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ABSTRACT

Past disposal practices of Trichoroethylene (TCE) and other halo-
genated hydrocarbons have resulted in the contamination of groundwater in
part of the Tucson Basin, Tucson, Arizona. At the Carranza site, known
to overlie a TCE groundwater contamination plume, a nest of gas sampling
piezometers was constructed to measure the vertical distribution of TCE
vapor in the vadose zone. The distribution of TCE vapor in the vadose
zone was found to be nonmonotonically decreasing from the water table to
the atmosphere. To investigate this TCE concentration profile, simula-
tion studies were performed using the Discrete State Compartment model to
test various hypotheses concerning the transport mechanisms of TCE vapor
in the vadose zone.

The studies showed that unless a high permeable column by which
diffusing gas could by-pass low permeable layers was included in the
simulation molecular diffusion alone could not produce the concentrations
measured at the Carranza site. The simulation also showed that a nonmono-
tonic concentration profile similar to thg measured concentration profile
could be produced if multiple sources are assumed in the vadose zone.
Soil gas advection by barometric pressure fluctuations was shown to
increase concentrations at all depths in the vadose zone but the effect
was minor compared with the effect of the high permeability column by-

pass for TCE diffusional transport.
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CHAPTER 1
INTRODUCTION

In recent years a growing concern has developed over contamination
of groundwater resulting from past discharges of Volatile Organic Com-
pounds (VOCs) into unlined pits and dry wells. Of major concern are
halogenated hydrocarbons, such as trichloroethylene (TCE), because of
their suspected carcinogenicity. TCE occurs more frequently and at
higher concentrations than any other pollutant in the United States
groundwater supplies (Dyksen and Hess, 1982). TCE contamination caused
the closure of wells in the Tucson Basin by the Tucson Water Department
(Montgomery et al., 1984). An evaluation of the vadose zone concentra-
tion of TCE associated with the Tucson Basin plume is the subject of this

study.

Problem Definition

When sufficient quantities of VOCs are discharged into the vadose
zone, downward percolation of the VOC's tohthe water table can be ex-
pected. Once at the water table the VOCs mix with the groundwater and
are carried with the groundwater down the hydraulic gradient. This
transport mechanism would allow the VOC's to be carried away from the
original site of contamination. However, because VOC's have a high vapor
pressure, they tend to volatilize out of the groundwater and into the
vadose zone, eventually reaching land surface.

1



In the above scenario the groundwater would be the source of the
VOCs in the vadose zone. If the only process transporting the VOCs
upward is gaseous diffusion, a monotonically decreasing concentration
gradient would occur. This concentration gradient would allow the delin-
eation of contaminant plumes in groundwater by shallow soil gas measure-
ments.

A monotonically decreasing concentration gradient of TCE was not
found in this study at the Carranza site or by Marrin (1984), whose study
was near the Carranza site. Although the highest concentrations of
TCE were found nearest to the water table, the lowest concentrations
were not found nearest to land surface. Evidently, the vertical distri-
bution of TCE in the vadose is controlled by more than vertical gaseous
diffusion. Other factors need to be considered including lateral dif-
fusion, soil gas advection, soil water distribution and movement, and
vertical and horizontal inhomogeneities in the vadose zone.

The objective of this study is to develop insight into the tran-
sport mechanisms of TCE in the vadose zone that could produce a nonmono-
tonic concentration profile. Computer simulations are used to test
various hypotheses concerning the transport mechanisms of TCE in the
vadose zone. Conclusions reached from the computer simulations will aid
understanding, and prehaps predicting, the distribution of VOCs in the
soil environment.

BACKGROUND

Recently other soil gas studies have been done that are of direct

interest to this study. Marrin (1984) conducted a soil gas study at the

Tucson International Airport (Figure 1.1), in Tucson, Arizona, directly
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adjacent. to the Hughes Aircraft Company. Shallow soil gas samples

(< 2 m deep) were collected from hollow steel probes driven into the soil
and then analyzed to determine the relationship between VOC concentration
in soil gas of the vadose zone and groundwater. The groundwater samples
were obtained from five observation wells. Four vertical borings were
drilled to the water table to obtain profiles of the soil gas concentra-
tions, air porosity, and water saturation. Analyses of the VOCs were
made on site by a gas chromatograph mounted in a van.

Thomson (1985) also studied the vertical distribution of VOCs in
the vadose zone. The study was performed at a well five meters from the
Carranza study's gas-sampling piezometer nest. Thomson's vertical boring
was drilled with a hollow stem auger. Drilling was interrupted at inter-
mediate depths for soil gas samples to be collected by drive-point
screens that were driven or buried in the hole. Analyses of samples was
done on site by a gas chromatograph mounted in a van. The vertical
boring was not backfilled at completion of the study but was capped.

A comparison of the vertical distribution of TCE concentrations in
the soil gas from this and other studies is shown in Table 1.1. The
values from Marrin (1984) are higher becauSe of closer proximity to the
contamination source. It can be seen that only the Thomson study meas-
ured a soil gas concentration profile that decreased monotonically upward.

The study site (Figure 1.1), called the Carranza site after a
former owner, is located at 7019 South Sixth Street, Tucson, Arizona.

The site is known to overlie a VOC contaminated aquifer. The Carranza
site is located 1 kilometer northwest, and down the regional groundwater

gradient, from the Hughes Aircraft Company (HAC) near the Tucson Interna-



TABLE 1.1
Vertical distribution of TCE in the soil gas of the vadose zone for
different studies. All concentrations are in ug/l. WT is the depth
of the water table.
Carranza Thomson Marrin (1984)
study * (1985) Boring Number
depth (m) 80 175 310

1.5 0.013

1.8 0.001 0.003 0.120

3.0 0.019 0.006

7.5 0.005 0.020

7.7 0.010

8.0 0.040 0.530

13.5 0.008

13.8 0.016

14.2 2.40

15.0 0.090

17.2 : . 0.098

20.3 0.012

21.0 0.575

26.5 0.012 1.00

27.0 9.00

30.0 WT WT

32.6 0.006 0.220

33.5 Wt

35,7 0.007

36.2 WT

37.5 WT

* Concentrations reported are mean values of 23 samples.



tional Airport. From 1951 to 1977 the HAC had been disposing a variety -
of Tiguid wastes in pits, lagoons, and trenches. It was determined that
TCE and other VOCs were constituents of the wastewater discharged and

that these pollutants found their way into both perched water layers and

the regional aquifer (Hargis and Montgomery, 1982).

Data Collection and Analysis

To characterize the concentration profile of VOCs in the soil gas
at the Carranza site, a vertical nest of air piezometers/gas samplers was
constructed. Five permanent samplers were installed in a single auger-
drilled borehole at depths 1.5, 3.0, 7.5, 13.5, and 22.0 meters below
land surface. Each sample point was surrounded by 20-mesh silica sand
and 0.60 m seals of concrete grout were emplaced above each point to
prevent vertical movement between the stations. During drilling, soil
samples were collected with a splift spoon and later analyzed for moisture
content, texture, and partical size distribution. Figure 1.2 gives the
stratigraphic description and location of samplers.

Gas samples were collected through 0.32 cm stainless steel tubing
fitted with a 1.27 cm diameter copper screen at the tip, and a shutoff
toggle valve and hose connector at the surface. A peristaltic pump was
used to bring the gas sample to land surface. A syringe sample was then
taken from the sampling line. The samples were then transported to the
University of Arizona, located 15 kilometers north of the study site.
After a one- to four-hour period after sample collection, the samples
were then injected into a Varian 3700 series gas chromatograph, equipped

with an electron capture detector. The column used was a 1/4-inch 0.D.



Depth
I nterval

(m)

Geologic Description

Sampler
Location

0-2.4

2.4 - 6.4

6.4 - 6.7

6.7 - 9.7

9.7 - 11.6

11.6 - 16.1

16.1 - 21.6

21.6 - 21.9

21.9 - 26.5

26.5 - 28.0

Silty, clayey, gravelly Sand.
Medium dense, light brown to tan.

Sandy, silty Clay.
to moist, tan.

Hard, dry

Gravel zone.

Clay. Hard, dry, tan to white,
moist in lower two feet.

Silty, fine Sand. Dense, moist, tan.

Sandy Gravel. Dense, dry, coarse,
clean. Sandier in lower part.

Clayey, fine to medium Sand.
Medium dense, damp, brown.
grading to

Fine sandy Silt. Hard, moist, tan.

Silty, fine Sand. Dense, moist, tan.

Silty Clay. Stiff, moist, brown.
grading to

Silty, Sand. Medium dense, moist,

brown.

Fine sandy Clay. Stiff, very moist,

e s+ ¢ — e

e — —— o}

254 -

light brown. —~ — -3

:".O.’. ?"0 K . .°'.' v .d

28.0 - 30.0  Sandy Gravel. Dense, saturated. 982 .._'41:-,‘3:
0.5.95..00°
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Figure 1.2.

Stratigraphic description and location of gas samplers

at the Carranza Site.




10-foot, 10% SP2100 on 60/80 mesh Supelcoport. A Nafion desiccant system
was used. Standards were run concurrently with gas samples. The halo-
carbons analyzed for were: chloroform, carbon tetrachloride, tetra-
chloroethene, and trichloroethene (TCE).

A relative pressure of subsurface gases was measured in the air
piezometer by an inclined manometer, with a sensitivity of 0.25 mm mercury.
Each piezometer tip was fitted with a thermistor whose coaxial lead was
taped the entire length of the tubing. Temperature was measured over
time with a thermistor calibrated to a temperature sensitivity of
0.1 °C. Meteorologic data were obtained from the National Weather

Service Station located at the Tucson International Airport.



CHAPTER 2

TRANSPORT OF TCE IN THE VADOSE ZONE

Introduction

Transport of TCE in the vadose zone could occur by many different
processes. Transport in the gaseous phase could occur by diffusion or
advection of the soil gases. TCE could also be transported as a solute
in percolating water. Chemical properties of TCE such as water solu-
bility, critical temperature, molecular weight and size, vapor pressure,
coefficient of molecular diffusion, and polarity come into play in deter-
mining the magnitude of the mass flux of TCE by each of these transport
mechanisms. Also important are properties of the porous medium such as
water and organic content, grain size distribution, and porosity. Clima-
tic conditions such as temperature, rainfall, and barometeric pressure
can also affect the mass flux of TCE. Computer simulations incorporating
these factors were made to estimate their relative importance in deter-

i

mining the magnitude of TCE movement at the Carranza site.

Molecular Diffusion and the Effective Diffusion Coefficient

Molecular diffusion is defined as the net flux of a gas from a
region of higher concentration to one of a Tower concentration resulting
only from thermo-kinetic motion of gas molecules. It is analogous to the
conductive of heat in solids in response to thermal gradients. Fick

9
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recognized this and adapted the mathematical equations for heat conduc-
tion to quantify molecular diffusion (Crank, 1975). Fick's first law of
diffusion, in one dimension, states that in an isotropic medium the rate
of transfer of the diffusing gas through a unit area of a section is

proportional to the concentration gradient measured normal to the sec-

tion, or
F = - D dC/dx (2.1)
where
F = the mass flux per unit area in the x-direction,
D = coefficient of molecular diffusion,
C = concentration of diffusing gas,
X = direction along which diffusion occurs.

Fick's second law of diffusion incorportates the first law into

the continuity equation to obtain in one dimension,

aC/ ot = D 32C/ Ax2 (2.2)
where t = time.

In equation 2.1 and 2.2 the coefficient of molecular diffusion,
D, is assumed independent of concentratioﬁ.

The general diffusion coefficient, D,,, describes the diffusion
of gas, A, into another gas, B. Slattery and Bird (1958) used simplified
kinetic theory and corresponding state arguments to develop an equation
for the binary and self diffusion coefficients for non-polar gases into
air (Weeks et al., 1982). Even though TCE is slighty polar it will be
considered non-polar and its general diffusion coefficient will be

calculated from the following equation of Slattery and Bird (1958),
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Dap = [(Pcapcb)l/3 (TcaTc:b)s/12 (1/My + 1/Mb)1/2/ P] *

a [ T/ (TgaTep)t/2P (2.3)
where
Dap = general diffusion coefficient (cm?/sec),
Pc = critical pressure for gas a or b (atm),
T. = critical temperature for gas a or b (°K),
M = molecular weight of designated gas (g/ mole),
P = prevailing pressure (atm),
T = prevailing temperature (°K),
a = 2745 x 10% (a constant),
b = 1.823 (a constant).

Self diffusion of gases in open vessels and self-diffusion in
porous media are different because the tdrtuosity of paths and changes in
cross-sectional area of paths in porous media. A reduction in cross-
sectional area will act as an impedance to diffusion. This impedance is
often referred to as the tortuosity factor. Equation 2.4 illustrates the
relationship between the general diffusion coefficient, Dy, tortuosity
factor, B, and the effective diffusion coefficient, De. Do relates to
the diffusion of a nonreactive gas through a porous medium.

Dy = Dyp * B8 (2.4)

Many investigators have proposed general relationships between
the tortuosity factor and drained and/or total porosity. Weeks et al.
(1982) gave a partial 1ist of these relationships which is presented in

Table 2.1. They concluded relationships based only on drained and total



TABLE 2.1
Partial Tist of published expressions relating
tortuosity to air-filled (n,) and total porosity (n)
of medium (Weeks et al., 19§2).

Tortuosity Factor

Investigator Dry Wet.
Buckingham n n,

Penman 0.66 0.66

van Bavel 0.6 0.6

Marshall na1/2

Millington n /3 ny*/3(n /n)2
Wesseling 0.9 n; - 0.1
Grable and Siemer 5.25 naz°36

Currie nl/2 ("a/")4

de Jong and Schappert A 0.31 - 0.59(n - ny)
Lai et al. "a4/3

Alberston 0.777 (ny/ n) - 0.274
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porosity were inadequate and that pore geometry, pore size distribution,
and the nature of the pore interconnections of the medium must be
considered. Only the relationships proposed by Millington and
Marshall in Table 2.1 incorporates theoretical pore size distribution
models (Weeks et al., 1982).

Weeks et al. (1982) also proposed a }e1ationship between D,
and Dy It included gas adsorption onto soil particles and absorption
of gas into the liquid phase and is,

De = ng B8 Dap/ [ng + (n = ny) oy Ky + ps(l = n) Kg]  (2.5)
where

ng = air porosity,

n = total porosity,
Ky = liquid/gas distribution coefficient,
Kg = gas/liquid/solid distribution coefficient.

Advective Gaseous Flow

Advective flow of gases, also known as forced diffusion, is the
movement in response to a gradient of total gas pressure and results in
the entire mass of soil gas streaming from a zone of higher pressure to
one of lower pressure. Advective flow of gases is similar and dissim-
ilar to the flow of water in porous media. Water is relatively incom-
pressible compared to air, which is highly compressible, so that air's
density and viscosity are dependent on pressure and temperature of the
system. The similarity is that both air and water flow are impelled by
and proportional to a pressure gradient (Hi1lel, 1980). Hillel (1980)

states that it is possible to describe the convective flow of air in the
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soil as an equation analogous to Darcy's law for water flow, as follows,
q = -(k/x) dP/ dx (2.6)
where

q =volumetric convective flux of soil gas per unit area in
the x-direction,

k =permeability of the air-ksfilled pore space,
X = viscosity of the soil gas,

P = pressure of the convecting soil gas,

X = direction along which convection occurs.

If the soil gas is assumed an ideal gas and pressure differences
are small the nonsteady state flow of a gas through porous media has been

presented by Hillel (1980) as,

P/ Ot = o 02P/ 0x2 (2.7)
where
P = pressure,
a = composite constant [Lz/ T].

Phenomena that can cause pressure differences in soil gas are
barometric pressure changes, temperature gradients, wind gusts over soil
surfaces, recharging water, fluctuations gf a water table, and extraction
of soil water by plant roots (Hillel, 1980). Pressure differences could

also be induced by the soil gas sampling procedure.

Advection of Soil Water

Movement of water in the vadose zone can occur by saturated or
unsaturated flow. Soil water can move vertically, horizontally, or in

some combination depending on the forces acting on it. The water could
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also act as either a source or sink for TCE in the vadose zone depending.
on the origin and history of the water. Possible sources of soil water
at the Carranza site include rainfall, recharge from the Santa Cruz
River, and liquid wastes. The effect on the soil gas profile depends on
the chemical constituents and direction of movement of the recharged
waters. Water moving through a system will tend to come into equilib-
rium with that system. Water with little or no TCE in solution would
act as a sink drawing TCE out of the soil gas. The opposite would be
true of waters with high concentrations of TCE compared to that in the
soil gas.

The presence of perched water tables may also affect the concen-
tration profile of TCE. Perched water tables are areas of saturation
with unsaturated conditions existing both above and below. The occur-
rence of low-permeability clay layers in .high-permeability sand formation
can lead to perched water tables (Freeze and Cherry, 1979). This occurs
because clay is less permeable than sand.

A zone of saturation could affect the TCE concentration by acting
as a barrier, retarding, or even completely stopping vertical diffusion
because of the lack of air pore space. wh;n a local restrictive layer is

encountered by a diffusing gas, a horizontal concentration gradient could

be produced.

Distribution of TCE between the Gas, Liquid, and Solid Phases

Gases diffusing through the vadose zone will interact with the

liquid and solid phases of the soil. Gases will dissolve into the
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liquid phase and adsorb onto the solid phase. The distribution of TCE
depends on the interactions of the gas, liquid, and solid phases and
includes solubility, adsorption, moisture content, organic content, and
clay content. Table 2.2 gives a list of some of the properties of TCE.
Solubility of a gas is the maximum amount that will dissolve in
pure water at a specific temperature and pressure. More important for
gases is Henry's law, equation 2.8, which states that the mass of a
slightly soluble gas that dissolves in a definite mass of a liquid at a
TABLE 2.2

Some properties of TCE

Property

Molecular Weight 131.4
State at 25 °C, 1 atm. liquid
Melting Point, °C, 1 atm. -73.0
Boiling Point, °C, 1 atm. 87.0

Solubility in water (mg/1) 1100
at 25 °C, 1 atm.

Critical Pressure (atm.) 48.3
Critical Temperature (°Kf' 574.0
Vapor Pressure 25 °C, (atm.) 0.0631

Gas/Liquid Distribution Coef. 0.35
(ug/1 of gas)/(ug/1 of water)
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given temperature is very nearly proportional to the partial pressure of
that gas. This holds for gases which do not react chemically with the

solvent. Henry's law is,

Kyvoc = [VOC]/ Pvoc (2.8)
where
[VOC] = aqueous concentration of VOC,
Pvoc = partial pressure of VOC,
Kyvoc = gas/liquid distribution coefficient of the VOC.

The adsorption process is a physical or chemical bonding between
the solute and the solid substrate. It is a surface phenonemon and may
be significant in clays because of their high specific surface areas,
and in soils with high organic matter (Lyman et al., 1982).

In the Carranza study the partioning of TCE among the three phases
will be described by the air/soil distribution coefficient, Kg, defined
by Marrin (1984) as the ratio of the halocarbon concentration in the
headspace (air) of the reaction vial and the halocarbon concentration in
the soil/water fraction of the reaction vial at equilibrium. The air/soil
distribution coefficient lumps together the effects of solubility and
adsorption. Table 2.3 lists the values fo; Kg calculated from laboratory

experiments by Marrin (1984). The values of Kg as a function of degree

of saturation were incorporated into the simulations.
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TABLE 2.3

Air/soil distribution coefficient ) for TCE measured
over varying degrees of saturation f Marrin, 1984).

Degree of
Saturation Kg
0% 0.0

20% 0.043
40% 0.14
60% 0.96
80% 0.90
100% 0.16

Relative Importance of Parameters

Molecular Diffusion

In simulating the distribution of TCE in the vadose zone at the
Carranza site the mass transfer of TCE by molecular diffusion was based
on Fick's second law, equation 2.2.

Mass transfer of TCE vapor resulting from thermal gradients was
not considered in the simulations beéause 6f the small temperature
gradients (Table 2.4) measured during the Carranza study.

Counter diffusion effects resulting from evaporation of soil
water and surface wind action were not considered in the model. These
effects are only important in the first meter or two below land surface

(Weeks et al., 1982).



TABLE 2.4

Average temperatures and standard deviations measured at
the.Carranza site at depths of the gas sampling apparatus
during the months of August and September, 1984. Listed
temperatures are averages of 23 samples.

Depth (m) Temperature (°C) Standard
: Deviation (°C)
1.5 26.9 0.19
3.0 24.5 0.03
7.5 22.1 0.01
13.5 23.0 0.00
22.5 23.9 0.00

Effective Diffusion Coefficient
The effective diffusion coefficient, De, used in the model was
calculated as follows from the soil water content data, estimations of
porosity, and the general diffusion coefficient.

The water content, W., can be described by the following

equation:

W, = mass water/ mass solids (2.9)
and .

mass water = Vol (n - Na) oy (2.10)

mass solids = Vol (1 - n) pg (2.11)
where

Vol = total volume,

n = total porosity, ratio of pore volume to total volume of soil,
ng = air porosity, ratio of volume of gases to total volume of soil,
Py = density of water,

density of solids.
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Substituting equations 2.11 and 2.12 into 2.10 and rearranging
yields:

Vol (n - ng) py = W, Vol (1 - n) pg (2.12)
Solving for n, gives

ng =n = [ (1= n) (ps /o7)] (2.13)
In calculating values of n,, pg was assumed equal to 2.65 g/ cm® and Pw
was assumed equal to 1.00 g/ cm3. Porosity values were estimated from
values listed in Freeze and Cherry (1979), and from the grain size dis-
tribution (Table 2.5), calculated by sieve analysis from soil samples col-
lected during drilling.

The general diffusion coefficient, Dap» was calculated from

equation 2.3 to be 0.090 cmz/ sec, using the following values,

Pcair = 37.03 atm,

Tcair =131.9 °K,

Mair = 28.97 g/ moles,

P. TCE = 48.30 atm,

To TCE = 574.0 °K,

M TCE = 131.4 g/ moles,

P = 0.92 atm, "‘
T = 293.0 °K,

To estimate Dy from D, the following equation proposed by
Millington (1959) was used,

De = (na/ )2 ng*/3 gy (2.14)
Equation 2.15 incorporates a pore size distribution and accounts for the

change in D, at Tow values of air porosity.



TABLE 2.5

Grain size distribution for different depths at the Carranza site.

Depth (m) % gravel % sand % silt and clay
1.5 7 36 57
3.0 20 33 47
4,5 5 55 40
6.0 4 37 59
7.5 1 31 68
9.0 57 15 28

10.5 3 64 33
12.0 57 36 7
13.5 29 64 7
15.0 48 44 8
16.5 23 58 19
18.0 6 20 74
19.5 4 44 52
21.0 0 43 57
22.5 1 . 28, 71
24.0 3 64 33
25.5 2 82 16
27.0 0 35 65
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This equation also assumes that the diffusing gas has a low solubility in

water., Values of Wes Nz, n, and De for various depths are listed in

Table 2.6.

Apparent Diffusion Coefficient

The effective diffusion coefficient, Da, can be used for dif-
fusion of nonreactive gases through porous media. Practical cases of
nonreactive gases in the presence of soil water are hard to find. When
the diffusing gas reacts with either the solid phase or liquid phase of
the soil, an apparent diffusion coefficient, Dy, must be used. D, is

related to Do by the following equation,

Dz = De * R (2.15)
with

R = Volgag/ Volgq (2.16)
and

VO]eq = V°]gas + (VO]]iq + VO]SO] )/ KS (2.17)
where

R = retardation factor,

= volume of gas in a unit volume, |,

Vo]gas

Volh-q = yolume of liquid in a unit volume,

Volgo) = volume of solid in a unit volume,
Vol = space available in a unit volume of soil for TCE to be in the
gas phase, adsorbed on the solid phase, or absorbed into the

1iquid phase.

eq

The retardation factor, R, is so called because the sorption/de-
sorption of a diffusing gas with the porous media will slow or retard

the rate of diffusion. The magnitude of retardation of the diffusing



Values of water content (W.), porosity (n), air-filled porosity (ng)

degree of saturation (S), air/soil distribution coefficient (Kq), an
effective diffusion coefficient (D

TABLE 2.6

el

Depth (m) W, n Ny S Ks De (mé/day)
1.5 0.05 0.35 0.26 0.26 0.30 7.12 E-2
3.0 0.02 0.35 0.32 0.10 0.40 1.42 E-1
4.5 0.03 0.30 0.24 0.20 0.04 7.43 E-2
6.0 0.08 0.20 0.03 0.85 0.50 1.63 E-4
7.5 0.12 0.30 0.08 0.73 0.92 1.91 E-3
9.0 0.06 0.30 0.24 0.20 0.04 7.43 E-2

10.5 0.14 0.30 0.04 0.87 0.50 1.89 E-4

12.0 0.03 0.30 0.24 0.20 0.04 7.43 E-2

13.5 0.03 0.30 0.24 0.20 0.04 7.43 E-2

15.0 0.03 0.30 0.24 1 0.20 0.04 7.43 E-2

16.5 0.11 0.25 0.03 0.88 0.50 1.04 E£E-4

18.0 0.13 0.30 0.06 0.80 0.90 7.31 E-4

19.5 0.16 0.35 0.07 0.80 0.90 8.98 E£-4

21.0 0.17 0.35 0.06 0.83 0.90 5.37 E-4

22.5 0.16 0.35 0.07 0.80 0.90 8.98 E-4

24.0 0.09 0.30 0.13 0.57 0.90 9.62 E-3

25.5 0.06 0.30 0.19 0.37 0.13 3.41 E-2

27.0 0.13 0.30 0.06 0.80 0.90 7.31 £-4

d
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gas depends on the ratio of the mobile gas phase to the immobile liquid
and solid phase plus the mobile gas phase. TCE does not partition among
the three phases equally but according to the air/soil distribution
coefficient. The Voleq represents space available in a unit volume of
soil for TCE to be in the gas phase, adsorbed on the solid phase, or

absorbed into the liquid phase.

Advective Gaseous Flow

Advective gaseous flow in the vadose zone could occur because of a
fluctuating water table, a moving wetting front from recharged water,
barometric pressure fluctuations, or be induced by the soil gas sampling
apparatus.

The effect of fluctuations in the elevation of the water table
are likely to be unimportant if the water table is deep and fluctuations
are minor. Freeze and Cherry (1979) have summarized the mechanisms that
lead to fluctuations in groundwater levels. Fluctuations of the water
table have not been documented at the Carranza site and were not in-
cluded in the simulations.

If rainfall is of large areal exteqt and magnitude it could
create pressure changes and advective gaseous flow in the vadose zone by
a capping effect caused by a decrease in air porosity. Recharging water
would cause a decrease in air porosity and an increase in the soil gas
pressure where soil gas is displaced by recharging water. Precipitation
and changes in TCE concentrations at the Carranza site during the months

of August and Sepetember, 1985, showed no discernable correlation. Any
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effect rainfall might have on the TCE distribution in the vadose zone waé
not included in the computer simulations.

The barometric pressure change over a six-hour period at land
surface and at various depths (Figure 2.1) was measured at the Carranza
site with an inclined barometer, the same one used by Weeks (1978) to
determine vertical permeability to air in the vadose zone.

The effect of a diurnal barometric pressure change was simulated
by superimposing its effect over a diffusing system. The mass transfer

by barometric pressure changes was calculated by using the ideal gas

law,
PV=nRT (2.18)
where
P = pressure,
V = volume,
n = number of moles of gas,

T

absolute temperature,

R

universal gas constant per mole.
If over a length of time, the barometric pressure changes from P; to Py,
then p
PiyVi/nRT=PpVa/ nRT (2.19)
If n and T are assumed constant equation 2.20 reduces to,
PL Vy =Py Vs (2.20)
If Vq is taken to be a unit volume of soil gas the volume change, Vi -

Vo, produced by the barometric pressure change, P; - Py, can be calcu-

lated. This volume change can be considered the volume of air moving
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10-13-84 at land surface (circles), at a depth of 7.5 m
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in to or out of the unit volume of soil due to the barometric pressure
change.

In the computer simulation, Pl = 0.999 bars, Pp = 0.995 bars,
and Vi = 27.4 m3 * 0.14, where 0.14 is the average air porosity calculated
from Table 2.6. Vq and Vo were calculated considering a column of soil
of area 1 mé with a depth of 2}.4 me Inserting these values into
equation 2.19 and solving for V1 - Vo a value of 0.014 m3 is calculated
for the volume of air moving in to or out of the 27.4 m3 of soil.
Barometric pressure fluctuations were incorporated into the simulations
in this fashion.

Induced movement of soil gas by collection of samples was held to
a minimum by keeping sample volumes to a minimum. The largest amount
sampled was equal to three times the volume of the longest sampling 1ine
length, approximately 300 ml. Turin (1986) checked for interconnections
between sampling stations at the Carranza site by comparing two different
sampling techniques including the one described above and another that
pumped relatively large volumes of soil gas before sampling. He found that
only when pumping large amounts of soil gas at the deepest station did a

f

mixing of soil gas of this station occur with that of a shallower station.

Advection of Water

Advection of water was not considered in the simulation of the
Carranza site. No datum was available on advection of water or whether
the moisture profile was changing during the study. Water content
values, determined from split-spoon samples during drilling, were

considered constant in the simulations studies.
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Hargis and Montgomery (1982) found, in the vincinity of the Tucson
International Airport, perched water tables up to 405 km? in area and
from 0.5 to 1.5 meters thick, at depths of 15.2 to 21.3 meters below land
surface. The layers supporting the perched water tables consisted of
sandy clay and clay. Marrin (1984) found saturated zones at depths below
17.2 meters. He believed this was a possible cause for his anamolous
soil gas concentration profile and that air porosity of the porous media
was the most important parameter in determining the effective diffusion
coefficient. Perched water tables are taken into account in the simula-
tion by using a low air porosity value in calculating the effective

diffusion coefficient for depths at which air porosity was small.



CHAPTER 3

DISCRETE-STATE COMPARTMENT MODEL

Introduction

The Discrete-State Compartment (DSC) model is a discretized ver-
sion of the cells-in-series (CIS) models first developed by chemical
engineers (Himmelblau and Bischoff, 1968). The CIS models are solved by
obtaining analytical solutions of the governing differential equations
and are limited to a few relatively simple cases. The DSC model allows
for nonuniform compartment characteristics and is solved by iteration of
a recursive mass-balance equation. Dr. E. S. Simpson, of the University
of Arizona, first programmed the DSC model on a Wang desk-top calculator
in 1971. The original program code was written in Fortran IV by M. E.
Campana (1975) and has since been modified in Fortran 77 for the purpose
of execution on personal computers.

The DSC model is powerful because of its flexibilty and ability to
be run on personal computers. The DSC modél is flexible because the
hydrologic system being modeled is discretized into a network of inter-
connected compartments. Each compartment can vary in all physical para-
meters, including porosity, air porosity, water content, and distribution
coefficients. The network of compartments can be arranged in 1-, 2-, or
3-dimensional arrays. Volumes of individual compartments can differ from
one to another, and the volume of individual compartments can change, if

29
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need be, from one iteration to the next. Inputs to and outputs from the
model can be made from any compartment and inputs can vary with time
(i.e., from one iteration to the next). The DSC model tracks the move-
ment of a numerical tracer through the network of compartments by itera-
ting a recursive mass-balance equation. A concentration gradient can
exist among compartments, but in each individual compartment the numeri-
cal tracer is completely mixed, hence the DSC model is also termed a
"mixing-cel1" model. Radioactive decay, first-order chemical reactions,
and age distribution are included in the DSC model. The DSC model is
programmed for use on a personal computer which saves time and money
because use of a mainframe computer is not needed. The DSC computer code
is easy to understand and additional features can be easily added to the

model.

Operation of the DSC Model

The common starting point in describing the transport of gases
in porous media is to consider the mass flux of a solute into and out of
a fixed elemental volume within the hydrologic system. A conservation of

mass equation for this elemental volume would be

net rate of flux of flux of loss or gain
change of mass = solute out - solute + of the solute
of solute of the into the mass due to
within the element element element reactions

The transport processes that control the mass flux through the
elemental volume in the DSC model are advection and diffusion. The DSC
model solves the conservation of mass equation by employing two different

subroutines, one subroutine for the advection component and another for
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the diffusion component of the mass flux. The advective subroutine is
appropriate when the movement of fluid and solutes from one compartment
to another occurs as the result of a fluid velocity field. The diffusion
subroutine is appropriate when solute movement occurs because of the
presence of concentration gradients. The two subroutines can be combined
for applications where both processes occur simultaneously.

The basic equation used by the DSC model is a conservation of mass
equation written so that inputs, outputs, and sources and sinks within
compartments are combined, and is,

S{x,n+1) = S(x,n) + BRV(x,n) * BRC(x,n)

- BDV(x,n) * BDC(x,n) = R(x,n) (3.1)
where
S(x,n) = the mass of solute in compartment x at iteration n,
BRV(x,n) = the boundary recharge volume (input volume of
fluid to compartment),
BRC(x,n) = the boundary recharge concentration (input
concentration of solute),
BDV(x,n) = the boundary discharge volume (output volume of fluid
from compartment),
BDC(x,n) = the boundary discharge concentration (output
concentration of solute), "
R(x,n) = the sum of solute sources (positive) and/or sinks

(negative) within the compartment.
A11 terms of equation 3.1 are known or assigned except the bound-
ary discharge concentration, BDC. Two different mixing algorithms are
available to solve for the BDC in the advection subroutine and the diffu-

sion subroutine and are described in the following sections.
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Advection Subroutine

Movement of substances from one compartment to another by advec-
tion can be solved by the DSC model using two different algorithms. Each
algorithm solves for the BOC of a compartment, which is necessary for the
mass balance equation. The first algorithm is termed the simple mixing
cell (SMC) and is described by the following equation,

BOC(x,n+1) = [S(x,n) + BRV(x,n) * BRC(x,n)]1/

[VOL(x,n) + BRV(x,n)] (3.2)
where Vol(x,n) = the volume of compartment x at iteration n.

The BDC is calculated by assuming that at each iteration the
compartment walls expand to accomodate the incoming fluid (Figure 3.1,
upper illustration). The incoming fluid is then completely mixed with
the fluid of the compartment. The compartment then contracts to its
original volume discharging an equal volume of fluid from the compartment
to other compartments inside the system, or to the outside environment.
The BDC will be equal to the concentration of the substance in the
compartment at its expanded condition. The algorithm may be described as
a input-mix-output process.

The second algorithm is terméd the'ﬁodified mixing cell (MMC) and
is described by fhe following equation,

BDC(x,n+l) = S(x,n)/ VOL(x,n) (3.3)

The MMC algorithm assumes that the incoming fluid first displaces an

equal volume of fluid (Figure 3.1, Tower illustration), and then mixes
with the remaining fluid in the compartment. The BDC will be equal to
the substance concentration of the compartment at the given iteration.

The algorithm can be described as a input-output mix process.
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Figure 3.1. Stepwise operation of two advection algorithms by
DSC model (Rasmussen, 1982).
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Exchange Subroutine

The exchange algorithm allows for modeling mass transfer of solute
without net fluid transport. There are two algorithms for exchanges.
With the SMC algorithm, a volume of fluid and tracer is first moved from
one compartment and mixed with the next (Figure 3.2, upper illustration).
After mixing, an equivalent amount of fluid is moved back to the original
compartment and mixed. The operation would be an input-mix-output-mix
algorithm. The operation can be described analytically by taking the
difference between the mass transported from the first compartment to the
second compartment and subtracting the mass transported back from the

second compartment to the first as indicated below:

My = Ri * S(1,n) / VOL(1,n) (3.4)
Mo = Ri * (M + S(2,n)) / (Ri + VOL(2,n)) (3.5)
M = Ml - Mo . (3.6)

Ri * [S(1,n)/vOL(1,n)] - [S(1,n)/
VOL(1,n) +S(2,n)]/ (Ri +VOL(2,n)) (3.7)
where

Ri

the exchange volume, which is the volume transported from .
the first compartment to the second and then back to the first,

Ml = the mass transported from compartment 1 to compartment 2,
My = the mass transported from compartment 2 to compartment 1,
M = the net mass flux between the two compartments.

The second option is the MMC algorithm. The MMC operation exchan-

ges equal volumes of fluid before mixing (Figure 3.2, lower illustra-
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tion). The procedure would be an input-output-mix-mix process, calcu-

lated by:
M1 = Ri * S(1,n)/ VOL(1,n) (3.8)
Mp = Ri * S(2,n)/ VOL(2,n) (3.9)
M = Ri * S(1,n)/ VOL(l,n) - S(2,n)/ VOL(2,n) (3.10)

Barometric Subroutine

A separate subroutine to handle mass transport by barometric
pressure fluctuations was incorporated into the DSC model. Based on
equation 2.20 the volume of air moving into or out of a unit volume of
soil at land surface due to barometric pressure fluctuations was calcu-
lated. The volume of air moving was assumed to decrease linearly with
depth and was zero at the water table. The mass transfer between com-
partments was calculated by the following equation.

mass = volume * conc (3.11)
where
mass = mass of substance transported between compartments,

volume = volume of soil gas calculated to be displaced between
compartments by the barometric presure fluctuation,

conc = concentration of substance in volume of soil gas displaced.

Applications of the DSC model

The DSC model has been applied in many different situations.
Campana (1975) used carbon-14 age distribution in a portion of the Tucson
Basin aquifer to calibrate a 3-D steady-state model. He used the space-

time distribution of tritium peaks in the Edwards 1imestone aquifer of
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Texas to calibrate a 2-D transient model. The Edwards limestone is
karstic and difficult to model by other methods.

Rasmussen (1982) used the DSC model to simulate solute transport
in saturated fractured rock where matrix diffusion occurred. He demon-
strated that the DSC model produced results essentially identical to
results obtained by an analytical solution df the same system. He gene-
ralized the relation between Fick's coefficient of diffusion, D, and the
exchange parameter, Ri, of the DSC model.

Samper et al. (1985) applied the DSC model to groundwater dating.
They found that the DSC model represents a flexible and yet simple tool
to deal with real systems in which various mixing processes are ftaking
place.

Roberts (1986) applied the model to a test of the use of fluoro-
nated hydrocarbons as tracers in unsaturated media. She used complimen-
tary compartments to represent the gas, liquid, and solid phases of the
porous media and a time dependent sorption rate constant.

Osborn (1987) used the DSC model to project groundwater quality in
an area with changing land use and an increasing population. Nitrate was
used as an indicator of water quality. A!hodification was made to the

DSC to account for the effect of significant groundwater pumping.

Analytical Solution

The DSC model was tested against an analytical solution of Fick's
second law to determine the degree to which the DSC solution matches an
analytical solution, in order to guide the interpretation of DSC results

for complex systems having no analytical solution.
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The analytical solution to Fick's second law used in comparison
with the DSC model is given by Crank (1975, eq. 4.22) for a system that
has a constant coefficient of diffusion, D, has a uniform initial concen-
tration of CO, and has constant boundary conditions C; and Cp and is,
C=Cy+(Cp-Cy)x/d+2/mz [CyrCos(m - Cqy/ n)]

n=1

* sin(nwx/ d) exp(-DnznZt/ dz) + 4Co/m x (1/ 2m+l) sin(2m+l)wx/d
m=0

* exp[-D(2m+1)2 w2t/ d2] (3.12)
where
C = concentration at x for time t,

Co = initial concentration in system,

Cl = constant concentration at x 0,

Co = constant concentration at x = d,
d = length of system,
x = spatial coordinate,
t = time,
D = coefficient of diffusion.
For comparison with the DSC model the following values were used
in the analytical solution;
t = 25 years,
d = 27.4 meters,
D = 0.001 cm2/sec,
Cg = 0.0 ug/1,
Ci = 16.0 ug/1,
Cp = 0.0 ug/1.
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These values were also used in the DSC model. The DSC model also
needed the compartment size (ax), time step (at), and porosity defined.
Sensitivity analysis was done on these parameters to determine the opti-
mal values for use in the DSC model. It was found that for a homogenous
system, the porosity used did not matter. Porosity matters only in
determining the apparent diffusion coefficient by equation 2.12.

Table 3.1 compares the analytical solution vs. the DSC model for
three different compartment sizes, 249 cm, 83.1 cm, and 27.7 cm, when At
= ] week. It can be seen that as the compartment size decreases, the
difference between the results of the analytical solution and DSC model
becomes smaller.

Table 3.2 compares the analytical solution and the DSC model for
three different time steps, 12 hours, 1 day, and 1 week, when
ax = 27.7 cm. As the time step decreases the DSC model results more
closely match the results of the analytical solution.

The two different mixing algorithms, the SMC and the MMC, are
compared in Table 3.3. The DSC model results, using the MMC algorithm,
do not closely match the analytical solution when Ri is close to one.
This does not occur with the SMC. As Ri bécomes <1 the MMC more
closely approximates the analytical solution (Table 3.4).

Table 3.5 1ists the DSC model results, the analytical solution,
the difference between them, and the percentage error for aAx = 27.7 cm and
At = 1 day using the SMC.

Values for Ax and At are assigned in the next section.
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TABLE 3.1

Comparison of the DSC model and the analytic solution, At = one week.

Depth Ax= 249 cm Ax = 83.1 cm Ax = 27.7 cm  Anal. Sol.
(m) (ug/1) (ug/1) (ug/1) (ug/1)
1.24 0.312 0.274 0.255 0.232
3.73 0.677 0.725 0.746 0.737
6.23 1.15 1.28 1.33 1.34
8.72 1.78 2.00 2.08 2.12

11.2 2.63 2.93 3.03 3.12

13.7 3.73 4.13 4.25 4.39

16.2 5.12 5.62 5.75 5.95

18.7 6.81 7.41 7.54 7.79

21.2 8.80 9.48 9.61 9.92

23.7 11.0 11.8 11.9 12.3

26.2 13.5 14.2 ’ 14.4 14.7
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TABLE 3.2

Comparison of the DSC model and the analytic solution, Ax = 27.7 cm.

Depth At= 12 hours At = 1 day At = 1 week Anal. Sol
(m) (ug/1) (ug/1) (ug/1) (ug/1)
1.24 0.250 0.252 0.255 0.232
3.73 0.736 0.741 0.746 0.737
6.23 1.32 1.33 1.33 1.34
8.72 2.08 2.09 2.08 2.12

11.2 3.06 3.07 3.03 3.12

13.7 4.30 4.31 4.25 4.39

16.2 5.84 5.85 5.75 5.95

18.7 7.67 7.67 7.54 7.79

21.2 9.78 9.77 9.61 9.92

23.7 12.1 12.1 11.9 12.3

26.2 14.6 14.6 ' 14.4 14.7



TABLE 3.3

Comparison of the different mixing algorithms of the DSC model
for ax = 27.7 cm, At = 1 week, and Ri = 0.788.

Depth SMC MMC Anal.Sol.
(m) (ug/1) (ug/1) (ug/1)
1.24 0.255 0.756 0.232
3.73 0.746 2.12 0.737
6.23 1.33 3.48 1.34
8.72 2.08 4.85 2.12

11.2 3.03 6.22 3.12

13.7 4,25 7.60 4.39

16.2 5.75 8.99 5.95

18.7 7.54 10.4 7.79

21.2 9.61 11.8 9.92

23.7 11.9 13.2 12.3

26.2 14.4 14.6 14.7
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TABLE 3.4

Comparison of the different mixing algorithms of the DSC model
for Ax = 249 cm, At = 1 week, and Ri = 0.00975.

Depth SMC MMC Anal.Sol.
(m) (ug/1) (ug/1) (ug/1)
1.24 0.312 : 10.318 0.232
3.73 0.677 0.690 0.737
6.23 1.15 1.17 1.34
8.72 1.78 1.81 2.12

11.2 2.63 2.66 3.12

13.7 3.73 3.76 4.39

16.2 5.12 5.16 5.95

18.7 6.81 6.85 7.79

21.2 8.80 8.83 9.92

23.7 11.0 11.1 12.3

26.2 13.5 13.5 14.7
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TABLE 3.5

Comparison of the DSC model using the SMC and the analytic solution,
AX = 27,7 cm and At = 1 day, with the difference and percentage error.

Depth DSC model Anal. Sol. Difference % Error

(m) (ug/1) (ug/1) (ug/1)

1.24 0.252 0.232 0.020 8.62
3.73 0.741 0.737 0.004 0.54
6.23 1.33 1.34 0.010 0.75
8.72 2.09 2.12 0.030 1.42
11.2 3.07 3.12 0.050 1.60
13.7 4,31 4.39 0.080 1.82
16.2 5.85 5.95 0.100 1.68
18.7 7.67 7.79 0.120 1.54
21.2 9.77 9.92 0.150 1.51
23.7 12.1 12.3 0.200 1.63

26.2 14.6 14.7 0.100 0.68
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Model Parameter Formulation

The DSC model parameters needed for simulation studies are the
compartment. system, time step, the initial compartment state, system
boundary recharge concentration, exchange factor, and equivalent volume.
To the extent possible, assigned values will be based on known field

data.

The Compartmental System

Three different compartment systems were designed for computer
simulation. A 2-dimensional system of 18 by 5 compartments was used to
simulate both horizontal and vertical soil heterogeneities. Two l-dimen-
sional systems of 100 and 18 compartments were used to simulate only verti-

cal heterogeneities.

The Time Step

From historical records it was postulated that TCE had been moving
through the vadose zone for 25 years at the Carranza site. A discretized
time step of one week was chosen because it gave results consistent with
the analytical solution and required only a modest amount of computer
time. When diurnal barometric pressure f]hctuations were modeled, a time
step of 12 hours was used because it represented close to one half of a

diurnal barometric pressure cycle.

Initial Compartment State
An initial compartment state or initial concentration of TCE

in the compartment of 0.0 ug/1 was used for all scenarios. This assumes
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that 25 years ago there was no TCE in the vadose zone at the Carranza

Site.

System Boundary Recharge Concentration

Table 3.6 lists values of TCE in samples of groundwater obtained
from three sources in close proximity to the Carranza site: (1) The Carranza
domestic well used by the residence until closure, (2) the Thomson augered
hole, and (3) samples obtained by bailing from the augered hole of this
report prior to emplacement of the nest of piezometers

In all simulations a constant value of 100 ug of TCE/ 1 in
groundwater was assumed as reasonable for the purpose of testing various
hypotheses. The concentration of TCE in the vadose zone directly above
the water table was calculated by multiplying the air/soil partitioning
coefficient from Table 2.3 for 100% saturation and the concentration in

the groundwater. The SBRC was calculated to be 16.0 ug of TCE/ 1 of

soil gas.
TABLE 3.6
Concentrations of TCE measured in groundwater
in proximity to the Carranza site.

location of well TCE conééntration Date
(ug/1) Sampled
Carranza site, bailed 92.0 12/05/83
78.0 12/06/83
Carranza domestic well 389.0 08/24/84
319.0 11/28/84

Thomson (1985), bailed 153.0 11/17/84
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Exchange Factor

The exchange factor (Ri) is the parameter that gives the percen-
tage of the volume of a compartment that is exchanged or advected between
compartments. Its value depends on the transport mechanism being used.

For diffusion, the relationship between Ri and De is
(Rasmussen, 1982),

Ri = D, * At / ax® (3.13)
Where sorption is modeled, an apparent diffusion coefficient, Da, is used
and equation 3.13 becomes,

Ri =D, * at / ax2 (3.14)
For the mass flux caused by barometric pressure fluctuations,

Ri = 1.4 * (1 - d/ 27.4) (3.15)
where d = the depth below land surface. This equation was developed from
equation 2.20. The coefficient, 1.4, is the volume of air per unit area
calculated to move into or out of the vadose zone at the land surface
from a diurnal barometric pressure change measured at the Carranza site.
The relationship implies that the volume of air moving in the vadose zone

decreases linearly with depth.

Equivalent Volume of the Compartment

TCE moving through the vadose zone will partition between the gas
phase and the 1iquid/solid phase of the soil according to the distribu-
tion coefficient, K., The DSC model could simulate the movement of TCE
by dividing each compartment into two subcompartments representing the
gas phase and the liquid/solid phase. This is not necessary if the

volume of the liquid/solid phase is prorated to indicate the partitioning
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ratio. When the volume of Tiquid and solid in a compartment is divided
by Kg (see Table 2.6 for values of Kg) the resultant volume, Vol,sg, is
equal to a volume of gas that would contain the same mass of TCE ab-
sorbed into the soil water or adsorbed onto the soil. The equation
describing this is,

Vol g = (Vol]iq + Volggy)/ K¢ (3.16)

where

Volpag = volume of gas that would contain the same mass of TCE
absorbed into the soil water or adsorbed onto the soil,

Vo]1iq = volume of liquid phase of compartment,
Volgyy = volume of solid phase of compartment.
The equivalent volume of the compartment can be calculated by the

following equation,

Volgq = Volgag + (Volyjq + Volgp1)/ K (3.17)
or '

Volaq = Volgag + (Mass(y 4+ ) /Massg) * Volgas (3.18)
where
Volgq = equivalent volume of the compartment,
Vo]gas = yolume of gas phase of compartment,

+

Mass(] s) = mass per unit volume of TCE in liquid and solid phases
of the compartment,

Mass mass per unit volume of TCE in the gas phase.

Values of Vo]eq, Volgas, D;s and Ri used in the computer simulations

are listed in Table 3.7.



TABLE 3.7

Values of volume gas, (Vol ), volume equivalent,
(Volgg), apparent d1ffus1o% coefficient, (Da)s

and egchange factor (Ri) used in the computer simulations
for the different depths.

Depth (m) Volgae Volgq Dg (mé/day) Ri

1.5 4.4 18.6 1.68 E-2  2.12 E-2
3.0 5.4 3.1 2.25 E-2  7.00 E-2
4.5 4.1 324 9.40 E-4  2.93 E-3
6.0 0.5 33.2  2.45 E-6  7.65 E-6
7.5 1.3 16.9 1.47 E-4 4.57 E-4
9.0 3.2 108  2.20 E-3  3.14 E-3
10.5 0.7 33.1  4.00 E-6 1.24 E-5
12.0 4.1 324 9.40 E-4 2.93 E-3
13.5 4.1 324 9.40 E-4  2.93 E-3
15.0 4.1 324 9.40 E-4  2.93 E-3
16.5 0.5 33.2  1.57 E-6  4.90 E-6
18.0 1.0 18.6 3.93 E-5 1.22 E-4
19.5 1.2 18.6 5.79 E-5 1.80 E-4
21.0 1.0 18.6 2.89 E-5 8.9 E-5
22.5 5.9 18.1 2.93 E-4 9.11 E-4
24.0 2.2 18.5 1.14 E-3  3.56 E-3
25.5 3.2 108 1.0l E-3 3.14 E-3

27.0 1.0 18.6 3.93 E-5 1.22 E-4



CHAPTER 4

SIMULATION STUDIES

Introduction

The simulation studies described in this chapter tested various
hypotheses concerning the transport mechanisms of TCE vapor in the vadose
zone. The studies were divided into seven different scenarios. The
source of the TCE vapor in scenarios 1, 2, 3, and 4 was dissolution from
contaminated groundwater, and the transport mechanism was molecular dif-
fusion upward from the water table to the atmosphere. The first four
scenarios were different from each other by the heterogeneities simulated
by the compartmental system. Scenario 5 simulated a multi-source system
for TCE. Sources of TCE were dissolution from groundwater and horizontal
diffusion from sources above the water table. Scenario 6 had dissolution
from contaminated groundwater as the source of TCE and included advection
of soil gas by barometric pressure fluctuations. Scenario 7 added qdvec-
tion of soil gas by barometric pressure fluctuations to the compartmental
system used in scenario 2.

Undoubtedly, other hypotheses and scenarios could have been pro-
posed and tested. This report provides a sampling of what might be done
based on the limited amount of available field data.

Table 4.1 lists the mean concentrations and standard devia-

tions of soil gas sampled at the Carranza site. Values listed are for

50



51

TABLE 4.1

TCE mean concentrations and standard deviations of soil gas
samples at the Carranza site at depths of the gas sampling
apparatus. The values are based on 23 samples taken from
each depth during August and September, 1984.

Depth (m) Mean Standard
Concentration (ug/1) Deviation (ug/1)
1.5 0.013 0.003
3.0 0.019 0.008
7.5 0.005 0.003
13.5 0.008 0.002
22,5 0.575 0.120

the depths at which the sampling apparatus were located. The values are
based on 23 samples taken from each depth during August and September,
1984.

Scenario la and 1b

Scenario la was based on the following assumptions: (1) The vadose
zone was homogenous, (2) the mechanism of TCE transport was molecular
diffusion, (3) diffusion was only in the vertical direction, (4) the base
of the zone (interface with water table) received a constant source
(input) or system boundary rechargevconce6£ration (SBRC), (5) the top of
the zone (interface with the atmosphere) was an infinite sink, and (6)
TCE did not sorb with the 1iquid or solid phases of the vadose zone.
Figure 4.1 illustrates the compartmental system used in scenario la.

An effective diffusion coefficient, Do, of 3.63 E-3 mz/day was
used in scenario la. This D, was chosen because it caused the concen-
tration, after 25 years, at row one to equal the measured concentration

at the same depth. These values were equated to i1lustrate the magnitude
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of Do needed to simulate the concentration at the shallowest sampling
lTocation. For nonhomogenous systems some average diffusion coefficient
would have to be of the same order of magnitude as Dy of scenario la to
accurately simulate the measured concentration at the shallowest sampling
location.

Do of scenario la was orders of magnitude larger than 13 of the 18
apparent diffusion coefficients, D,, calculated for tﬁe Carranza site and
listed in Table 4.2. Dy was of the same order of magnitude as the
effective diffusion coefficients calculated for the Carranza site and
listed in Table 2.6.

Table 4.2 and Figure 4.2 compare TCE concentrations after 25 years
with the measured concentrations. The D, of scenario la caused concen-
trations at the three deepest sampling locations to be orders of magni-
tude larger than the measured concentrations. Also, the simulated con-
centration profile, as expected, is monotonically decreasing from the
water table to land surface.

. TABLE 4.2

TCE concentration (ug/1) profile of scenario la after
25 years and the measured concentration profile.

Concentration (ug/1)

Depth (m) Row No. after 25 years Measured (ug/1)
1.5 1 1.3 E-2 _ 1.3 E-2
3.0 2 2.9 E-2 1;9 E-2
7.5 5 1.7 E-1 5.0 E-3
13.5 9 1.1 8.0 E-3

22.5 15 7.3 5.7 E-1
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Scenario 1lb was based on the same assumptions as scenario la
except that the base of the zone (interface with water table) received a
variable source (input) or system boundary recharge concentration (SBRC).
A varible source of TCE at the Carranza site is a more realistic assump-
tion than a constant source but no information on the historic TCE
groundwater concentration was available. An arbitrary SBRC, from the
groundwater, of 16.0 ug/1 from 0 to 5 years, 1600 ug/1 from 5 to 10
years, and 16.0 ug/1 from 10 to 25 years was chosen. The TCE concentra-
tion after 5, 10, 15, 20, and 25 years are listed in Table 4.3.

The concentration profiles after 15, 20, and 25 years indicate
that a variable SBRC of TCE from the groundwater can create a non-
monotonic concentration profile. The nonmonotonic shape of the concen-
tration profile in scenario 1lb was dissimilar to the nonmonotonic shape
of the measured concentration profile. The assumptions used in scenario
1b produce a transient concentration profile opposite in the general
shape to the measured concentration profile. The highest concentration
of TCE in scenario lb after 15, 20, and 25 years occurred at row number
14 or 15 with lower concentrations occurring at the water table and at
1and surface. The measured concentration Erofile had the lowest concen-
tration of TCE at row number five with higher concentrations occurring

nearer the water table and land surface.
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TABLE 4.3

TQE concentration (ug/1) profile of scenario 1 at different
time intervals and the measured concentration profile.

Concentration (ug/1) after
Depth (m) Row No. 5 years 10 years 15 years 20 years 25 years

3.0 2 3.6 E-8 5.8 E-4 6.8 E-3 1.5 E-1 7.9 E-1
7.5 5 5.9 E-6 2.2 E-3 1.8 E-1 1.7 5.4
13.5 9 2.3 E-3 3.0 E-1 7.2 2.3 E+1 3.6 E+1
22.5 15 1.7 1.7 E+2 2.3 E+2 1.6 E+2 1.2 E+2
27.0 18 11.0 1.1 E+4 1.6 E+2 7.9 E+1 5.4 E+1
Scenario 2

Scenario 2 was based on the following assumptions: (1) The vadose
zone was homogenous in the horizontal direction but nonhomogenous in the
vertical direction, (2) the mechanism of TCE transport was molecular
diffusion, (3) diffusion was only in the vertical direction, (4) the base
of the zone (interface with water table) received a constant source
(input), (5) the top of the zone (interface with the atmosphere) was an
infinite sink, and (6) TCE sorbed or desorbed instantaneously. The non-
homogenous properties of scenario 2 were based on grain size distribution
and water content values of soil samples obtained during drilling (Tables
2.5 and 2.6).

Figure 4.3 illustrates the compartmental system used in
scenario 2. The system was a l-dimensional array of 18 rows. Each row
was represented by a single compartment 1.5 m in vertical height and

width. Characteristics of each row are listed in Table 2.6. A zero-flux
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boundary was assumed along both sides of the compartmental system.

Table 4.4 compares the concentration profile of scenario 2 for
three time intervals with the measured concentration profile. The con-
centrations listed in Table 4.4 after 25 years are many orders of magni-
tude lower than those values measured at the Carranza site except at a
depth of 22.5 m. The results of scenario 2 indicate that vertical dif-
fusion through horizontally continuous layers with the assigned proper-
ties could not produce the concentration profile measured at the Carranza

site,

TABLE 4.4

TCE concentration (ug/1) profile of scenario 2 at different
time intervals and the measured concentration profile.

Concentration (ug/1) after
Depth (m) Row No. 5 years 15 years 25 years Measured (ug/1)

1.5 1 1.1 E-31 9.6 E-25 2.0 E-22 1.3 E-2
3.0 2 1.9 E-31 1.3 E-24 1.0 E-21 1.9 E-2
7.5 5 1.1 E-23 4.3 E-18 9.6 E-16 5.0 £-3
13.5 9 1.5 E-17 2.2 E-13 1.2 E-11 8.0 E-3
22.5 15 3.0 E-3 5.0 -2 1.3 E-1 5.7 E-1

The very low concentrations found in scenario 2 are due to the fact
that the rows were modeled as infinitely continuous. No alternate path-
way or transport mechanism was available for diffusing TCE to move around
rows of small Dz. Once a restrictive row (small Da) was encountered the
mass transfer of TCE was drastically reduced.

The concentration at a depth of 22,5 m was of the same order

of magnitude as the measured concentration of the same depth, after 25
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years. This sampling station is only 4.5 m above the water table and
therefore will equilibrate faster with the TCE concentration in the
groundwater than the shallower sampling stations.

With the assumptions on which scenario 2 are based the Carranza
site TCE concentration profile could not be generated. With only one
constant source and a horizontally homogeous system monotonically decrea-
sing concentrations from the water table to land surface will always

occur.

Scenario 3

Scenario 3 was based on the same six assumptions as scenario
2, except that a high permeable column (HPC) was assumed to exist as
shown on Figure 4.4, Hence, molecular diffusion in scenario 3 is 2-
dimensional and a 2-dimensional cell system of 5 columns and 18 rows was
used. The HPC was assumed to be in column one and the gas sampling
apparatus was assumed to be in column five. The properties of the HPC
were arbitrarily assigned and are wc = 0.03, n = 0.35, ny =0.30, S =
0.14, Kg = 0.50, Dg = 1.1%-1, Volg = 5.0, Volgq = 28.7, D, = 2.00 E-2,
and Ri = 5.77 E-1.

HPCs seldom occur naturally in alluvial deposits but it was
added to scenario 2 to illustrate another possible transport pathway for
TCE. The alternate pathway made it possible for diffusing gas to move
around restrictive rows, rows with small Do The HPC fully penetrated
the vadose zone. A more complex pathway probably existed, but would not

have been more informative than the HPC because no information on the
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horizontal variability of the vadose zone was availalbe. The
concentration profiles of scenario 3 at three time intervals are compared
with the measured values in Table 4.5. Several interesting results
appeared. The concentration profile for t = 5 years and t = 15 years did
not monotonically decrease in concentration’from the water table to land
surface. This is the same phenomenon that is found with the measured
concentration profile. The concentrations at all depths, for t = 25
years, are of the same magnitude as the measured concentrations. At 25
years, though, the concentration profile is now monotonically decreasing.
The addition of an alternate pathway for the diffusing gas in scenario 3
has caused a 9- to 19-order increase in magnitude of the TCE concentra-
tion from scenario 2. The diffusing TCE no longer must solely move
through restrictive layers but can, in large part, bypass them. The
bypass mechanism also produces the nonmonotonically decreasing profile
found at t = 5 years and t = 15 years by allowing the TCE vapor to move

around the 7.5 m and 13.5 m sampling stations.

TABLE 4.5

TCE concentration (ug/1) profile of, scenario 3 at different
time intervals and the measured concentration profile.

Concentration (ug/1) after

Depth (m) Row No. 5 years 15 years 25 years Measured (ug/1)
1.5 1 7.6 E-3 1.9 E-3 4,7 E-3 1.3 E-2
3.0 2 1.1 E-4 2.5 E-3 6.2 E-3 1.9 E-2
7.5 5 2.6 E-b 1.5 E-3 1.0 E-2 5.0 E-3
13.5 9 3.8 E-b 6.5 E-3 3.3 E-2 8.0 E-3

22.5 15 4.5 E-2 2.7 E-1 5.7 E-1 5.7 E-1
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Scenario 4

In scenario 4 horizontal heterogeneity was added to the system of
scenario 3 by changing the Ri value of the center three compartments of
selected rows. Figure 4.5 illustrates the location of the HPC, rows with
horizontal heterogeneities, and sampling station locations. Changes in
the Ri values of the center three compartments of selected rows represen-
ted changes in the physical parameters of the vadose zone, water content,
porosity, or distribution coefficient. Lacking field data, Ri values
were changed arbitrarily.

Table 4.6 1ists the rows which had the Ri value of the center
three compartments changed. The magnitude of change between scenarios 3
and 4 was small in all cases. A change in water content, porosity, or
the distribution coefficient could have accounted for the changes in Ri
values. For example at station 7.5 m a decrease in air porosity from
0.08 to 0.06 would give a Ri value of 1.24 E-4. At station 4.5 ma
increase of K¢ from 0.04 to 0.13 would produce a Ri value of 9.20 E-3.
The small changes in Ri values which represent similar small changes in
the physical parameters of the row could all be expected to occur in the

I3

vadose zone.
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TABLE 4.6

Rows in which the center three compartments Ri value was
changed from scenario 3 to scenario 4 to represent horizontal
heterogeneity in the vadose zone.

Depth (m) Row No. szlngi}ge3 siani}ge4
1.5 1 2.12 E-2 2.30 £-2
3.0 2 7.00 E-2 2.39 E-1
4.5 3 2.93 E-3 8.79 E-3
7.5 5 4.57 E-4 1.90 E-4
9.0 6 3.14 E-3 1.90 E-3

12.0 8 2.96 E-3 1,33 E-3
13.5 9 2.96 £-3 1.33 £-3
15.0 10 2.96 E-3 1.33 E-3
22.5 15 9.11 £-4 3.14 E-3

Table 4.7 lists the TCE concentration profile for scenario 4 after
5, 15, and 25 years. The TCE concentration for each of these time spans
is nonmonotonically decreasing as the depth decreases. This is similar
to the measured concentration profile. As time length increases the
difference between concentrations of the fﬁur shallowest stations de-
creases. The profile after 25 years is not yet at steady state. With
dissolution from groundwater as the only source of TCE a monotonically
decreasing concentration profile must occur before steady state is

reached. In scenario 4 it would take 44.2 years before a monotonic

concentration profile occurred.
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TABLE 4.7

TQE cgncentration (ug/1) profile of scenario 4 at different
time intervals and the measured concentration profile.

Concentration (ug/1) after Measured
Depth (m) Row No. 5 years 15 years 25 years (ug/1)
1.5 1 2.4 E-4 5.6 E-3 1.2 E-2 1.3 E-2
3.0 2 3.6 E-4 7.5 E-3 1.6 E-2 1.9 E-2
7.5 5 6.0 £E-7 5.7 E-4 5.0 E-3 5.0 E-3
13.5 9 2.8 E-b 1.0 E-3 7.7 E-3 8.0 E-3
22.5 15 4.5 E-2 2.8 E-1 5.8 E-1 5.8 E-1
Scenario 5

Scenario 5 was based on the same assumptions as scenario 2,
except that additional sources of TCE were included at intermediate
depths above the water table as shown in Figure 4.6. Molecular diffusion
in this scenario is 2-dimensional and a 2-dimensional cell system of 5
columns and 18 rows was used. The additional sources simulated the
effect of possible horizontal TCE gradients in the vadose zone. Lacking
field data, the gradients chosen were arbitrary. The source terms used
were small compared to those values found,in the groundwater and also to
concentrations found in soil gas by Marrin (1984) that are listed in
Table 1.1.

During each iteration of scenario 5 the non-zero SBRC was
mixed with a compartment in column one of each selected row. In column
five of the same row a SBRC of 0.0 was mixed. This produced a horizontal
gradient through the row and simulated lateral diffusion. At the same

time, the model simulated the effect of vertical diffusion upward from
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) Row No. D, (m2/day)
Cb 1 1.68 E-2
SBRC = .036 (b = 0.0 2 2.25 E-2
3 9.40 E-4
2.45 E-6
SBRC = .097 Q = 0.0 5 1.47 E-4
6 2.20 E-3
7 4.00 E-6
8 9.40 E-4
SBRC = .018 @ = 00 9 9.40 E-4
10 9.40 E-4
11 1.57 E-6
12 3.39 E-5
13 5.79 E-5
14 2.89 E-5
SBRC = 2.41 =00 15 2.93 E-4
16 1.14 E-3
17 1.01 E-3
18 3.93 E-5

ColummnNMo. 1 2 3 4 S

Groundwater Saurce

- (SBRC = 16.07

Figure 4.6, Two-dimensional system used in scenario 5 with
the apparent diffusion coefficients, D;, shown for
individual rows and location of system boundary
recharge concentrations (SBRC) used to simulate
lateral diffusion.
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the water table. The concentration of the center compartment of a row
was considered the sampling station location.

Table 4.8 lists the TCE concentration profile for scenario 5 after
5, 15, and 25 years. With additional sources at intermediate depths, the
concentrations after 5 years, 15 years, and 25 years are of the same

magnitude as the measured concentration profile and are nonmonotonic.

TABLE 4.8

TCE concentration (ug/1) profile of scenario 5 at different
time intervals and the measured concentration profile.

Concentration (ug/1) after Measured
Depth (m) Row No. 5 years 15 years 25 years (ug/1)
1.5 1 1.1 E-2 1.2 E-2 1.2 E-2 1.3 E-2
3.0 2 1.7 -2 1.9 E-2 1.9 E-2 1.9 E-2
7.5 5 2.8 E-3 4.2 £E-3 5.1 E-3 5.0 E-3
13.5 9 5.0 E-3 7.1 E-3 8.2 E-3 8.0 E-3
22.5 15 3.0 E-1 4.6 E-1 5.8 E-1 5.8 E-1
Scenario 6 ,

Scenario 6 was based on the same assumptions as scenario 2, except
that a vertical advection of soil gas, caused by diurnal barometric
fluctuations, was included with diffusion from the water_tab]e. The
compartmental system of scenario 6 (Figure 4.7) was l-dimensional and
composed of 100 rows, with the distance between centers of compartments
27.4 cm. A time step of 12 hours was chosen because it is approximately

1/2 of a diurnal barometric pressure cycle.
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One-dimensional system of scenario 6 used to
simulate gaseous diffusion and barometric pressure

fluctuations causing gaseous advection.
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Scenario 6 was divided into two parts, based on the transport
mechanisms used: (6a) gaseous diffusion, and (6b) gaseous diffusion and
gaseous advection. Hence scenarios 2 and 6a, are identical except for
the number of rows used in the scenario.

Table 4.9 shows the results of scenario 6a, gaseous diffusion at
different time intervals. After 25 years the simulated concentrations
at four of the Carranza sampling stations (1.5m, 3.0 m, 7.5 m, and 13.5 m)
are 7 to 23 orders of magnitude lower than concentrations measured at
the Carranza site. Only the 22.5 m sampling station was of the same
order of magnitude as the concentration measured at the Carranza site.
Concentrations differed between scenarios 2 and 6a, because with an
increase in the number of rows in scenario 6a, there is a decrease in the
numerical dispersion of the model.

Table 4.10 shows the results of part 6b, when advection of the
soil gas caused by barometric pressure fluctuations was added to the
diffusional system of part a.

TABLE 4.9
Concentrations for scenario 6a, gaseous diffusion in a

hetergenous system at different time intervals and the
measured concentration profile.

Concentration (ug/1) after Measured

Depth (m) Row No. 5 years 15 years 25 years (ug/1)
1.5 1 0.0 4.4 £-32 4.4 E-25 1.3 E-2
3.0 2 0.0 8.5 E-32 6.7 E-25 1.9 E-2
7.5 5 2.0 E-35 1.1 E-20 9.5 E-15 5.0 E-3
13.5 9 1.6 E-22 4,2 E-13 8.3 E-10 8.0 E-3

22.5 15 2.1 E-2 2.7 E-1 5.4 E-1 5.8 E-1



70

TABLE 4.10

Concenyrations for scenario 6b, gaseous diffusion and gaseous
aQVec?1ve transport in a heterogenous system at different
time intervals and the measured concentration profile.

Concentration (ug/1) after Measured
Depth (m) Row No. 5 years 15 years 25 years (ug/1)
1.5 1 1.8 E-19 1.6 E-19 3.2 E-7 1.3 E-2
3.0 2 4.1 E-14 2.9 E-9 4.8 E-7 1.9 E-2
7.5 5 1.3 E-9 1.2 E-6 8.1 E-5 5.0 E-3
13.5 9 2.2 E-2 1.2 E-4 2.0 E-3 8.0 E-3
22.5 15 2.2 E-2 4.7 E-1 9.5 E-1 5.8 E-1

Addition of advection in 6b caused an increase in concentrations
compared with 6a at all of the sampling stations. At 22.5m and 13.5m
the concentrations are of the same order of magnitude as the measured
concentrations. At 1.5 m, 3.0 m, and 7.5 m the concentrations are seve-
ral orders of magnitude below the measured concentrations.

Figure 4.8 compares graphically the calculated concentration
profile of scenario 6b after 25 years and the measured concentration

profile.

Scenario 7
Scenario 7 was based on the same assumptions as scenario 3, except
that advection caused by barometric pressure fluctuations was included.
In scenario 3 a high permeable column had been added to the layered
compartmental system of scenario 1. Table 4.11 and Figure 4.9 compare
the concentrations of scenario 7 with and without barometric pressure

fluctuations after 25 years and the measured concentration profile.
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TABLE 4.11
TCE Concentration (ug/1) profile of scenario 7 after

25 years and the measured concentration profile.

Concentration (ug/1)

Depth (m)  Row No. Aglzggggn Advglz?on ?33§$;ed
1.5 1 4.6 E-3 5.4 E-3 1.3 E-2
3.0 2 6.1 E-3 8.2 E-2 1.9 E-2
7.5 5 9.9 E-3 2.2 E-2 5.0 E-3

13.5 9 3.3 E=2 6.8 E-2 8.0 E-3
22.5 15 6.8 E-1 1.7 5.8 E-1

The simulated concentrations with and without advection caused by
barometric pressure fluctuations are of the same order of magnitude as
the measured concentration profile. The addition of advective transport
increased the concentrations at every station, but not greatly, and also
changed the shape of the conentration profile from monotonic to nonmono-
tonic. When there was a bypass mechanism around restrictive layers, as
in scenario 3, the increase in concentrations when advective transport,
caused by barometric pressure fluctuations, was included, was not as
significant as when there was a horizontally homogeneous, layered system
as in scenario 6. Hence, the effect of a advective transport was minor
compared with the effect of a by-pass mechanism for TCE diffusional

tansport.
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CHAPTER 5

SUMMARY AND CONCLUSIONS

Past disposal practices of Trichoroethylene (TCE) and other halo-
genated hydrocarbons have resulted in the contamination of groundwater in
part of the Tucson Basin. At the Carranza site, known to overlie a TCE
groundwater contamination plume, a nest of gas sampling piezometers were
constructed to measure the vertical distribution of TCE vapor in the
vadose zone. The measured distribution of TCE vapor in the vadose zone
was nonmonotonically decreasing from the water table to the atmosphere.
This result was unexpected as the groundwater was postulated as the only
source and the atmosphere as an infinite sink.

To investigate the nonmonotonic TCE concentration profile simula-
tion studies were undertaken to test various hypotheses concerning the
transport mechanisms of TCE vapor in the vadose zone. Transport of TCE
vapor by gaseous diffusion and diurnal barometric pressure fluctuations
Were studied. An air/water/soil distribugjon coefficient was used in.the
computer simulations. Properties of the porous medium such as water
content, degree of saturation, grain size distribution, and porosity were
jncorporated into the computer simulations.

The computer model used to investigate the TCE concentration
profile measured at the Carranza site was the Discrete-State Compartment
(DSC) model. The DSC model is solved by iteration of a recursive mass-
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batance equation. The DSC model is flexible becasuse the hydrologic

system being modeled is discretized into a network of interconnected
compartments that can vary in all physical parameters, including poros-
ity, air porosity, water content, and distribution coefficients. The
network of compartments can be arranged in 1-, 2-, or 3-dimensional arrays.
Inputs to and outputs from the model can be made from any compartment and
can vary with time. Radioactive decay, first-order chemical reactions,

and age distribution are included in the DSC model. The DSC model is
programmed for use on a personal computer which saves time and money
because use of a mainframe computer in not needed.

The DSC computer code was shown to accurately reproduce the effects
of diffusion through a homogenous system with constant boundary condi-
tions and a uniform initial concentration when compared to a analytical
solution of Fick's second law.

The simulation studies tested various hypotheses concerning
the transport mechanisms of TCE vapor in the vadose zone. Al1 possible
mechanisms were not tested. Conclusions based on the simulation studies
were reached using only the data available at the Carranza site.

The simulation studies were divided into seven separate scenarios.
Scenario la, was based on the following assumptions: (1) The vadose zone
was homogenous, (2) the mechanism of TCE transport was molecular
diffusion, (3) diffusion was only in the vertical direction, (4) the base
of the zone (interface with water table) received a constant source
(input), (5) the top of the zone (interface with the atmosphere) was an
infinite sink, and (6) TCE did not sorb with the 1iquid or solid phases

of the vadose zone. An effective diffusion coef-ficient, Do, Was chosen
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such that the concentration near the base of the model, after 25 years,
equaled the measured concentration at the same depth. For scenario la,
D, = 3.63 E-3 m2/day. This was orders of magnitude larger than 14 of the
18 apparent. diffusion coefficients calculated for the Carranza site.
Scenario 1lb was based on the same assumptions as la, except that
the interface with the water table received a variable source. An arbi-
trary source of TCE of 16.0 ug/1, from 0 to 5 years, 1600 ug/1, from 5 to
10 years, and 16.0 ug/1, from 10 to 25 years, was used. The variable
source of TCE was found to create a nonmonotonic concentration profile.
Scenario 2 was based on the following assumptions: (1) The vadose
zone was homogenous in the horizontal direction but nonhomogenous in the
vertical direction. Heterogeneities were accounted for in the model by
changing the values of the apparent diffusion coefficient. (2) the
mechanism of TCE transport was molecu]arldiffusion, (3) diffusion was
only in the vertical direction, (4) the base of the zone (interface with
water table) received a constant source (input), (5) the top of the zone
(interface with the atmosphere) was an infinite sink, and (6) TCE sorbed
jnstantaneously with the liquid and solid phases of the vadose zone.
Scenario 2 was also l1-dimensional. " A time step of one week was
used for a total time length of 25 years. Simulated concentrations in
scenario 2 at the four shallowest sampling stations were many orders of
magnitude lower than the concentration profile measured at the Carranza
site. Evidently, layers of clay or silty-clay greatly restricted the
rate of diffusion.
Scenario 3 was based on the same six assumptions as scenario 2,

except that a high permeable column (HPC) was assumed to exist. Hence,



74

this scenario was a 2-dimensional system. The apparent diffusion coef-
ficicent of the HPC was 2.00 E-2. The addition of the HPC resulted in
concentrations that were of the same order of magnitude as the measured
concentrations.

In scenario 4 horizontal heterogeneities were added to the com-
partmental system of scenario 3. With this addition the simulated con-
centrations closely matched the measured concentrations.

Scenario 5 was based on the same assumptions as scenario 2, except
that additional sources of TCE were included at intermediate depths above
the water table. Lacking field data, the gradients chosen for the hori-
zontal sources were arbitrary. With these additional sources in the
vadose zone the measured concentration profile was closely simulated.

Scenario 6 was based on the same assumptions as scenario 2, except
that cyclic vertical advection of soil gas, caused by diurnal barometric
fluctuations, was superimposed on diffusion from the water table. The
system was l-dimensional. A time step of 12 hours was used for a total
time length fo 25 years. With the addition of advection of soil gas the
simulated concentrations at 13.5 m and 22.? m were of the same order of
magnitude as the measured concentrationé. At 1.5 m, 3.0 m, and 7.5 m the
simulated concentrations were several orders of magnitude smaller that
the measured concentrations.

Scenario 7 was based on the same assumptions as scenario 3, except
that cyclic vertical advection of soil gas, caused by diurnal barometric

fluctuations, was superimposed on diffusion from the water table. This
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resulted in only a small increase in the simulated concentrations of
scenario 2.

Undoubtedly, other hypotheses and scenarios could have been pro-
posed and tested. This report provides a sampling of what might be done
based on the Timited amount of available field data.

Several conclusions can be drawn from the results of the seven
scenarios concerning the distribution of TCE in the vadose zone. The
vertical distribution of TCE in the vadose zone is controlled by more
than vertical gaseous diffusion. The stratigraphy of the vadose zone is
important. Vertical and horizontal heterogeneities can profoundly in-
fluence the mass transport by diffusion. The stratigraphy of the vadose
zone will also affect the distribution of water in the vadose zone. A
increase of the soil water content will decrease the air porosity which
will decrease the effective diffusion coefficient. Horizontal fluxes of
TCE could be produced by stratigraphic units of small effective diffusion
coefficients next to units of larger effective diffusion coefficients.

Barometric pressure fluctuations have an affect on the TCE dis-
tribution in the vadose zone. The effect of barometric pressure fluct-
uations may or may not be signifcant depe&ding on the parameters of the
vadose zone; stratigraphy, soil-water distribution, air porosity.

Sources of TCE located in the vadose zone can change the nature of
the concentration profile form a monotonic to a nonmonotonic concentra-
tion profile.

Variable sources at the water table can produce nonmonot.onic TCE
concentration profiles. In a homogenous system these concentration pro-

files are not similar in shape to the measured TCE concentration profile.
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If shallow soil-gas sampling is to be used to delinate contami-
nated groundwater plumes the movement of volatile organic compounds in
the vadose zone and the parameters affecting their movement must be
understood. These parameters include vadose zone heterogeneities,
soil/water- and gas/soil-distribution coefficient, air porosity, grain
size distribution, recharge zones, climatic effects, and the proximity of
the original disposal area to the sampling Tocation. The use of shallow
soil-gas sampling is an important remote sensing technique of contamina-
tion in the groundwater and vadose zone but direct correlation between
near surface concentrations with groundwater concentrations should not be
assumed because of the complicated interconnections between the para-

meters of the vadose zone and the TCE distribution in the vadose zone.
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