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EXXON Minerals Company

P.0. Box 813

655 Washington Street §
Rhinelander, Wisconsin 54501

Attn: Mr. D.L. Rastetter
Dear Mr. Rastetter:

Please find attached twe copies of our final report "Hydrodynamics
and Associzated Chemical Species Transport Performed in Analysis of the
Exxon/Crandon Infiltration Test Site and Hypothetical Seepage Pond".

This report describes mathematical model calculations relating tc liquid
waste disposal at the Crandon Prospecting Program Site. It includes work
performed in April, 1980 and described in a preliminary draft report on
November 6, 1980. In addition it includes a recent study of a hypothe-
tical pond and its flow and chemical effects upen the underlving aquifer.
The scope of this latter work was agreed upen by us in several verbal
discussions and in our letter to vou dated Decezber 9, 1980.

It has been a pleasure working on this exciting proiect for Exxon.
Please do contact us if you have any questions.

Very truly yours,
DAMES & MCORE

Gy Hares

Dr. Devraj Sharma
Manager, Advanced Technology Group
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1.0 METHODOLOGY FOR ANALYSIS OF THE INFILTRATION BED

1.1 INTRODUCTION

The problem considered in this study is the prediction of vertical
flow through an unsaturated soil zone towards the water table. The flow
is generated by the injection of waste fluid via an infiltration bed.
Since the governing equation of unsaturated flow is highly nonlinear, the
problem is most tractable to numerical modelling techniques rather than

analytical solution procedures.

The mathematical model utilized in this investigation is a one-
dimensional finite-difference model which solves the governing unsatu-
rated flow equations for the two main variables: pressure and chemical
species concentration. A number of such species may be handled siaulta-
neously. A semi-implicit solution algorithm 1s used to ensure that,
provided reasonable selections of calculation-grid, time-step, iteration
scheme, and numerical parameters such as relaxation factors are made, the
solutions will converge monotonically. The resulting solutions generally
have an acceptable degree of accuracy at all stages of the calculations.
Details of the model and the numerical solution procedure it employs are

provided in Appendix A.

1.2 INITIAL CONDITIONS
The supply of reasonable initial conditions for pressure head,
¥ , is important in ensuring the realism and accuracy of predictions in
the early stages of calculation. At this point, the effect of infiltra-

tion is just beginning to be felrt.
To provide such initial conditilons consistent with the properties of
the site being considered, the following procedura was adopted. The

algebraic notation and nomenclature are =2xplained in Appeadix A.

The vertical flow velocity may be written as:

[e9)
L

=
]
[}
)
.
2! 0
™
N
-
2
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-
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Three flow conditions may occur. Each is considered separately below,

For present purposes, the flow condition corresponding to that at the

Exxon-Crandon site is the first to be discussed.

(1) Small Infiltration Rates

Expressing the precipitation-induced infiltration rate as &E ,
equation (1), may be written as:
ET) = K K {él'i_*_ l}
9 rz ‘3z (2)
When infiltracion rates are assumed to be small and steady, then:
i
— <<1
K K (3)
rz
Equation (3) together with equation (2) implies that:
a
az < ° ()
or the pressure heads are negative, i.e., below atmospheric pressure
since v = 0 at Z = 0, and equation (2) gives:
3‘1} .ll
—=="'1 -1
2 ——
3z ¥ (5)
r 2z
where Kr may be expressed (see Appendix A) as:
K = {1 + (a (_,)1alk,a2k
r ok WIS =<y<0 ()

Equation (5) is highly aon-linear and for arbitrary values of the
constants mnust be solved by iterative techniques. The result-
ing } distribution will provide unsaturated zone pressure heads which

are a function of both depth and infiltration rate.

Dames & Moore
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(ii) Moderate-to-lLarge Infiltration Rates

Assuming that infiltration rates are steady and moderate, such that:

Loy (N
K K
rz
then either:
.a_q)_.>0
9z

or

W =¢0 everywhere, since pressures cannot exceed

atmospheric values without man-made influences.

In other words, the soil is just saturated.

(iii) No-Flow Conditions

In the case that no infiltration is occuring:

W=0
which implies:
wrl=0 (8)
This can be simply integrated and allows one tc write:
v - @O = -(z-Z) (9)

Equaticn (9) implies that the pressure head ztove the water table are
everywhere negative, i.e., hydrostatic and telow atmospheric, if cne
defines ¢3 = 0 at the water table, and ZO = 0 at the water table.

Since the rainfall-induced infiltration at the site under consid-
eration is small, the initial pressure head distribution was obtained

from equations (5) and (6), and utilized in all consequent predictions.

-—
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1.3 INFORMATION SUPPLIED TO THE MODEL

In this subsection, the information supplied to the wmathematical
model is listed according to category. Two such categories are con-
sidered, viz. geometric and hydrodynamic. The information thus listed {is
derived mainly from field measurements conducted at or near the proposed
site as well as from laboratory measurements. Wherever necessary, this
information has been supplemented with data gleaned from published

literature.

In order to be representative of the scatter in available data for
each of the quantities required to be supplied to the mathematical model,
a parametric form of data supply has been selected. In this form the
data on any quantity actually supplied, to each model run, fall within
the recorded band width of variation of that quantity. Thus, the sensi-
tivity of results predicted by the model to the variation in each such

parameter, is evaluated through numerical “experiments.”

1.3.1 Geometric Parameters

(a) Llocation of the infiltratica bed

The approximate location, in plan view, of the proposed Infiltration
bed is indicated in Figure 1l.l. An enlargement of the regior in the
proximity of grid lines R12-13 East and T34-35 North is provided in
Figure 1.2 and the borings in this vicinity are also indicated. The
boring DMI-7 is located at the approximate geometric center of the
proposed infiltration bed at which point the local ground water elevation
is located at approximately 1590 feet and the ground surface elevation at

approximately 1630 feet.

It has been presumed that the proposed infiltration bed is located

vertically at a point approximately 6 to 8 feet below the ground surface.

Dames & Moore
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(b) Yorizontal area of infiltration bed: Az

The horizontal area of the proposed infiltration bed has been
selected by other consultants to Exxon so as to provide a uniform verti-
cal seepage flow under saturated conditions. A contingency of 25 percent .

above the maximum flow rate required has also been provided for. Thus:

A =(1+0

. S)Qb, max (10)

2
W
where the vertical seepage velocity W is presumed to occur in a steady

saturated flow under unit (or purely gravity-induced) head gradient.

Accordingly,
= (1D

where Kz is the vertical permeability whose maximum measured value 1is
0.0049 cm/sec.

The above "design" area Az has been selected by Exxon; it may have to be
altered based upon the results of the hydrodynamic calculations to
follow.

(c) Depth to water table: L

The water table elevation has been shown, on the basis of earlier
field measurements (Dames & Moore, 1980), to curve gently away from the
site of the proposed infiltration bed. In Table 1.1, the e&evations of
ground surface and water table are listed for selected borings in the
vicinity of the proposed infiltration bed; and, the deduced values of L,
the depth to the water table are also provided. It may be observed that
this depth is variable, ranging from approximately 8 feet to 70 feet with

a mean of approximately 32 feet.

Hlowever, since data on elevations precisely at the proposed infil-
tration bted site are not available, L will be treated as a variable
ranging from 32 feet to about 48 feet. This is justified by the fact
that the values of L closest to the site [DMI-] and DMI-2) are of the

order of 40 feet. \

Dames & Moore
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The conceptual diagram of the problem to be investigated is depicted

in Figure 1.3. In this figure the significance of the above-mentioned

parameters is illustracted.

1.3.2 Hydrodynamic Parameters
Certain soill properties required for the hydrodynamic calculations

were obtained by laboratory measurements on soil samples taken at

borings close to the site. The measured parameters were:

Wo i total weight of wet sample (g);
Wg : weight of dry soil in sample (g); and
Vr ¢ total volume of wet sample (cc).
From the above, the following quantities were deduced. The ratio of

weight of water in wet sample to weight of dry soil in same sample,

w T S (12)

Volume of solid in the wet soil sample, using an assumed valuve of soil

dry density,ps 5

S =
WS (13)
= i, n
(L+£f)7S
Volume of voids in the wet soil sample,
\'V = VT - VS (14)

Using the quancities so deduced the required hydrodynamic parameters
were calculated.

(a) Porosity: n

The porosity n was calculated, thus

n =1y
(15)

P
VTE(*+‘W)DSJ
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(b) Initial degree of saturation: S_ ;

The initial degree of saturation, defined as the ratio of volume of

voids occupied by water to the total void volume, was calculated as“

follows. |
Vo _WwA{l - =}
Sr,i = Vﬂ =T l+:w’
Pt - 1y
(l+rw) s

where Oy is the density of water.

(16)

Using soil samples collected at locations in the unsaturated regiom

close to the ground surface, values of n and Sr were calculated. The

former quantity was found to lie in the range:
0.270 < n < 0.375, and
the latter quantity in the range:
0.285 < Sr ;< 0.571
The calculated values are presented in Table 1.2.
(c¢) Initial moisture content: 6y

Using the standard definiticn, the initial moisture

calculated as:

(d) Flow rate supplied to infiltration bed: éb

content was

The range of flow rates Q expected to be succlied to the infil-

b
tration bed were supplied, as design conditicns, by Exxon.

Q, lie in the range

67.3 < éb < 190.5 gpm

The values of

Daimmes & Moore
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(e) Rainfall-induced infiltration: c}'I'

The infiltration rate qg caused by precipitation on the ground
surface is an extremely variable quantity; at any specific location it {is
sc:ongiy dependent upon:

o time-dependent precipitation rates;

o runoff and all the above-ground parameters such as ground slope

which influence 1it;

o evapo-transpiration rates and the mechanisms which control them;

and

o the 1initial condition of unsaturated soils at that 1location.

In view of the complexities inherent in the determination of &; ’
a reasonable supposition is to supply a uniform value compatible with a
static water balance for sites close to the infiltration bed. The local
precipitation rate is 30.78 inches/year, or 0.214 cm/day, based upon
rainfall data, compiled over the last 68 years, from Nicolet College,

which is about 30 miles west of Crandon.

The rainfall-induced infiltration rate was estimated to be 20%

of the total rainfall, that is 6.154 inches/year, or 0.043 cam/day.

(£) Vertical hydraulic conductivity: Kz

The saturated value of vertical hydraulic conductivity, Kz’ is
not easily measurable under in-situ conditions. At the site in question,
the soil above the water table is known to consist mainly of non-
calcareous sandy soils together with some fines and clay lenses. A
single measurement of conductivity would therefore not be strictly
representative of all points in a column vertically below the infiltra-

tion bed. Therefore, it is reasonable to employ a spatially constant

value of Kz in each calculation but examine the effects of a range of
values through separate calculations. The values used, as supplied by
£xxon in March, 1930, and backed up by Soil Testing Service in-situ

measurements at depths of 5 to 9 feet, are as follows:

3 3

1 x 10° ¢ K <5 x 1077 cm/sec

Dames & Moore
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- (g) Variation of hydrodynamic parameters with suction pressure

head: Kr’ Sr

LY

For convenience, the effective values of hydraulic conductivity and

the saturation have been defined as:

~
1]

K K where Kz is the saturated value and Kr is the
Tz

value relative to saturation

w
n
[72]

" where Sr is degree of saturation.

The relationship between Kr’sr and pressure head, ¥ , may only be
deternined experimentally for any particular type of soil (see for
instance, Gillham, Klute and Heermann, 1976). Many such experiments have
been conducted (see for example Bouwer, 1964); from such measurements a
selection of properties for soils similar to those a2t the site of the
infiltration bed was made. The measurements specifically adopted are due
to Van Genuchten et al. (1976). The hydraulic properties of the soil are

plotted in Figure 1.4 and are described by the following empirical
relations:

- o
K. _ {1+ Cag, (-9) 171k} 72k (17)
8 8
_omal I 53157130
Sr = es : (l-as 71 4 3ng (-2)"1s]} 2s (18)

a :
where 200 alk’ aZk’ aOs’ By e are parameters determined
through careful regression analyses. Also, &r is the residual moisture
content and, es is the saturated moisture content. The values of these

quantities supplied to the model are listed in Table l.3.

1.4 TEST CASES CONSIDERED
Since fluid flow in the unsaturated zone is biased towards being

vertical due to the influvence of gravity the assumption was made that a
one-dimensional vertical pattern of flow exists. Calculation-grids and

test cases were seleacted accordingly.

'Y
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As a first step, modelling runs were carried out in order to deter-
mine the optimum numerical calculation-—grid, timestep-size and iteration
scheme to be adopted. Necessary tests to ensure proper convergence of
the solution and therefore accuracy of predicted results were also
conducted. The calculation-grid thus selected is shown schematically in
Figure 1.5. The cells are each 30 cm in depth, and of width and length
each 1750 cm, to correspond to the area of 306.25 m2 of the infiltration
bed. The infiltration pipes were situated at 210 cm (6.89 ft.) below the
ground surface, and the water table is 960 cm (31.5 ft.) below the ground

surface. This grid was used in all the test cases discussed below.

In order to investigate a set of test cases which illustrate the
effects of a range of parameter variations described in the previous
subsection, "best” and "worst™ case situations were first defined and
then utilized in choosing suitable test-case problem parameters. The
"worst” case was defined as the situation in which the wetting front
would reach the water table in the shortest time, with correspondingly
largest fluid velocities{ given the ranges of problem parameters avail-
able. Conversely, the "best"™ case was taken as the situation in which
the wetting front would reach the water table in the longest possible
period of time. These rather loose definitions were employed since the
"worst” case would imply that the vertical fluid velocities were at their
maximum, and hence the residence time of chemicals in the unsaturated
zone 1s at its minimum. In this way decay, reaction and adsorption time
for such chemicals is more limited, and thus the concentrations reaching
the water table will be greater than in any other postulated test case.
Correspondingly, the "best™ case will permit the longest residence time
for chemical species, with consequent lessened concentrations at and

below the water table.
Four major test cases were selected for consideration in the

hydrodynamics portion of the study, the parameters and figures applicable

to each being listed in Table 1l.4.

Dames & tdoore
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Tast case | was chosen to represent "average” conditions, that is
material properties mid-way in the ranges of measured property values,
and with an injection rate in the infiltration bed of the maximum ex1’

pected, 25 percent being added as extra for contingencies.

Test case 2 was selected to represent the "worst” conditions which
could be expected, given the probable range of each problem parameter,
That is, the smallest value in the range of wmeasured porosities, and
the largest value in the range of vertical hydraulic conductivities were
chosen to achieve minimum storage in the unsaturated z2onme and maximum
speed of the wetting front. Also, the largest expected value for the

injection rate of fluid was selected.

Test case 3 is the reverse of case 2 that 1is, it represents the
"best"” conditions with a high value for porosity, low conductivity

soil, and injection of fluids at an average rate.

The last test case, no. 4, illustrates the effect that 1lateral
transport of injected flow would have upon the overall flow. In test
case 4 it was arbitrarily assumed that the horizontal area of the verti-
cal column increased uniformly by ten percent from the infiltration bed
to the water table. It must be emphasized that neglect of lateral
movement of injected fluids leads tou conservatism in the predicted
results. This is so because lateral flow rasults in increased residence
times as well as reduced chemical concentrations in the transporting
fluid, The mathematical treatment of three-dimensional unsaturated flow
which would be required to predict this lateral movement, besides being
extremely expensive, would not be expected to provide results substan-

tially different from those of test case &,

The results predicted by each of these taest cases are discussed

in detail in the following section.

Dames & Moore
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2.0 PREDICTED RESULTS OF ANALYSIS OF THE INFILTRATION BED

2.1 FLOW RATES WITHIN THE UNSATURATED ZONE

The results predicted by the model are summarized, in the main, by
Figures 2.1 to 2.16, which 1illustrate the vertical profiles of each of
the main variables--pressure head, moisture content, degree of satu-
ration, and vertical fluid velocity as a function of time for each test
case. In reference to these figures, one may make interpretations of the
flow through the unsaturated zone. The flow rates, as predicted, are
important results to note because they will determine the residence time
of the chemicals in any one part of the soil column below the infil-
tration bed. Hence, the velocity profiles determine, to a large extent,
the final concentrations which will reach the water table at any parti-

cular tinme.

The velocity profiles generally mark the position of the wetting
front by discontinuities as noticeable as any of the other variables
plotted. The differences between test cases therefore mainly corsist of
the difference of velocity of the wetting front, which is discussed in
the followinz section, and peak vertical fluid velocities predicted at

any carticular instant of time.

At times up to 300 days, the velocity profiles are similar for test
cases 1, 2, and 4. However, test case 3 with the smallest conductivicy
and injection rate shows zmuch smaller peak velocities, at 50 cm/day as

ccmpared to 200 to 300 em/day in the other cases.

At times greacer than 300 dayvs, the peak velocities in any profile
appear, looking at Figures 2.4, 2.8, and 2.16, to be similar to each
otner, and the final vertical velocity at the water table is close to
that velocity implied by the rate of infiltration and the area of the
infil-zration bed. That is, for cases l, 2, and 4, where the injection
rate is 190.5 gpa, corresponding to a vertical flow of 4.9 x 103cm/sec,

the £final downward velocities are 6.37 x 103cm/sec, 5.67 x 103cmfsec

Dames & Moore
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3cm/sec, respectively. Similarly for test case 3, where

and 7.29 x 10
the”inflow rate is 67.3 gpm, implying a downward flow of 1.39 x 103cm/
sec, the predicted vertical velocity at the water table is 1.97 x IOBCm/
sec. In all the test cases the infiltration rate may not be exactly
compared to the predicted vertical velocities because the model accounts
for rainfall-induced infiltration iIn addition to the effects of the

man-made infiltration bed.

2.é PROGRESS OF WETTING FRONT
The wetting front is a well-defined front at which pore-pressure,
saturation, moisture content and vertical fluid wvelocity all exhibit

rapid changes.

A summary of the progression of the wetting fronts as shown in
Figures 2.1 to 2.16 is presented in Figure 2.17. This figure illustrates
the progression of the wetting front and the total time taken for that

front to reach the water table.

The following problem parameters were shown tc influence the speed

of the front and the total time taken to reach the water table.

(i) The depth to water table, L which was not varied between test
cases. The plots in Figure 2.17 show that the extension of the gragphs
for greater values of L would be sinplz since the plots become almost
linear. In general, the greater the distance between the infiltration
bed and the water table, the greater the time required for the wetting

front to progress from the one to the other.

(ii) The vertical hydraulic conduertivity which is greatest in
test case 2, at 3 x 10-3cm/sec, and leads to the wetting front reaching
the water table in the shortest time, that is 445 days since the start

of infiltration.

&
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(111) The injection rate into the infiltration bed which affects
the pressure distribution causing vertical flows and influences the rate
of progress downwards of the wetting front. In test case 3, in which
the infiltration rate is at the average rate of 67.3 gpm, the time to
reach the water table is considerably greater, ie., 1780 days, than

the remaining cases with greater infiltration rates.

(iv) The lateral transport of fluid, which is empirically provided
for in test case 4, 1illustrates how horizontal flow delays the wetting
front. Upon comparing the results of test cases 2 and 4 in Figure 2.17
it may be observed that the assumption of no horizontal flow applied in

test cases 1, 2, and 3 is indeed conservative.

2.3 PRESSURE HEADS WITHIN THE INFILTRATION BED

Figure 2.18 is a plot of the maximum pressure heads, that is,
pressure head within the infiltration bed, as a function of time for
each test case. Since extreme cases have been selected as the "best”
and "worst” conditions in test cases 3 and 2, respectively, all likely
conditions are expected to fall between these two. In this way, one may
determine the likely range of pressure heads within the infiltration bed
itself. From Figure 2.18 one may observe that the maximum expected
pressure 1is approximately 1700 cm of water above atmOSpheric'pressure,
while the minimum expected pressure is approximately -700 cm of water, a

range of 2400 cm of pressure.

2.4 CONCLUSIONS
The conclusions which may be drawn from the results discussed in
the previous subsections and illustrated in Figures 2.1 to 2.18 are

twofold.

Firstly, the pumping pressure requirements Zfor injection, 1i.e.
disposal of a given volumetric rate of fluid in the infiltration bed are
shown to range up to 1700 cm of water above atmospheric pressure for flow

rates of 190.5 gpam through an area of 306.25 mz. If this requirement
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is to be reduced for a given flow rate then the area of the iafiltration
bed must be increased.

Seccndly, and more importantly, the effect of various problenm
parameters upon the residence time of chemical species in the unmsatur-
ated zone may be deduced. Since greater attenuation is achieved during
longer residence periods, the greatest possible time before the wetting

front reaches the water table is preferable.

Disregarding material properties, which will be site-specific and
invariant, the parameters which will determine the time to reach the
water table are depth to water table, rate of injection of fluid, and
area of infiltration bed. To increase the residence time of chemicals
in the unsaturated zone, one could select a site with a greater depth to
the water table. Alternatively one could increase the area of the

infiltration bed, or adopt a combination of these.
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3.0 METHODOLOGY FOR ANALYSIS OF THE SEEPAGE POND

3.1 INTRODUCTION
The following two sections describe the numerical modelling of a

hypothetical seepage pond located at the Exxon/Crandon site. A schematic

diagram of the pond is shown in Figure 3.1.

The objectives of this study were to determine the amounts and
quality of seepage from a hypothetical mining wastewater pond. The
impact of seepages from the pond upon the underlying aquifer over a 15

year period of operation was to be determined.

The specific problem considered consisted of modelling the ground-
water flow and the transport by convective and reactive mechanisms of
selenium (Se) and sulfate ions (soa'z) from the pond to the surrounding

soil during the first 15 years of operation of the pond.

The pond was modelled numerically by means of 2 Dames & Moore
computer programs. One program modelled the pond during the temporarily
unsaturated conditions which are assumed to exist immediately prior to
flooding of the pond. This is the program which was used to model tha
infiltration bed, as described in the previous two sections, and is
discussed in Appendixz A. The other program =odelled the pond after
saturated conditions were rteached, i.e. after the wetting-froaut had

reached the water-table. This program is descrited in Appendix B.

3.2 INFORMATION SUPPLIED TO THE MODELS
In this sub-section, the information supplied to the models is
listed according to three categories. These categories are geometric,

hydrodynamic, and chemical species transport.

3.2.1 Geomwetric Parameters
(a) Pond dimeasions
The pond is assumed to be unlined, 5-feet deep, and has an area of

275 feet by 275 feet. These parameters were picked fairly arbitrarily,
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but were based on typical waste-water pond geometries previously

analyzed.

L
(b) Depth to water-table

A 30 foot layer of non-calcareous soil lies directly beneath
the pond. This depth is approximately the mean of the values observed in
selected borings close to the pond, as listed in Table 1.1.

(c) Saturated Thickness

Below the water-table, which exists at 30 feet beneath the pond, the
soil 1is calcareous and is assumed to extend to an average depth of 60
feet below the elevation of the pond. A regional ground water gradient
of 0.0075 feet/feet from northeast to southwest is assumed to exist, and
so the saturated thickness varies from place to place in the domain, the
average thickness being 30 feet. Below the calcareous saturated layer a
horizontal impermeable layer of bedrock is assumed to exist; this layer

forms the base of the saturated model.

3.2.2 Hydrodynamic Parameters

(a) Porosity, soil density and degree of saturation

The hydrodynamic parameters applicable to this site have already
been discussed in sub-section 1.3.2. The values for most paramaters used
in this study were approximately the same as those used previously, aad
are listed in Table 3.1. That is, the porosity is assumed to be 0.25;
the dry density of the soil is 110 lb/ft3, and the initial degree of
saturation in the non-calcareous soil is 57.1%. The degree of saturation
was chosen to be the most conservative, i.e., the wettest in the range
observed, in order that the maximum rate of transport of chemicals to the

water—table mizht be modelled.

(b) Variation of permeability and degree of saturation with
suction pressure head

The relationships described in equations (17) and (18) and Table !.3
were again used to approximate the variations of permeability and degree.

of saturation with suction pressure head.
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(c) Horizontal and vertical hydraulic conductivities

Vertical hydraulic conductivity (permeability) Kz is difficult to
measure under in-situ conditions, and the value for Kz used in modelling
the infiltration bed was based on observed infiltration rates at depths
of 5 to 9 feet below ground. The data available concerning horizontal
hydraulic conductivity, based upon many pumping tests carried out in
borings in the area, is summarized in Figure 3.2. As may be seen, these
values range over more than 3 orders of magnitude. Because of the large
variation in observed values of horizontal permeabilitcy, Kx’ and the
uncertainty in Kz, for modelling purposes the same value was used for

each, that 1s an average permeability was assumed to apply to both:
-4
K =K =2x 10 cm/sec.
x z

3.2.3 Chemical Transport Parameters

The values used for the chemical transport parameters are summarized
in Table 3.2.

(a) Background chemical species concentrations

The background chemical species concentrations were takan to be
average values from observations at the nearby piezometer DMA-15, test-
well TW-1, and water-well WW-2., The location of these borings is given

in Figure 1.2.

In the case of sulfate, 25 observations led to an average value for

local background concentration of 8.8 mg/l.

For selenium, 7 observations were wmade, each showing levels of
selenium below the detection limit of 0.001 mg/l. It was therefore

assumed that the background concentration of selenium is 0.0005 mg/l.
(b) Chemical species concentrations within the pond

Based upon the design for the water treatment plant at the Exxon/

Crandon prospec:iing project, as described by Exxon in December 198C, the
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effluent would have an estimated water-quali:v corresponding to 2480 mg/l

concentration of sulfate and 0.65 mg/l concaaxtrzzion of selenium.
(¢) Chemical reactions ¢
The soil beneath the pond and in t:ze underlying aquifer will
adsorb some of the chemicals which seep from the pond. In this way the
concentrations in the ground water are grzcdually reduced. Laboratory
analyses of the behavior of the species of concern were carried out,
both for the calcareous and non-calcareous soil-types. Based upon the
results of these tests, and, in the case of sulfate, upon observations at
other Dames & Moore field sites and rapc=zts in the literature, the
following conclusions were drawn. The Frewmdlich isotherm was found co
best describe the behavior of selenium and suifate, that is an equation

of the form:

Cs = K, c® where Cs i{s the concentration on the soil (mg/g);
K. is the adsorption distribution coefficient
(l=m).m

mg 1

( );

g

C is the concentratisz ia the ground
water (mg/l);

~

m is the exponent oI C;

could be applied to both. The values Zoc Kd and m vary for diiferent
soil-types and are summarized in Table 3.2. Use of this form of reaction
equation is a simplification of the benavisr of the chemicals as they
are transported. The competition betweex <various chemicals to be ad-
sorbed, and the upper limits on adsorpzizn due to the solubility of a
species or due to the local ground watar :Z Rtave been neglected. How-
ever, the absence of laboratory or in-size o3servations of these details
of the soil behavior necessitates the si=2liZIving assumption of a re-

versible one-step reaction to be made.
3.3 TEST CASE CONSIDERED

One test case was considered in :=is zortion of the study. ii

this test case it was assumed that the :o=d, which is unlired, has an

tames & Moore



operating period of 15 years and that it was modelled for that length

of time.

The purpose of the test case was to predict, using both saturated
and unsaturated ground water flow and transport analyses, the impacts
that the pond will have upon the underlying ground water in terms of both
flow-patterns and water-quality. With this purpose in mind, and utiliz-
ing the data described in the previous sub-section, the results described

on the following pages were obtained.

Dames & dloore
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4,0 PREDICTED RESULTS OF ANALYSIS OF THE SEEPAGE POND

The transient ground water flow and reacting chemical transport from
the pond was predicted by means of the 2 Dames & Moore computer programs
described in Appendices A and B. The program discussed in Appendix A was
used to model the pond and underlying soil when unsaturated conditions
will exist beneath the pond, i.e., when the pond first becomes opera-
tional. The second program was used to model the pond and underlying

aquifer after the soil becomes fully saturated.

4,1 UNSATURATED MODEL PREDICTED RESULTS

A one—dimensional vertical model of the pond and underlying non-
calcareous soil was used to predict the rate at which the soil beneath
the pond will become saturated and to predict how long it will take the

sulfate and selenium fronts to reach the existing water-table.

The column of 32 finite-difference cells shown in Figure 4.1 repre
sents a 30 foot column of 1initially unsaturated non-calcareous s.
directly beneath the pond. The pressure head along the top boundary was
fixed to a value of 5 feet (152.4cm), i.e., the average pond depth, for
the entire analysis. And, the pressure head along the bottom boundary
was maintained at a value of 0. feet. That is, atmospheric pressure was
assumed to exist at the base of the non-calcareous soil which coincides

with the pre—existing water table.

The one-dimensional unsaturated analysis indicates that the wetting
front will reach the water-tatle soon after operation of the pond tegins.
The sulfate and selenium fronts will follow: each will vary according to
its own concentration gradient and rate of adsorption. The predicted
arrival times of the concentration and wetting fronts are summarized in
Table 4.1. The entire column of non-calcareous soil will become satu-
rated within 17 days of the start of pond operation. The term concentra-
tion front is henceforth defined as the 100% pond concentration front.
Profiles of pressure head, sulfate concentration and selenium concentra-

tion at various times are plotted in Figures 4.2, 4.3, and 4.4, L J
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The results of this analysis were then used as input to the two-
dimensional, horizontal model, the results of which are described in the
following sub-section.

4,2 SATURATED MODEL PREDICTED PRESULTS

A two-dimensional horizontal model of the saturated region below the
pond was used to predict the transport of the chemical species and the
ground water flow patterns after the wetting front from the pond had

reached the water-table.

A finite-difference grid of 36 by 31 cells of variable size,
illustrated in Figure 4.5, covering an area of 4000 ft. by 3000 ft, was
used in this analysis. The boundary conditions were as follows: the NW
and SE boundaries were treated as impermeable boundaries, since the re-
gional ground water flow is parallel to those boundaries. The NE and SW
boundaries were fixed head and chemical species concentration boundaries,
fixed such that the head gradient between them was 0.0075 ft./ft. The
initial head distribution was chosen to be a uniform flow-field of
fixed gradient, and the initial chemical species concentrations were at

background concentration levels.

The flow 1is averaged with depth in the vertical direction, and the
base of the aquifer (an average over the domain of 60 feet below the
pond) is assumed to be impermeable, i.e., no leakage or recharge from

any underlying aquifers is taken into account.

At a time 17 days after the pond cperation commences (which is when
the wetting front reaches the water-table) the pre—existing unconfined
aquifer starts to feel the influence of the pressure-head exerted by the
pond. Thirty-five and forty days after the start of pond operation the
sulfate and selenium concentration fronts respectively reach the original
position of the water-table, and the chemicals start to move horizon-
tally, at a rate determined by the local head-gradient, concentration-

gradient and rate of adsorption.
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The predictions of the transient hyiraulic head contours and concen-
tration distributions for sulfate and selenium after 1, 3, 10; and 15
years of pcnd operation are presented as Figures 4.6 to 4,17. The head
contours illustrate the ground water mound beneath the pond flat:‘ening.
with time as the water-table rises around the pond. Between 10 years
(Figure 4.12) and 15 years (Figure 4.15) the head distributioms change
little, indicating that a steady-state ground water flow patterm 1s being

approached.

The sulfate spreads out from the pond rapidly at first, due to the
large lateral pressure gradients, and then more slowly as the concentra-

tion and pressure gradients lessen.

In the case of selenium the over-riding factor determining the
concentration distribution is the rate cf adsorption, which 1is to be
expected since its distribution coeificient is fairly large. Conse~-
quently the rate of expansion of the concentration plume does not vary

much with variations in concentration and prassure-gradient.

After 15 years of pond operation the ground water mound hzs expanded
to influence ground water flow 1200 feet away from the pond, and the 200
ng/l sulfate front has travelled some 850 (horizontal) feet from the
pond, while the 0.005 mg/l seienium front has travelled only 390 feet

from the pond, horizontally.

The rate of seepage from the pond was also calculated, and is shown
in Figure 4.18. This graph shows that initially the rate of seepage is
rapid, but that this rate drops with time, and, if one extrapolates the

curve, becomes almost constant at a rate of about 13 gpm.
4.3 CONCLUSIONS

Three sets of conclusions may be drawn from the results described in

the foregoing sub-sections.
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Firstly, the convective and reactive transport of chemicals from
a seepage pond may be adequately modelled by means of coupling a one-

dimensional wunsaturated model to a two-dimensional saturated model.

Secondly, the pond, as hypothetically designed in this study, would
be insufficient in size to handle the average water treatment plant
effluent £flow-rate of 60 gpm. However, hydrodynamic modelling of a
similar nature to that described in this report could be used to design

such a pound.

Lastly, the use of adsorption isotherms as postulated in this study
is known to be a simplification of the ground water soil interactions
which are known to occur but have rarely been accurately observed. Due
to the lack of observations, and not to any inherent simplification in
the mathematical nodels employed, the assumption of this type of soil-
water interaction was made. The validity of this assumption must be

established with raference to field measurements.

Tamas & Moore



—— e “5‘!_?:_".1( [TES T
®pus- 03 ==

0 BOHING
® FiiruMiTER

L L wLilL

WaiLH WELL
=== GhavilL ROAD
£ w ackior ROAD
© . WLTLANDS
) stukaus

POTENTIONME THIC CONTOUR
f15901m FOOT CONTOUR INTERVAL )

roaesr ca
LaviL48L ca

EXXON MINERALS COMPANY, U.S.A.

CAANDON PROMCT

-,

/ Tersss
& L o Lesy

TUTINE )

GENERALIZED SITE AREA
POTENTIOMETRIC MAP

LTI
TS TE

Y Y RE ]




™
p -
/ C?MS 2 06-12
oMS-1 TW-1
o OMI- 1157
/ e %/DN 2
ww-2
Do {OW - 1
DW-1A /:&DMI-Q
/ DMI-1
DMI 3/ \DMl'z
DMI-7 o \ DMI-3
/ DMI-5/ DMA-19 DMI-4
\ T35N
T34N
R12E | R13E
0 1000 3000 5000 FEET
e

SCALE

® APPROXIMATE LOCATION
OF INFILTRATION BED

= —— — POTENTIOMETRIC CONTOQURS

Fig. 1.2 Borings in the vicini%y of the infiltraticon bed




GROUND SURFACE
INFILTRATION BED

SHALLOW,
NON-CALCAREOUS SOIL

_—

DEEPER, CALCAREOUS SOIL

<
X
w2 4

-3

Fig. 1.3 Conceptual diagram oI crcolen




e, p— — P ————y ey

0.8F

0.6

0.4

0.2

-10 -40 -100
¥ (cm)

-400

1.0

.8

0.4

L. ] !

371

-200
¥ (cm)

-400

ig. 1.4 Relationships between hydraulic conductivitv

and pressure nead, and cdecree of Iluid saturation
and pressure head

DAMES 8 MOORE
S e




__1750 cm ®
-I— :.[ GROUND SURFACE
210 cm
-l INFILTRATION PIPES
960 cm
130 cm
! <—— WATER TABLE
. 1.5 Calculation g¢grid
[ ]

DAMES 8 MOORS
.




(CM)

DEPTH

@ BPYE
O

C). 2 | : 1 | S 1 | | ~
© \\g\‘\

O :

o \

" \

| T ' =

AN

o ‘1& P

([ ; ¢

o4 ‘ !

N -] . 4 ”
! ¢

o ]

O -

(1'). L

o] -
| !
(o) '
C} ¢

=1 - )

To d: ~
' t= 0 days

t= 100 days ‘

o t=200 days e\

“ (2200 dys %

O t= 500 diye a )//}f

0?- ' -
o

D A

: /

¢ 1 i il 1 1 1 1 )

-100.00 -65.00 -30.00 5.00 Uo. 0o 75.00 110.00 145.00 180.00

PRESSURE (CM) x10)
PROFILES OF PORE-WATER PRESSURE Test Case 1

FIGURE 2.1



o ’
(o]
s a =100 days
o | , / o t=200 days |
| X t=300 days
o  t=400 days
+ t=500 days
() ;
o
7e) ﬁ\\t\_‘
o I | 1 1 | N 5
0.00 0.0 0.10 0.15 0.20 0.25 3.5 0.40
MOISTURE CONTENT
FIGURE 9.9 PROFILES OF VOLUMETRIC MOISTURE CONTENT — Test Case 1
o ®




0

—

*
|

DEPTH (CM)

&

o

e ! 1 ! |

o

)

C

o

o

o

) — _’_’/’ﬂ—*—

|

O

C

m

= -

|

o

o

:’0

(0D —

|

o o t= 0 days

o A t=100 days
: T F t=200 days

gg_ﬂ 4 x t=300 dazs %
I | o t=400 days

| *t= 500 days

C) 1,-

D b\b\ +

(7o) 4

o | \ ) \ | \ :
0.00 .15 0.30 0260 . 0D.945 0.90 1.05 1

FIGURE 2.3

0.45
SATURATION
PROFILES OF DEGREE OF SATURATION

Test Case 1



1
i by

e el




(CM)

DEPTH
-54.00

0.00 @

-30.00

t= 0 days
t=100 days
t= 200 days
t= 300 days
t=400 days
t= 500 days

6 ATDG

-96. 00

1

-100.00 -65.00

“IGURE 2.5

l &g |
-30.00 5.00 40. 00
PRESSURE  (CM)

| \ | 1
75.00 110.00 145.00 180.00
x10

PROFTILES OF PORE-WATER PRESSURE Test Case 2



_—— — ——

o
o
o
o
Cw
X }
|
)
o
N
- )
!
o
_O
=
SR -
T
Lo
o)
- )
!
)
o
8" a t=100 days -
l + t=200 days
X t=300 days
p= ¢ t=400 days
< *+  t=500 days
(D‘ —
i | !
'0.00 0. 20 0.30 0.35  0.40
GIbTURE CONTENT
FIGURE 2. ¢ PROFILES OF VOLUMETRIC MOISTURE CONTENT Test Case 2
' []

)



x10

o ®
o
o . 1 1 ! L 1 )
() \ ER———
o N
0 o—\\‘
| ' -
o
)
N t
N — ' -
I
)
o

O
I
j.
w0 -
I
(@) t= 0 days
© t=100 days
O t=200 days
o0 — t= 300 days]-
] t = 400 days

t= 500 days

(@)
(@)
(0e)
o l ) — 1 l —a 1"
0.00 0.15 0.30 0.45 0.060 0.75 0.90 1.05 1. 20

SRTURATIEN
FIGURE 2,7 PROFILES OF DEGREE OF SATURATION Test Case 2



O
© |
o
(@]
-~ O
Sw
¥ T
|
O
O
(QV)
(N
|
(@9}
’HD
(40
t= T
|
I-
o
1.
o
D_j;
O — (days) 1 )
| a t=100 { ;
) t=?00 y A
o A t=300 1 v.
o o L=400 »
+ t=500 T 1
8 + \ Y §
I -» ‘r
T \\S\\A
o ‘ : 1t
o 4 »
(d 1 F 3
o)
|

1 1 | 1 |
-600.00 -500.00 -400.00 -300.00 -200.00 -100.00 0.00
VERTICAL VELOCITY (CM/DAY)

FICURE 2.8 PROFILES OF VERTICAL VELOCITY

. ]
100.00  200.00

Test Casc 2



PTH (CM)
-d3. 00

DE
-5d, 00

-8C. CC

I N !

t= 0 days
t=200 days
t=400 days
t= 600 days
t= 800 days
t =1000 days
t=1200 days
t =1400 days
t =1600 days
t =1800 days

FANXPOX-DCG

-96.00

|
100.00 --65.00

FIGURE 2.9

~-30.00

|

/
.
5,

PRESSURE  (CM)
PROFILES OF PORE-WATER PRESSURE

l l | l |
00 40.00  75.00 ]]ﬂjQO 145.00  180.
X

Test Casc 3

00



( n
A =200 Y
+ =400 \
x =600
o t=800
I |« t=1000
X
L
Y
n

o~ et
nowon
— — o— —
oSN
coo2
SO0
/
|

1 I | ;
.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
MOISTURE CONTENT

FICURE 2.10 PROFILES OF VOLUMETRIC MOISTURE. CONTENT Test Case 3



t= 0 days
t =200 days
t =400 days
t= 600 days
t=800 days
t=1000 days
t =1200 days
L =1400 days
t =1600 days
t =1800 days

F<X<NX=>OXTDO

' 1 | 1 R ! 1 $- 1"
0.00 0.15 0.30 0.45 0.060 0.75 0.90 1.05 l.
SATURATION

FIGURE 2. 11 PROFILES OF DEGREE OF SATURATION Test Case 3



F IGURE 2.12

® ®
o
© L | 1 1 | ! 1 )
(@)
o
-
Cw
w» -
|
(@)
o
N
(N - : -
| Y
(@)
r_‘(:)
="
SER
E—:
e
e
-
0O — -
! A t= 200 days
D
X = da
SH I
(@) x t=1200 days
o0 Z t=1400 days -
vy t= 1600 days
no L= 1800 days
o
0
e 1~ l 1 | 1 = | ’
-70.00 -=57.50 -U45.00_ -32.50 -20.00 -7.50 5.00 , 17.50 30. 00
VERTICAL VELOCITY (CM/DAY) x10
PROFILES OF VERTICAL VELOCITY Test Case 3



PTH (CM)

p—
—
—_

D

-?2 00
/ajre

C) \
(@]
4D
1 -
|
(@]
(!
-3
LO‘-‘
! o t= days
a =100 days
| t=200 days
E% A t=300 days
. o t=400 days
O s £=1500 days
“')" x L=600 days -
o
(@]
o)
C]").

l 1 . l 1 l | )
-100.00 ~65.00 -~30.00 5.00 40. 00 75.00 110.00  145.00 160.00
PRESSURE  (CM) x10

FIGURE 2.13 PROFILES OF PORF-WATER PRESSURE. Test Case 4



] ] I
—_—
_ . —
A NM N
— 1
: -

' a t=100 days
+ t=200 days
X t= 300 days
o t=400 days
+  £=500 days
X t= 0600 days

o
)
Dx | 1 | | iy
0.00  0.05 100 015 0.20 0.25 0.30  0.35 0.
MOISTURE CONTENT
FIGURE 2.14 PROFILES OF VOLUMETRIC MOISTURE. CONTENT Test




— — | A _1 | 1
- ——
—= P——M‘\'\‘
T T T——
—
///A’-_‘-—_‘_———’—'_— -
\’—‘———-'—’——_‘_'_’________————'—_—‘—’—-—_’——_—_F‘—_—*'—'—_d—d— -
I —
o t= 0 dayy
—— e T T & t=100 days
" + t=200 day
N x t=300 dayy~
: o =400 day:
+ t=500 days
b\\ X t=600 dayy
i | 1 I 1 1 — 84— 1
0.00 0.15 0.30 0.45 0.060 0.75 0.90 1.05 1. 20

SATURATIGN
FICURE 2.15 PROFILES OF DECREE OF SATURATION Test Case 4



-95. 00

I B RS S — L

N
N
S

XAPOoXTDbH

t= 100 days
t= 200 days
t= 300 days
t=400 days
L= 500 days
t = 600 days

FICURE 2.16

1

. l | |
-70.00  -57.50 -U5.00 -32.50 -20.00 —;.50

VERTICAL VELOCITY (CM/DAY)
PROFTLES OF VERTICAL VELOCITY

1

5.00
x10

5
. 17.50  30.00

Test Case 4



Fig., 2.17

1ITO0

TIME ELAPSED SINCE START OF INFILTRATION (DAYS)

Advance of the weltting front. with Lime

E 4
— 1 1 I L L 1 | 1 | L ] 1 1 | l 1 ]
1000 ‘ TEST CASE T (pavs) -
—H+UROUND SURFACE —
96073 ] u9()
900 2 u45 o
55 3 1780
=
S 800 1} 590 ~
w
o
@ 700 -
)
o
M 600 —~
<
2
W
> 500 -
(@]
@
<
= 400 ~
I
o
i
T 300 -
2001 |
100- —
0 i T T T T T T T T T T T T 1 T T T
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600

1800




- ®
2000 A 1 L 4 1 1 ) L | 1 1 i 1 1 1 | L 1
1500 4
1000 4
/‘n 3
bll()"]
1
£ 2 4
! T indicates the time at which the
-500
weltting front reaches the water-
' table
1000 % | T T  § T T T ¥ T T | T T 1 T T I T
§] 100 200 300 400 500 Goo /00 son 900 1000 1100 1200 V300 1400 1ho0 1600 /oo Tdoo

TIME ELAPSED SINCE START OF INFILTRATION (DAYS)

o FiaL 2,18 Variation of pressore Lead in the infiltration bed with Cime




REGIONAL
GROUND WATER
FLOW

SEEPAGE
N g POND
N
~ N
~

I
|
|
NON-CALCAREQUS
SolL P (ﬁ\ N \\\ :
o ¢
0 N |
-
A ‘, N
\} 7 ! ~
A z |
I
: I
CALCAREQUS ' |
solL |
I
l
l

Figure 3.1 Schematic diagram cf hvpothetical seepage pond.



(cm/sec)

HORIZONTAL PERMEABILITY

1x10-2 - . ADMA-13 ()
-1 A
KJ&.},_LW) o823 Soug-21(39-49)  LEGEND
o /% (89-39)
cMB-13 g A BORINGS MORE THAN 10000
CMB-19A CMB-17 s -
(70-80) (77-87) (5.5) FROM INFILTRATION BED
DYA-48
(3.5) Boma-16 30RINGS LESS THAN 10000
e (20.5) FROM INFILTRATION BED AND
(5.5)° g7 O ABOVE WATER TABLE
s O(5.5)/ cMB-12 (70-80) O BELOW WATER TABLE
el MB-22(67-
(55-80) —™\ g A =C'es 7) BORING
) SN AOMB-7 (69-79) UMBER cMu-13
igen 0 LS(20-80)5 0.5 A 0MB-21 (39-49) (70-80)
- - - - /
) omg-20 (34) O DEPTH el
.20 (30T ApMB-23(89-99) (ft.)
OM8-20 {39-29)8 pme-10(90-100)
OMA-3 o 4 pMB-18
(6.5) ??g:ém (70-80)
. OM8-23
(%A;?O 8(39-99)
oMB-4 g ~0e-10
(6.5) 5{90-1002&
ouB-4 B - CMB-18
(69.5-79.5) D(HSBO)G (70-30)
1x10-4 S CMB-16
’ aPhlg (28-98)
pMB-8
DMA-4 ot 45-30)
(26-30) )
G poMe-10(90-100)
oM3-20 A DHB-9C
(30-20) (152-152)
DMA-15
© (51-55)
1x1078 4 4.3 0O DH%-}
(33.a3) )
O DMA-43
o DMA-TN (36-40)
(14-18)
FIGURE 3.2
PLOT OF HORIZONTAL PERMEABILITY
AS A FUNCTION OF DISTANCE FROM
INFILTRATION BED OR SEEPAGE POND
lX|O'6 T T T T T 1 X
5000 10000 15000 20000 25000 30000




AV

Pressure=5 Ft.
/ of Water
32

31 A
30
29
28
27
26
25
24
23
22
21
20
19

18
17 30 Cells@ 1.0 Ft. (30.48 cm)

12 = 30 Ft. (914.4 cm)

14
13
12
11
10°

WSl |D|N||O©

SCALE: 1 Inch = 5.0 Feet P=0

FIGURE 4.1

FINITE-DIFFERENCE MESH FOR
A 1-DIMENSIONAL COLUMN OF
SOIL BENEATH THE POND



0.0 DAYS
5.0 DAYS
10.0 DAYS
12.0 DAYS
14.0 DAYS
16.0 DAYS

17.0 DATS

F IGURE

1
-10.00 2.50

4.2

.
15.00

| T
27.50 40. 00

PRESSURE (CM)
PRESSURE. HERDS

T |
52.50 6S. 00,
x10

T
77.50

90.00



& ] _
_____,__,_.——Htfs £
*
‘K
3
0.0 DAYS 1
5.0 DAYS ¥ =
*
20.0 DAYS ) ¥
30.5 DAYS 1

ey O L TN 5
e NIRRT I PR———— 2 1

r | l | 1 | | | -
'0.00 H0. 00 80. 00 120.00 160.00 200.00 240.00 280.00 320.00
CONCENTRATION (MG/L) x10

FICURE 4.3 504 CONCENTRATIONS



o 0.0 DAYS -
X 5.0 DAYS
R 10.0 DAYS
. 17.0 0AYS ~
- [~
o 20.0 DAYS
. 0.5 DAYS
- 3.2 PATS
*
1 | 1 1 1 b

l
0. 20 0. 30 0. 40 0.50 0.60 0.70 0.80
CONCENTRATION (MG/L)

FIGURE 4.4 SE. CONCENTRATIONS



e e i e SRS (SRR S SNSRI RPN, CNSIOH (R S N - T . A ]
] TR N S By O N S B S B O
e e s sl s sl et o 8 21 1 I B o e ey et et
R e (e DR A (S RSN NN DU R - i [ ) e I (e LB i e ] —_
N S I I N e 1 [IREEE .
— T — ;
A HHE-
- 1 .. v .
SN N R I AR ! N
pE— ——— _7%4.} —
0 500 1000 FCET| | I r 1T
| | |

SE

FIGURE: 1.5 Two—dimensional finlte=differcnce grid for the arca surroundlng the pond.

NE



Contour interval: 5 feot

w0 5 - - " .
-—
Divectlon of
regfonal ground
water flow
0 500 1000 TEET
L | J

FIGURE: ”. 6 llead contours after | oyear of pond operatlon.



———— St ) e r————— —— e ] Ty oy — —— —— ey — pr—

Units: mg/1

b st bt el NN RO

R BN S Cho 20 OO &
COCOTOCOCOST
| i i

-—

Direction of reglional
pround water flow

0 500 1000 FEET
| ] J

FIGURE: N.7 Sulfate concentration distributions after | year of powl operation.



m— ———— ——— e ———

Units:  myg/l /

cCoocCco
b =C o0

-

Direction of reglonal
pround water flow

0 500 1000 FEET
L l |

FIGURE: U.8 Sclenium concentration distributions after 1 ycar of pond operation.



Contour Interval: 5 [ecl

w 25 45
-
Direction of
regional grounc
water flow
0 500 1000 FEET

L l ]

FIGURE: 1.9 uead contours after 5 years of pond operat lon,




Units:  mg/l

0 500

1000 FEET
|

.<__.

Direction of regional
ground water flow

FIGURE: Y, 10 Sulfate concentration distribution after 5 years of pond operatlion,




nits: mp/l

/
/

0.005

0.01

0.05

0.1 \
\___,J

-f——
Directjion of regional
ground water flow

0 500 1000 FEET
L 1 |

FIGURE :U,1] Sclenium concentration distribution after 5 years of pond operation.



T R S— _
45
2 5.1
-~
Direction of
reglonal ground
water [low
0 500 1000 TEET
L S _ 1

FIGURE:“.],Z Head contours after 10 years of pond operatfion.



Units: mg/l /

24,00 74
2200
2000
%H()()

0
1400
120(
100 \

800 s

i

inn\ RN

o 9, =
< \ ”' * -
%5
~’0 Y,
L
~(—
Direction of regional
pround water flow
900 1000 FEET
1 ]

F]GURE:LI,]_B Sulfate concentration distribution after 10 years ol pond operatfon,




Units: mg/l

.‘___
Direction of reglonal
ground water [low

0 500 1000 FEET
l | )

F[GURE:”,]_“ Selenium concentratlon distribution alter 10 years of pond eperation.



Units:  mp/l

et b bt e 0 N N

jo -

-—

direction of regional
ground water flow

0 500 1000 FEET

1 ]

—

FIGURE (1,16 Sulfate concentvation distribution after 15 years of pond operation.




Contour Interval: 5 feet
n 25. 30
- —
direction of regional
pround water flow
0 500 1000 FEET
| 1 |

F IGlJRlE!’!.:lS Head contonr after 19 years of pond operation




Units: mg/l

<__

direction of reglonal
ground water [low

0 500 1000 FEET
|

FIGURE: L, ]/ Selenium concentration distribution after 15 years of pond operation.,




FLOW-RATE IN GPM

707

60 -+
35 A
50
45

40

35 7

30

25 4

20 o

10

V ] | ) ! i | 1 1 | ] \
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

TIME IN YEARS

FIGURE 4.18

PREDICTED RATES OF SEEPAGE

FROM THE POND AS A FUNCTION
OF TIME



N\

DEPTH TO WATER TABLE FROM GROUND SURFACE

TABLE 1.1

Ground Surface

Water Table

Depth to

Boring Elevation Elevation Water Table

No. Identification Zg (ft) z, (ft) L (ft) (cm)
1 DMI-1 1636.74 1588.77 47.97

2 DMI-2 1629.43 1587.93 41.50

3 DMI-3 - - -

4 DMI-4 - - -

5 DMI-5 - - -

6 DMI-7 - - -

7 DMI-8 - - -

8 DMI-S - - -

9 DMI-11 - - -

10 DMA-19 1597.24 1589.00 8.24

11 DMS-1 1661.65 1591.93 69.72

12 WW=-1 - - -

13 TW-1 1601.19 1590.60 10.59

14 DW-2 1600.74 1591.07 __9.67

Mean Values  31.28 953.4




TABLE 1.2

CALCULATED VALUES OF POROSITY AND
INITIAL DEGREE OF SATURATION

4

L\uN'—‘O
L]

Depth of
Boring Sample Below
Sample Ground (ft) n Sr’i
TP-1 6.083 0.272 0.571
TP-2 6.083 0.374 0.285
TP-4 6.000 0.3055 0.485



TABLE 1.3

CHARACTERISTIC PARAMETERS DESCRIBING
THE RELATIONSHIP OF Kr AND Sr TO

Parameter

Value

0.031
0.45
0.066
5.0
1.0
0.017
2.5
1.0

Units

dimensionless
dimensionless
-1
cm
dimensionless
dimensionless
c::n-1
dimensionless

dimensionless



Test
Case

No.

4

TABLE 1.4

SUMMARY OF HYDRODYNAMIC ANALYSES

Problem Parameters

Predicted Results

L n
(cm)

960. .31
960. .27
960, 375
960. .27

K

(cm/gec)

%10~

5% 10

1x10~

5x 1073

Q
(gpm)

190.5
190.5
67.3

190.5

T

(days)

490

445

1780

590

Fig. Figo
2.1 2.2
Fig. Figo
2.5 2.6
Fig. Flig.
2.9 2.10
Fig. Fig.
2.13 2.14

Fig.
2.3

Fig.
2.7

Fig.
2.11

Flg.
2.15

Fig.
2.4

Fig.
2.8

Fig.
2.12

Fig .
2.16



TABLE 3.1

Property Values, Associated with the Hydrodymamic

Calculations, Employed in the Study

Parameter Value
Pond Area 275 x 275 feet
Pond Depth 5 feet

Pond cperating period
Vertical permeability of soil
Initial degree of'saturation in
the unsaturated zone beneath the pond
Thickness of initially unsaturated zone
beneath the pond
Porosity of the soil
dorizontal permeability of the soil
Dry density of the soil
Regional ground water gradient
(NE-SW)

15 years

2 x 10—4 cm/sec.
57.1%

30 feet

0.25

2 x 10-4 cm/sec.

110 1b/fc>

0.0075 fr/ft




TABLE 3.2
Property Values, Associated with Chemical Species Transport,

Employed in the Study

Background chemical species concentrations: -

=2
S0, 8.8 mg/l

Se 0.0005 mg/1

Assumed concentrations within the pond: -

50, ° _ 2480 mg/1

Se 0.65 mg/l

Adsorption coefficients, as emploved ia the Freundlich iso-
therm: Cs =K .CP ¢ -

d
Specie Kd m
=2 .

SO4 0.0 1.00 (calcareous soil)

0.0015 0.728 (non-calcareous
soil)

Se 3467 3.01 (calcareous scil)

0.0185 0.586 (non-calcareous

soil)




®

TABLE 4.1
Time for Pond Councentration and Wetting
Fronts to Reach the Water-table

after Flooding of the Pond

Arrival Time

Wetting Front 17 days
Sulfate Front 35 days
Selenium Front 40 days
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1. INTRODUCTION

In this Appendix, a description is provided of 2 zachematical tachnigue
for the analysis of transient £flow, and when apzrcpriace, the transport
of heat and reacting chemical species in unsacturatad/saturated porous
media. The description is prefaced by a brief outline of current litara-
ture cn the subject, the outline being intended to place the technicue
described herein in perspective. Whilst the technicue itself is appli-
cable to three-dimensicnal problems, it is sf<en iogortant to focus
attenticn on vertical components of flow. It is only Zor this reason the
present description dirscts attention to a vertical one-dimensional
formulaticn, therepy serving to highlight the salia2nt features. In what
follows, this inforzaticn as embodied in a ccoputer orogram which,
together with the nathematical technigue, is collectively referred to as

the mathematical mocel.
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2. BRIEF BISTORICAL PERSPECTIVE

The mathematical modelling of flow distributions in unsaturated porous
media have been reported quite extensively in the literature covering a
number of technical disciplines. The appropriate equations have been
derived from fundamental principles and reviewed by Bresler et al (1971).
Early work in one-dimensional systems was presented by Bresler and EHanks
(1969) and Warrick et al (1971). These authors were interested in the
coupled processes of Iflow and simultanecus transfer of inert chemical-
species. Jowever, while the former employed a simple numerical proce-
dure, the latter present an interesting analytical solution teo the

-

equations. Freeze (19€9) performed a complete review of one-dimensional
models suitable for the analysis of infiltration-induced unsaturated
flows. Freeze (1971) also reported a three-dimensional model based ugen
numerical solutions; he applied it along with certain simplifying as-
sumpticns to transient flow in a basin. Such assumptions were carefully
evaluated by Gambolati (1973) who also verified their range of validity
for vertical cne-dimensicnal flows. Other analytical and algebraic
models of one-dimensicnal vertical flows have also been applied. Cne
such model has been deploved by Mc Worther and Nelson (1972) to predict
unsaturated Zlows beneath uranium tailings impoundments.

In recent years more ccmprenensive hydrodynamic aodels iacorporating
increasingly socthisticatad physical hypotheses have been reported. A
well-known two-dimensional example, based uccn Zinite-elesment scluticns
to the unsaturated flow equation, is the wecrk by Duguid and Reeves
(1976) . A three-dimensional model of flow inccrseorating a one-dimen-
sional ccnsolidaticn theory has been presented by Narasinhan and Wither-
spoon (1977b). It is this model which was extencded by Sharma and Zamil-
ton (1978) as oart of a continuing Research and Development program. The
mcdel is basad upen an intagrated finite-diZference method of solution
anéd was found o be quite effective in predicting a number of Ilow pro-
blems. Zowever, a shortccming of this zodel and its extensions is that

it is ccmputationally uneconcmical to e—ploy Ior most practical prob-



lems. Quite recently, a similar technique based on finite-element soli-
tions, which incorporatas a three-dimensicnal stress-field calculation,
has been reported (Safai and Pinder, 1979). These and other such zodels
have been reviewed and carefully classiiied by Narasizohan and Withex-

spoon (1977a).

I- mus: be recognized that the zmore ccmplex the nathematical mocels of
unsaturated-media hydrodynamics, the more stringent is the requi-ement
for reliable and accurate data on material properties to be supplied to
the models. The conduct of experiments desicgned to obtain such data have
ceen descrized by Childs and Collis-George (1953), as well as Fatt and
Dvkstra (1951). A gore recent evaluation nhas deen provided by Green and
Csrey (1971). Data, obtained Ior several soil samples under a wicde range

of conditions, nave been prasented by wvan Genuchten et al. (1977) (see

ny

igure | for an example); Liakopoulos (19635) (see Figure 2 for an exam-
ole of hysteresis); and Warrick et al. (1971) amongst others. The col-
laction of data from numersus sources, their careful classificacion
based upen soil type and casting into algebraic for=s has been presented
by 3ouwer (1964). This work nas Zeen supplemented by the compilations oI
Topp (1969) and Gillham et al. (1978). The latter authors were ;érti-
cularly concerned with the phencmencn of hysteresis, and its mathema-

tical exprassion. The above 2ata indicate that, in general, an S-shaped

.

relaticnship exists between Doisturz ccntent {(and also hydraulic conduc-
tivity) and suction sressure in the unsaturated Ilow regime. Algebraic

expressicns of this tehaviour, correlated Izcm a number of experizents,

1

I

are supclied as "physical hypot=zeses" to tie nathematical accel.
Increasing attention is being paid to the transport of inerxt, resactive
arnd radiocactive cnemical species as a rasul:t oI natural and bucyancy-
generated flows in zorous zedia (Ames and Rao, 1978). The influences of
landfill and dredge Zispcsal, as well as solid and liguid waste dispo-
sal, in cocntaminating groundwater have been cuantitatively evaluated
(Leis et al., 1978). Studiess have keen zade oI nuclear waste disposal

alternatives. Most mathematical xzodels ecploved ts serform the evalua-
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tion are based on numerical solutions, although many analytical-solution
models o exist, to the so-called convective-dispersion eguation. An
additional term in this eguation representing the adsorption/desorption
characteristics of the soil matrix has been employed by several authors
to examine the attenuating capabilities of the soil. The works by Rao
and Davidson (1979) and Selim et al. (1979) come under this category.
Rao et al. (1979) examine several ways of representing the adsorption/
desorption reaction and conclude that the non-linear Freundlich equation
fitted to experimental data is-both mathematically convenient and prac-

ticable.

In wnat Sollows, a mathematical model wnich combines the advantages of
the forzulaticns presented by Narasimnan and Witherspoon (1977b) and

Safai and Pincer (19739) with that of a novel and computaticnally-eco-
ncmic solution algorithm developed recently by Sharma (1979), is pre-—

sented.
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3. WATHEMATICAL DETAILS

o —

The non-linear partial diZferential equaticns as well as auxiliary equa-

sions geoverning the Zlaw and transport of chemical species in unsatura-

ted porous zedia are listed in
rial notation is used here for

+he ncmenclature list.

3.: Governing Ecuations

a form convenient for modelling. Tenso-

brevity and the symbols are defined in

The svmbols used below are defined in the ncmenclature list. The egua-

tions -“hemsalves have teen derived in several publications.

aA) ®raessure Distribution:

The partial difZerential eguation governia “he simultaneous con-

servation of mass and momentum in porcus zedia is often expresse-

as the distrisution of "pressure head". In unsaturated-saturated

regions within undeformable soils the general foram Is (see 3ear
k- | = ’

1972):

(3 Y 3w 2 (3u 25 ) }

] | v _ r . v 2T Y i

(S — T L2 o o = ] = 3

'L?:u ( SI)J at axi V-K: ‘.j{.:xj cx ) - 3 (1)

This egquation, in tensorial form, is valif Zor three-dizensio-

nal systsms. 3cwever, it

sicnal forms through acp

r

zay be raduced =3 Two- or one-dimen-

scriate assucoticens.

3) VYelocity Distribution:
Izslicit in the above eguation is the generalised definiticn of

Dazcy velocity for unsaturated Ilews:
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Distribution of Chemical Specieas

The general form of the equation governing the concentration

] th L ; L .
transport of the 1~ chemical species of concern is expressed thus:

3 ) N
3c 1e5.pC } + oo (li—elo C 1} + ax, tepu,ci ¥
3c c
3 1 1 1
= o, tenl axj} TS (3)

Distribution of Thermal Energy:

The equation governing the transport cf thermal energy may be

expressed, in general form, thus:

3 3 3
T {esrvaT} o {[I-EIOSCV,STS} s {anUicpT}

= {ex! . —1} + s (4)

In the atove form the contributiscn of thermal capacitance

£ air within the unsaturated pores cf the xzediuxm has been

0

neglectad as being small by several orders of magnitude.

Physical and Chemical Hyvotheses

The relaticnship tetween unsaturacted germeability (or relative

permeability) and suction pressures, as well as that Setween moi-

sture content (or degree of saturation) and sucticn pressure, are



usually obtained e pirically for each soil t<yTe. Cne possible set
of such relaticnships, amongst many that 2xIstT, cue to Safai and

2inder (1979) Lis:

-a

alK 2K
Kr = |1+ {aOK(-w)] (S)
y-a
8 N [ 15\ 2s
§s =—+ (1 = —}i1 + [a ( W)l : (e)
r 8, 8\ J

(- =<y 5 0)

where the a's ara constants based upon zest fits to experimen-

tal cata.

The density ratio R dictates the depencance of the Ilcw distzi-
bution upen bucvancy forces. Such Iorces vary with spatial posit:
because of density variations due to DoTll temperature affects and
to the effects of salinity or dissclved sclids. A ganeral exgres-
sicn for cdensity is consegquently necsssary and 2 Sis=st order form

is emplcved to denote such variaticns in Z2nsity.

o =p_ + (=P (T-T) + 301 (¢ - c.)
"o aT o aC 2
Tne pressure he s defined oy:
s B
3 S ——
P g
o
The dispersion czeificient D, | is obtained Srem empirical corze-
13

lations to the velocity vector, usually wizh reference €O labora-

tory-scale axperizents. The adsorbed/Zescrbed concentraticon of
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a)

b)

&)

a)

solute in the solid matrix is usually expressed through the assump-

tion of an equilibrium reaction as follows.

Consider the second term of equation (3). This represents the "im-
nobilization" of chemical-species “l" on the surfaces of grains
which form the solid matrix. The processses which cause such im-
zobilization are callad "sorption" reactions. Of course, true im-
mobilization is called adsorption; release back into solution is
termed desorption. The practices currently adopted to calculate
this term are based on the following assumptions:

The sorped concentration C is always proportional to the con-

s,L
centration of solute Cl in lccal equilibrium with it.

The above assumpticn makes it possible to cdetermine the propor-

tionality relaticnship between C and C, througd the conduct of

s,1
appropriate laboratory-scale measurements.

Either "batch" or "column” measurement technigues are usually
adopted. The Zormer, involving shaking of the corocus-medium sampla
wish sufficient amcunts of the soluticn, is zZores rfepresentative of

the equilibrium assumption than the latter.

Tour basic forms of the relationsiip are generally emploved;: the
constants of these relaticnsaips are Zetermined zy Iitting curves
o the experizental data obtained by tnle above-menticned exceri-
ments. These forms are:

P Linear:

c = X.C (9



i Freundlich:

c = X C (10)

{11)
5 4L dcl

0
~

e) Whichever is the relationship which appliss In a given ciz -
stance, the constants must take proper account of the Iollowing

parameters which control the sorption reactions:

. ccrous-mediua characteristics, i.2. fensity - p, porosity -

¢ and grain size - 4, and
& oH of the solution carrying the soluzes C,.

T is account must, of course, come Izcm aprropriate measursments.

3.2 Ini=ial and Boundarv. Conditions

Ta order to ccomplete the mathematical speciZizazion cf a given prcblem,
poth inis=ial and boundary conditicns are raguired td be specifiad. Ini-
tial conéitions, supplied over the entirs dcmain selected for solution,

aust include values of:

. moisture contant 3, and when appropriata
. ccncentracion of species 1, C, .

3oundazy conditions on the toundaries oI ==e 3z-ain oust Se specifled in

respect of:

. tvoe of flow soundary and related show Teoantizias;



nature of bouncdary in respect of chemical species, LI appropriate,

and

sources (and/or sirks) of mass on the boundaries of or within the

domain.

3.3 Numerical Solution Procedure

The numerical algorithm adopted for the set of eguaticns (1) to (3) is
based upon an integrated finite-diffarence technique designed to solve

efficiently, partial differential ecuations of the general Zorm:

36 3(Bé) 3 36
Ll T ax, %, (c axl’ 8 (12)

Details of the technigue are provided elsewnere (Sharma, 1979). It is
emphasized here however, that the technigque is particularly suited to
highly non-linear forms of the above equation. SpeciZically, coef<i-
cients A, 3, C and D can be strong functions of & itselZ, especially
for two=- and three-<imensional problems. Eence, the SWin requirements
that the technigque satisfies the finite-diZferancs form of the above
eguation at a grid ncée P, i.a.

AN - SN = 5, +
(L a-sn} g, E a0, + SO (13)

exactly andéd, in addition, be iterative in order o aczount for the
derendence of the ccefficients upon the dependent variable itself,

are both met.

(e



4. COMPUTER PROGRAM DETAILS

The mathematical model outlined above has besn cast intad a comguter pro-
gram written in FCRTRAN IV. This program, cali.s< TARGET-1DU for Tran-
sient Analyzer of Ground water flow and Zffluent Transport in one space
dimension in unsaturated media, is designed Zor ease of application of
different types of problems. It is also to achieve this cbjective that
the main machinery of the calculation procedure is kept separatse from
the input/output and user-modifiable rortions cf the orogram. Fucther,
the nﬁme:ical grid is capable of acccmmodating arnitrarily-spaced nodes
or cells, each of which may be supplied with uniguely different zaterial
properties. A typical soluticn to a tramnsient prodlem involving 100 grid
nodes ané 400 time steps recuirss approxizataly 30 seconds on a CDC 6600 -

cooputer.

-11-
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5. MODEL VERIFICATICN

One example amongst several test cases investigated witah TARGET-1DU

is steadyv infiltration into a uniform sand column wnich was assumed to
be uniformly unsaturated to begin with. A cne-dimensional grid selected
for the investigation and the boundary condition supplied to it are
illustratad in Figure 3. The typical results for this case predicted
with the model are illustrated in Figure 4. In this figure, the deve-
loping osrofiles of moisture content and hydraulic conductivity may be

observed as a wetting front at a specific instant in tize.

A second example investigatad was that on cne-dimensional transient
drainage frca a sand column wnich is initially saturated and whose top
surface is subseguently maintained as impermeable. Using a grid similar
to that used for the above problem, ncn-linear material property rela-
tionships were suppliad to the model. These relationships, illustrated
in Figure 5, are due to Liakopoulos (1965). The results predicted by the
nodel are ccmparesd with experimental data (see Figure o) frcm the same

eference and with the results cobtained with a different approach by

"

4

arasiznan and Witherspoon (1977) which included effects of stress-

induces deZcrmation.
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7. NOMENCLATURE

w v X H

cr

(=

Generalized ccefficisnts in equation

Concentration of dissolved solicds (kg-m—3)
Reference concentraticn {kg-n3)

Specific heats of water (J+¢kg *°C ')
Constant-volume specific heat of soil (J-kg-1-°c-l)
Constants in corzalaticns

Concentration of lth chemical species (kg-qu)
Immobilized ccncenctraticn of lth chemical species
(kg-m—3)

Dispersion coefficient of specias 1 (32_5-1)
Distribution coefficient Zor the species 1

Tensorial fcrm of saturated aydraulic conductivicy
(m‘S_l)

Effective thermal diffusivity of water (J-m-l-s-l)
Relative hydrauliec canductivity of unsaturated =media-
Exponent in <he chemical kinetic term cf equation (3)
Viscosity racio (u/uo}

Static pressurs (Nem )

Density ratioc (0/90)

Souﬁce (and/or sink) =2ra Zor variable ¢

Degree of saturaticn

Components ¢ lineazizad scuzce tera in Zinite-
difference Iz

Time (s)

Temperature (°C)

Temperaturz oI soil (°Q)

velseivy cosgponencs in Sizeczion L (ar*s ")

Coordinate Zirection in dirsczicn i (3)

Static pressure exzrassed I1n nead of water (a)

"y



Sy e e, p— P—— [, sy
N

. 3 -3
Volumetric moisture content (m *m )

Residual value of 8 (ms'm-B)
Saturation value of & (33-m-3}
Density of water (kg'm-B)

Reference density of water (kg-m_a)
Dry density of soil matrix (kq'm—3)
Viscosity of water (kg-m‘l°s—l)

s ; ; =1
Reference viscosity of watsr (kge*m -=s
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A comprehensive mathematical model suitable for the prediction of
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1. INTRCDUCTICN

The purpose of this appendix is to present a description of a compre-
hensive mathematical model for the prediction of zomentum, heat and mass
transfer in porous media. This presentaticn is prefaced by a review of
recently published literature concerning predicticn procedures for flows
in porous media coupled with heat and/or mass =ransfers. Undersround
Dorous media are the primary subjects of concern here, and the review

is intended to provide an overview of the state-of-the-art. For this

reason, it is necessarily brief.

The prediction procedures considered here include both analytical solu-
tion technigues for sizplified governing ecuations as well as mathema-
tical nodels based upen numerical solution tachnigues for sets of coup-
leé and uncoupled governing differential ecuations. Attexpts have not
been zade to prepare hers a detailed classificaticn of thesa prccedures
based upon rigorcus zathematical criteria. The intantion rather is to
presant a coherent summary which highlights the salient Zfeatures and

recent advances.

It is recognized that in preparing this revisw complete attention may
not have been paid %2 the degree of valifaticn, in respect of reliahle

f£ieli and laboratsry data, that each avail
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subjected to. The degree of sorhistication and Ilexibilicy built into
these procecdures which sermit them to accest such data in some conve-
nient Zorm, will be ccnsidered sufficient Z:zr turposes of this review.
This is largely due to the paucity of data, in sufficient quantity and

of suitable quality, readily available Zor zurposes of validation.

transiar aspects caspectively. This lccse suz-Zivision is maintained

purely for reasons oI ccnvenience in prasantacion.



1.1 3vdrodvnamics

Analytical techniques Ior solving simplified equations of groundwater
mass and nomentum balance have been employed now for a number of years.
These technigues involve basic assumptions about the gecmetric configu-
ration of the flow domain and the uniformity of material properties. The
emplovment of these technigues usually results in closed-form expres-
sions for nydraulic head as a function of space and time. The velocity
fields are then extracted by the appropriate use of Darcy's law, which

has been incorporated into the mass balance equation.

The deployment of such analytical techniques for the flow distribution
in multiple inter-ccnnectad aquiliers has bean reportad by Bredehoeft and
Pinder (1970). A zore recent and elegant treatment of so-called leakage
flow between aquifers is presented by Dever and Cleary (1979). The prin-
cipal assumption involved in the above procedures is that the flecw field
in each aquifer is entirely saturated and two-cdimensional. The analysis
of the more difficult zroblem of unsaturated flows under similar ccndi-
tions has received relatively little quantitative attenticn. Sraester et
al. (1971) have preparsd a comprenensive survey of governing ecquarions
for unsaturated Ilcws. Gambolati (1973) has presented a discussicn of
vertical unsaturacad flow analyses. It zay be conclucded, however, that
versatile analytical procedures for saturated/unsaturated Zlow pradic-
ticns do not, in general, exist. A.simple one-dimensional semi-emcizi-
cal procedure for pracdicting purely unsaturacted flows has, however,
recently been reported by Mc Whorter and Nelsen (1979) who have ap-

plied it to the prediction of seepage beneath uranium tailings ocnds.

Recent years have saen the proliferation of mathematical models tased
upen aumerical schemes Zor solving the non-lineir form of the mass-
conservaticn eguaticn. Narasizhan and Withersztocn (1977) orasent a
critical review cf zuch of the current litcsrature on the subject and
indicate that kboch Zinise-diifference and Zinite-elsment technicues have

been emploved, each with varying cegrz2es o success. The premisr cnes of



rnwe former variety are those developed by Bredehceft and Pinder (1970),
Pricket:s and Lonnguist (1371), Cooley (1974), Trescott et al. (1976),

and Sharma (1979).

Of the latter variety, the works by Narasimnan et al. (1976), Neuman
(1973) and Pinder (1973) represent the principal ones. Trescott and Lar-

son (1377), in a series of numerical experizencs, ccmpare the efficacy

0

f iterative methods used to solve sets of algebraic ecuations resulting

th

rom arbitrary forms of numerical discretizaticn.

Numerical procedures particularly suited to the prediction of satura-
ted/unsaturated flcws have also been develcred (see for example Freeze,
1971; Narasimnan et al. (1377); Sharma and Zamilton (1978); etc.). The
numerical formulation of leakage interactions between elements of a
multiple aguifer system are extensively discussed by frind (1979). The
numerical simulaticn of individual wells of arbitrary size as well as
the intsractions acongst them have been reported by Prickett and Lonn-

guist (1971) and Akzar et al. (1974).

An assessment of thesa and other similar orocedures, in formulation and
especially in implementation, has been preparec recently by Weston
(1978). In agrsement with this assessment, it 15 arguec nere that aume-
rical croceduxzes, of sufficient degrees oI comprehensiveness ars pre-
sently available for applicatizsn to the range of problams currently
encountered. The zajor areas of weakness in such applicatisns are: the
prediction of Iflows in porous media with surerzosed Iracture distribu-
tions; and, the supply of adegquate amounts of raliable Zaca to> calibrate
the procedures. The state-of-the-pradiction art Zor such Ilows nas been

thorocughly reviewed recently zv Gringarzen (1379).



1.2 Mass Transfer

The use of the term 2ass transfer here is intended o signily the crans-
port of inert and/or reacting chemical species within porous zedia by
she complex interaction of several physical and chemical zechanisms. The
set of such zechanisms, loosely termed as sorption in the literature,

considered here as a basis for review is:

N convection

. difZusion and dispersion

. buffering of pH

. chemical precipitaticn by reactions with the solid natrix as well

as the interstitial water

. hycdrolysis and precipitaticn
. cxidation-reduction reactions
° racicactive decay

. volatilizaticn

» rechanical filtracion

. ciolcgical degradation

. caticn-axchange reactions

It zust De emphasized that specialized knowledge ¢ the in-situ effects
of incividual mechanisms are understced only to a limited extent. The

set Of scphisticated measursments necsessary to quantify these iniluences

or each geological zmedium and chemical specie ara currently being made
in a varisty of contexts. It is thus re=asonarla tc sugpose that the
data obtained from these measursments will be available within a Zew

years Icr purposes of refining the available zathezatical zodels.

Analyzical solutions to the conveczive dis;e:sich azuation have been
develcred by a number of authors, each of whcm has been Iatesrested in
scecific gecmetric configurations and specific chexzical species. The
deplovment cf these soluticns has been govermed to a large extent by th

requirements of the taechnical discipline within which each proble= has

e



peen tackled. For i1nstance, a one-dimensional solution including ad-
sorption effects has been developed, on the cre hand, by Gupta and
Greenkorn (1973) as a tool in soil chemistry. The workX by Aikens et al.
(1979), on the other hand, presents a variecy of useful analytical
solutions which take radicactive decay into account. Such solutions are
indeed simple to use, and provide order-of-magnitude results in respect
of concentraticn distributions with a modicum of effort. However, as
gecmetries, material properties ox the reactive mechanisms themselves
become more ccmplex, it is more convenient to employ mathematical models

based upon numerical soluticn techniques.

One-dimensiocnal mecels of this type abound in the literature. An intesr-
esting work by Selim et al. (1977) is concermed with finite-difference
simulations of reac=ive solute transport through multilayered scils.
Davidson et al. (1978) report the recent extansion of this work to the
finite=difference treatment of coupled adsorgstion, cenvective dispersion
as well as biological degradation. This work represents an excsllent
study of the effects of pesticides in soils. The recent publication by
Konikcw ané 3redenceft (1978) describes a two-part Zinite-difference
crocedure for solving the coupled flow andé chemical species transpor:
equations. A comprahensive, coupled procecdure employing a sophisticatad
nybrid differencing scheme, has been develcped Dy Sharma (1973). These
orocedures are typical cf several availables schemes, oI varying degreaes
cf computational economy, being currently razorted. To be entirely va-
1ié, each such proccedure must be supplied with rsliable shysical and

chemical data, appropriate to a given applicaticn.

In like fashion, finite-element based numerical zethods.have been Jeve-
lcped by researchers for pradicting chemical-species transport in porous
media. Rubin ané Jazes (1973) present cne such zethod which uses the
Galarkin approach. Ducuid and Reeves (1876) docuzment another similar
nethed which has nad numerous practical agplicaticns. Gray and Pincder
(1976) discuss the efficacy of this and other {inites-element. approaches,

anéd in adéition cc=zare their relative accuracies. The application of



finite-element approach by Pinder (1973) to groundwater contamination in
Long Island is a zeticulously-documented study augmented by field mea-
surements. The application of finite-element methocds to other types of
problems involving transport of chemical species has also been achieved.
A good example of such an application by Xealy =2t al. (1974) involves
the analysis of seepage from tailings ponds. It is in this connection
that the work by Duguid and Reeves (1976) is well known. Weston (1978)
presents a comprenensive review of currently available models of the
above types and, based upon their degree of validation and use, commends
scme for routine application. In short, a wide range of models covering
a range of applicability is presently available for use in predicting
the transport of reacting chemical species. The data requirements for

these models are not always met to the same level of cuality.

(V]

HYeat Transier

.
.

The analysis of heat transfer coupled with £luid flow in porous media,
has also been conducted using both analytical and numerical techniques.
The analytical soluticns, depending on specific boundarv ccocnditions,
whnich are implicitlyv incorporated into them, have much in commocn with
those for transport of _inert chemical species. Zowever, the range of
acplication of both analytical and numerical soluticns for heat transiar

is limited when ccmparad with transcort ¢ chemical species. The limita-

(T

icn is primarily cdue to the recent naturs of puklic interest in energy

poplicaticn in underground media.

1]

The work by Harlan (1973) on the predicticn of Ireezing iIn soils is an
excellent early exacple of the use of a aumerical procedure Ior the
analysis of freezing fronts in porous media. Likewise, Jolst ané Aziz
(1972) as well as Rubin andé Roth (1979) exaxine aspects of thermally-
induced convection in sorous media and the stapility of such Ileows.
The former authors present a detailed investigation of three dipen-
sional flows. Special at=antion has been paid Dy Runchal et al. (1973)

to the problem of heat-transier effects, resulting Irom the disgosal of
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high-lavel radicactive waste, upon groundwatzar motion. They treated this
ohenomenon as essentially decoupled. All such procedures depend, of
course, on the supply of adequate field data, of sufficient gquantities
and of sufficient gquality for purposes of ingut and validation. Such
data, in respect of heat transfer, is extremely sparse, and hence most
heat transfer models Dust be considered to ze in a state of develcpment.
A recent example of Iield measurements of cazperature effects in porous-
media flows is that by Molz et al. (1978). These measurements were
specifically macde in connection with thermal ener3y storage in aquifers.
The problams involved in such storage have teen discussed by Werner and
Kley (1977). Theoretical studies of this groblem, using both finite-
difference and finits-element methods have Zeen raportad. Amongst the
former is the work by INTERCCMP (1976); examples of the latter are:

Mercer et al. (1975); and, Papadcpulos andé lLarson (1978).
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2. MATYEMATICAL FOUNDATIONS

2.1 Preamble

In what follows, a dathematical description is provided of a general
version of the computational procedure embodied in fa computer program
collectively termed "the model"”. Two-dimensional versions of the model
have teen successZully employed in a variety of enginea=ring apolica-
tions. A simple three-dimensicnal version of the zmodel has also been
developed, tested and applied recently by Sharma (1979), and Zamiltcn
and Sharma (1979). The procedure is economical of coemputaticnal effort,
and, whilst retaining the sophistry of physical and chemical formula-
ticns, embedcéed in other models xmenticned above, maintains mass con-

servaticn to desired levels at each time instant of interest.

In what Zollows, a two-dimensional vorsion of the procedure is described.
This version illustrates the significant features whilst Xeeping alge-

braic det2ils to manageable propor=icns.

The svatols used in the folleowing equations are defined in the rnomen-
clature list. Their derivation has been documentad ex:tensively else-

wnere.

a) Mass Consarwvatizn

I+ can be shown (3ear, 1972) that the prizmitive Zora of the con-

131

tinuity ecuaticn can be combined with the generalisaed definition o
Darcy velocity Zield to yield the partial differential ecuaticn
geverning flecw with piezometric head as the dependsnt variable.

Zxpressed in general two-di=ensional Zora, orincipally ZIor con-

veniencs of understanding, this ecuation is:



——— E——

1h 3 h 2h 3 ,.h 3h h
§ Zon — =1 +
bc J Ix {Lx E.} 2 3 s (1)

Specific forms of this general equation are cutlined helow.
The cocordinate directions used in these forms izply that y is used
interchangeably for cne horizontal or the vertical coordinarce

direction. For vertical-plane flows (y-zositive upwaxis), the

following definitions apply:
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for horizontal-olane flows under unccniined conditions with M

and R defined as in (3) the following definiticns apply:

(4)
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Fluid Velocity Ccmponents

The well-kncwn Darcy nypcthesis is used to relate the velocity

components to distributions of tcotal head, h.

=]
h = ——+ 2
o]
Q
gh
€Uz -K_M %; (5)
3
eV £ =X M 75-+ X MR
vy o¥ vy )

Chemical-Sceciess Conservation

I- has been shown (Sharma, 1979) that the two-dimensicnal forz
of the general convective transpor:t equation Ior the conservation

of chemical specizs, 1l is:

3 3 . ) . 3 .
— (epC — I[1 = glp C + — {zoCC + — {zaVC
3 (ep l) T e -t ™ s,l} ix {e l} 3y ove, }
zC aC C
3 1. 8, g i
w = {EnD —} =+ — {zpD | —=} + s (8)
3x x,1l eox 3y vl oy
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I 4) Thermal EZnergy Conservation

] Likewise, the conservaticn of thermal enercy is:

3 3 3 3
—— —_— 1= Pl c T 4o — T}
l v (€0C T) + =% {( eIpScV'STS} B { :Ucp } 3y {EQVCP ‘
-
- -\T‘ a AT T
= — {X =) s = (X =} +s (7)
Q

x,T 3%’ Iy v,T dy

c
1 T . ; -
The source teras s and s in equations (8) and (7) account for

supply and/or annihilation of the respective variables due both to

natural and man-zace events.

2.3 Initial ané 3Scundarv Conditions

Initial andé boundary conditions, respectivelvy within and on the boundary

of the solution dcmain, must be supplied Zor zacn of the dependent

variables in corZer to ccmplete the mathematical specificaticn of the

problem.

Initial cenditions designate the distrikucicn of h, Cl and T, cver the

entire solution dcmain of interest, at the ccozencement of the soluticn.

— em— ey, pm—

] Such condizicns xmay be obtained from the resulzs ¢f a fiszld-measursment
' program ané extrapolations thereof, as Zor example would be the regiocnal
} Diezometric head distribution. Alterzmatively, they may be obtained Irom
\ laboratorvy-scale experizents, as Zor exazmple the ambient ccncentraticn
0f chemical species in ground water, Thevy 22av also be sugplied Zrom the
[ results of previcus calculations of a sigilar nature.

t Boundary conditicns represent variations o the dependent variables,

n
0
b
| 9
(r
[
0
3

=heir fluxes or combinations thereof, at the toundaries ¢f the
( domain. Such condéiticns may also e obrained Izom the results of a

ase, fcr instances, with

(9]

f£ield-measursment prsgram, as would be the

| recharge boundaries. It is izportant to nots that boundary conditions

<11~
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may vary with time. As a result, they influence the 'accuracy of results

obtained with, and hence the numerical algorithms emtodied in, compu-

tational solution procedures.

In addition to the above it must be noted that certain man-made as well
as natural influences affect the distribution of 1, Cl and T within the
solution demain. Such influences include discharging (and/or recharging)
wells; artificial and natural barriers to flow (as well as heat and mass

transfer) occurring locally within the domain.

It may oe noted at this point that significant advantages accrue from a
comprenensive mathematical formulation such as that outlined aktove. The
advantages, principally in respect of flexibility in model applicaticns
to a large variety of problems, can be maintained cnly iZ the numerical
algorithm selected for soluticn of the equations exhibits equally versa-

tile fezatures. Just such an algoritnm is descrined below.
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3. NUMERICAL SOLUTION PROCEDURE

3.1 Genreral

The numerical procedure adopted in the present mcdel, in its one-, two-
or thrse-dimensional versions is of the integrated finite-difference
(IFD) variety. The origins of this procedure lie in an earlier work on
computational fluid mechanics and heat transfer (Sharma, 1974). Details
of the present procedure are available in Sharma (1879). A brief de-

seription, however, is provicded in this section.

3.2 Numerical Grid and Variakle Locations

An illustration of the numerical grid adoptad in the x-y 2lane is illu-
stratad in Figurs (1l). In this figqure the Zaces of control volumes, used
in deriving the discretised equations, ar= indicated as dashed lines.
m™e intarsections of grid lines which are tz2rmeé grid ncdes, are chosen
to lie at the geometric center of the associated control volumes. An
excepticn is made at the boundaries cZ the dozmain where the nodes lie on

the bcundaries themsalves.

All oreoblem variables, with the excepticn oI the velocity components U,

<

and V, are presumed to e located at grid ncdes. The x-directicn velo-
city cozmponents U are presumed to lie c¢n tRe intersectlons of the con-
trol-voluze faces in the y-directicn with the x-dirsction grid lines.

ikawise, the v-directicn velocity cozponents V are gresured to lie on

L—|

(1]

the intersections of the ccntral-vecluze Zzces in the x-direction with y-

direczicn grid lines. In general, with the IZlexibility of using variable

grié stacings in any given directicon, it Is imzcertTan+t to note that velo-

ncdes in that directizn. This feature influences the numerical

(o}

>
gri

algerizhm in a significant way.
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1.3 The Discretised Zcuations

Discretised forms of the partial-differential equacions (1), (6) and (7)
are obtained by integrating them over the atove-menticned cantrxol vo-
lumes. It is presumed for purposes of this integracion that the depen-
dent variablss vary linearly between successive grid ncdes. Furthermore
one such discretised algebraic ecuation, per cependent variable, may be
derived in this manner for each control volume within the solution
comain. It is precisaly such an algebraic ezuation which represents, in
finite-difference form, the conservation of mass, thermal energy or of
chemical species. The preservation of these conservation principles in
+he simultaneocus solution of the algebraic eguations permits, in the
present procedure, an exact accounting of mass, energy ané momentum to
be made. It is of great importance to note that such precise accounting
of chemical speciss is vital in problems concermed with the limited
disposal of waste at a given site. Many, otherwise praiseworthy mathe-

matical models, do not ensure that this is Lhe casa.

The discretised equations, at an arbitrary griid ncce ? with its neigh-

bours at Z, W, N and S, have the following ZIor=s:

a) Piezcocmetric Zead:
[~ n h h n
[i A’ - syl ohy = [ Al h, + SO, (8)
P l:
<,W,N,8,0
b) Scecies Concentraticn:
f c c B,
i 1 1 _ T = L o R
[E S T L By Hy.y ® R (9)
P :_:
E,W,N,S5,0

-14-
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c) Temperature:

.—o.
'-o.
w3

v

,
[AT-SN:T= ) A, T, + SO
P i=

S,W,N,S,0

In the above, A's denote coefficients computed from xnown (or socetizes
temporarily presumec known) values of hydraulic conductivity, dispersion
cocefficients etc.; and SO, SN are components o< a linearised source
term; i denotes restectively the neighbouring grid nocdes in sTace; and,
O denotes the coefficient associated with the srevious-time value of =4e

aporopriate dependent variable.

3.4 The Soluticn Algorithm

The sets of simultaneous algebraic equations nctad atove are solved oy
the efficient application of an altsrnating-<irecticn, heavily-i=zplicis,
line-by-line soluticn algorithm coupled, Zor three-dimensional proclems,
to a plane-cy-plane blcock correction procedurs. Cetails are provided oy
Sharma (1979). This algorithm applied itesracively leads to ralacively

monotonic soluticns Ior most problems with cozmenly-encountersé zcundary

cenéitions.

3rief cetails of computer programs which exztcéy the atove desc-ized

nuzerical procedure ars provided below.

=15~
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4.0 COMPUTER-PROGRAM DETAILS

The algerithm menticned above has been incorporated into a set of ccm-
suter programs written for one-, two- and three-dizensicnal probleams.
In the programs a serious attempt has been made to preserve the £flexi-
bility of the mathezatical and of the numerical sclution procedure. In
kxeeping with this objective, the 2ain machinery of the calculation pro-
cedure is kept entirely separate from the problem-specific and user-
modifiable portions of the programs. Thus, they are versatile ané rela-

tively easy to employ.

These programs, called TARGET-S (for Transient Analyser of Reacting
Ground Water Effluent Transport in saturated porous zedia), are written
in stancdard TORTRAN-IV. They are thus capable of being run on most
availabis computers. On a CDC-6500 machine a typical ccmputer run for an
unsteady two-dimensicnal problem requirss approximately 60 seconds of

central processor tize.

-16-
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For purposes of testing the computer program TARGET-S and to demonstrate
the accuracy of results predicted thereby, a fsw test runs were first
made of a selected problem. The problem posed is that of unsteady con-

vective dispersion in a hcmogeneous, saturatad porous media in one space

dimensicn.

Grid-cerendency tests were first conducted to determine the effect of
grid-size upon numerical accuracy. It was cbserved in that sufficiently
accurate results may be opbtained with a number of grid nodes which is
also ccompatible witli rsasonable computing efforw. Turther tests investi-
gating the dependence of accuracy upcn the chosen time-step were con-
ducted_ The results orf these are illustratad in Figures 2 and 3, which
indicate that Ifor desiresd levels of accuracy a suificiently small time-
step must be chosen. Subseguently predicticns of concentrations of a
Zoving solute front were made. For a given sat of parameters, the pre-
dicted results Zor this case zay be observed in Figure 3 to ccmpare very
favourably with the corresponding exact analytical sclutien.

TARGET-S has undergcne numerous other tasts, nct rerorted here, to
ensurs that the program'is essentially correct and that the results

orecdicted with it are both plausible and valid. The validatiosn tasts are

The application of TARGZT-3 to a faw reprsasantative problems is illu-
strataed in Figures 4 to 8. In Tigure 4, plots ¢f ciezometric head at

successive time instants illustratas the achievement cf steady-state

and corresconding velccity wvectors, the eflzct cf a slurry wall in

preventing Ilow to a chemicallv-contaminated zorticn of an acuifer.

-17=-



Figqure 8a, 8b and 8c illustrate the transient nature of chemical specie
transport from an in-pit disposal system Ior wastes from a lignite-
gasification facility. In addition to the apove applications, TARGET-S
is currently being applied to problems of radicactive and toxic waste

disposal alternatives.

=18~
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7. NOMENCLATURE

'y

Coefiicients representing hydraulic conductivity or dispersion
cocefficients etc., for variable 4 at grid position i

. ; , -3
Chemical species concentration of species 1 (kg*m )

Specific heat capacity at constant pressure (J-kg-1-°c-1)

Specific heat capacity at constant volume (J-qu1-°c-1)

Specific heat capacity of the solid at constant volume

(Tokg Leocl

Dispersion coefficient for species 1 in x-directicn (mz-s-l)
Dispersion coefficient for species 1 in y-direction (mz-s-l)

aydraulic or piezometric head (m)

x~-directicn hydraulic conductivity (m+s )
' -1
y-éirection hydraulic conductivity (m*s )

-1 =1 -1
x-direction thermal conductivity (Jes *m °C )

" : e -1 -1 _ -1
y-direction thermal conductivitcy (Jes "em *°C ")
Viscosity ratio

: 5 3 -1 -3
Point source of zass (m *s 'm ")

Density ratio deficit

c -1
Storage coeificient (m )

Saturated thickness (m)

Source term for variable 3

Ccmponent of linearized source term for variable 9 at nede 2

Compecnent of linearized source ta2rm Zor variable ¢ at node P
Temperature (°C)

time (s)

x-directicn velocity (m-s-l)

y-directicn velocity (n-s-l)

Cartesian coordinate diracticns (3)

Porosity

Viscosity (kgem *s )

= ) . s -1 =1
Reference viscosity (kg*z "~ +*s )

-



zsfective diffusion ccefficient for variable 9, in direction x

. S -3
Density (kg*m )

Reference density (kq-m‘ )
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Figure 5

EXAMPLE 2.
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Figure Ba
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