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Summary 

A mathematical model was developed to estimate the release and transport of chlorinated sol- 

vents from hazardous waste sites located in the vadose zone. The model formulation accounts for 
container degradation, interphase mass transfer, waste decomposition, soil temperature effects on 
physical and chemical properties of the waste, and mass transport through geologic media. Aqueous, 

nonaqueous, and vapor transport were considered. Calculations indicate the dominant transport 
mechanism is vapor diffusion to the surface and vadose zone. Model predictions also indicate an 
annual cycle of release caused by changes in soil temperature. The model was applied to an existing 
waste facility containing five chlorinated solvents. Reasonable agreement was found between model 
calculations and field data. 

Introduction 

Disposal of hazardous wastes has become a major environmental concern 
over the last two decades. In particular, past disposal practices have left a leg- 
acy of large amounts of hazardous materials disposed of in a manner and at 
locations which would not be acceptable by current standards. Management of 
these wastes and remedial action on these sites is often hampered by poor 
understanding of the basic processes which transport hazardous materials into 
the environment. Mathematical models are useful tools for understanding these 
processes and evaluating alternative remedial actions. A generalized modeling 
approach was used to examine the various environmental transport mecha- 
nisms which may have caused movement of the chlorinated solvents from a 
disposal site in eastern Idaho. 

Projections of the concentrations and fluxes of organic solvents were of in- 
terest at this site and at other near surface disposal sites for volatile com- 
pounds. In particular, flux to the underlying aquifer was of concern because of 
its potential environmental impact. Flux to the atmosphere and the factors 
that control vapor emissions must be known in order to select potential re- 
medial actions such as improved trench covers. 
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This paper focuses on the development of conceptual and mathematical 
models for the processes controlling vapor emissions and transport. The for- 
mulation considers waste release from buried containers, a calculation of vapor 
concentrations in the disposal pit itself, and transport of the chlorinated sol- 
vents away from the disposal site. The predictive capability of the model is 
demonstrated using available field data. 

Waste site description 

The disposal site considered is the Radioactive Waste Management Com- 
plex (RWMC ) , which is located at the Idaho National Engineering Laboratory 
in Southeastern Idaho. The RWMC comprises approximately 60 hectares of 
level ground in a shallow depression, about 1,500 meters above mean sea level 
and enclosed on three sides by low hills. The central and lowest part of this 
depression, where the burial ground is situated, has a surficial layer of heter- 
ogeneous water and wind-deposited sediments. The hydrogeology of the site is 
described in Barraclough et al. [ 11. The burial ground is underlain by more 
than 600 meters of relatively thin horizontal basalt flows interbedded with 
lacustrine, fluvial, and windblown sediments. The upper 480 meters of basalt 
are relatively permeable and contain the Snake River Aquifer. The site receives 
an average of about 20 cm of precipitation per year with a range of 13 to 36 cm 
per year. Surface vegetation includes sagebrush and scrub pine. 

Disposal records indicate that about 88,400 gallons ( - 33 m3) of mixed or- 
ganic wastes were disposed of at the RWMC during a five year period between 
1966 and 1970. The waste was absorbed with calcium silicate and emplaced in 
sealed 55-gallon steel containers. The estimated inventory of organic waste 
deposited during the five year period [ 2 ] is presented in Table 1. 

The waste containers were buried in trenches and pits within an enclosed 
area. Some trenches and pits were originally excavated down to the irregular 
surface of the basalt while others maintained a thin covering of soil over the 

TABLE 1 

Inventory of organic liquids (moles ) 

Organic liquid Inventory Mole fraction 

1. Carbon tetrachloride 9.7 x lo5 0.314 

2. Machine oil 1.1 x 106 0.356 
3. Trichloroethylene 2.7 x lo5 0.087 
4. Tetrachloroethylene 2.3 x 10’ 0.074 
5. Chloroform 2.9 x lo5 0.094 
6. l,l,l-Trichloroethane 2.3 x lo5 0.074 

Total 3.1 x 10” 1.000 
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TABLE 2 

Chemical data at 25 o C 

H half life 

(dimensionless ) (years) 
Pa 
(bar) 

1. Carbon tetrachloride 1.24 7,000 0.05 

2. Machine oil u/na u/n 0.00 
3. Trichloroethylene 0.392 0.9-2.5 0.10 
4. Tetrachloroethylene 0.723 0.7-6 0.026 

5. Chloroform 0.150 1.3-3,500 0.25 
6. 1 , 1,l -Trichloroethane 0.703 0.5-2.5 0.17 

%/n = unknown (assumed H = 0, half life = 00 ) _ 

basalt surface. The waste was buried at an average depth of 2.5 meters with a 
surface cover of 1.5 meters. The surface area of the pits covers approximately 
34,000 m2 spread over a total area of 220,000 m2. 

The organic compounds of interest have relatively low solubility in water. 
Table 2 gives the Henry’s law constants (H) of the contaminants [3], esti- 
mated abiotic decay rates [ 41, and the vapor pressure at 25 “C [ 51. 

The machine oil is a high napthenitic petroleum distillate (e.g., cycloal- 
kanes) which is generally non-toxic [ 61. This oil was not the pollutant of pri- 
mary concern at this site but its presence in the inventory is important because 
of the influence it has on the vapor pressures of the chlorinated solvents with 
which the machine oil is mixed, and the viscosity of the organic liquid phase. 

The machine oil, which constitutes the largest portion of the waste, has a 
very high viscosity at typical soil temperatures. The absorption of the organics 
with calcium silicate further tends to lower their ability to move as a separate 
phase. Consequently, the nonaqueous organic liquid phase is expected to have 
little potential for transport through the unsaturated zone. 

Waste containment 

The waste was initially present in waste containers (e.g., 55 gallon drums). 
Prior to release of solvents from the waste pits, it was presumed that the in- 
tegrity of some fraction of the containers was lost. During emplacement, a 
proportion of the waste containers fail from dropping and/or crushing. This 
initial failure rate was assumed to be a constant. Subsequent to site closure 
containers may fail from corrosion processes. The failure rate was assumed to 
be a first order process. The mass balance equation governing the inventory of 
organics ( Qdi) inside containers in the waste site is 

%dXdie--ldQdi Qdi(0) = (0) (1) 
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where I=rate of waste input (mol s-l), Xdi=mole fraction of &, component 
in containers, e =portion of containers that do not fail at burial, and 
Ad = container failure rate constant (s- ’ ) . 

There are two time periods of interest; the burial or emplacement period and 
post emplacement phase. Solution of the equation for these two periods gives 

t-=te, 

Qdi =Ki(l--XP( -&t,>} 

Ad 
exp(--d{t-te}) t> t,. 

(2) 

(3) 

where Ki = X&e and t, = burial or emplacement time period. The release rate 
from the containers is thus 

&=1X,(1-e) +Ad& tc L, (4) 

‘Ci =AdQdi t> t,. (5) 

The input data required for a simulation consists of the rate of waste input 
during emplacement (I), the proportion of containers which remained intact 
during emplacement (e), the mole fraction of each constituent (X&), and the 
container failure rate (Ad). 

The required data for the RWMC were obtained from internal reports and 

90% 

80% 

Fig. 1. Historical data (I ) on container integrity over time fit to an exponential failure curve. 
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personal interviews with site personnel concerning the method of waste dis- 
posal and container integrity over time. The information suggested a high rate 
of initial container failure (i.e., drums were usually simply dumped into the 
pits and a cover bulldozed over the top) which was assumed to be 20%. Three 
estimates of container failure from corrosion over time were available from 
drum retrieval studies. These data appear to follow an exponential failure rate 
during later time periods (Fig. 1) with a failure rate of Ad= 3.2 x 10-gs-l. The 
rate of waste input was estimated to be 26.9 x low3 mol s-l over a depositional 
period of 5 years ( 1.58 x lo8 s ) . 

Contaminant concentrations in the disposal pit 

Subsequent to release from the containers, the organic compounds are avail- 
able for transport away from the waste disposal area and for decomposition. 
In general, transport of organic compounds can occur in a vapor, organic liquid, 
and/or aqueous phase. The dominant phase of transport is dependent upon 
the properties of the waste and hydrologic conditions of the site. The concen- 
tration of the chlorinated solvent at the disposal pit serves as a boundary con- 
dition for transport through the vadose zone. The concentration of each 
constitutent is related to its vapor pressure and is estimated from soil temper- 
ature and mole fraction. Estimation of both vapor pressure and mole fraction 
requires information on constituents of the waste inventory other than the 
compound of interest. 

The mass balance expression for contaminants in the pit but outside the 
containers is 

where A = surface area of disposal area (m’); qdi,qui=upward and downward 
flux of the ith compound (mol s- ’ ) ; and A= decomposition rate (mol s-l ) . 

Vapor pressure estimation at source 
The driving force for vapor transport from the source is the vapor pressure 

of the compound. Vapor pressure was estimated using Raoult’s Law [ 71 which 
states that the vapor pressure (pi) is given by the product of pure component 
vapor pressure (py ) and mole fraction (X,;): 

Pi =PPxpi (7) 

Pure component vapor pressures as a function of temperature are available 
from Perry and Chilton [ 5 1. The data were fit to an empirical curve of the form 

tg1. 



I I I I I I I 

*‘o 
1 I I / I 

0 4 a 12 16 24 28 32 

TEMPERATURE (wslus) 

Fig. 2. Vapor pressure of chlorinated solvents of interest as a function of temperature. 

ln(py)=a, +$+c~,T+a~ln(T) +a,T’ (8) 

The vapor pressure curves are illustrated in Fig. 2. Mole fractions are esti- 
mated from the equation: 

QPi 
xpi = IQ,; (9) 

In the specific case of the organic waste disposed at the RWMC, a significant 
quantity of machine oil served to dilute the organic solvents and had some 
predicted effect on the calculated vapor pressures. In the general case care 
must be taken to identify constituents of the inventory which will affect the 
vapor pressure of those compounds being modeled. 

Temperature estimation 
Estimation of pure component vapor pressure requires that the temperature 

be known. For compounds buried in disposal pits this requires estimating tem- 
perature as a function of depth in soil and time of year. The governing equation 
for heat conduction in a soil is [9]: 

Z$=V-D,VT T(o,~)=T,(o,~) ~(t,o)=T,(t,~) ~(t,m)=T, (10) 

where Dh = thermal diffusivity ( m2 s- ’ ) , T= temperature (K ) , TO,,,2 = boundary 
or initial temperatures (K ) , and t = time (s ) . 
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Fig. 3. Comparison of predicted and measured soil temperatures at the site. 

For simplicity, the heat flux at the surface is assumed to follow a sine f’unc- 
tion with a period of one year that corresponds to seasonal variation in solar 
radiation. If Tavg is the average surface soil temperature and & is the maximum 
seasonal variation then the surface soil temperature can be estimated by: 

T(O,t) = Tavg +A,sinwt (11) 

Assuming that the soil has a constant thermal diffusivity and is infinitely deep, 
the temperature at depth z is given by [ 91: 

T(G) = TaVg +A,exp(z)sin( -t-c) (12) 

where zd is the damping depth. To allow adjustment for t=O to begin at any 
time of the year, a phase lag parameter is added inside the sine term. A phase 
lag of - 7x/12 causes the simulation to begin on January 1. For site specificity, 
the general solution form can be fit to local soil temperature data by adjusting 
T,,, and A,, as needed. 

A comparison between fit and actual temperature data at the RWMC [ 2 ] is 
given in Fig. 3; Tays was found to be 9.7”C with an amplitude of 12.7”C. A 
thermal diffusivity of 5.1 x 10e6m2 s-l was used. 

Transport from waste pit 

To model contaminant transport from the disposal pit, boundary conditions 
were established at three locations: ( 1) the soil-atmosphere interface, (2 ) the 
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surface of the aquifer, and (3) the waste pit itself. Concentrations at both 
external boundaries were set to zero. The time variant concentration at the 
source was estimated by simultaneous solution of the coupled system of equa- 
tions. Calculations of flux across these boundaries were simplified by consid- 
ering only the dominant transport mechanisms for the compounds of interest 
at the RWMC. 

Transport of organic contaminants from the waste pit can occur by advec- 
tion, diffusion, and dispersion in three phases: vapor, aqueous liquid, and non- 
aqueous liquid solutions. Transport in the aqueous liquid phase is dependent, 
among other things, upon the solubility of the contaminant, soil moisture con- 
tent, and flow rate. Water content and flow rate in the unsaturated zone are 
directly related to infiltration rates. For the RWMC, infiltration is quite low 
due to the arid nature of the climate (approximately 20 cm/y precipitation), 
however transport by dissolution in soil water may be important both for 
transport and as a means of retardation of contaminant movement. 

Nonaqueous liquid phase movement is dependent upon the viscosity of the 
fluid. The wastes disposed at the RWMC were originally in a “semi-solidified” 
form (using calcium silicate) and contained a substantial amount of highly 
viscous machine oil [6]. The kinematic viscosity of the contaminants studied 
( - 500 cSt or 5 cm2/s) and pre-solidification of the waste resulted in very 
limited transport of liquids. Therefore, the nonaqueous liquid phase is, for all 
practical purposes, immobile. 

Vapors move by advection, dispersion, and diffusion. Advection and disper- 
sion of vapors can be caused by density differences and by mechanisms which 
can result in movement of subsurface air such as barometric pressure changes 
and changes in the water table depth. Some studies [ 10,111 suggest that vapor 
migration of fairly dilute contaminants is predominantly by simple molecular 
diffusion. Barometric pressure and wind effects typically dampen quickly with 
depth in the soil and density disparity induced velocities only become impor- 
tant at higher vapor concentrations than have been measured or predicted at 
the site. 

Derivation of governing equations 
The change in the total contaminant concentration (M) due to a flux (4) 

of a contaminant can be obtained by mass balance: 

$y= -V-q+ RR (13) 

where R, is the rate of reaction. If @,, &, & are the liquid, gas and solid filled 
porosity and C,G and S are the soil water, soil gas and solid phase concentra- 
tions then the total mass per unit volume is: 

M= t#,C+&G+#,S) (14) 
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For compound degradation, the reaction rate is the rate constant times the 
concentration: 

RR= -AM (15) 

The total flux leaving the waste pit is the sum of the liquid phase (al) and gas 
phase (a,) fluxes, 

4’41 +Qg (16) 

The flux of contaminant in the liquid phase is a result of advection, disper- 
sion, and diffusion. Rates of contaminant dispersion in the unsaturated zone 
have been found to be fairly low [ 121. Likewise, diffusion in the aqueous phase 
is approximately 4 orders of magnitude slower than vapor phase diffusion [ 5 1. 
In the interest of simplification these minor terms are not considered, thus the 
important fluxes are advection in aqueous liquid 

W=fPIv,C, (17) 

and vapor diffusion 

Q~ - @,DVG. (18) 

The vadose zone transport equation for an individual contaminant is then given 
by 

a(4c+~,G+~,~) 
at c-v- ($,v,C--@$VG) -A(4C+q&G+&,S) (19) 

To solve the transport equation, relations are needed between the concen- 
trations in the gaseous, aqueous, and solid phases. Partitioning of contaminant 
between the aqueous and vapor phases is assumed to obey Henry’s Law (G/ 
C = H) . Partitioning of contaminants between the liquid phase and solid was 
assumed to follow linear reversible sorption with (K= S/C) giving 

G(O,z)=O G(t,O) =Gpit(t) G(t,z,) =O 

where the retardation factor is given by 

(20) 

(21) 

z, is the atmosphere or aquifer surface, and Gp, is the contaminant concentra- 
tion in the waste pit. 

The relative importance of the two transport modes is highly dependent 
upon assumed infiltration rates and soil properties. In the arid climate consid- 
ered, low infiltration rates (e.g., less than 5 cm/y) persist thus the vapor dif- 
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fusion term dominates the flux. Under these conditions the solution can be 
closely approximated by considering only vapor diffusion. 

Variability in partitioning of the different waste constituents between the 
vapor, liquid, and solid phases (i.e., variability of K and H) can lead to sepa- 
ration of constituents during transport [ 131. Although predicted by the model, 
sufficient data are not available to determine the degree to which this separa- 
tion of contaminants is actually occurring at the site. 

Parameter estimation 
Sorption of organic solvents is related to the organic carbon content of the 

soil or rock material [ 141. The site consists of relatively recent igneous rocks 
at a desert location. Organic carbon content of the materials is very low. Thus 
K was assumed to be negligible. This would not be the case at many wastes 
sites, thus sorption was included in the governing equations for completeness. 

The diffusivity of vapors in porous media was estimated from diffusivity in 
air using the Millington formula [ 15 ] 

D=&@N”/@c)2 (22) 

The diffusivity of the contaminants in air is approximately 10 -’ m2 s- ’ [ 5 1. 
The total and vapor filled porosity of the cover materials have been estimated 
as [ 21 & = 32%, @,= 15%. Porosity of the basalts based upon 61 laboratory 
analyses [ 161 was estimated as 8%. Separate modeling estimates of flow in the 
unsaturated zone at the site by the authors has suggested a moisture content 
of 1% in the basalt. The net infiltration rate for water at the site was assumed 
to be 5 cm/y giving a liquid pore velocity ( ul) of 625 cm y-l. 

The temperature dependence of the diffusion coefficient can be predicted 
from the kinetic theory of gases [ 17 ] : 

D=Do(T/Tr)3’” (23) 

where TR is the reference temperature. This allows additional correction of the 
vapor diffusion coefficient from 25 o C to the average temperature of the site 
(9.7”C). 

Groundwater contamination 

At the RWMC, contaminants have migrated through the vadose zone into 
the Snake River Aquifer which lies beneath the site. To model transport in the 
groundwater, the aquifer was modeled as a homogeneous porous medium of 
infinite lateral extent and finite depth. A uniform flow field was assumed to 
exist throughout the area studied. An analytical solution to ground water dis- 
persion equation [ 181 was used to estimate concentrations down gradient from 
the disposal facility. 
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The equation for contaminant transport in groundwater is 

g+;-vc=V.DvC-AC, C(O,r,y,z) =o actw,Y,Z=o, wzo 
d a2 

C(t,oo,OC),z) =o. 
(24) 

For an impulse release of contaminant the solution is [ 181 

C(t,x,y,z) =~xtx,t)YtY,t)ztz,t), 
d 

where 

(25) 

(26) 

Yb,t) =&{ erf-j-+--erf-jZ$$-1, (27) 

Z(z,t) =;. (28) 

The solution was modified for a continuous time variant release by summing 
over a series of impulse releases. When the impulse spacing is kept small, rel- 
ative to the standard deviation of the impulse at the receptor, a continuous 
time variant release can be simulated by [ 19 ] : 

C(t,x,y,z) = ~~x(X,t-t.)Y(y,t-ti)z(2,t-ti) 
i=l 

(29) 

where b = aquifer thickness (300 m) , Dxay,z = dispersion coefficients in the x, y, 
and z directions (m’ s-l), t= length f o area source in x direction (469 m ) , 
Mi = amount of contaminant released in each pulse (mol) , t = time (S ), ti = time 
of pulse release (s) , and w = length of area source in y direction (469 m ). The 
time variant flux of contaminant to the groundwater is obtained from the va- 
dose zone transport code, then descretized into a number of impulse releases 
for use in eqn. (29). Modeled parameters were taken from Robertson, 1974 
[ 201. These parameters were: longitudinal dispersivity 91 m, transverse dis- 
persivity 137 m, groundwater velocity 1.4 x 10m5 m/s, and aquifer thickness of 
300 m. 
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Model application 

Numerical solution 
The governing equations presented above represent a system of differential 

equations describing release from the containment drums, mass balance of 
contaminants outside the drums but in the waste pits, transport of contami- 
nants through the vadose zone, and transport through the aquifer. The solu- 
tion methodology is best explained by considering the mass balance of contam- 
inants in the pits but outside the drums (Fig. 4), 

Equation (6) represents a system of 6 coupled ordinary differential equa- 
tions, one for each constituent. The system of 6 ordinary differential equations 
is solved by fifth order Runge-Kutta [ 211. Solution of the system of equations 
requires estimates for release rate from the drums ( ci) and rate of mass trans- 
port from the pits (Qcli, qui) as a function of time. Release rate from the drums 
is given by the analytical solution (eqns. 4-5 ) _ 

The mass transport rate is obtained using an explicit solution to the one 
dimensional transport equation (eqn. 19 ) . A standard finite difference method 
is used to solve the partial differential equation [ 221. The Runge-Kutta and 
finite difference solving methods are coupled through the contaminant con- 
centrations at the waste pits (G,,, the boundary concentration for the trans- 

atmosphere 

dissolved in groundwater 

L 

Fig. 4. Schematic of waste disposal site model showing direction of waste migration (arrows) and 
the thickness of the different submodel domains. 



port calculation) and the transport flux ( (qdi, qui), required for obtaining a 
mass balance within the pits). The computational sequence involves alternat- 
ing calls to the two routines. The contaminant flux is assumed constant during 
each call to the Runge-Kutta solver and the concentration in the pits is as- 
sumed constant during each call to the finite-difference solver. This method- 
ology puts limitations on the length of the time steps which can be achieved, 
especially during early time periods when the rate of change is high. The flux 
of each contaminant to the groundwater at each time step is entered into the 
groundwater plume equation (29) as a single impulse release. The estimated 
groundwater concentration in three dimensions is then the sum of the contri- 
butions from all impulses. 

Results 
Release rate projections are highly dependent upon site properties, waste 

properties, and the compound of concern. The estimated release rate of carbon 
tetrachloride and tetrachloroethylene from the waste containers and the waste 
pits is illustrated in Figs. 5 and 6. In each figure, the smooth (solid) lines 
represent loss of containment from drum failures and the undulating (dashed) 
line represents the release rate from the waste pits. 

Release rates from waste drums are a result only of the properties of the 
containers and are, therefore, similar for both compounds. During the initial 
five year disposal period, the inventories of both compounds increased as more 
containers were added to the pit. There was an initial container failure rate of 
20% and an exponential container failure rate due to corrosion. Subsequent to 
the depositional period, only the exponential failure mechanisms operate to 
release material from buried drums. 

Once solvents are released from the waste drums, release from the pit is 
driven by vapor pressure. The release rate from the waste pit is, therefore, a 
strong function of temperature with peaks of release during summer periods 
of warmer soil temperatures. This results in the sinusoidal cycles of release 
shown in Figs. 5 and 6. The amplitude of this cyclic variation is determined by 
site-specific meteorological conditions (annual seasonal temperatures ) , soil 
characteristics (thermal diffusivity ), and the average depth of the waste pit. 
Within the time frame of interest, the average release rate of carbon tetrachlo- 
ride is controlled by container failure rates. 

The physical properties of the various chlorinated solvents can have a strong 
influence on the relative importance of release rates due to container failure 
and vapor phase transport away from the disposal pit. This can be seen by 
comparing the behavior of carbon tetrachloride and tetrachloroethylene as 
shown in Figs. 2,5 and 6. 

Carbon tetrachloride has a very high vapor pressure at all temperatures when 
compared to tetrachloroethylene (Fig. 2). Consequently, it can move as a va- 
por out of the waste quite rapidly. Figure 5 indicates that the average vapor 
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Fig. 5. Simulated release rates of carbon tetrachloride. The solid line represents release from the 
steel drums. The dashed line represents release from the waste pits. 

70 

60 

0 2 4 6 8 10 12 14 16 18 20 

TIME- (y) 

Fig. 6. Simulated release rates of tetrachloroethylene. The solid line represents release from the 

steel drums. The dashed line represents release from the waste pits. 

phase release rate from the pit is always very close to the release rate from the 
waste containers. Container failure is, therefore, the limiting process for re- 
lease of carbon tetrachloride. 

Tetrachloroethylene, in contrast, has a lower vapor pressure and cannot move 
away from the disposal pit as quickly as it is released from failing containers. 
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This is clear from Fig. 6 in which the average release rate from the pit by vapor 
transport is everywhere lower than the release rate from the waste containers. 
From these two cases the behavior of the other constituents of the waste in- 
ventory can be anticipated (Fig. 2). Chloroform and l,l,l-trichoroethane have 
vapor pressures even higher than carbon tetrachloride and will show a pattern 
of release rates similar to Fig. 5. 

Figure 7 is an illustration of the integrated downward flux from the waste 
pit into the vadose zone. Flux upward to the atmosphere constitutes the re- 
mainder of the total. This figure clearly shows the influence on vapor pressure 
of annual variations in soil temperature even for cumulative releases. Although 
a significant fraction of the annual release moves toward the aquifer during 
early time periods, in the long run concentration gradients below the site in- 
crease, slowing the downward flux and leading to the dominance of atmos- 
pheric release. This has important consequences for evaluation of potential 
remedial actions. For example, addition of a high quality cover of the type 
designed to minimize water infiltration could decrease the flux to the atmo- 
sphere but result in an increase in the downward flux into the vadose zone, and 
eventually, the groundwater. 

Predicted concentrations of carbon tetrachloride in the groundwater for the 
summer of 1987 (approximately 21 y after disposal began) are shown in Fig. 
8. Also shown in Fig. 8 are measured concentrations of carbon tetrachloride 
from USGS monitoring wells [ 231. The predicted results matched measured 

0 2 4 6 8 10 12 14 16 18 20 

T’ME (Y) 

Fig. 7. Proportion of total release remaining in the subsurface. The graph compares the relative 
importance of flux to the atmosphere with transport into the vadose zone and groundwater. Most 
contaminants are released to the atmosphere. 
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Fig. 8. Comparison of measured and calculated concentrations of carbon tetrachloride in the 
groundwater for 1987 (simulation time 2 1 years ) . 

concentrations at wells 88 and 120, both of which are located down gradient 
from the RWMC. Well 117 was also located down gradient from the RWMC, 
however recent f&d data have shown no concentrations above 0.2 pg/l. 

The up gradient wells showed higher concentrations than predicted by the 
model. These wells included well 87, 90 and the RWMC production well. The 
model does not predict the concentrations in these wells for a number of rea- 
sons, some of which are 1) pumping from the production well was not included 
in the model, and 2) occasional seasonal gradient reversals in the ground water 
flow field [ 1 ] were not considered. While the model used in the analysis was 
adequate for downgradient predictions, up gradient predictions will require a 
more sophisticated groundwater model and supporting input data to accom- 
pany it. Considering the number of steps involved in the modeling process, the 
agreement between measured and predicted values is excellent. 

Figure 9 gives the predicted flux of carbon tetrachloride to the groundwater 
as a function of time. Although the release rate from the disposal pits peaked 
approximately 15 years ago, the groundwater contamination problem is not 
expected to peak for another 25 years. The delay is a result of transport lag in 
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Fig. 9. Predicted time variant flux of carbon tetrachloride to the groundwater if no remedial ac- 
tions are taken at the site. The model predicts that groundwater concentrations will peak 20-40 
years in the future even though total releases from the waste pits (Figure 5) peaked 15 years ago 
back in 1972. 

the vadose zone. These calculations clearly show that groundwater concentra- 
tions will increase if no remedial actions are taken at the RWMC. 

Conclusions 

A systematic approach has been developed for modeling organic contami- 
nant release and transport from a hazardous waste site in an arid environment. 
The model theory predicts an annual cycle of vapor release induced by seasonal 
change in soil temperature. Container failure rates and diffusive mass trans- 
port have a significant effect on release from the pit. The release is also depen- 
dent upon the vapor pressure of the compound of interest and the hydrologic 
conditions of the site. 

This work demonstrates that the first principles of chemistry and physics 
can be used to describe complex processes influencing organic contaminant 
releases from a disposal site. The model formulation can be greatly simplified 
by specializing the governing equations to apply to the unique site character- 
istics and properties of the compounds of interest. The model application to 
the RWMC provided the following information: 
a) The majority of the organic vapors released from the waste pits have been 

vented to the atmosphere. 
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b ) Release rates from the pits are primarily controlled by the container failure 
history and attenuated by the soil temperature cycle. 

c) Concentrations in the disposal pit reached a maximum about five years 
after start of disposal. 

d) Concentrations in the groundwater are projected to increase with time (if 
no remedial action is taken ), with the peak occuring round about 2010 (25 
years from present). 

This information is being used in the selection and design of remedial actions 
that will be implemented at the RWMC. 

Acknowledgement 

Work performed under the auspices of the U.S. Department of Energy, DOE 
Contract No. DE-AC07-76ID01570. 

Notation 

al.5 
A 

ACI 
b 

L 
Dh 
DCI 
D xLY.2 

G 
H 
I 
K 
Ki 
1 
M 

Mi 
@l&g 
P 
PP 

Pi 

Qui 
qdi 

Qdi 

Qpi 
RR 

Rd 

coefficients for vapor pressure equation 
surface area of disposal area ( m2 ) 
amplitude of temperature change at surface (K ) 
aquifer thickness (m ) 
concentration in soil moisture (mol m-’ water) 
coefficient of molecular diffusion in porous media ( m2 s-’ ) 
thermal diffusivity ( m2 s- ’ ) 
coefficient of molecular diffusion in air ( m2 s- ’ ) 
dispersion coefficients in the X, y, and z directions = cyu ( m2 s- ’ ) 
concentration in soil gas (mol m3 soil gas) 
Henry’s law constant = G/C 
rate of waste input (mol total organic s- ’ ) 
volumetric distribution coefficient = S/C 
Ixdis (mol is-‘) 
length of area source in x direction (469 m ) 
total contaminant concentration (mol mm3 total volume) 
mass of contaminant released in each pulse (mol ) 
liquid and gas filled porosity 
pressure (Pa) 
pure component vapor pressure of i (Pa) 
actual vapor pressure of contaminant i (Pa) 
upward flux of contaminant (mol rn-’ s-l ) 
downward flux of contaminant (mol mm2 s- ’ ) 
moles of component i in buried containers 
moles of component i in disposal area outside of containers 
rate of reaction (mol s-’ m-“> 
retardation factor 
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concentration on soil solids (mol m-’ solids) 
time (s) 
length of emplacement period (s ) 
total time (s ) 
time of pulse release (s ) 
absolute temperature (K ) 
annual average soil temperature (K) 
reference temperature (K) 
liquid pore velocity (m s- ’ ) 
distance in x direction (m ) 
mole fraction of component i in containers 
mole fraction of i outside container in disposal area 
distance in y direction (m ) 
length of area source in y direction (469 m ) 
depth (m) 
damping depth (m) = ,/m 

depth of aquifer/atmosphere surface relative to waste pits (m) 
dispersivity (m) 
proportion of containers which do not fail at initial burial 
release rate of component i from containers (mol s-l) 
container failure rate subsequent to burial (s- l) 
decomposition rate (s-l ) 
angular frequency = 2n divided by the period (one year) (s-l ) 
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