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The quantitative study of the groundwater contamination in a porous media is a difficult task.
For complex problems, numerical solutions are the most effective means to study the movement
of contaminants in the groundwater. The solute transport model used in this study has proved to
be an efficient tool to model contaminant transport for complex problems. The model
demonstrates its effectiveness in reproducing the contamination by chlorides of the groundwater
at the landfill site due to leachate from the wastes. It describes the two dimentional solute
transport and alteration of the water ?uality and forecasts the contamination for different
management alternatives of the landfill. The model also indicates how the groundwater
contamination can be contained within the Lowry site if a barrier is constructed downstream of
the disposed wastes.
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1. INTRODUCTION

In parallel with the progress of industrial socie-
ties the amount and toxicity of associated wastes
has been increasing. One of the major problems
that has arises is the storage of these wastes in a
safe place where they are not a threat to environ-
mental quality. The disposal of hazardous wastes
has been carried out in many places whose charac-
teristics are not the optimal ones and groundwater
pollution has been the result. Numerical models

have been developed to evaluate the influence on
the water quality of this kinds of practices, either
to anticipate the effects of future disposal activities
or to determine the extent of the contamination in
an actual case and to find the best solutions to
clean up the site. A finite element model with tria-
ngular elements and linear shape functions written
and programmed by J. W. Warner (1991) was used
to simulate two-dimensional solute transport in
groundwater flow. The purpose of this study is to
determine the effectiveness of the model in its ap-
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plication to a real case study involving groundwater
contamination at the Lowry landfill site.

2. DESCRIPTION OF THE STUDY AREA

2.1 Geology and Aquifers

The Lowry landfill is located slightly east of the
axis of a broad north south trending regional syn-
cine known as the Denver Basin (Fig. 1). Ground
water occurs in the alluvium deposited along the

stream channels. Where saturated it is the upper-
most aquifer.

2.2 Basic Data

The basic data on hydrology property and groun-
dwater levels of the aquifers in the study area are
from the reports of USGS and Golder Associates.
(Robson, 1977 and Golder Associates, 1982). Also
groundwater quality and other miscellaneous data
gained by D. Fontane (1996) of Colorado State
University from the Colorado Health Department.
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2.2.1 Hydraulic Conductivity and Porosity
According to Robson the hydraulic conductivity
for 10 samples from alluvium within 3.22 to 14.48
km from the Lowry landfill ranged from 2.4X10°°
to 39.62 m/day with a mean of 9.75 m/day. The hy-
draulic conductivity of six samples taken from the
upper part of the bedrock formations within 1.61 to
12.87 km from the Lowry landfill ranged from 2.87
X107° to 2.65 m/day with a mean of 0.85 m/day. In
1978 Daley and Aldrich carried out in-situ percola-
tion tests and laboratory tests at a proposed salt-
brine disposal pond situated in the northeast of Se-
ction 31. They found that the uppermost few feet
of weathered rock had hydraulic conductivity in the
107* to 10 °cm/sec range and the unweathered
bedrock was expected to be in the range of 107°
“to 10*cm/sec. In 1982 Golder Associates perfor-
med a study to evaluate the feasibility of construc-
ting a waste containment structure to intercept co-
ntaminated ground water flowing north in the allu-
vial channel from the center of Section 6. The con-
tainment site is situated in the south part of Sec-
tion 31. Field permeability tests yielded a hydraulic
conductivity for the surficial soils of from 53X107°
to 1X10* cm/sec, for the highly weathered sands-
tone of the Dawson formation of from 3.2 to 9.9X
107* cm/sec and for the weathered claystone and
siltstone of the same Dawson formation of from 1.7
X1077 to 4.0X10°° cm/sec.

2.2.2 Groundwater Levels

The water level altitude measured in the alluvial
and shallow bedrock wells are very close. The dee-
per bedrock wells have lower water levels. In ge-
neral, the deeper the well the lower the water level
altitude. Indications are that the alluvium and the
upper bedrock aquifer are hydrologically connected.
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The chemical analysis of the samples of up and
down gradient wells taken at different depths seem
to indicate that the water movement is rather late-
ral than vertical and that leachate remains in the
upper aquifers. There are no wells within the dis-
posal area but the presence of mounds can be as-
serted in local areas due to recharge from ponds.
Gas monitoring wells, drilled only through the re-
fuse with very small depth give evidence of the
mounds in the southeast area of Section 6.

2.2.3 Water Quality

The chemical analyses indicated high concentra-
tions of many of the substances analyzed for and
very high concentrations for some of the contami-
nants. Chloride is an often used tracer to assess
the spread of groundwater contamination. The ch-
loride ion is conservative, that is it does not react
with the solid aquifer material allowing it a high
mobility. Other constituents, such as phenols and
metals, have their movement inhibited by adsorp-
tion and are not as good of indicators as the chlo-
ride ion of the possible extent of the groundwater
degradation. The analysis for chlorides carried out
are shown in Table 1.

3. NUMERICAL MODEL
TION

FORMULA-

3.1 Description

The numerical model used to study groundwater
contamination was a finite element two-dimensional
solute transport model. The model was developed
by J. Warner (1991) and it was applied in this pre-
sent study with some modifications to fit the condi-
tions in this study area. The program based on
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Table 1. Chloride Concentration in Milligrams per Liter at Selected Wells

Well site April January April January
1981 1982 1991 1992
Alluvial Wells
© A-102 89.5 118
A-103 127 823 835
A-105 8,975.0 9,200 9,650 9,870
A-107 42 48
A-109 189 26 9% 98
A-110 169 24 32 36
A-115 142 168 860 905
A-116 346 436 1,020 1,085
B-210 278 31
B-202A 33
B-205 403 385
B-206 140 177
B-212 486 39
B-213 31 30
B-214 108 129 380 398
B-215 33 42

the Galerkin method solves simultaneously the
Boussinesq equation for a non-homogeneous isotro-
pic medium describing groundwater flow and the
equation describing two-dimensional mass transport
for a reacting solute subject to adsorption in flo-
wing groundwater.

3.2 Basic Assumptions

In the model, the hydraulic conductivity and thi-
ckness of the aquifer are a variable between ele-
ments but are a constant for each individual ele-
ment. The porosity is assumed uniform in space
and time for all elements. The variations in density
on concentrations are not taken into account. The
concentrations used in the program are the average
vertical concentration in the aquifer. The model can
simulate either transient flow and transient trans-
port or steady state flow and transient solute tran-
sport. Steady state flow was used in the modeling.

A review of the water level data indicated no major
fluctuations in the water level elevations in any of
the observation wells during the monitoring period.
Therefore, recharge from infiltration of precipita-
tion and discharge from evapotranspiration were
assumed to be small and were neglected in the
model. The waste disposal ponds are the sources
of pollution. The available data indicate that migra-
tion of contaminants from the waste disposal ponds
have affected the shallow and upper bedrock aqui-
fer but not the deeper aquifers, that is, no leachate
has occurred to those deeper aquifers. The prog-
ram makes use of a mass lumping procedure.

3.3 Model Formulation by Galerkin Fi-
nite Element Method
3.3.1 Theoretical Equations

1) Flow Equation
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The equation describing the transient two-dime-
nsional flow of a homogeneous fluid through a non-
homogeneous anisotropic saturated aquifer can be

written as
ENEY S NOY AN
ox \ ox oy ay ot
W+ (8(x—x,) - 8(y—y,) - Q) (D
p=1
where
T.=T. (x, y)=transmissivity in the x-direction
(LY1)
T,=Ty (x, y) =transmissivity in the y-direction
(L1

h=h(x, y, t)=potentiometric head (L)

S=S(x, y) =storage coefficient (dimensionless)

W=W (x, y, t)=distributed volumetric water
flux per unit area, positive sign for discharge
and negative sign for recharge (L/T)

Q.=Q, (t) =volumetric water flux at a point lo-
cated at (xp, yp) positive sign for withdra-
wal and negative sign for recharge (L%/T)

8(x— &) =Dirac delta function defined as

8(x—&) =0 if x<& and

[ 8- 10 4=t

t=time (T)
X, y=cartesian coordinates in the principal dire-
ction of transissivity.
2) Solute Transport Equation
The equation used to describe the two dimensio-
nal mass transport for a reacting solute subject to
adsorption in flowing groundwater is derived from
the principal of conservation of mass and can be
expressed as (Warner, 1991)

_a_c_—ic;z_a__(c.vx)_g_i(c.vy)
ot ot ox oy

—J—)—(Dxxﬂ)"—g—(myﬂ) (2)
ox ox oy oy
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where
C=C(x, y, t) =dissolved concentration of the
solute (M/L%)

C=C(x, y, t)=concentration adsorbed on the
solid aquifer material per volume of solution
(M/LY)

C'=C'(x, y, t)=dissolved concentration of the
solute in the source or sink fluid (M/L?)

V.=V, (x, y, t) =average interstitial velocity on
the groundwater in the x-direction (L/T)

V,=V, (x, y, t) =average interstitial velocity on
the groundwater in the y-direction (L/T)

D;=D; (x, y, t) =coefficient of hydrodynamic di-
spersion (second-order tensor, L*/T)

e=¢lx, y, t)=porosity of the aquifer (dimensio-

nless)

b=b (x, y, t) =saturated thickness (L)

The adsorption process in the equation (2) is
quantified using the Freundlich Isotherm empirical
equation because of its mathematical simplicity. Ac-
cording to the equation, the adsorption of ions in
solution by a solid is given by (Freeze and Cherry,
1979)

C=K." C* (3)

Where C is the adsorbed concentration, C is the
dissolved concentration and K, (distribution coeffi-
cient) and ¢ are constants experimentally determi-
ned. The time derivative of C after (3) yields

aT _ _.ac
—at—— aC 7{ (4)

And the first term of (2) can be written as
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oC _ aT_ ac
dt

o at

(1+Ki-a-C) (5)

With the substitution of (5) into (2) the latter be-
comes

aC _ o v, d v,
Swlew ) a (o)
3 (D.dC\ @ (D, acC

Tx( Re K) E( R, Ty)

9 (Dy aC\_ 3 ( D. oC
a—x<"RZTy) a_y( Re ?x_)

WC o

+n+ pZ}(S(X"xp) 8(y—v,) Q) (6)
where Ry=1+K,* o+ C! )

Rq is called the retardation factor.
3.3.2 Galerkin Approximation

Consider an equation, L (u) =0 on the bounded
domain D (8)

where L is a linear differential operator and u
an unknown variable. Assume a trial solution

O(x, y, t) expressed as

0, y, D=31G(0 * o(x, y)) ©)
¢ is a set of independent shape functions, called
basis functions, chosen to satisfy the boundary con-
ditions and Gj are the unknown time dependent
coefficients which represent solutions of the equa-
tion (8) at specified nodes within the solution do-

main.
Let a residual R be defined by

R(x, v, t>=L<U>:L[ 360 ox y>} (10)

Local linear shape functions (V) are used because

ok

of the conjunction between computational effort and
the reliability of the results. The approximating
trial solution (9) is rewritten for the element e as

0x, v, =G - Vi(x, P +G(O - Vix, )+
Gt) - Vi(x, v) (1D

The global shape function ¢ is the union of all
the local shape functions that are non zero at node
i It is non zero only over elements which have
node i as a vertice, equal to zero at all the other
nodes. The value of the approximating trial solution
at node 1 is

U(Xi, Vi, =Gt) - Q(Xi, Yi):Gi(t) (12)
3.3.3 Solution to the Groundwater Flow
Equation

1 Galerkin Approximation
The linear differential operator corresponding to
equation (1) is defined as

0 ch d oh ch

- . — + — -} —-Q—
L(h) ox (T ox ) dy (Ty dy ) S ot
W-2Q 8(x—x,) * 8(y—y,)=0 (13
with the boundary conditions
0
o * =constant on boundary B
aX B
dh
—— | =constant on boundary B (14)
ay B

These conditions represent constant gradient
boundaries. Assuming a trial solution given as

hx, y, ) = hlx, y, D=2 (G0 6x y)) (1)
and substituting it into the operator given by

equation (13) the residual R (x, y, t) is obtained,
and the approximating integral equations yield by
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setting the weighted integrals of the residual R (x,
y, t) to be zero.

9 [Tx %(gm,-(o (%, ) )] +

{ ox
¢ g /o
5; !:T;T}‘Y—(JZ]G,(O ¢j(X, y) )}
S—a‘?t«[ 360 - o y) | -
3 Glx—x) 57— y)Q)t oxlx, Y)dxdy=0(16)

p

1=1, 2, n

Expanding and differentiating inside the summa-
tion brackets and applying Green’s theorem and
boundary conditions the n equations can be written
in matrix form as

[AJ{G}+[B] {%} +DI+{EHF=0 Q7

where [A] and [B] are n x n dimensional matrices

and {D}, {E}, F}, G} and%gd(ti

vectors to solve the flow equation. The elements

}are n dimensional

a¢j(x, Y)
0x

are
o], e

o, doilx, y)  9gx, y)

ox ox } da

Bijzjj D{S&(X, Y) (Dj(X, Y)} dA

D= j [ Wolx, y)idA

E= f j { ok, y) ( 3 (6xx,) - 6(y‘y.,)Qp))}dA
F=-¢ 1 T.ox, y)( i:- B)lﬁ’l}q)i(x, y)

!
5

A

'B)ly}dL

&
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2) Integrations
The integration of A;, By, D, Ei and F; is perfor-
med in a piecewise manner on an element basis.
The global matrix for the entire domain is formed
from these element matrices by summing for a gi-
ven node the contribution of all the elements sha-
ring that node.
3) Time Derivative Approximation
Once the matrices [A] and [B] and the vectors
{D}, {E}, and {D} are evaluated, the technique for
solving the n ordinary differential equations (17) is
the implicit finite difference scheme to approximate
the time derivative. The finite difference approxi-
mation for the time derivative is

(18)

{Gt} are the known values of G at time t and
{Giad are the calculated values at the time t+At.
The substitution of (18) into (17) with an implicit
scheme yields after rearranging the terms

4044, 81 =, 81 f4-Di-fe-18
(19)

The solution of {Gi+af can be found by matrix-
solving techniques as Gaussian elimination or
point-iterative successive overrelaxation technigue,
both are used optionally in the program.

3.3.4 Solution to the Solute Transport Equa-
tion

1) Galerkin Approximation
The linear differential operator corresponding to
equation (6) is defined as

¢ / Du 0C 0 D, 0C
- - + -
L(©) ax( Re 0x ) oy ( Rq ay)
¢ (D, dC 0 D, dC

ox |\ R ox

(“ )+79§'(Rd—67)
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The approximating integral equations are given
by (10). Combining these equations along with ex-
pansion and differentiation inside the summation
brackets and the application of Green’s theorem
and boundary conditions, leads to n equations writ-
ten in matrix form as

mmm+mﬂ%§pmﬁmﬁmhmm

in which [As] and [Bs] are nXn dimensional
matrices and {D4, {EJ, {F)}, Gs and {dd_(‘;s} are n
dimensional vectors to solve the solute transfort
equation,
2) Integrations
The integration of As; Bsi;, Ds, Es and F is per-
formed in a piecewise manner on an element basis
in an analogous way to the integration of the flow
equation.
3) Time Derivative Approximation
The time derivative of equation (21) is approxi-
mated by using a first order implicit finite-differe-
nce scheme as shown in (18). The substitution of
equation (18) into (21) and the rearrangement
yield

( [As,] +Alt [BJ) {GSH—AI}:
(B (G- D-E)- IR} (22)

Then, the equation can be solved for the unk-
nown vector {GSt+At}

4, Model Simulations
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4.1 Model Input Data
4.1.1 Grid, Boundary Conditions and Recha-

rge

The grid used contained 247 elements and 142
nodes (Fig. 2). The model area was about 1670
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Fig. 2. Finite Element Grid for Study Area

6 SECTION NUMBER

acres situated in Section 6 and Section 31. The
grid includes the area of waste disposal and the la-
ndfill area downgradient (to the north). The size of
the elements are smallest near the waste disposal
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area. A larger element size is used for the surrou-
nding model area. Constant head boundary nodes
were specified all around the model area. No data
were available on the flow rates to and from adja-
cent parts of the aquifer across the model bounda-
ries. An infiltration of precipitation and evapotrans-
piration was thought to be small in the model area
and was therefore neglected. The model is based
on steady state flow. The amount of liquid wastes
disposed of increased considerable over the period
of operation of the landfill. The model is based on
steady state flow. The average disposal rate of 6.7
million gallons per year was used in the groundwa-
ter flow part of the model. In the transport part of
the model, mass slugs were introduced every year
in proportion to the total amount of contaminant
disposed of in that year. The location of the dispo-
sal ponds varied with time.

4.1.2 Transmissivity, Porosity and Storage
Coefficient

The hydraulic conductivity of the Dawson forma-
tion used in the model was 1.3X10 *cm/sec.
There were four values of hydraulic conductivity
for the alluvium used in the model: 8.3X10 °c¢m/
sec, 0.011 cm/sec, 0.015cm/sec and 0.021 cm/sec.
The higher values correspond to the coarser soils
near Coal Creek and the lower values correspond
to less altered alluvium. These values of hydraulic
conductivity are based on the field data and on the
model calibration process and are somewhat higher
than the reported field data. The saturated thick-
ness of the alluvium ranged from almost absent to
a maximum of 6,71 m. The saturated thickness of
the Dawson and Denver formation ranged from 1.
83 to 1097 m. With these values of permeability
and saturated thickness the transmissivities range
from 0.20 m*/day to 1.19 m*/day in the bedrock and
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from 349 m*/day to 66.89 m’/day in the alluvium.
The model uses a single value of porosity for the
entire mode! area. A porosity of 0.37 was used in
the model, Robson (1977) and Golder Associates
(1982). Since only steady flow was considered a
storage coefficient of zero was used in the model.

4.1.3 Groundwater Movement

The observed groundwater levels in the upper-
most aquifer are shown on Fig. 3. The direction
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Fig. 3. Groundwater levels for Study Area.
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of the flow is mainly to the north following the
path of the alluvium channels. In the southwest
part of Section 6 the presence of a mound is sur-
mised. Its existence is due to the recharge from
the waste disposal ponds and the low permeability
of the bedrock. The groundwater velocity in the al-
luvium considering the permeability and porosity
values assumed in above sections and the hydraulic
gradient of the groundwater varies from nearly 0.76
m/day in Section 6 to about 0.30 m/day in Section
30 and upper part of Section 31.

4.1.4 Longitudinal, Transversal Dispersivities
and Initial Concentrations

In the calibration process, a longitudinal disper-
sivity a.=30.48 m gave the best fit to the data. The
rate of transversal to longitudinal dispersivities is
0.30. These were within the range of values from
dispersivity reported in the literature. Analysis of
wells not affected by the waste disposal operations
were used to determine the baseline concentration
for chloride. Concentrations of chloride ranged
from 15 to 35 mg/l and an average baseline conce-
ntration of 25 mg/l was used in the model.

4.2 Calibration of the Model

The calibration is a feed-back process that tries
to match first the potentiometric heads followed by
the fit of the concentration values. The model was
initially run with a hydraulic conductivity value of
0.02 m/day for the bedrock and 0.46 m/day for the
alluvium. These hydraulic conductivity values were
similar to those reported in other studies. The final
model calibration yielded perambulates of 0.11 m/
day for the bedrock and from 7.16 to 18.29 m/day
for the alluvium. No data were available on the ch-
loride concentration of the liquid disposed of at
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Fig. 4. Simulated groundwater levels after mo-
del calibration.

STEADY STATE FLOW

the Lowry landfill concentration was inferred from
the present level of contamination in well 105
which is adjacent to the disposal area. The source
concentration was then adjusted in the model to
obtain the best fit of observed concentrations with
model results. A source concentration for chloride
of from 8000 to 10,000 mg/l gave the best fit in the
model. The location of the disposal ponds and the
amount of liquid wastes which were disposed of
annually varied with time at Lowry. The capability
of the model to match calculated potentiometric
heads with observed heads and to match model ca-
lculated concentrations with observed concentra-
tions is indicative of the goodness of fit of the cali-
bration procedure. A comparison between calcula-
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JANUARY , 1982 = 1000. MG/L
500. MG/L

CONCENTRATION —— 200, MG/L
VALUES —-— 100. MG/L
----- 50. MG/L

Fig. 5. Simulated chloride concentration distri-
bution, April 1981

ted potentiometric heads and measured heads at
the alluvium wells can be observed (Fig. 4). There
is a lack of field data in the disposal area but othe-
rwise the agreement is fairly good. The mode] cal-
culated potentiometric heads agreed within 0.61 m
of the water level altitude in the observation wells.
A plot of the calculated concentrations for April
1981 is shown on Fig. 5, for January 1982 on Fig.
6 and for April 1991 on Fig. 7. Chloride concentra-
tions were chosen to be modeled because the chlo-

0A109
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\ /}
\ /A4
J

\_\:_'_— —___
APRIL, 1981 p— e ek
CONCENTRATION =~ 200. Mo/L
VALUES - 50, Mcﬂi

Fig. 6. Simulated chloride concentration distri-
bution, January 1982

ride ion is considered to be a conservative tracer
and because the laboratory analysis for chloride is
easy to do and yields consistent results. The mig-
ration of chloride should represent the maximum
extent of the groundwater contamination at the Lo-
wry landfil. Thus far, chloride concentration has
been detected in only 14 observation wells and has
migrated about 3/4 of 1.61km to the north in the
alluvium from the disposal areas. Tables 2a, 2b, 2¢
and 2d give a comparison between model calcula-
ted chloride concentrations with observed concent-
rations for times corresponding to Figs 5, 6 and 7
for selected monitoring wells. The differences bet-
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Fig. 7. Simulated chloride concentration distri-
bution, April 1991.

ween calculated and observed concentrations are
fairly small except for well A-109. The overall cali-
bration of the model can be classified as good. Mo-
del calculated values agreed very closely with the
observed field data but in general there was insuf-
ficient data to classify the model fit as excellent.
The calibrated model was used to calculate the
quantity of groundwater flow and the velocity of
the groundwater. From the model, the total recha-
rge to the groundwater is 60.8 gallons per minute
of which 12.8 gallons per minute is from the recha-
rge by liquid wastes and the remainder as ground-

Table 2a. Comparison Between Calculated and
Observed Chloride Concentrations
for April, 1981.

Well Observed Calculated
A-105 8975 3,273
A-109 18.9 29
A-115 142 1418
A-116 346 3418
B-214 108 90.4

Table 2b. Comparison between Calculated and
Observed Chloride Concentrations
for January, 1982.

Well Observed Calculated
A-105 9,200 3,202
A-109 26 31
A-115 168 186
A-116 436 440
B-214 129 114

Table 2c. Comparison between Calculated and
Observed Chloride Concentrations
for April, 1991.

Well Observed Calculated
A-105 9,650 4,253
A-109 96 84
A-115 860 940
A-116 1,020 1,080
B-214 380 540

Table 2d. Comparison between Calculated and
Observed Chloride Concentrations
for January, 1992,

Well Observed Calculated
A-105 9,870 4,635
A-109 98 86
A-115 905 952
A-116 1,085 1,098
B-214 398 425

water under flow across the model boundaries. The
Darcy velocity at the central channel of the allu-
vium between Sections 6 and 31 is about 0.18~0.
27 m/day.
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4.3 Simulations for prediction

The model can be used to predict future groun-
dwater concentrations. In this way the model is a
valuable tool that shows the response of the aquifer
to conditions that are different from the present
field situation. Successful application of the model
for prediction purposes depends on how well the
model simplifications and assumptions represent
actual future field conditions and on how accurate
the model parameters have been determined. Si-
mulations were run to predict the chloride concen-
trations in the year 1996 and 2000. A groundwater
barrier is planned to be constructed at Lowry to
prevent the northward migration of the contamina-
nts in the year 2000. The effect of this barrier on
future groundwater concentrations were simulated.
All of the simulations assume steady-state flow.
The geohydrological conditions assumed in the ca-
libration of the model are now assumed to be valid
during the future simulation period.

4.3.1 Model Simulation for the 1996 year,
Run 1

This simulation predicts the future groundwater
chloride concentration in the year 1996 if the dis-
posal operations are terminated but no remedial
measures are taken to prevent the migration of the
constaminats already in the groundwater. The re-
sults of this simulation are shown on Fig. 8. This
simulation assumed that the disposal activities con-
tinue at a constant rate of 6.7 million gallons of Li-
quid waste per year and no remedial action is ta-
ken. Fig. 8 shows the results of this simulation in
the year 1996. the contamination plume extends
past the northern bhoundary. The irregularities in
the shape of the isoconcentration lines are due to
the numerical approximations in the model as the

[a)

APRIL, 1996 — 1000. MG/L
CONCENTRATION — 500, MG/L
T —— 200, MG/L
JALUES —-—  100. MG/L

- so Mo/

Fig. 8. Predicted chloride concentration distri-
bution for the 1996 year, Run 1.

result of dividing the model area into finite eleme-
nts.

4.3.2 Model Simulation for the 2000 year,
Run 2

This simulation assumed that the disposal activi-
ties continue at a constant rate of 6.7 mllion gal-
lons of liquid waste per year and no remedial ac-
tion 1s taken. Fig. 9 shows the results of this simu-
lation in the year 2000. The concentration of the
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DECEMBER , 2000 —— 500, MG/L
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Fig. 9. Predicted chloride concentration distri-
bution for the 2000 year, Run 2.

contaminated groundwater that has migrated off of
the landfill is not high but does represent a poten-
tial threat to water users in this area. Additionally
the contamination has spread to the wider sections
of the alluvium channel making it more difficult to
implement remedial measures to contain the grou-
ndwater the landfill. The disposal simulation is ra-
ther moderate considering the increasing trend in

the volume of wastes disposed at the site.
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DECEMBER, 2000 I 1288' ,Z.‘Sft
CONCENTRATION ———  200. MG/L
_VALUES — — 100. MG/L
_____ 50. MG/L

Fig. 10. Simulation result after disposal termi-
nation, Run 3.

4.3.3 Model Simulation after disposal termi-
nation, Run 3

This simulation predicts the future groundwater
chloride concentration in the year 2000 if the dis-
posal operations are terminated but no remedial
measures are taken to prevent the migration of the
constaminats already in the groundwater. As seen
in the Fig. 10, the contaminants move mainly th-
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Fig. 11. Simulated chloride concentration dist-
ribution after barrier, Run 4.

rough the alluvium to the north. The plume has
reached well A-109 and is close to well A-107. In
the year 2000 the plume has still migrated past se-
ction 31 and off of the Lowry landfill property.
Eventually, the plume is expected to migrate as far
as north side of Section 31. Most of the northward
contamination is confined to the alluvium and little
has spread to the bedrock. The discontinuity bet-
ween the permeability of the alluvium prevents si-
gnificant migration of contaminants in the downg-
radient bedrock.

4.3.4 Model Simulation after the intercep-
ting by barrier, Run 4

The barrier as about 250 meter long and about
122 meter downstream from well A-115 is simula-
ted. The barrier is assumed to be in place by the
end of 2000. In this simulation, the contaminated
groundwater intercepted by the barrier is collected,
treated and returned to the aquifer downstream of
the barrier. The disposal operations are considered
to be terminated. The rate of pumping at the bar-
rier is such that a steady state constant head is
maintained at the barrier. With this operation of
the barrier, 5.6 gallons per minute is intercepted by
the barrier. The chloride concentration in the mo-
del of the treaded water returned to the aquifer
was 25 mg/l. The results of this simulation are
shown on Fig. 11. In this model simulation the ch-
loride concentrations in the aquifer downstream of
the barrier are significantly reduced as compared
to the previous simulations. The areal extent of the
contaminated groundwater downstream from the
barrier has also been significantly reduced.

5. CONCLUSIONS

In this study a finite element contaminant trans-
port model was applied to the Lowry landfill where
hazardous liquid waste disposal has taken place in
the past. The model was successfully applied to an
actual field problem at the Lowry landfill. The ele-
ments have to be smaller in these places of stri-
king different peculiarities to reproduce better the
sharp front in the concentration distribution bet-
ween alluvium and bedrock. The injection or dis-
charge of a great amount of mass produces instabi-
lity if small time steps are not taken at the begin-
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ning of these periods. In spite of these difficulties,
the model has simulated in a satisfactory way the
behavior of the solute in the aquifer. Several simu-
lations were shown the migration of the groundwa-
ter contamination to the north at the Lowry landfill.
The treatment of the water pumped by the barrier
and returning the treated water to the aquifer do-
wnstream of the barrier is the most effective way
to clean the aquifer downstream of the barrier. Ho-
wever, it is simpler to pump the water from the
aquifer and to dispose of the contaminated ground-
water using evaporation ponds or returning it to
the aquifer in the disposal area. The correct study
of the bedrock would be by means of an exact de-
finition of the different strata and the rate of per-
colation and solute movement through each of the
layers.
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