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EXECUTIVE SUMMARY
A previous investigatio n showed that unsaturated sediments
beneath a waste tank at Public Service Company of New Mexico's
Person Generating Station are contaminated by chlorinated organic
solvents,

primarily tetrachloroet hylene (PCE).

At the time of

sampling, over 99% of the solvent was contained within the upper
20 meters.

The depth to the water table is approximatel y 33.5

meters below land surface.
above

At present most of the land surface

the contaminate d zone is covered with low-permeab le

asphalt and concrete, which reduces infiltration and the rate
of contaminant movement .
.A mathematical analysis was used to determine future impacts
of the contaminant s in the unsaturated zone on the underlying
aquifer.

The analysis relies on determinatio ns of the hydraulic

conductivity of the unsaturated sediments, which were calculated
from laboratory measurement s of moisture retention.
average field water content,

At the

the estimates of hydraulic conduc-

tivity may vary by two orders of magnitude,

and therefore

predicted rates of fluid flow through the unsaturated zone may
also vary by this amount.
The mathematica l analysis shows that

if an impermeable

surface covering were used to prevent natural infiltration ,
practically all of the contaminant s would be retained in the
unsaturated zone.

Under this case, the maximum flux of PCE to

the aquifer would occur in about 80 years and would be about 7 x
10-5 kg/yr.

At this rate, concentratio ns of PCE in the aquifer
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would be less than one part per billion below the present tank
area.
An analysis was also made of a hypothetical situation in
which the existing asphalt and cement cover around the tank area
deteriorated and the land surface around the tank reverted to
native conditions.

It is estimated that 1% of the precipitation

would infiltrate through the contaminants in the unsaturated
zone,

in this scenario.

all the contaminants

The time for infiltration to dissolve

from the unsaturated zone would be on

the order of seven thousand years

if no other chemical or

physical transformations occur,

and the maximum flux of PCE

would be about 1.35 x 10-2 kg/yr.

Using a solute transport model

for the aquifer, concentrations up to 20 ppb could extend about
85 meters down gradient from the present waste tank area.
However,

the actual concentrations could be considerably lower

since numerous conservative assumptions were made to compute the
mass flux of PCE which could drain from the unsaturated zone into
the aquifer.
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INTRODUCTION
Daniel B. Stephens and Associates was contacted to evaluate
the rate of movement of organic constituents through the vadose
zone to the water table at the PNM Person Generating Station.
The data base for making these assessments was contained in the
report

"Final Soil Contamination Assessment and Preliminary

Ground Water Contamination Assessment,

PNM Person Generating

Station," February 29,

1984, by Geoscience Consultants, Ltd.,

Albuquerque, New Mexico.

That report defined the nature of the

problem, and the extent of the contamination from sampling in the
unsaturated zone.

Most of these data were collected during the

late fall of 1983 and winter of 1984.
The site under study is

located in T9N.R3E.Sec.8,

in

Albuquerque, New Mexico, northeast of the intersection of Rio
Bravo and Broadway boulevards.

The waste tank was previously

used by the Public Service Company of New Mexico to collect spent
solvents, greases,

oils,

machine washing area.

and steam cleaner condensate from a

Chlorinated organic solvents were used in

this cleaning operation for about six years.

The waste tank was

taken out of service in 1983 when it was found to be leaking.
Most of the soil underlain by contamination is presently covered
by pavement and concrete which have low permeability and restrict
infiltration of natural precipitation.
Our

first

objective was to assess the significance of

variability in available hydraulic properties of the unsaturated
zone.

The second objective was to calculate the seepage rate
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from the unsaturate d zone by estimatin g the mass flux of contaminants for two scenarios :

1) assuming that an impermeab le cover

exists at the tank area and prevents infiltrati on of precipita tion; and 2) assuming that the present cover around the tank area
deteriora tes and returns to native condition s that allow infiltration of precipita tion.
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CHARACTERISTICS OF THE UNSATURATED ZONE
Hydrogeology
Nineteen coreholes and three observation wells have been
drilled in the immediate area of the waste tank.

Logs of these

holes are given in the report by Geoscience Consultants Ltd.
(1984).

Briefly, the waste tank area is underlain by approxi-

mately 33.5 meters of unsaturated, relatively uniform, medium- to
coarse-grained,

fluvially-deposited sand with small amounts of

clay and gravel.

The clay and gravel lenses are reported to not

exceed 20 centimeters in thickness.

A more detailed description

of the site geology is given in the report mentioned previously
by Geoscience Consultants, Ltd.(1984).
In the unsaturated zone,

disturbed samples have been

collected from the coreholes every 1.5 to 3.0 meters to a total
depth of 27.4 meters in most of the holes (Geoscience Consultants
Ltd.,

1984).

The samples were analyzed for gravimetric water

content and concentration of PCE

(tetrachloroethylene).

The

average bulk density at field moisture content of these samples
is about 1.61 g/cc.

The arithmetic mean of reported volumetric

water contents is about 0.074 cm3jcm3.
distribution for

The moisture content

these coreholes appears to be relatively

uniform, with only slight deviations from the mean water content
value which presumably are due to stratification.

We infer from

this that the variability of the particle size throughout the
profile

is small.

There do not appear to be any zones of

anomalously high moisture content which might indicate that a
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is still advancing through the profile after

the washdown practices ceased.
The fact that the profile is relatively uniform in moisture
content may suggest that a state of dynamic equilibrium exists in
the profile.

A dynamic equilibrium in this unsaturated zone

implies that there is a balance between inflow to the profile
from the infiltration of natural precipitation and outflow from
the profile as recharge to the aquifer.

Under this condition,

the seepage rate through the unsaturated zone would be approximately equal to the hydraulic conductivity at the insitu water
content.

Insitu pore fluids and contaminants could be displaced

into the aquifer by infiltrating precipitation.
On the other hand, a state of static equilibrium could also
be inferred from available moisture content data.

A static

equilibrium condition would represent the moisture distribution
above the water table when drainage ceases and vertical hydraulic
gradients are zero.

A static equilibrium condition could develop

beneath an impermeable surface cover.

At static equilibrium, the

flow rate in the unsaturated zone is zero and permanent waste
storage in the unsaturated zone could occur.

Given the rela-

tively uniform, low moisture content observed in the profile, it
is difficult to distinguish between a state of dynamic and static
equilibrium on the basis of water content.

Substantial varia-

tions in pressure head and hydraulic gradient may occur without a
substantial change in water content under the relatively dry
field

conditions.

In this report both dynamic and static

Daniel B. Stephens and Associates

Person Generating Station

Page 7

equilibrium conditions will be discussed.

Distribution of Contaminants
The samples obtained from

the coreholes for chemical

analyses by Geoscience Consultants Ltd.
collection.

were

frozen after

The laboratory performing the analyses thawed the

samples and a portion of the sample was used for methanol extraction.

The extract was then analyzed using gas chromatography

with electron capture detection.

The results are reported as

parts per million (ppm) of PCE; that is, grams of PCE per million
grams of sample from the field.
tration profiles of PCE.

Figure 1 shows average concen-

This figure was compiled by averaging

PCE concentrations at each depth.

The chemical analyses indicate

that more than 99% of the total amount of PCE in the 33.5 m thick
unsaturated zone is contained within the upper
profile.

20 m of the

Below about the 20 m depth, PCE concentrations average

about 0.013 ppm and are reported not to exceed 0.084 ppm.
For our assessment,

the volume of contaminated soil was

estimated from the cross-sectional area within which the PCE
concentration exceeds 0.01 ppm for each depth in the profile from
which samples were taken.

The average horizontal area containing

these levels of PCE between the 3.0 and 27.4 m depths is 45.6
m2.

This horizontal area ranges from 4.8 m2 at 27.4 m depth to

72 m2 at 9.1 m depth (Table 1). Within the 33.5 m depth of
unsaturated sediments, there would be approximately 103 kg of PCE
in the soil assuming a field bulk density of about 1.61 g/cc. The
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Figure 1. --Concentr ation profile of PCE.
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Table 1. -- Horizon tal area within which PCE exceeds 0.01 ppm.*

Depth ( m)

Area (m2)

3.0

67.61

6.1

65.97

9.2

71.91

12.2

51.69

15.2

71.38

18.3

34.26

21.3

23.84

24.4

18.89

27.4

4.82

*Basic Data From Geoscien ce Consult ants, Ltd.

(1984).
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fact that lateral spreading of contamin ants is a maximum at
intermed iate depths and diminishe s with increasin g depth,
suggests that stratific ation and capillari ty have significa nt
effects on the direction and rate of PCE migration .

Without

stratifica tion to create essential ly an anisotrop ic medium,

the

plume of contamina tion in the unsaturate d zone would be expected
to expand with depth.
The solubility limit of PCE in water is reported to be about
150 mg/l at 20 degrees celsius (Hughes et al., 1985); this would
correspon d to about 6.9 ppm of PCE on a field weight basis when
the average volumetri c water content is 0.074 cm3jcm3.

Above a

depth of about 20 m, PCE concentra tions in the soil exceed the
solubilit y limits in the pore water.

In this zone, PCE is either

dissolved in other liquids or it exists in its own phase as a
so-called non-aqueo us phase liquid.

Below about 20m, concentra -

tions are less than the solubility limits.

Thus PCE in other

phases appears to be lagging behind the aqueous phase PCE in the
vadose zone.

Owing to the nature of geologic heterogen eity,

capillary effects, and characte ristics of the various organic
fluids in the waste, the non-aqueo us phase PCE may be much less
mobile compared to the aqueous phase,
vertical distributi on of PCE.

based on the observed

It is possible at the relatively

low moisture contents measured in the field that PCE above 20m
may be mostly in a discontinu ous phase, trapped in narrow pore
throats and held at the so-called residual saturatio n.

That is,

there may not be a means for PCE to flow from one pore to another
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under present conditions.

It may be expected that water will

preferentially wet the soil matrix relative to PCE as a non-aqueous phase and tend to cause blobs of PCE to become isolated.
However,

if PCE does exist as a discontinuous fluid phase,

infiltration of precipitation may still move through the profile
and dissolve PCE to the limit of its solubility, about 150 mg/1.
Depending upon the relative wettability of the PCE and
the water,

it is also possible that some PCE which exists as a

non-aqueous phase or in solution with another fluid may be
displaced by infiltrating precipitation.

This would be more

likely to occur if the infiltration rate were large.
To explain the observed variability of PCE in the unsaturated zone in Figure 1, either the strength of the source of
contamination was highly variable, or physiochemical processes
have selectively retarded or retained the non-aqueous phase above
20m.

Liquid and vapor diffusion are also mechanisms which would

transport relatively small amounts of PCE in the unsaturated
zone.

PCE has a fairly strong tendency to be retained by soils,

according to Griffin and Roy (1985).

After PCE is dissolved, its

velocity is significantly retarded with respect to pure water.
Durant and McKay {1985) report retardation factors for PCE in a
stratified sandy aquifer to range from 5.39 to 27.34.

(The

retardation factor is the ratio of the water velocity to the
contaminant velocity.)
(1985)

McCarty et al. (1984) and Griffin and Roy

indicate that PCE may be biodegradable under anaerobic

conditions, making it possible for PCE to be broken down into
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PCE also will volatilize.

In aqueous solutions

open to the atmosphere, PCE has a residence half-life of about 30
minutes (Hughes et al.,1985).

Thus, PCE should not move through

the unsaturated zone as rapidly as predicted by analytical models
used in our analyses.

Hydraulic Properties
Three disturbed samples of unsaturated sediments were
obtained by Geoscience Consultants Ltd. from the PS-4 corehole at
the 7.6,

12.2, and 21.4 meter depths,

properties.

for analyzing hydraulic

The samples were sent to the New Mexico Tech

Soil-Water Research Laboratory for analysis.
re-packed into a

Each sample was

100 cc stainless steel ring to a dry bulk

density of 1.55 g/cc.

The saturated hydraulic conductivity of

the samples was determined in a

laboratory permeameter.

The

average saturated hydraulic conductivity was approximately 9.07 x
10-3 em/sec.

The samples were subsequently placed in a hanging

column apparatus to determine moisture retention characteristics
(the water content [theta] versus pressure head [psi]
tionship)

for

both drainage and imbibition.

rela-

The moisture

retention results for drainage were then used to calculate
unsaturated hydraulic conductivity, K, with a model by Mualem
{1976) and computer procedure by van Genuchten (1978).
the parameters, WCR,

One of

is specified by the model user, and van

Genuchten•s program fits the other two parameters,

~

and n, to

cause the best fit of the measured retention data to the func-

Daniel B. Stephens and Associates

tional relation ship:
9

= WCR

+

9

- WCR

s
--------------(1)

m = 1 - 1/n

where

es

(O<m<1 ; n>1)

is saturate d water content .

The resultin g curve-f it

parame ters are then used to predict the relation ship between
unsatur ated hydraul ic conduct ivity and water content or pressure
head in the followin g relation :
(2)

The resultan t K-theta or K-psi relation ship can be very sensitiv e
to the specifie d model paramet er, WCR, as shown by Stephen s and
Rehfeld t
site.

(1985)

for a fine sand similar to the one at the PNM

This fact will be illustra ted graphic ally later on.
Initial model results for the theta-p si and K-psi relation -

ships were shown in the Geoscie nce Consul tants,
report

for

each of the

three soil samples .

Ltd.

The

(1984)

theta-p si

relatio nship for the 21.4 meter depth samples was conside red
questio nable,
content ;

owing

therefo re,

to the relativ ely low saturat ed water

only the 7.6 and 12.2 meter depth samples

were chosen for use in a sensitiv ity analysi s.
limited to drainag e data because ,

Our analysi s was

on the average ,

this curve

should provide conserv atively large values of K for a particu lar
value of pressure head.
Figure 2 shows the measured theta-p si values obtained for
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both the 7.6 and 12.2 meter depth samples.

Also shown on

Figure 2 are two curves fit through the combined measured data,
as determine d by the van Genuchten procedure .

These two curves

illustrate the differenc e in the predicted theta-psi relationsh ip
for two separate specifica tions of the fitting parameter :
WCR

=

0.07 cm3Jcm3 (hydraulic conductiv ity relationsh ip 1) and

WCR

=

0.06 cm3Jcm3

These

(hydrauli c conducti vity relations hip 2).

two values of WCR were selected based on laborator y

measurem ents of water content at high negative pressure heads.
Stephens and Rehfeldt (1985) concluded that improved accuracy in
the calculated unsaturat ed conductiv ity may be obtained when WCR
is set equal to the water content measured at high negative
pressure head.

In order to calculate conductiv ities in the range

of water contents observed in the field, WCR must be less than
the average field water content, 0.074 cm3/cm3.
The calculated K-theta relationsh ips for WCR equal to 0.07
and 0.06 cm3/cm3 in Figure 3 are substanti ally different at low
moisture content.
0.074 cm3/cm3,

For example, at the field water content of

the correspon ding K values are 1.52 x 10-2 cm/yr

and 9.85 x 10-1 cm/yr for the cases where WCR is 0.07 and 0.06
cm3Jcm3,

respectiv ely.

There is almost two orders of magni-

tude differenc e in predicted K values near the average field
water content.
To determine whether these K-theta curves are reasonabl e, we
will invoke the assumptio n that the soil profile is in dynamic
equilibriu m.

Under this condition , Darcy's equation can be used
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to calculate the soil water flux,

q,

through the unsaturated

sediments, assuming they are uniform.

Darcy's equation can be

represented as:
q
where K (theta)

=K

(theta) x i

(3 )

is the unsaturated hydraulic conductivity as a

function of water content, and i is the hydraulic gradient.

For

our assumed state of dynamic equilibrium and uniform water
content, i is equal to unity.

Therefore, from Equation 3 and the

two estimates of K at the average field water content, the flux
would be 0.015 cm/yr for conductivity relationship 1 and 0.985
cm/yr for conductivity relationship 2.
Atmos~heric

The National Oceanic and

Administration's annual summary of 1982 indicates the

1941-1970 average annual precipitation is 19.7 cm/yr for Albuquerque.

The flux estimates would then correspond to a recharge

rate that was 0.08% or 5.0% of the precipitation rate for the
cases of WCR equal to 0.07 and 0.06 cm3jcm3, respectively.

These

calculated fluxes are considered to be within the range typical
of natural recharge rates in sandy soils of this arid region.
The land surface near the waste tank is already covered over
a substantial area with asphalt and concrete which restrict
infiltration.

If any natural recharge does occur in the

immediate vicinity of the waste tank,

the recharge rate is

undoubtedly lower than would occur beneath native material.
Thus, conductivity relationship 1 is probably more representative
of the profile.

If the existing cover were

pa~tially

destroyed

or decomposed in future years, then an upper limit to recharge of
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perhaps 1% of precipitation could be expected.
The range of darcian flux values discussed above can be
translated into a range of particle velocities by dividing by the
average water

con~ent

in the profile,

0.074

cm3jcm3.

The

average fluid particle velocity would therefore be between 0.21
and

13.3

cm/yr for

precipitation.

the recharge rates

For a

of

0.08 and 5.0% of

recharge rate corresponding to 1% of

precipitation, the average water particle velocity would be
about 2.7 em/yr.
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CONTAMINANT TRANSPORT THROUGH THE UNSATURATED ZONE
Two cases were analyzed to predict the rate at which
PCE will move through the unsaturated zone.

In the first,

we

assume that an impermeable cover is placed over the land surface
to prevent any infiltration.

In this case, all the seepage to

the aquifer is by slow drainage of fluids
present.

This case corresponds most

conditions,

based on available data.

in the profile at

closely with existing
For the second case, we

assume that the existing cover material in the tank area deteriorates,

and has little effect on reducing the natural recharge

through the profile.

Impermeable Cover
For this case, we assume that an impermeable cover is placed
over the affected area to prevent infiltration of precipitation.
The analytical approach taken here to evaluate this scenario is a
variation of a method described by Hillel et al.

(1972), called

the instantaneous profile method, which was originally a field
and laboratory method to determine unsaturated hydraulic conductivity.

In the instantaneous profile method, the soil is flooded

over a large area until the profile is deeply wetted.

The water

supply is closed and the surface is covered to prevent evaporation.

Measurements of moisture content and pressure head during

drainage are used to calculate K.
This procedure just described is analogous to the infiltration events at the site beneath an impermeable surface cover.
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However ,

in the present case,

the assumpt ion is made that the

hydraul ic conduct ivity is known.

We want to predict the rate of

fluid drainage from the unsatur ated zone with a surface cover in
place.

In the

first

step of

the calcula tion,

the darcian

velocity as a function of time is determin ed accordin g to:

j

z

~:

dz

=

'l.

=

K( eavg ) i

( 4}

0

The hydraul ic conduc tivity during a discrete time interva l of
drainag e corresp onds to the average water content during that
interva l.
unity,

We assume the hydrau lic gradien t,

i,

is equal to

and therefo re the hydrau lic conduc tivity is directl y

proport ional to the change in water content with time.
more,

Further -

if the profile drains uniform ly with depth, then the left

side of the equatio n above can be integra ted over the entire
vertica l profile

in one

increme nt.

These assump tions are

often made without substan tial loss in accurac y.
analysi s of solute transpo rt,

However , in our

the profile is discreti zed into

eleven cylindr ical cells three meters thick.

During a discrete

time interva l, each cell loses moistur e at the same rate.

The

fluid drained from the bottom of the column of cells at any time
is equal to the sum of the drainage leaving each of the cells.

In the second step of the calcula tion, the mass of solute leaving
a cell per unit time, M, is calcula ted from:
M(t}

=C

A q(t}

(5}

where C is the average concent ration of solute in the pore fluid,
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A is the cross -sect ional area within which flow is occur ring,
and q is obtain ed from

Equa~ion

4 for each cell.

Each cell is

assign ed an initia l conce ntrati on which appro ximat es the field
condi tions shown in Figure 1.

During any time step, the conce n-

tratio n in each cell chang es due to the instan taneo us mixing
of
drain age fluid from the cell direc tly above it.

There fore, at

the end of a time step, the conce ntrati on in a partic ular cell
is
calcu lated accord ing to:
C

= (mass

of FCE in cell) + (mass of FCE draine d into cell)
(volume of fluid in cell) + (volume of fluid draine d into cell)

Befor~_the

(6}

next time step, conce ntrati ons of PCE in each cell are

reinit ialize d based on the water conte nt, and losses and gains
of
PCE from the cell.

This proce dure is carri ed out until the

estim ated parti cle veloc ity is negli gible and the profi
le
appro aches stati c equil ibrium .

The PCE which actua lly drains

into the aquif er occup ies voids in the lower portio n of
the
unsat urated zone.

This appro ach produ ces mass flux estim ates for

a draini ng profi le, based on the assum ption that dispe rsion
and
retar datio n are negli gible and that advec tion is the prima
ry
mecha nism of transp ort in the unsat urated zone.
Table 2 shows the rate of draina ge and mass flux of PCE out
of the profi le chara cteriz ed by hydra ulic condu ctivit y relati
onship 1.

Pract ically all the PCE is still in the profi le after

equil ibriu m is reest ablis hed,
analy ses.

based on the assum ptions and

Nearl y the same resul t is achie ved with hydra ulic
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Tabl e 2. --An alys is of outfl ow from the unsa turat
ed zone for
impe rmea ble surfa ce cove r case , assum ing unsa turat
ed
hydr aulic cond uctiv ity relat ions hip 1.

Time
(yrs)

Wate r Cont ent
(cm3 jcm3)
Begi n- End of
ning of Time
Time
Step
Step

q

(cm/ s)

Mass Flux
(kg/y r)

Mass
Drain ed
(kg)

1.397 E+02

.0740

.0735

3.807 E-10

5.787 E-07

8.086 E-05

3.760 E+02

.0735

.0730

2.251 E-10

3.525 E-07

1.641 E-04

8.123 E+02

.0730

.0725

1.219 E-10

2.055 E-07

2.538 E-04

1.724 E+03

.0725

.0720

5.835 E-11

1.118 E-07

3.557 E-04

4.018 E+03

.0720

.0715

2.318 E-11

5.358 E-08

4.787 E-04

1.191 E+04

.0715

.0710

6.739 E-12

1.975 E-08

6.346 E-04

6.332 E+04

.0710

.0705

1.035 E-12

3.978 E-09

8.390 E-04

2.971 E+06

.0705

.0700

1.829 E-14

9.387 E-11

1.112 E-03
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conductivity relationship 2 (Table 3).

The reasons for this are

attributed to the low hydraulic conductivity during drainage from
insitu moisture content and the low concentratio ns in the lower
regions of the unsaturated zone.
As a simple check on the analyses in Tables 2 and 3, note
that the total drainage from the profile is 6.1 and 21.3 m3
of fluid for conductivity models 1 and 2, respectively .

Assuming

the average volumetric moisture content is 0.074 cm3;cm3 in a
vertical cylinder having a cross-sectio nal area of 45.6 m2, then
the fluid which drains would be contained in the lower 1.8 and
6.3m of the cylindrical profile for conductivity models 1 and 2,
respectively .

The average concentratio n of PCE in this zone is

less than about 0.2 mg/1.

Thus, the total mass of PCE drained

from the profile would be about 0.0012 and 0.0042 kilograms for
conductivity models 1 and 2,

respectively . These quantities are

negligible compared to the 103 kilograms in the unsaturated
zone.
Native Cover
Piston Displacement Approach.

For comparative purposes of

evaluating the benefits of an impermeable surface cover, we also
studied the worst-case scenario,
by infiltration of all PCE,

that is, complete displacement

regardless of its phase.

Such a

scenario could occur if the existing asphalt/conc rete around the
tank deteriorates in future years and the area eventually returns
to native conditions.
For the computations , a simple piston displacement model was

Daniel B. Stephens and Associates
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Table 3. -- Analys is of outflow from the unsatu rated zone for
imperm eable surfac e cover case, assumi ng unsatu rated
hydrau lic conduc tivity relatio nship 2.
Water Conten t
(cm3;cm~

Time
(yrs)

1.823E+ OO
3.917E+ OO
6.338E+ OO
9.152E+ OO
1.244E+ Ol
1.632E+ 01
2.091E+ 01
2.641E+ Ol
3.305E+ 01
4.113E+ Ol
5.109E+ Ol
6.352E+ 01
7.924E+ 01
9.943E+ Ol
1.258E+ 02
1.611E+ 02
2.093E+ 02
2.772E+ 02
3.761E+ 02
5.262E+ 02
7.664E+ 02
1.178E+ 03
1.947E+ 03
3.583E+ 03
7.785E+ 03
2.265E+ 04
1.242E+ 05
6.411E+ 06

Beginning of
Time
Step
.0740
.0735
.0730
.0725
.0720
.0715
.0710
.0705
.0700
.0695
.0690
.0685
.0680
.0675
.0670
.0665
.0660
.0655
.0650
.0645
.0640
.0635
.0630
.0625
.0620
.0615
.0610
.0605

End of
Time
Step

q

(cm/s)

.0735 2.918E -08
.0730 2.539E -08
.0725 2.197E -08
.0720 1.890E -08
.0715 1.616E -08
.0710 '1.373E -08
.0705 1.157E -08
.0700 9.674E -09
.0695 8.017E -09
.0690 6.578E -09
.0685 5.339E -09
.0680 4.280E -09
.0675 3.384E -09
.0670 2.634E -09
.0665 2.014E -09
.0660 1.508E -09
.0655 1.103E -09
.0650 7.835E -10
.0645 5.380E -10
.0640 3.543E -10
.0635 2.214E -10
.0630 1.294E -10
.0625 6.907E -11
.0620 3.252E -11
.0615 1.266E -11
.0610 3.577E -12
.0605 5.239E -13
.0600 8.460E -15

Mass Flux
(kg/yr)

Mass
Draine d
(kg)

4.437E -05
3.976E -05
3.703E -05
3.623E -05
3.736E -05
4.023E -05
4.449E -05
4.964E -05
5.514E -05
6.036E -05
6.475E -05
6.779E -05
6.912E -05
6.849E -05
6.585E -05
6.129E -05
5.508E -05
4.763E -05
3.942E -05
3.102E -05
2.298E -05
1.580E -05
9.855E -06
5.385E -06
2.419E -06
7.844E -07
1.311E -07
2.406E -09

8.086E -05
1.641E -04
2.538E -04
3.557E -04
4.787E -04
6.346E -04
8.390E -04
1.112E -03
1.478E -03
1.966E -03
2.611E -03
3.453E -03
4.540E -03
5.923E -03
7.662E -03
9.823E -03
1.248E -02
1.571E -02
1.961E -02
2.427E -02
2.979E -02
3.628E -02
4.387E -02
5.268E -02
6.284E -02
7.451E -02
8.782E -02
1.029E -01
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employe d to estimat e the mass flux of PCE exiting from the
unsatura ted zone for a worst case scenario , in which infiltra tion
of precipi tation occurs as though no asphalt or cement cover
materia l are present .

This model assumes that there eventua lly

will be complet e displace ment of
infiltra ting precipi tation.

the insitu pore fluids by

There would be a unit displace ment

of PCE-lad en water at the water table for every unit inflow of
fresh water at the top of the soil profile. The rate of displace ment is calcula ted from the average fluid particle velocit ies
determi ned at insitu moisture content.

This method therefor e

assumes that no dispersi on or retarda tion occurs.

This approach

is consist ent with the concept of dynamic equilibr ium in the

unsatura ted

profile.

This approach assumes that PCE in its own

phase as well as PCE in solution with water or other chemica ls
will

be displac ed equally .

As previou sly discuss ed,

assump tion is conside red to be conserv ative,

this

in that known

concent rations shown in Figure 1 suggest that PCE above 20m is
either dissolv ed in fluids other than water or exists as a
non-aqu eous phase liquid, whereas PCE below this depth may be
dissolve d in water, based on solubil ity limits.
In the piston displace ment calcula tion, the initial concentration in the profile is variable and approxim ates the observed
concen trations

(Figure 4).

For each case,

the mass of PCE

arrivin g at the aquifer each year is predict ed for the two
K-theta relation ships discusse d previou sly.
In this piston displace ment approach , the initial concent ra-
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tions of PCE vary step-wise with depth,

observatio ns in the field.

in approxim ation of

From land surface to 3.1 meters the

average concentra tion is approxima tely 12.3 ppm on a field weight
basis,

or 268 mg/1 in the pore fluid.

The 3.1 to 18.3 meter

depth interval has markedly higher concentra tions of PCE than the
rest of the profile (Figure 4}.

The average concentra tion within

this zone is approxima tely 87.3 ppm or 1900 mg/1.

The average

concentra tion below this zone, from 18.3 to 33.5 meters depth, is
about 2.3 ppm,

or 50.7 mg/1.

The assumptio n is made in the

piston flow model that these average concentra tions contained
in discrete depth intervals will

remain intact as

they are

displaced downward toward the water table under a

constant

velocity associate d with the natural recharge.
For the case where the recharge rate is approxima tely 0.08%
of the precipita tion rate (conducti vity relationsh ip 1), the mass
flux would initially be about 3.53 x 10-4 kg/yr for about 7403
years.

During the next 7403 years the mass flux would be about

1.32 x 10-2 kg/yr.

Subseque ntly,

the flux would decrease to

about 1.86 x 10-3 kg/yr for the final 1481 years.

The total time

of displacem ent would be about 16,287 years.

Figure 5 shows

these results graphical ly.
For

the

case where

the recharge flux was

precipita tion rate (conducti vity relationsh ip 2),

5.0% of

the

the mass flux

behavior for this model would be represente d by Figure 6.

The

initial mass flux is estimated at 2.28 x 10-2 kg/yr for a period
of 115 years.

The main peak of PCE entering the saturated zone
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would be at 0.853 kg/yr for the 115 years follow ing the first
pulse.

For about 23 years after this,

about 0.120 kg/yr.

Theref ore,

the mass flux would be

this model predic ts a total time

of 253 years to displac e 103 kg of PCE from the unsatu rated zone.
We expect that the probab le condit ion for the native cover
scenar io (ie.,

degrad ation of existin g asphal t and cement cover

and return to native condit ions) would fall somewh ere betwee n
conduc tivity relatio nship 1 {0.08% infiltr ation of precip itation )
and condu ctivity relatio nship 2 (5% infiltr ation of precip itation).

We have selecte d a conduc tivity relatio nship in which

infiltr ation is 1% of precip itation as the probab le condit ion for
the native cover case.

For this condit ion, the averag e initia l

flux of PCE to the aquife r would be about 4.6 x 10-3 kg/yr for
573 years.

The peak loading rate would be approx imately 0.171

kg/yr averag ed over the next 573 years.

The averag e PCE loading

during the final phase would be about 2.40 x 10-2 kg/yr for 115
years.
In provid ing a worst- case analys is, disper sive and sorptiv e
proces ses have been neglec ted and a maximum vadose zone crosssectio nal area which could contri bute signif icantl y to the
contam inant flux was assume d.

Just above the water table,

the

area contai ning more than 0.01 ppm of PCE is only 4.82 m2,
wherea s we assume d that the contam inant flux would flow through a
cross- section al area of 45.6 m2.

This assump tion alone may cause

an over estima tion of the loading on the aquife r by nearly an
order of magnit ude.

Actual concen tration s in the discha rge are
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expected to be smaller because of dispersion, and the arrival of
solutes to the aquifer would be delayed because of sorption.
Dissolution Approach.

Because there is some evidence that

the PCE above 20 m may be relatively immobile owing perhaps to
capillary effects, displacement of PCE by infiltrating precipitation at low moisture contents and small fluid velocities may not
actually occur to a significant extent.

If this is true,

then

the worst-case would become that of precipitation leaching
through the PCE-rich zone and slowly dissolving it.

The maximum

concentration of PCE in displaced fluid would be the limit of PCE
solubility in water,

about 150 mg/l.

The contaminant loading

would be simply the product of the recharge rate times the
cross-sectional area times 150 mg/l.
0.08,

For the recharge rates of

1.0 and 5.0 % of precipitation,

about

1.036 x

10-3,

respectively.

1.346 x

10-2,

the mass flux would be

and 6.731 x

10-2 kg/yr,

Very rough estimates of the time required to

dissolve 103 kilograms from the profile at these recharge rates,
would be 99000, 7652, and 1530 years, corresponding to the three
recharge rates above.

Sensitivity to Dispersion and Retardation
Inasmuch as the analytical methods used to assess contaminant movement have ignored the diluting effect of the dispersive
mechanisms and

the

retardation of solutes due to sorptive

mechanisms, an analytical solution was utilized to evaluate the
importance of these processes.

Owing to the lack.of data on the

Daniel B. Stephens and Associates

preci se distri butio n of the seepag e rates from the waste tank,
this model was not used to reprod uce observ ed field condi tions.
Inste ad,

a simpl e demo nstrat ion is provid ed to illust rate the

signif icanc e of dispe rsion and sorpti on for the native cover
case

where the averag e fluid partic le veloc ity, v is 13.3 em/yr .

For

the sensi tivity demon stratio n, it is assum ed that the profi le
is
initia lly at a const ant conce ntrati on throug hout and water having
zero conce ntrati on infilt rates the upper part of the colum n.
The analy tical solut ion selec ted is for one-d imens ional
conve ctive- dispe rsive solute transp ort (van Genuc hten and Alves
,
1982) .

The gover ning transp ort equat ion has the form:

R

~ =

where R is the retar datio n coeff icien t,
coef ficie nt,

v

is

( 7)

at

D is the dispe rsion

the parti cle veloc ity,

x

is dista nce,

t

is time, and C is the conce ntrati on of outflo w from the unsatu
rated zone.
C/Ci

=

The initia l conce ntrati on in the model was set to

1.0.

The value of the retard ation factor essen tially gives the
ratio of the veloc ity of water relat ive to the solut es;
examp le,

for R

=

30,

for

the solute s move 30 times slowe r than the

averag e fluid partic le, owing to sorpti on on solid partic les.
First , a sensi tivity analy sis on the dispe rsion coeff icient
was carrie d out.
retar datio n).

The retard ation coeff icient was set to 1.0 (no
The dispe rsion coeff icien t was estim ated from
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results of van Genuchten (1981, 1982) to be within the range of
1.49 to 59.4 cm2;d.

These two values and a mean value of 30.54

cm2Jd were used in the model.

From Figure 7, the differenc es in

predicted concentra tion outflows from the vadose zone for varying
dispersio n coefficie nts are relativel y small compared to the
perturbat ion in the dispersio n coefficie nt.

For example, after

about 200 years the relative outflow concentra tion would be 0.8
if dispersio n were small and 0.2 if it were quite significa nt
(Figure 7).
To evaluate the sensitiv ity to sorption, measureme nts of
distribut ion coefficie nts or retardatio n factors are required.
These may be specific to individua l solutes and organic compounds.
media.

No data are available for PCE in partially saturated
However, the range of estimated retardatio n coefficie nt

values for PCE was found by Durant and McKay (1985) to be about
5.39 to 27.34 in a stratifie d sandy aquifer.

This range of

values was used in the model, along with an average value of R
16.37.

=

The average estimated dispersio n coefficie nt of 30.45

cm2jd was used in each case.

Figure 8 shows that there is a

significa nt differenc e in the potential mass flux for varying
retardatio n coefficie nts.
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ANALYSIS OF EFFECT ON THE AQUIFER
To evaluate the significa nce of the discharge s from the
unsaturat ed zone,

a

two-dime nsional solute transport model QY

Wilson and Miller (1978) was used to predict PCE concentra tion in
the aquifer. The model applies to the case of solute injection at
a constant rate along a vertical line source.

The aquifer flow

field is assumed to be uniform and unidirect ional.
is homogene ous,

isotropic ,

The aquifer

infinite in areal extent, and has

finite thickness . Dispersio n is permitted in the longitudin al and
transvers e direction s to flow.
The model was applied to the field study area using aquifer
characte ristics provided to us by PNM.

For the analysis we

assumed the aquifer is 6.09 m thick, the hydraulic conductiv ity
is 1.0 m/d, the hydraulic gradient is 0.009, and the longitudin al
and transvers e dispersiv ities are 5.0 and 1.0 m,

respectiv ely.

The model may tend to overestim ate actual concentra tions owing to
dispersio n which will occur in the vertical direction in an
aquifer which is actually much thicker than 6.1 m.

Therefore ,

concentra tions near the source will be overestim ated,

because

actually the PCE which drains from the unsaturate d zone would be
spread out over a much larger area of the aquifer.

The model

options we selected neglected retardatio n effects, in order to be
conservat ive in the analysis.
To separate the impact of PCE now in the unsaturate d zone
from

that already present in the groundwa ter, the

Daniel B. Stephens and Associate s
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the analysis assumes that PCE presently in the

aquifer has been completely flushed from the system.

The PCE

loading rates to the aquifer were obtained from the previous
analyses of contaminant transport through the unsaturated zone.

Impermeable Cover
Concentratio ns of PCE in the aquifer are estimated for the
mass flux rates calculated for the two permeability cases used in
the drainage model analysis.

During the first 100 years,

mass

flux from the unsaturated zone averaged 5.8 x 10-1 and 6.0 x 10-5
kg/yr for permeability models 1 and 2, respectively (Tables 2 and
3).
for

Using these mass flux rates in the solute transport model
the aquifer,

the predicted PCE concentratio ns are on the

order of 5 x 10-6 and 3 x 10-4 mg/1

just one meter from the

source after 100 years, for the respective unsaturated conductivity conditions.

The maximum loading rate is calculated to be

6.9 x 10-5 kg/yr after about 80 years (Table 3).

At this rate,

the aquifer concentratio n of PCE would be less than about 4 x
10-4 mg/1, or 0.4 ppb, one meter down gradient from the point of
injection.

Native Cover
For this case,

the PCE loading was calculated using the

condition that infiltration will be 1% of precipitatio n and PCE

will arrive at the aquifer in solution at 150 mg/1.
For these assumptions,

the loading on the aquifer would be

Daniel B. Stephens and Associates
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0.0135 kg/yr.
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Computation s were carried out to 100 years, at

which time the concentratio ns
practically steady.

in the area of

interest were

The maximum extent of the 0.02 mg/1 PCE

concentratio n is predicted to be about 85 meters down gradient
from the present tank area.
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DISCUSSION
In summary, one of the principal objective s of our study was
to assess the effect on contamina nt transport of an impermeab le
surface cover that would restrict the rate of drainage from the
unsaturat ed zone to the aquifer. Two markedly different unsaturated hydraulic conductiv ity relationsh ips were applied in the
analysis.

In each case, the surface cover is clearly effective

in reducing seepage.

That is,

the effective ness of such a

surface cover is not sensitive to the unsaturat ed hydraulic
conducti vities described herein.

With a surface cover which

prevents infiltrat ion of precipita tion and surface runoff,

the

profile will approach a static equilibriu m condition with the
water table.
PCE)

In this condition , almost all contamina nts (ie.,

presently in the unsaturat ed zone would remain there. An

analysis was also made of the hypotheti cal situation where the
present asphalt and concrete near the tank deteriora ted and the
land area returned to native cover.

Under this scenario, a

dynamic equilibriu m flow condition exists and all PCE would
eventual ly be transport ed out of the unsaturat ed zone over
a time period in excess of 1000 years.

The mass fluxes calcu-

lated for the surface cover case are a few orders of magnitude
less than the peak loading rates predicted for the native cover
case.
The analyses applicabl e to the dynamic equilibriu m assumption of flow in the unsaturat ed zone provide worst-cas e results.

However, it must be emphasize d that there are a number of
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assumptions which were made that would tend to cause the actual
contaminant flux to be less than the calculated flux for these
hypothetical cases.

First, the land surface around the tank is

presently covered over much of the immediate area by asphalt and
concrete which restricts the natural infiltration .

As a result,

hydraulic gradients may be less than the assumed value of unity
and the profile may be approaching static equilibrium.

Second,

dispersion and sorption mechanisms have been ignored in the
unsaturated zone.

Third,

the actual area contributing contami-

nants to the aquifer may be approximatel y nine times smaller than
the area used for calculation s.

Fourth,

lateral spreading of

contaminants has been neglected.
The last two points cited above need clarification .

The

size of the areas containing most of the contaminants varies with
depth, as shown in Table 1.
stratificat ion,

Owing to capillarity, horizontal

and contrasts in the unsaturated hydraulic

conductivity between layers of slightly different texture, fluids
spilled from a point source often tend to migrate laterally from
the source.

The depths at which the contaminatio n is most

extensive are at 9 m and 15 m below the surface in the tank
area.

Below 15 m, the zone of contaminatio n becomes smaller; at

27 m, about 7 m above the water table, the area containing more
than 0.01 ppm of PCE is only 4.82 m2.

In our calculations , we

assumed that the crosssection al area through which PCE flowed
into the aquifer was 45.6 m2.

Thus,

our conservative estimate

for the cross-sectio nal area may over predict mass fluxes by
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nearly an order of magnitude .
Contrasts in unsaturate d hydraulic propertie s between layers
not only tend to cause lateral spreading , but they also cause the
effective average vertical unsaturate d conductiv ity to decrease.
Thus,

the actual rates of recharge and drainage would tend to

fall near the low end of the range of the calculatio ns.
In summary, taking into considera tion the numerous conservative assumptio ns,

the impact of PCE in the unsaturate d zone on

the aquifer could be even less than predicted herein, using the
maximum hydraulic conductiv ities for the case of a native cover
material.
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CONCLUSIONS
1.

For the sands at the site, the methods used to calculate

unsaturated hydraulic conductivity from moisture retention data
obtained in the laboratory are sensitive to small changes in the
specified parameter, WCR.
2.

At

the average field moisture content,

the rate of

natural recharge is estimated to range between about 0.01 and 1.0
cm/yr;

this range corresponds to about 0.08 to 5.0% of the mean

annual precipitatio n rate.
3.

For the hypothetical situation where the present surface

cover deteriorates and the land surface returns to native cover,
the time required to completely displace all the PCE by natural
infiitration is estimated to be on the order of a
years.

thousand

The time required to dissolve all the PCE in infiltrated

precipitatio n is approximatel y seven thousand years.
4.

With a surface cover {ie.,

asphalt or concrete)

in

place to prevent natural infiltration , practically all of the PCE
will be retained in the profile and only trace concentratio ns
would occur in the aquifer.
5.

Predicted levels of PCE concentratio n greater than 0.02

mg/1 in the aquifer would not extend more than 85 m down-gradien t
from the waste tank,

for

the probable worst-case condition in

which infiltration percolates through the unsaturated zone at a
rate equal to 1% of the mean precipitatio n rate.
6.

The distribution of mass flux of PCE inflow to the

aquifer from the unsaturated zone is very sensitive to sorption
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Dispersive mechanisms diminish the peak

Both sorption and dispersion in the unsaturated

zone were neglected in order to determine worst-case impacts to
the aquifer.
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