E •tcrir.:cr.t 

<I - - ss IN 30,00J (b!d\ [li)Cri.~J 
11 - - H 17 S9.1)"..ll ~tdl r..,rr.'l'\Cr.: 

006 ~01 0.41 IJS 527 IJ,COO • B.a:cb trKU ~....!:« (fr.:ti.l! Rho3<.!5 tt cJ t 19'>2) 
1'1/I'JJ a..-ti' itM:11 JS -1} .. l£•1 
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Fi~ure F.l. Correlative relationship between ~ and pH. 
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Fi~urc J-"'.2. Variation of ~as a function of pH and lhc equilibrium lend 
concentrations. 
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.F.3.0 Data Set f'or Soils 

The d<~til sets developed by Gerritse l't ul. ( !I')S~) ~mll Rl1o:1ds tH at. ( 1992) were used to 
develop the look-up table (Tnble F.:!). Gerritse c:t a/. ( 1982) developed adsorption dala for 
:! wcll·chamctcrizcd soils using a r • .mgc oflc:td conccntrJtions ( 0.001 to 0.1 mg/1) which 
precluded the possibility of precipitation reactions. Similarly, adsorption data developed by 
Rhoads ct a/. ( 199:!) encompassed u range or lead concentrations from 0.0001 to 0.2 mgfl at a 
fixed pH value. Both these datn sets were used tor cstim:ning the range of~ values for thl! range 
of pH and lead concentration values found in soils. 

T;abh: F.2. Estimated range or~ values tor !cud as a function of' soil pH, ami 
equilibrium lead concentr:ations. 

Equilibrium Lead Soil pH 

Concentration (!-lJ!/1) Ktl (mUg) 4.0. 6.3 6.4. 8.7 8.8. 11.0 

Minimum 940 
0.1. 0.9 

4,360 11.s:w 
Maximum 8.650 23,270 44,580 

Minimum 420 1.950 5,160 
1.0. 9.9 

Ma.ximum 4,000 10.760 20,620 

Minimum 190 900 2.3SO 
10. 99.9 

Maximum 1.850 4,970 9,530 

Minimum 150 710 1.880 
100.200 

Maximum 860 2.300 4.410 
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