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However, much more work remains to be done., Both sensivity analyses and
parsmetric studies are necessary to bound the uncertainties involved in this
complex problem. Before DYNAMIX can become a practicel engineering tool,
congiderable work has to be done by way of model improvement, documentation,

validation and benchmarking.



SUMMARY .

In Part I of this series of two reports (Naragimhan et al., 1984) the
observed fluid potential and geochemical characteristies in and around the
inactive uranium mill tailings pile at Riverton, Wyoming were presented.

The purpose of the present work is to attempt to simulate field observations
using mathematical models. The results of the studies have not only helped
identify the physicochemical mechanisms governing contaminant migration

around the inactive mill tailings pile in Riverton, but also have indicated

the feagibility of quantifying these mechanisms with the help of newly developed
mathematical models. Much work needs to be done to validate and benchmark

these models.

The history-matching effort on hand involves the mathematical simulation
of the observed fluid potentials within the tailings, and the observed distri-
bution of various chemical species within and sround the inactive uranium mill
teilings. The simulation problem involves consideration of transient fluid
flow and transient, reactive chemical transport in a variably saturated
ground water system with time-dependent boundary conditions.

For purposes of the present study, the overall problem was subdivided int§
three stages. Stage 1 consisted of modeling the time-dependent infiltration of
water through the tailings since abandonment, taking into account evapotranspira-
tion and rainfall boundary conditions. This was accomplished using the
computer program TRUST; the computed disposition of Ffluid potentials within
the tailings agreed reasonably well with observed values.

Stage 2 of the present study, which is concerned with the mixing of tailings
water and ground water, required the greatest amount of effort and innovation.

The basic requirement was to simulate the simultanecus migracion of several



chemical species, duly considering precipitation of supersaturated phases and
the dissolution of buffering species in the solid matrix. For this purpose,
a new program, DYNAMIX, was developed by coupling a generalized version of
program TRUMP with the geochemical speciation code, PHREEQE. Using this
model, ten chemical species, nemely, Ca, Mg, Na, K, Fe, Si, Al, C, Cl and
S04 were transported by advection, dispersion and diffusion mechansims.
The precipitation and dissolution of gypsum, iron hydroxide, gibbsite and
calcite were considered. An explicit scheme of marching in the time-domain
was followed. The tailings-aquifer ipteraction was modeled in a quasi-three-
dimensional fashion. The results of the mixing calculation yielded reason-
able sgreement with cbserved data in regard to pH as well as sulfate in
the shallow aguifer immediately beneath the tailings. These calculations
also yielded the precipitation rate of gypsum over the life of the tailings.

The purpose of the last stage was to use the observed ground water
velocity, the infiltration rate and the rate of precipitation of gypsum in a
two-dimensional areal model of the aquifer, and to simulate the sulfate plume
that extends from the tailings southeast to the Little Wind River. For this
purpose, the TRUMP computer program was used. In this model, the precipitation
rates for gypsum, calculated with the DYNAMIX code in Stage 2, became the
known, time-dependent sink terms. To simplify the handling of hydrodynamic
dispersion, the mesh was oriented in the direction parallel to the approximate
Jirection of regional groundwater flow, NW-SE. The plume calculated with the
numerical model agreed surprisingly well with observed data, considering the
complexity of the problem.

The results generated so far can be used as a first approximation

to forecast the possible response of the system to alternste remedial scenarios.
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1.

INTPODUCTION
The Hasic outcome of the First part (Nzrasimhan et al., 1984) of this
two-part report was establishment of the following features, based on field data
from the Uranium Mill Tailings Site at Riverton, Wyoming (Fig. 1).

o The profiles of fluid potentials within the partially saturated
tailings ae . function of time (Fig. 2);

o The physical properties of the tailings and soil materials, including
porosity, permeability, fluid saturation, and the dependencies of
permeability and fluid saturation on capillary pressure head;

¢ The disposition of the water table within the aquifer as a function
of time (Fig. 3);

o The geochemical profiles within the tailings, including pH, Ca, Mg,
Na, K, Fe, Al, SiOz, Cl, SO4, U and Mo (Fig. 4);

o The disposition of the plumes of S04, U, pH, and Mo within the
shallow aquifer {Fig. 5).

The next logical step in the averall investigations is to establish the
cause-effect connection between the history of the milling activities at the
site and the present day hydrogeochemical situation as detailed above. This
"history-matching” effort is critical to the ultimate abjective of the UMTRAP
program for the following reason: successful history matching will identify
the hydrological and chemical processes that control the contaminant migra-
tion at the Riverton site; the prediction of the contaminant distribution
behavior under various plausible remedial scenarios will have tc¢ be based on
the processes that control contaminant migration.

The purpose of the history-matching effort, which is the content of
this report, is to use mathematicsl models and quantitatively explain
the present hydrogeochemical situation at Riverton as a consequencz of what
hsppened at the site between 20 and 25 yesrs ago, during the active phase

of the mill. The goal is to simulate, using the physical parameters
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Location map of the Riverton, Wyoming Mill Tailings site.
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Fig. 5. Dispositions of different chemical plumes, Riverton:
(a) sulfate, (b) uranium, (c) molybdenum, (d) pH.
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otserved in the field and in the laboratory, the observed profiles of fluid
potentials and geochemical profiles within the tailings, and the deposition of
the sulfate plume within the shallow aquifer. The extension of the history
matching results to predictive caleulations for the future is beyond the

scope of the present report.
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METHODOLOGY
In this section we discuss the philosophy and the tools that are necessary
to analyze the field problem. The discussions are divided into three parts:
statement of the problem, discussion of the approach, and description of the

tools.

THE PROBLEM

The transport of contaminants from the tailings pile to the ground water
system is governed by the dynamics of the water phase. 1In addition to
advective transport, which includes both advection and hydrodynamic dispersion,
molecular diffusion is also an important transport mechanism. Therefore, a
prerequisite for analyziry *he chemical transport problem is knowledge of the
dynamics of fluid flow as well as the distribution of fluid saturations
within the tailings pile. Secondly, the transport process is greatly in-
fluenced by the chemical interactions that take place when the highly acidic
tailings water mixes with the near neutral ground water in the presence of a
soluble solid phase such as calcite. Thus, the overall problem is one of
transient fluid flow and transient chemical transport in a three-dimensional,

partially saturated to fully saturated, heteogeneous system.

THE APPROACH

At the present time, many reliable mathematical tools are avaiiable
to handle transient fluid flow and transient transport of a single reactive
chemical species. However, no tools are currently available to handle the
simultaneous transport of several reacting chemical species and the resultant
precipitation-dissclution phenomena. Therefore, a new mathematical tool, a
computer model, was developed to handle the multiple species transport

problem involved in the dynamic mixing of the tailings water with the shallow
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ground water. The new model DYNAMIX, in conjunction with other models already
available, led to a sequential three-stage history-matching effort schematically
shown in Figuse 6.

The purpose of Stage 1 is to obtain the transient infiltration rates
through the tailings since the time of their emplacement. These infiltration
rates will determine the guantity of tailings water that has entered the
ground water syatem. The infiltration rates thus constitute an essential
input to Stage 2. The purpose of Stage 2 is to carry out the dynamic mixing
of the tailings water and the ground water, involving several chemical species,
and to carty out the migration of the dilution front in the upper part of the
tailings. This stage, which involves the newly developed tool DYNAMIX, is
computationally quite time-consuming, even on a large main-frame computer. At
present, we are able to handle only a few tens of grid blocks with reasonable
expenditure of computer time. Therefore, the simulaticn of multiple species
transport over the entire plume area is not computationally feasible. To
overcome this, we restrict the multiple species simulations to the portion of
the shallow aguifer immediately below the tailings. The outcome is the
transient evelution of aqueous chemical concentrations of the various chemical
species within the shallow aquifer below the tailings, as well as the transient
precipitation and dissolution rates of the specific mineral phases - calcite,
gypsum, gibbsite and iron hydroxide, Using this output, we set for ourselves
the limited goal, in Stage 3, of simulating the evolution of the plume of just
one species, namely, sulfate,

The outcome of each of the three stages is finally compared with the
corresponding field measurements summarized in Figures 2 through 5, which is

a measure of the success of the history-matching effort.
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THE TOOLS
The tools of history-matching used in the present work are all numerical
models (TRUST, TRUMP, DYNAMIX) based on the Integral Finite Difference
Method (Narasimhan and Witherspoon, 1976). The models all handle flow in
three dimensions, and can account for heterogeneities, time-dependent sources,

time-dependent boundary conditions and arbitrary initial conditions.

The Codes TRUST and TRUMP

The TRUST code solves for isothermal fluid flow in variably saturated
porous media, fractured media or fractured porous media. The theoretical
basis, the algorithm and the application of TRUST are described, respectively,

in a series of three papers in Water Resources Research (Narasimhan and

Witherspoon, 1977; Narasimhan et al., 1978; Narasimhan and Witherspoon,
1978). The application of TRUST specifically to uranium mill tailings
is given in Reisenauer et al. (1982), along with a user's guide,

The TRUMP code (Edwards, 1972) solves for transient and steady state
temperature distributions in the presence of advgction and diffusion. One
can use the TRUMP code directly for chemical transport problems by simply
recognizing the similarities between the heat transport equation and the
chemical transport equation (e.g., Rasmuson et el., 1982).

For details regarding TRUST and TRUMP the reader is referred to the
references given above. In the interest of space and time we will not

describe these codes here.

Program DYNAMIX

Governing Equations

DYNAMIX (DYNamic MIXing), is a multiple species, advective-
dispersive chemical transport model which.accounts for aqueous geochemical

interactions between the chemical speciés. This algorithm was developed by



-12-

extending TRUMP to handle several species and combining with it the aqueous
geochemistry code PHREEQE (Parkhurst et al., 1980).

The thrust of the DYNAMIX Code is to scolve the following advective-
dispersive-diffusive chemical transport equation for an arbitrary elemental
volume £, which is fully enclosed by the closed surface Ty (Fig. 7). This
equation expresses the mass conservation of the ith chemical species in

the aqueous phase.

'fa; ar &t +ﬁDH$c1-EdF +j:'|D(ichi'EdI‘

rﬂ rl rl

P 0 ack

i i dry) i i _ dry), i 2 (§D]
+ G* - vw,l ld (1+—-—-—n )Kd cy = vw,l (14- n)Kd v
where
>
q = the darcy velocity at the surface segment dI' [L/T]
; = unit outer-normal to the surface segment dr
&t = average concentration of the ith species at the surface dv [M/L3]
c; = average concentration of the ith species in element 2 [M/L3]

dr = segment of the bounding surface Ty [L2]

Tg = closed surface bounding element 2 [L23

n = porosity

Dy = hydrodynamic dispersion coefficient [L2/T]

Dy = effective molecular diffusion coefficient [L2/T]

Gi = source/sink term: Gl > 0 denotes dissolution and is a
source. G! < O denotes precipitation and is a sink [M/T].

= decay constant for the ith species [1/T]
Vw,4 = volume of water in element % L3

dry bulk density of the porous material [M/L]
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Fig. 7. Sketch of an arbitrary elemental volume.



14
Kdq = distribution coefficient or partition coefficient
(Freeze and Cherry, 1979) [L3/M]

At = interval of time.
For the Riverton problem we shall ignore adsorpticn and radioactive
decay by setting Kg = 0 and Ag = 0 i, Equation (1).

If we discretize the system in such a fashion that the volume element

is bounded by stream lines and isopotential lines, the required discretized

governing equation is

- =1 =i i i
; Flm Cr *ZbFlbclb + % nDHﬁc nArlm +zanHVc n AP!.b

i
< Ac
> > i _1
-o-zm:nDch nAle + zb:nDdﬁc nArlm + G!, = sz i (2)
where
m denotes a surface segment that is entirely interior to the
flow region
b denotes a surface segment that lies entirely on the external

boundary of the flow region.

Fems Fzp are volumetric water fluxes into element £ across an
interior surface Algy or an exterior surface ATgp.

The indicated summations over b are designed to take care of all boundary
conditions. The fluid fluxes Fgy and Fyp are obtained either from

Stage 1 calculations using TRUST or from known regional ground water flow
conditions at the site. Because we shall define the volur : element to be
bounded by stream lines and isopotential surfaces, we may define Dy as

follows:

alel, if Ale is perpendicular to stream lines

ap v, if &, =~ is parallel to stream lines 3)
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where
a| = longitudinal dispersivity [L]

aT = transverse dispersivity [L]

v = pore velocity [L/T]
Furthermore, sirce hydrodynamic dispersion causes spreading only along the
direction of fluid flow, such dispersive spreading cannot occur in the
direction that is upstream with reference to fluid flow., On Lhe other hand,
molecular diffusion can cause diffusive flux in any direction, regardless
of the fluid flow direction. Therefore, for computing solute flux due to
longitudinal dispersion, we shall impose the following constraint:
i

. i
i 0, if cupstreem < Cdownst reem
o, B 4 = (@)
L ax m
>3, if otherwise
'

We will assume that for the partially saturated zone,

vw,l = VB,z nsw’l (5)
where
VB,E = the bulk volume of element £
n = porosity of the material
Sw,g = fluid saturation.

Titration and Precipitation

We now need to consider the source/sink term in Equations (1) and (2).
In our problem the term G; arises wheri the water contained in « mixes with the
incoming water of different chemical composition, leading to precipitation or
dissolution. The mixing is also supplemented by additional flux into the
element ¢ of the different species due to dispersion and diffusion. We now
idealize this mixing of waters of different chemical composition as a

titration process in which the mixture is well stirred at all times.
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Physically, the stirring mechanism in our case is provided by hydrodynamic
dispersior and molecular diffusion. For a chosen interval of time, at,
the size of the elemental volume should be small enough that the mixing
process can influence the entire element.

For purposes ol mixing, we need to consider two separate incoming
chemical fluxes: advective flux and diffusive flux. We will now restrict
ourselves to sufficiently small time steps, At, so that the transient cal-
culations can be carried out explicitly (Narasimhan et al., 1978). Using
the explicit technigue for marching in the time domain, .~ implement the mixing
calculations as follows. First, the diffusive and the dispersive solute
fluxes are added to element £ by evaluating the 3rd through 6th terms on the
left hand side of Equation (2). Then the advective mixing (titration) is
carried out by considering each interface ATy, separately. For simplicity,
the concentration of the incoming fluid with reference to any species is taken
to be that of the upstream node (full upstream weighting). That is, E%m
taken to be equal to cap, the concentration at the upstream nodal point
Volumetrically, the mixing is done at constant volume Vy g. That is,

(Fgp 4t) cubic units of the incoming fluid with concentration éap are
mixed with V, g - Fapft cubic units of the water in element £ with
concentration c}.

The titration is carried out in the program PHREEQE, which has been
incorporated in DYNAMIX as a series of subroutines. After the titration
process is completed with respect to all the surface segments bounding £,
the resulting electrolyte is checked for its saturation state with reference
to specific mineral species of interest. B8ased on this, the titrated

solution is equilibratea with the specific mitierals for which supersaturation
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exists, as well as with any buffering mineral phase, such as calcite, that may
occur in the element &, This equilibratien process results in the precipitation
of the supersaturated mineral species and the dissolution of the buffer
mineral.

The sequential steps involved in DYNAMIX are as follows:

STEP 1: Charge-balance the initial solution.

STEP 2: For every time step carry out the following for each elemental
volume:

(a) Explicitly compute the change in concentration due to
diffusion and dispersion.

(b) Perform titration of the advecting flux with the fluid in
the element. Set the concentration of the incoming fluid
to that of the upstream element. Titrate Fygat cubic
units of incoming fluid with Vg g ~ Fgpdt cubic units
of fluid in element & after (a) has teen carried out.

(c) Check the titrated solution for saturation with respect to
specified mineral species of interest,

(d} Equilibrate the solution with those minerals with which
the solution is found to be supersaturated. Also include,
in the equilibration process, any buffering mineral that
is known to exist in the solid phase.

STEP 3: Calculate the final concentration of the aqueous phase at the
end of at.

Compute the quantity of precipitation of dissolution of the
appropriate mineral phases.

In the present work, we are concerned with the following ten species: Ca,
Mg, Na, K, Fe, A%, Si, Cg, C (total alkalinity), and S04. In addition, pH
and Eh are alsa an integral part of the calculations. The mineral phases of
interest are gypsum, gibbsite and iron hydroxide. We assume, based on field
observations (Narasimhan et al., 1984) that the shallow aquifer consists of
an abundance of calcite, which acts as a buffer in the chemical reactions.
Therefore, the titratsd solution is automatically equilibrated against

calcite in Step 2.
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The titration calculations and the equilibration calculations were
carried out with the PHREEQE subroutines, by repeatedly calling them from the

transport subroutines.

Program PHREEQE

At this point it is pertinent to give a brief description of program
PHREEQE. The PHREEGE code (Parkhurst et al., 1980) is a FORTRAN IV computer
code designed to model geochemical reactions. The aqueous model, which
iacludes chemical elements, aqueous species, and mineral phases, is exterior
to the computer code and is completely user definable. PHREEQE can simulate
several types of reactions, including: (i) addition of reactants; (ii)
mixing of two waters; (iii) titration of one solution with another. The
program calculates the following quantities during the reaction simulation:
pH; pe; the total concentration of elements; the amounts of minerals in other
phases transferred into and out of solution; the distribution of aquenus
species; and the saturation state of the aqueous phase with respect to
specified mineral phases.

A detailed discussion of the application of the PHREEQE code to describe
chemical contamination by the Riverton mill tailings pile is presented by
White et al. (1984). The flow regions modeled in each of the three stages and

their mutual relationships are depicted schematically in Figure 8.
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RESULTS

STAGE 1: THE INFILTRATION PROBLEM

In order to understand the processes governing the observed contamination
of the shallow aquifer underlying the tailings pile, evaluation of water
inflow from the conlaminant source is required. To achieve this goal,
numerical simulations of flow within the tailings were performed from a
variety of approaches, using the integrated finite difference program TRUST
(Narasimhan et al., 197B). Since field observations indicate that the bulk
of the tailings water undergoes vertical flow through partially saturated
tailings, the majority of the simulations were performed for one-dimensional
columns. The one-dimensional modeling focused on simulating conditions at
site RB in the Riverton tailings pile (see Part 1, Fig. 3). This choice was
based on the fact that site RB is the centrally located monitoring station,
considered representative of most of the pile. The one-dimensional simulations
were conducted using three different approaches for handling the evapotrans-
piration boundary conditions at the upper surface of the tailings. Charac-
terizing the upper boundary condition is the most difficult component of our
one-dimensional simulations, since the upper surface is subject to wide, and
often rapid changes in potential and water saturation. The water table
underlying the one-dimensional column remained at a relatively constant level
with an annual fluctuation of less than about 1 m, and therefore was modeled
as a fixed potential boundary in all of the simulations. Material properties
characteristic of the tailings were taken from laboratory measurements of
hydraulic conductivity and saturation as functions of matric (suction) head
(Narasimhan et al., 1984).

The first approach to handling the tailings/atmosphere interaction utilized
rather arbitrary step changes of the surface pressure/suction head to model

alternating cycles of rainfall and evaporation. The second method involved
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application of a model by Staple (1974), which couples lacal climatic conditions
with evaporation dependent on surface matrix potential. The third approach
considered the Complementary Relationship Areal Evaporation (CRAE) madel of
Morton (1978). In one application of the CRAE model, scaled-down CRAE
evaporation rates were applied between individual rainstorms. In a second
version, precipitation and scaled-down CRAE evaporation rates were averaged

over three-month periods.

A final set of simulations of the tailings pile considered a vertical
two-dimensional east-west transect through the center of the tailings. These
two-dimensional simulations allow analysis for possible lateral components
of flow in the deeper tailings. If lateral flow exists in significant
quant ity within the cepillary fringe above the water table and within part of
the deeper tailings within the capillary zone, then the lateral flux may
perhaps account for the zone of apparent leaching observed below a depth of
about 4 m at site RB (Fig. 4).

A realistic simulation of flow within the tailings must closely match
field observations. Thus, the validity of all simulations is assessed from
this perspective. In the following section the field measurements of hydraulic
head profiles are reviewed. The details of the various simulations are then

presented.

Hydraulic Head Profiles Observed in the Field

This discussion focuses on site RB of the Riverton tailings pile, which
is the central monitoring site. The hydraulic head profiles at site RA are
in many ways similar to those of site RB (Narasimhan et al., 1984), while the
measurements at site RC do not typify the pile as a whole. Thus the hydraulic

head profiles at site RB are assumed to be representative of the tailings pile.
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As noted in Part I of this report (Narasimhan et al., 1984) and
elsewhere {Tokunaga and Narasimhan, 19B2) the hydraulic head gradients at
site RB are relatively stable within the tailings at depths greater than 1 m
below the upper surface (Fig. 2). Within 1 m of the upper surface, wide
fluctuations in hydraulic head are observed in response to rainfall and
evaporation events. Below this surface zone the bulk of the tailings appear
to exhibit relatively steady unsaturated downward flow towards the shallow
water table. The profiles reflect a roughly unit hydraulic head gradient
directed downward at both sites RA and RB. At site RB a lens of relatively
low permeability tailings is observed at a depth of about 3 m, within which
the hydraulic head gradient is substantially larger in magnitude. Throughout
the bulk of the steady-state region the matric (suction) head is observed in
the range of -2 to -1 m H70. At site RB the water table is about 6.7 m
below the upper surface and about 2 m below the tailings soil interface.
Tokunaga and Narasimhan (1982) obtained an estimated range of steady recharge
rates from ranges of laboratory measured/calculated unsaturated hydraulic
conductivities (for § = -1.5m H20), combined with a unit hydraulic head
gradient. This range of recharge rates is equivalent to an annual recharge of
about 3 x 1073 to 3 x 10-2 m of water. The simulations to be described
are checked for the extent to which the steady portion of the hydralic head
profiles are matched. Rates of shallow aquifer recharge are also monitored in
the simulations.

A schematic representation of the one-dimensional set up is given in
Figure 5. The material properties used in the simulations are given in

Figure 10a and b.
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Atmospheric Boundary Conditions

Techniques of varying complexity are available to handle the evapotran-
spiration conditions at the tailings surface. 1In our study we have tried
three different techniques: (i) use of arbitrary surface potentials, (ii)

the method of Staple (1974), and (iii) the method of Morton (1978).

Arbitrary Fixed Fluid Potential

The preliminary model consisted of a vertical set of volume elements
with the lowest node (volume element) connected to a fixed potential surface
(the water table) and the uppermost node connected to a time-dependent
surface potential, The latter boundary potential alternated between -6.0
and 0.001 m of water to simulate evaporation and rainfall events, respectiv-=ly.
The evaporation and rainfall periods were, respectively, 0.1 year and 6
hours. Nine and one half of these cycles comprised each simulated year. The
duration of the rain period was selected to be consistent with the Riverton
mean annual precipitation of 0.2 m. By extending this simulation to 10 years,
a quasi-steady-state hydraulic head profile was generated through the bulk
of the tailings. The simulated profile is very similar to the one cbserved
in the field (Fig. 11). The steady state recharge of the ground water in the
tailings simulation at the end of 10 years is 0.03 m per year, which is
consistent with the earlier estimates of Tokunaga and Narasimhan (1982).

Although this model has yielded credible results, its chief deficiency
is that it is based on arbitrarily chosen magnitudes and durations of the
surface potentials. The two following approaches zim to avoid this deficiency
by utilizing available climetological data from the vicinity of the Riverton
tailings. For this purpose, climatological data from the Riverton and the
Lander, Wyoming weather stations were collected for the ten-year period

1972-1981 and compiled into monthly averages.
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Coupled Climate/Surface Potential Dependent Evaporation Model

The method of Staple (1974) effectively substitutes the surface soil
water vapor pressure for the saturation vapor pressure in the Penman potential
evaporation equation. Climatic data compiled in Table 1 were used to generate
monthly averaged evaporation functions for surface sinks dependent on poten-
tials. An assumption used in this application of the Staple method is that
the magnitude of the surface water potential is largely determined by the
surface matric (suction) potential. Rainfall was concentrated into 0.005 m
events via 2-hour durations of a 0.0025 m/hr surface source. The 44 events
distributed over the year were designed to nominally follow monthly averaged
rainfall patterns at Riverton. The simulation was carried out for three years
following an initial condition of full saturation.

The outcome of using the Staple method is that a net loss of fluid is
calculated at the surface. This net loss can only be accounted for by
depleting the moisture stored within the tailings. This is reflected in the
hydraulic head profiles depicted in Figure 12. The zero-flux internal
boundary continues to migrate well into the body of the tailings, well below
its position observed in the field. Several attempts using alternative
selections of rainfall intensities and magnitudes did not appreciably change
the net moisture loss at the surface. These observations are contradictory
to the field observations, which clearly show net surface gains of rain

water.

The Complementary Relationship Areal Evaporation Method (CRAE)

The Complementary Relationship Areal Evaporation method (CRAE) of Morton

(1978) was the third approach used to estimate evaporation losses from the



Teble 1. Mean monthly climatic deta summary for Riverton, Wyoming,

1972-1981.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Precipitaticn (cm) .43 .53 1.25 2.97 4,32 4.17 1.55 9N 1.91 1.96 1.17 .53
Air temperature (°C) -9.4 -4, ~0.2 6.6 12.2 16.7 21.1 19.9 14.0 1.6 -1.5 -1.7
Relative humidity .68 .63 .57 .53 W52 42 39 .40 W42 W52 .63 .65
Wind speed (km<day~1) 220 224 282 297 309 28 301 286 270 228 212 232
* 3 61 .65 66 64 .62 J5 .15 .75 37 .65 .56 .58
+ R cal

A 2 280 430 660 790 940 990 260 830 640 910 320 250

cm day

Spil temperature
(°c at 1 m) 3.6 1.9 2.5 5.6 8.9 12.5 16.1 18.3 16.9 13.9 10.0 6.3

* ﬁ is the actusl duration of bright sunshine per meximum possible

+ Ry is the maximum upper atmosphere radiation at 43°N latitude (List, 1951)

-62-



«30-

Hydraulic head (m water)

-7 -6 -5 -4 -3 -2 -1 0
|

1 yr. simulation

Depth (m)

XCG 8311-4819

Fig. 12. Results of simulation: evapotranspiration by the method
of Staple.
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Riverton tailings. Monthly averaged climatic data sgain were used. Because
the method involves a large set of equations, only the results of the calcula-
tions are discussed in the interest of space. Figure 13 shows monthly
evaporation lasses in cm, as well as monthly averaged precipitation. Results
of the Staple method are- included for comparison. Although the CRAE method
also predicts net evaporation losses, the magnitudes of such losses are
clearly smaller than those of the Staple method. It should be pointed out
here that the CRAE method is a model for regional evaporation. Therefore the
CRAE results presented in Figure 13 more likely reflect the Riverton region
as a whole., The actual evaporation losses at the Riverton site may be much
smaller than this average. Therefore, with reasonable estimates of the
deviation of the tailings surface evaporation from the typical surface of the
Riverton region, the CRAL approach may prove to be a useful management tool
for the Riverton tailings. It seems reasonable to expect that the sparsely
vegetated, cobbly tailings cover at the Riverton site would evapotranspire at
about 50% of the regional rate. This reduction would be sufficient to

make the CRAE method yield results consistent with field observations.

From these considerations the CRAE monthly evaporation rates were scaled
down to 55% of the full rates for use in simulating evaporation. This scales
down the predicted 36.1 em annual evaporation te 19.9 em/yr. It should be
emphasized that this is a rather arbitrary reduction of the CRAE calculations.
The factor 0.55 (55%) was chosen since it leaves a net recharge of 2.1 cm/yr
into the tailings. This chosen recharge rate is close to the upper limit of
predicted steady recharge mentioned esrlier. In principle, scaling down the
original CRAE annual losses by any factor such that a slight recharge is
obtained is consistent with field observed recharge. For a mean annual

precipitation of 22.1 cm (which, although measured at a Riverton weather
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station, may not adequately characterize precipitation on the tailings pile),
the original CRAE losses can therefore be scaled down by factors of 0.61 or
less.

In the first appplication of the scaled down Morton (CRAE) evaporation
rates, the reduced (by a factor 0.55) monthly average evaporation rates were
applied at the upper surface between individual 0.005 m rainfall events. The
44 yearly rainfall events were distributed in time to nominally correspond to
the monthly average Riverton precipitation patterns. This approach will be
referred to as the "detailed 0.55X CRAE" method.

The simulation of tailings fluid flow with the detailed 0.55X CRAE
approach was performed for 11 years with an initial condition of a fully
saturated tailings pile. The simulated hydraulic head profiles shown in
Figure 14 exhibit steady-state flow at depths greater than 1 m by about the
7th year. However, the steady-state hydraulic head profiles are shifted
towards zero relative to the field observed profiles, indicating a more
saturated system. This comparison by itself can raise questions regarding
the appropriateness of the unsaturated hydraulic conductivity functions,
K(¥,z), used in the model. More specifically, this shifted ¢(z) profile is
associated with a ¥(z) shift towards saturation. Since K(¥) increases as
increases (towards zero), the shifted $(z) in the simulation suggests the
possibility that the K(¥,z) relations used in the model are too low (i.e.,
for a given ¥, the K(¥} used is too small). However, the use of large K(y)
functions appears unjustified based on laboratory measured K(¢).

The true cause of the discrepancy between the field-measured and simulated
¢(z) profiles is revealed by comparing yearly recharge at the upper surface

and at the water table below. When the steady-state profiles are abtained, the
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constraint of fluid mass balance requires that the yearly recharge of the
shallow aquifer becomes equal to the yearly recharge rate of 2.1 cm at the
upper tailings surface. Contrary to this requirement, the detailed 0.55X CRAE
model settles to an aquifer recharge rate of about 5 cm/yr. The cause of

this anomaly appears to be the complexity of the problem; that is, the
response of a highly non-linear system to a cyclic boundary perturbation.

This is dramatically illustrated in Figure 15; the flux at the bottom of the
column shows a more or less stable oscillation with time. Obviously, detailed
handling of the rainfall events is not only computationally expensive, but is
also beset with problems of stability.

A second approach based on a scaled-down CRAE model represents a much
coarser time-averaging for the upper boundary sink/source, as well as an
attempt to minimize fluid mass conservation errors associated with the detailed
0.55X CRAE model. In this second version, the precipitation and 0.55X CRAE
rates are averaged together over three-month periods to obtain four lumped
surface sink/source rates per year. This approach is designated the "quarterly
0.55X CRAE" method. As with the previous approaches, the initial condition
was that of a fully saturated tailings pile.

Quasi-steady-state hydraulic head profiles are obtained by about the
tenth year in the quarterly 0.55X CRAE approach. As shown in figure 16, the
steady-state regions of the model are very close to the field measured
hydraulic head profiles. Furthermore, as seen in Figure 15, with the quarterly
0.55X CRAE method the system approaches an average aquifer recharge rate of
2.1 em/yr. Thus, the mass balance requirement is met along with the matching

of the field hydraulic head profiles.
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The aquifer recharge rates using the detailed 0.55X CRAE method as well
as a steady 2.1 em/yr surface source are also plotted in Figure 15. The
anomalously high steady recharge rates from the detailed 0.55X CRAE method
are quite evident. It is interesting to note that the periodic, seasonal
variations at the upper surface are detectable as oscillations in the
aquifer recharge rates. It is also evident that the yearly average aquifer
recharge with the quarterly 0.55X CRAE model follows the pattern for the

2.1 em/yr steady surface source quite closely.

Two-Dimensional Vertical Transect Simulation

As a final step in analyzing fluid flow patterns, a two-dimensional
vertical transect through the east-west center line of the pile was modeled.
A slight gradient in the water table exists, sloping downward from west
to east. With this sloping potentiometric surface arises the
possibility of groundwater flowing up across the water table, laterally
through the tailings, and back down into the shallow aguifer at the down-
stream (eastern) end of the tailings pile. Discussion of this possibility
can be found in Luthin and Day (1955). The transect shown in Part I of this
report (Fig. 3, Narasimhan et al., 19B4) was modeled as a largely homogeneous
tailings pile, with 1 to 2 m of subsoil, and a shollow aquifer. A low
permeability lens was used within the tailings at site RB. Steady recharge

through the upper tailings surface was set at 1 cm/yr. The choice of a lower

recharge rate in the two-dimensional studies was made to enhance the possibility

of observing lateral components of flow within the capillary fringe. With
high surface recharge rates, vertical flow is certain to dominate throughout
the tailings pile. Surface recharges rates lower than ebout 1 em/yr woul.
provide simulation results which neither approximate the field hydraulic head

profiles, nor allow suificient input of neutral water to account for the
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diluted upper tailings solution. The water table levels were controlled by
fixing the potentials at the upstream and downstream aquifer boundaries.
Simulations were performed for 1 cm/yr steady recharge with normal as well
as raised water tables. A final simulation considered the effects of an
impermeable surface cover {with normal water table elevations).

The steady-state profile for the tailings pile with 1 cm/yr surface
recharge and normal shallow aquifer water levels is shown in Figure 17. The
hydraulic heads essentially decrease vertically throughout the tailings.
Lateral flow above the water table is fnund only in the subsoil. The lateral
gradients in hydraluic head are small, being at most about 2 X 10-3 mem-1,
which is roughly the magnittde of the slope of the piezametric surface. Thus,
dilution of water in the lower taeilings by water from the shallow aquifer
moving upward across the water table appears unlikely when water levels are
near normal or lower. Before considering the other two cases, it should be
noted that despite the simplicity of this model of the normal conditions, it
is very consistent with field measurements. The downward-directed near-unit
hydraulic head gradient measured in the tailings is reproduced in this
simulation. Furthermore, the model closely matches field observations in
terms of the the range of the matric (suction) head in the tailings. In both
the field and model, matric (suction) head values in the range of -1.0D to
-1.5 m Ho0 typify the tailings. These correlations between field mecasurements
and the model provide further support to the conelusion that na dilution of
the tailings water by flow from the shallow aguifer occurs under normal
conditions.,

The steady-state profile of the tailings with a raised water table is
shown in Figure 18. Again, a steady surface recharge of 1 om/yr is applied,

The piezometric surface in this "flooded" system nearly coincides with the
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tailings-subsoil irterface. Again, flow throuyhout most of ihe tailings pile
is directed vertically downward. Lateral components to tailings water flow
are found only within 0.5 m of the subsoil interface. Even in this zone the
magnitude of the lateral gradient is only about 3 X 10~% m-m~1 at most. Thus,
dilution of tailings water by lateral flow appears minor even in the case of
high water levels. However, increases in saturation of about 15% are found
in the tailings that are within 0.5 m of the subsoil in the "flooded" model.
Changes in saturation drop off rapidly with increased elevation. A sequence
of flooding cycles would be necessary to develop the observed diluted zone in
the lower tailings if saturation changes were the primary dilution mechanism.
Without long-term water level records for the site, no conclusions can be made
regarding tailing water dilution by variable saturation from below the pile.
The case where the tailings pile is capped by an impermeable cover is
shown in Figure 19. Normal water table levels were used in obtaining this
steady-state profile., Lateral flow clearly dominates in this case. Recharge
occurs solely through the upstream aquifer. Ground water then mixes with
tailings water within the pile, after which the mixture is discharged down-
stream. Although lateral flow dominates, flow rates through the tailings
are very low due to both low hydraulic head gradients and very low unsaturated
hydraulic conductivities. The product of the average hydraulic gradient
(0.0025 mem-1) times a characteristic unsaturated hydraulic conductivity
within the pile (8 X 10=10 m-5=1) provides a typical lateral flux density of
2 X 10-12 mes=1 or 6 X 10-3 meyr~1, It should be emphasized that these
flow rates are not fundamentally due to the addition of the impermeable
surface cover. Instead, it is the combined effect of the low local slope in
the piezometric surface with low unsaturated hydraulic conductivities of the

tailings whien produce the very low flux densitiss through the pile.
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STAGE 2: MULTIPLE SPECIES TRANSPORT
The multiple species transport problem at the Riverton Site can be
divided into three separate problems:
(a) The occurrence of a migrating dilution frent within 2 m of the
tailings surface, which is caused by the simple dilution of the

tailings water by rain water;

(b) The presence of a prominent zone of apparent leaching below a depth
of about 4 m, observed at site RB;

(e) The mixing of the tailings water and the shallow ground water across
the lower interface.

The Dilution Front Problam

The upper two meters of the tailings at site RB, within which the
dilution front is observed in the field, it also the region within which the
flow field is highly subject to reversals of direction due to seasonal
climatic changes. As such, the chemical transport within this region should
be extremely complex. From a practical viewpoint, we will not address these
complexities in our effort. Instead, we shall greatly simplify the system
by assuming a constant average annual infiltration rate at the surface. We
shall consider a one-dimensional column, 3 m tall by 1 m? in area. The
column is divided into 15 elemental volumes, each 0.2 m thick. We assume the
porosity of the tailings to be 45% and the average saturation to be 65%. The
chemical composition of the rain water and the tailings water are given in
Table 2.

Two cases are considered, using two different values of average annual
infiltration rates: 2 cm/yr and 3 cm/yr. A comparison of the DYNAMIX
results for the two cases is shown in Figure 2L at a :ime approximately corre-

sponding tu the present time, i.e., 20 years after abandonment of the site.
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Table 2. Chemical compositions of tailings water and rain water.

Concentration
Chem;cal m moles/% (moles/m>)
species
Rain water Ground water
pH 6.0 1.43
Ca 0.0054 3.7
Mg 0.0013 78.6
Na 0.0071 8.0
K 0.0015 0.0056
Fe 0.0001 773.0
AL 0.001 431.0
S5i 0.001 1.53
cL 0.018 3.25
C (Total Alkalinity) 0.0001 0.001

S04 0.0009 1757.0
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As should be expected, the higher the average infiltration rate, the deeper

the dilution front. In Figure 21, the results for the 2 em/yr average

annual infiltration case are compared with field data for pH, sulfate and Fe.

Comparison of the pH results is quite good. As for sulfate and Fe, the

field dats shows a much sharper front than the more smeared computed profile.

Yet the depth over which dilution has been effective is roughly the same,

suggesting an overall annual average infiltration rate of 2 cm/yr.
Examination of the detailed printout from the DYNAMIX runs indicated

that none of the species attained supersaturation and hence no species

precipitated in the zone of dilution.

The Lower Interface Leaching Problem

The profiles of chemical species (Fig. 4) show that at Site RB the
bottom meter of the tailiiigs pile show a pronounced depletion of all chemical
species. The existence of this leached zone has been difficult to interpret.
One possible interpetation is that an alkaline extraction process was
used at the mill during its early stages. If this were so we should expect
much higher pH than observed within the shallow aguifer beneath the tailings.
This interpetation therefore does not appear reasonable.

A second explanation is to consider whether the periodic rising of the
water table into the bottom portion of the tailings during flooding events
and the lateral flow in the capillary fringe could have flushed the bottom
part of the tailings. As discussed by Narasimhan et al. (1984, Fig. 3), the
bottom part of the tailings is possibly set in s trench which was cut into
the soil zone.

In order to cest this hypothesis of flushing out, consider the slab

representing the bottom 1 m of the tailings, shown in Figure 22. Ground
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Fig. 22. Geometric set up used for analyzing the possible flushing
out of lower part of tailings.
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water enters the slab from the northwest at a constant rate of 20 m/yr.

We sssume an average vertical infiltration rate of 2 cm/yr and a porosity of
0.45 for the tailings material, Initially the tailings is filled with
undiluted tailings water. We may now calculate, in a simple fashion, the
number of years required to displace the tailings water by the incoming
water, as follows.

Volume oV water within slab = 800 x 350 x 1 x 0.45 = 1.26 x 10° n?

Ground water inflow {%}(aon +350) = 1.63 x 104 m3/yr

0.02 (800) (350) = 5.6 x 10° m>

Infiltration per year
If N is the number of years needed to displace the tailings water by ground
water, then,

(1.63 x 104 N = 1.26 x 10° + (5.6 x 10°)N

5
Therefore N = 1.26 x 10 = 11.8 years

(1.63 x 10% - 5.6 x 103)

This calculation shows that even if the bottom of the tailings is
perennially flooded and has throughput of 20 m/yr ground water velocity,
it will take 12 years for significant leaching to occur. The two-~dimensional
transect calculations (Figs. 17 through 19) show that the lateral fluxes of
water in the capillary fringe are extremely small compared to the 20 m/yr
ground water velocity assumed sbove. Thus, even if we assume that the bottom
of the tailings remains flooded for an average of 4 months a year, flushing
and leaching would take st least 35 years, whereas the tailings pile has
remained abandoned only for about 20 years.

Thus, the possibility of flushing is also unsatisfactory. The possibility
that the observed leaching is a local phenomenon, or that special initial
conditions et the time of emplacement are the cause of leaching should

be considered as alternative explanations.
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Before concluding consideration of the leaching problem, tws other
possibilities should be mentioned. The first is that the regional ground
water velocity is far in excess of the 20 m/yr magnitude assumed. This
estimate of 20 m/yr was based on a plume distance of 1800 m over a 20 year-
period (White et al., 1984). The sgcond is that the observed leaching is
purely a local phenomenon restricted to the vicinity of site RB. Of these two
possibilities, it is easy to see that the second possibility can only be
evaluated after further detailed field studies.

We now consider the question of regional ground water velocity in greater
detail. The water tsble map (Fig. 3) indicates that the wster table gradient
immediately below the tailings, on the western side, has a maximum value of
about 0.003 m/m. Let us assume that the long-term average is much higher,
say, 0.01 m/m. Then, for a darcy velacity of 20 m/yr or 6.3 x 107 m/s,

we can estimate hydraulic conductivity by the relation

k=d=832 0 o 63 x 107/ or 6.3 x 107%en/s

where K is hydraulic conductivity, q is darcy velocity end I is hydraulic
gradient. If we were to use a gradient of 0.003, the estimate of K would be
more then 3 times larger than the sbove estimate of 6.3 x 10~3 cm/s. The
range of values of hydraulic conductivities for natural geological materials
given by Freeze and Cherry (1979, p. 29) indicates that the value 6.3 x
10-3 em/s pertains to either gilty sands or clean sands.

An asttempt was made by the authors in 1982 to conduct a pump test in
a borehole at Site RB, which pierced the shallow aquifer. The test was soon
abandoned, with production being less than 1 gal/min, declining with time.

Later, Hydrogeochem of Tucson conducted a similar pump test at Site RB on
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a newly constructe& gravel-packed well. This well produced only sbout 0.88
gpm (J. Brinkman, Jacabs Engineering, personal communication, 1984) indicating
a formation of fairly low permeability. These two experiences suggest that
the shallow aquifer at Riverton is very heterogeneous. The geochemically
derived estimate of 20 m/yr, which led to an estimate of 6.3 x 10> cm/s for
hydraulic conductivity, is therefore most likely to be on the high side. At
the present time, the possibility aof long-term regional groundwater velocity
being greater than 20 m/yr should indeed be taken ta be very small, on

the basis of current knowledge of the physical properties of the system.

The Tailings-Aquifer Mixing Problem

The geometry of the system modeled is shown schematically in Figure 2%,
We consider a slah of the shallow aquifer, 800 x 350 x 10 m, which has a
porosity of 30%. Ground water enters from the northwest at a constant
velocity of 20 m/yr. This velocity was chosen based on the present location
of the contaminant plume (Narasimhan et al., 1984). The components of the
ground water fluxes perpendicular to the faces of the slab are shown in the
figure by arrowa. Tailings water enters the system vertically at rates
varying with time, as computed from Stage 1 calculations. The average
composition of the ground water and the tailings water are assumed known and
are tabulated in Table 3. Initially, the shallow aquifer is assumed to
contain ground water. For purposes of modeling, we discretize this system
into seven volume elements, each of which is a prism, with the long dimension
oriented perpendicular to the direction of regional ground water flow.

We consider that the mill was active for a period of 5 years, followed

by 20 years of abandonment, for a total of 25 years. We assume tiict the average
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Table 3. Compositions of ground water and tailings water.

Concentration
Chemical m moles/% (moles/m>)
snecies
Ground water Tailings water
ph 7.60 1.43
Ca 1.76 3.70
Mg 0.905 78.60
Na 3.93 8.00
K 0.105 0.0056
Fe 0.003 773.00
AL 0.001 431.00
Si 0.548 1.53
ce 0.8174 3.25
C (Total Alkalinity) 4.73 0.001

S04 2.34 1757.00
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annuél infiltration over the tailings was 1 m/yr during the active phase; we
then approximate the decline in infiltration rate during the abandoned period
by the curve shown in Figure 24, This infiltration data was obtained from the
0.55X (CRAE) Case, with rainfall averaged over quarterly pericds (Fig. 16).

For geochemical calculationas using PHREEQE, our experience has shown that
carbon should be handled as total alkalinity rather than total carbon. We
assumed, based on field data, that there was an abundance of calcite buffer
in the shallow aquifer and that the most important mineral species to be
considered in the precipitation reactions were gypsum (CaSDa-Zqu), gibbsite
(Al203), and iren hydroxide (Fe(OH)3). Based on field data (Narasimhan
et ai., 1984, Fig. 26), we set the calcite saturation index (Log IAP CaCOs3)
equal to -7.6.

In general, the mixing of the shallow groundwater with the highly acidic
tailings water leads to neutralization and a gradual increase in pH. Concomi-
tantly, calcite is consumed, while gypsum, gibbsite and iron hydoxide are
precipitated. The amount of gypsum precipitated is relative to the amount of
calcite dissolved (end hence, the magnitudes of supersaturation of calcite as
evidenced by field data). However, at the high pH of the ground water, both
gibbsite and iron hydroxide are almost completely precipitated and the
contaminated aqueous phase is almost totally deveoid of these two species.

The evolution, in space, of the contamination within thke shallow aquifer
body modeled is of considerable interest. ([t is clear from Figure 23 that
northwest of the tailings, where ground water enters the system, the ground
water has maximum neutralization ability. As one proceeds downstream from
volume element 1, however, the incoming fluid from the upstr.em element is

progressively more contaminated. As a result, the msgnitude of contamination

increases downstream at any given instant in time.
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This is illustrated in Figure 25, in which the concentrations of sulfate
in nodes 1 thru 7 are plotted at different times. It is readily seen that the
concentrations show a pronounced increase in the downstream direction.
Recognizing that the contaminated water leaving volume element 7 receives no
more contaminants, it is easy to visulatize that the plume is generated in
the vicinity of the SE corner of the tailings and migrates towards the Little
Wind River. Note in Figure 25 that the concentrations at 25 years are in
excess of those at 15 years. This appears to be an oscillation in the numerical
solution. Whether this oscillation is physically realistic or whether it is
computational has not been studied. Nevertheless, it is clear that this
oscillation does not modify the overall results.

As mentioned earlier, significant amounts of gypsum were being precipitated
in elements 1 - 7 throughout the mixing hi;tory. The rate of precipitation
of gypsum in moles per cubic meter of water per second is plotted as a function
of time for the seven volume elements in the system in Figure Z6. The precipi-
tation rates vary from about 2 x 10-5 moles/m> sec to less than 1 x 10~6
moles/m? sec. While the precipitation rates show consistent behavior in
respect to elements 2 - 7, the behavior of element 1 is some what erratic.

This may be due to the computational difficulties involved in mixing two
solutions of markedly different chemical composition.

The present state of the system at Riverton corresponds to the conditions
at the end of 25 years of the computational problem (5 active years + 20
years of abandonment). The computed results show that at the end of 25
years the pH values varied from 6.97 at volume element 1 in the northwest to
6.53 at volume element 7 in the southeast, This range compares favorably

with the valuea af 6.4 to 7.0 measured in the Field (Fig. 5).
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STAGE 3: THE CONTAMINANT PLUME PROBLEM

The fipal -task in the history matching effort is to model the contaminant
plume., In this regard we shall restrict our attention to the simulation of
the sulfate pluﬁe. We are concerned with a flow region schematically
represented by Stege 3 in Figure 8. Within this region we need to handle
advection, diffusion, hydrodynamic dispersion and precipitation. The advection
is further characterized by fluid fluxes that vary with time in the vertical
direction. In order to handle the hydrodynamic dispersion coefficient in
terms of the longitudinal coefficient, D, and the transverse coefficient,
Dy, rather than the general tensorial quantities, Djj, we shall define our
mesh to consist of volume elements with nodes defined by stream lines and
isopotential lines, (Fig. 27). Within the plane area of the tailings, the
vertical infiltration rate times the plane area of an elemental volume yields
the volumetric rate at which tailings water enters that element. We assume
that the regional ground wat:r velocity (Darcy velocity) is 20 m/yr towards
the southeast. The time-dependent infiltration rates are the same as those
given in Figure 24. The rates of precipitation of sulfate are the same as
those given in Figure 26. We will assume that the rates of precipitation
for elements 101 and 102 (Fig. 27) will be the same as those ;f element 1
(Fig. 26); the rates for elements 201 to 204 will be the same as those of
element 2 (Fig. 26,) and so on.

For computational purposes we will assume that the shallow aquifer has
a longitudinal dispersivity of 1 m and a transverse dispersivity equal to
one-tenth that of the longitudinal value. We also assume that the transfer
of chemical species from the tailings to the aquifer occurs by advection,
hydrodynamic dispersion, and molecular diffusion. The computations were

carried out with the program TRUMP,
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Preliminary simulation results show that negative sulfate concentrations
were obtained for some of the elements, indicating that more sulfate was being
precipitated than was being replenished from the tailings. This shows that
the magnitude of sulfate precipitated is significant compared to the total
influx of sulfate from the tailings. In order to avoid this physically
unrealistic situation, the influx of sulfate from the tailings was enhanced
by artificially increasing the molecular diffusion coefficient for the tailings-
aquifer interaction by a small amount. This increase was decreased with time,
Thus, the molecular diffusion coefficient was fixed for the first 9 years and
decreased for the rest of the simulation period.

The results of this simulation yielded the evolution of the sulfate
plume with time. Figure 28 shows plots of disposition of the plume (i) 2
years into the active phase; (ii) at the end of the active phase (5 years);
(iii) 4 years after abandonment; and (iv) 20 years after abandonment. The
figure shows how the contaminant plume might have grown and migrated in the
past. It is also clear that the magnitude of contamination was much larger in
the past than at the present time. The sulfate plume is currently on the
wane,

In Figure 29, tne computed contaminant plume at 20 years after abandonment
is shown compared with the plume observed at the present time (Fig. 5). As
can be seen, the observed and computed magnitudes are reasonably close, as
are the patterns of the contours. Towards the river, however, the computed
values reach BD moles/m’ while maximum observed concentrations are little
more than 31 moles/m. For clarity, the 20 moles/m? contour of the
computed results is shown compared with the observed 21 moles/m> contour in

Figure 30. The comparison is remarkably good considering the extreme complexity
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of the overall problem. It is encouraging to see that the simulated results
agree reasonably well with the observed results in the region immediately
below the tailings and in the near vicinity of the tailings.

The higher computed values of the maximum concentration of the plume
could be due to several factors. First, the strength of the plume is primarily
dictated by the very heavy influx of the tailings water during the acive
phase. However, we have little data on how the pile was managed during the
active phase; thus, a significent lack of knowledge exists about the initial
conditions. Second, we have used a single average concentration for the
tailings water. This again is gross simplifieation. Third, we have modeled
the system such that it has a plane area of 800 by 350 m. However, we knaw
that the eastern {hird of the tailings pile is much thinner than the western
two-thirds. Thus, the total influx of tailings water implied in the computa-
tions is probably much higher than whst may actually be the case. If so, the
plume concentretions arrived at by the computations are likely to be higher,

ac is indeed the case.
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DISCUSSION

The three-stage sequential simulation approach followed in the present
study hes lead to a credible matching of the field observations through
mathematical models, using observed field data as input parameters. The
matched phenomena include fluid potentials as well as chemical concentra-
tions. The methodology used clearly establishes the feasibility of simulating
field systems involving hydrodynamics coupled with transient, reactive multiple-
species chemical transport. The ability to achieve this has become paossible
only within the past few years. Our success in the present work represents
only the first crude attempt at a very complex problem. The present study, it
must be emphasized, has only provided procf of the concept of hendling a
problem involving multiple-species, reactive chemical transport. Neither
sensivity analyses nor parametric studies have been carried out. Nevertheless,
the dominant physicochemical mechansims governing the low-level waste migration
problem have been identified. Our ability to quantify these mechanisms has
been demonstrated.

Much work needs to be done (o vaelidate the model and benchmark it for
licensing purposes. In addition, sensitivity analyses and parametric
studies have to be carried out to predict the future response of the
system and to devise proper remedial messures.

Program DYNAMIX as it exists now is only a prototype research tool.

As such it is not in a form suitable for distribution. In its present form
the coupling between the transport part of the code and PHREEQE is computa-
tionally inefficient. Literally, the PHREEQE code is called in total for

every reaction calculation. This brute force approach had to be taken due to
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time constraints involved in the project goals. By carefully blending the
PHREEQE computational model into the transport code, one should be able ta
greatly speed up the computing effort. For a single time step, per volume
element, the DYNAMIX Code currently requires about 1.5 cpu seconds on i-r. CDC
7600 machine.

Another factor that tends to slow down the progress of the problem in
real time is that the explicit method is currently being used in DYNAMIX for
marching in the time domain. This could be overcome by choosing the implicit
mode of calculations, Although this extension to the implicit mode (Crank-
Nicolson; backward differencing) is not difficult in principle, it is essential
to canceptually understand the logic that is involved in volumetrically mixing
waters of different chemical qualities. To wit, given a certain interval of
time, what is the correct size of the volume element over which complete
mixing can be assumed? How do molecular diffusion and hydrodynamic dispersion
influence the logic for mixing?

Third, the PHREEQE code as used in DYNAMIX considers the mixing of
anly the aqueous phases at low temperatures. The code needs to be extended
to include the interaction with the solid phase in such a fashion that the
genesic gor the consumption of specific mineral species can be followed.

The problem of abandaned uranium mill tailings is characterized especially
by the partially saturated tailings matzrial. The role of free oxygen in
controlling the water-solid interaction is extremely important in the unsat-
urated zone. There is a basic need to extend the PHREEQE algorithms to
effectively handle this problem.

With the incorporation of the improvements discussed above, the DYNAMIX

algorithm would become a viable and practical tool in quantifying and predicting



69—

the transport of heavy metals and other chemical species in groundwater
systems. Such a tool would be of considerable use in dealing with the
management, not only of uranium mill tailings, but also of other sources of
contamination, such as copper mill tailings, sanitary land fills and waste
ponds., Additionally, the DYNAMIX model will also be directly applicable to
generation and transport of acids - the soil (the acid rain problem) or
the leaching and enrichment of useful metals in and around the zone of

weathering (the supergene sulfide enrichment problem).
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