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ABSTRACT

An outline is given of a computer model for water and contaminant transport in and around overburden heaps,
with those at the Rum Jungle mine site as a specific example. The model assumes the heaps to lie on a
sloping shallow aquifer with identical hydraulic properties. The simulation is carried out for a 40 year period.
After the first 20 years a cover which is effectively impermeable to infiltrating rainwater and air is introduced on
the heap. The restriction of oxygen supply to the heap terminates contaminant production which results from
oxidation of pyrite. Leaching of contaminants from the heap in the following 20-year period is examined.



National Library of Australia card number and ISBN 0 642 59862 2

The following descriptors have been selected from the INIS Thesaurus to describe the subject content of this
report for information retrieval purposes. For further details please refer to IAEA-INIS-12 (INIS: Manual for
Indexing) and IAEA-INIS-13 (INIS: Thesaurus) published in Vienna by the International Atomic Energy Agency.

AQUIFERS; LEACHING; OXIDATION; MATHEMATICAL MODELS; PYRITE; RUM JUNGLE; WATER; WATER
POLLUTION; WASTE DISPOSAL; COPPER; ZINC; MANGANESE

EDITORIAL NOTE

From 27 April 1987, the Australian Atomic Energy Commission
(AAEC) is replaced by Australian Nuclear Science and
Technology Organisation (ANSTO). Serial numbers for reports
with an issue date after April 1987 have the prefix ANSTO with
no change of the symbol (E, M, S or C) or numbering sequence.



CONTENTS

1. INTRODUCTION 1

2. MATHEMATICAL MODEL 1

3. COMPUTER MODEL 3

4. EXAMPLE: MINE OVERBURDEN HEAP 4

5. RESULTS AND DISCUSSION 4

6. REFERENCES 5

Figure 1a-h Specific discharges and contaminant profiles 7-14
at given times

Figure 2 Cv. x curves for different times shown on the 15
one graph

Figures Horizontal water and contaminant discharges 16
(per unit cross-sectional area) being released into
the stream at the base of the slope

Appendix A 17



1. INTRODUCTION

The overburden heaps at the Rum Jungle mine site in the Northern Territory of Australia are a source of
contaminants which are predominantly transported into the surrounding waterways by subsurface water.
The contaminants in the water flowing through the heaps consist of dissolved salts of heavy metals such as
copper, zinc and manganese generated by the oxidation of pyrite [Harries and Ritchie 1982]. The toxicity of
these contaminants in the local environment is evidenced by the areas devoid of vegetation existing around
the heaps.

The Intermediate overburden heap at Rum Jungle was covered with a clay layer in October and
November 1985. The top of the White's overburden heap was covered in 1983 and the sides were
completed in 1984. The clay cover is intended to reduce significantly the infiltration of water into the heaps,
but it was also found that oxygen levels fell dramatically after its emplacement [Harries and Ritchie [1985].

The overburden heaps are predominantly unsaturated throughout the year and the water table usually lies
in or around an underlying shallow aquifer. Hence much of the contaminants in the heaps is transported
from within the unsaturated zone to the groundwater and ultimately released into the surrounding waterways.
A simplified example will be considered to illustrate some major processes that are involved. A heap will lie
on a sloping shallow aquifer such that the hydraulic and material properties of both the heap and the aquifer
are the same. A periodic rainfall will be applied to the system with 6 months of uniform rainfall (wet season)
and the following 6 months with no rainfall (dry season). In the heap material a single contaminant will be
produced at a constant rate.

The primary aim here is to examine the nature of water and contaminant transport in the heap and
shallow aquifer system over a number of years. After the 20th year, an impermeable cover will be placed on
the heap effectively reducing infiltration of water into the heap and stopping contaminant production. The
following 20 years will be examined to gauge the response of the contaminant distribution in the system to
the modified discharge field.

2. MATHEMATICAL MODEL

Consider the heap and shallow aquifer to be a single unconfined aquifer with the upper boundary given by
the equation z'=h'(x',y') and the lower boundary by the equation z'=g'(x',y'). The hydraulic conductivity K'
and the volumetric moisture content 9 will be functions of the water pressure head \j/ in the unsaturated
zone, and are equal to the constants Ks and 6S at saturation (here the soil matrix is considered to be
homogeneous and isotropic).

Let D represent the vertical distance separating the highest and lowest points containing the unconfined
aquifer over its characteristic horizontal length scale of L. We consider the flow over the large timescale
D/(eK8), where e=D2/L2. Water will enter or leave the upper aquifer surface at a rate Q' which will be the
infiltration rate (rainfall minus runoff and evaporation) averaged such that it varies smoothly over the
timescale D/(eKs).

The following nondimensional variables are introduced:

x = x'/L, y = y'/L, z = z'/D, v = \|/7D, h = h'/D, g = g'/D, K = K7KS ,

t = t'/(eKs/Dl Q = Q7(eK8) , (1)

where the last scaling is appropriate over the large timescale D/(eKs). Using these nondimensional variables
it can be shown [Pantelis 1985] that

V(x,y,z,t) = 4»(x,y,t)-z + 0(e) (2)

in the entire aquifer, i.e. equation 2 holds for the unsaturated as well as the saturated zone. The water table
is a zero pressure head surface described, to the first approximation, by the equation z = <j)(x,y,t) whenever
<t> (x,y,t) >g (x,y). The quantity $ (x,y,t) is an unknown which can be determined from

r)k
4jf + V x y .q = Q 1 (3)

where
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h h

k = J 6 (<i>-z)dz, q_= - |K((.S-z)dz Vxy $ (4)
o o

and Vty = (— , — ) (note that in equation 4 9 and !< are equivalent to 0 and K of Pantelis [1985]). The
dx dy

quantity qjs the nondimensional water flux in the aquifer across a vertical cross-section. In areas where the
entire vertical section is saturated, equation 3 is no longer applicable and <]>(x,y,t) is given simply by

4>=n(x,y) (5)

The relationship equation 5 is an upper bound on any solution of equation 4 and the mathematical
formulation of the problem takes on similarities with the oscillating membrane bounded below by a fixed
horizontal plane [Glowinski etal. 1981, 447-452].

Equation 2 states that to a first approximation the pressure head is at equilibrium along the aquifer
vertical. This is reasonable since a separate analysis shows that for any isolated recharge event vertical
equilibration occurs on the timescale D/KS, which is much smaller than D/(eKB). Hence in the limit as e -> 0,
vertical equilibration is effectively instantaneous relative to the large timescale. Apart from giving the
pressure head through equation 2 the knowledge of $ is sufficient to determine the specific discharge field.
It can be shown that (see appendix A)

3>'xy = e1/2Ks (-K(<hz) Vxy ((H-O (e)) and
z -> z

D'Z = eKs [ - J •%- 9 (<K)dC + J Vxy . K(<K) V^ * d C-K(c|>-g) Vxy g.V^O (e)] , (6)
8 "l 0

where u'xy is the horizontal specific discharge vector and u'z is the vertical specific discharge.

The specific discharge field is essential when considering the contaminant transport which is described by
the advection-dispersion equation. Let c' be the mass of solute (contaminant) per unit volume of water and
S'(x',y',z',t') the mass of solute produced per unit volume of space. If it is assumed that the solute under
consideration is not subject to radioactive decay (at least over the timescale D/(eKs)) and that the solid soil
matrix does rot absorb the solute, then the advection-dispersion equation can be written as [Bear 1979]

S' , (7)

where J' is the flux of solute by hydrodynamic dispersion (molecular diffusion is ignored). The water transport
model described above can provide enough information for the solution of equation 7 in 3 space dimensions.
However, since the thickness of the aquifer is much less than its horizontal extent (e.g. D=15 m, 1=400 m)
we expect that on our large timescale, D/(eKs), the action of transverse dispersion will prevent th& buildup of
any large vertical concentration gradients. It is common practice in such cases to examine the variables
averaged over the aquifer vertical. In Bear [1979], the advective-dispersion equation is averaged over the
thickness of the saturated zone only. Since the water flow properties in the unsaturated zone are available in
our model then the integration is taken over the entire aquifer thickness here. Then following closely the
approach of Bear [1979, 252-258] with the extension just mentioned the convective-dispersion equation
becomes

h'

Jec'dz'
h' h' h'

Jec'dz'J(V/e)dz'/(h'-g')+J
h'

= R'+|S'dz' , (8)
9' 9' 9'

where

R' = (cV+J') |Z'=g'. grad (z'-g') - (cV + J') |z-=h-. grad(z'-h') . (9)

In equation 8 Vxy' and J '̂ are the horizontal components of div and J', respectively. The term M' is an
additional horizontal flux due to discharge fluctuations of the fluid along the vertical. Such discharge
fluctuations result from the vertical variability of the saturated hydraulic conductivity. Because of the current
lack of data associated with the dispersivities, we are forced to consider a purely advective transport.
Therefore, in what follows, the dispersion terms in equation 8 are omitted.

The following nondimensional variables are introduced:



- 3 -

h h

S = S'/So, C = J ec'dz/ [ DS0 / (eKJ ], Uxy= - J K ($-z) 1 0 (<|>-z) dz V^ <))/(h-g), R = R7(DS0 ) (1 0)
9 g

where S0 is some representative value of S' in the heap. The quantity D2S0C/(eKs) can be thought of as the
total contaminant mass per unit horizontal area of the aquifer. The term R' expresses the amount of solute
leaving or entering the aquifer through its upper or lower surfaces. In our example R'" is zero except along
the seepage face where contaminant is -being lost at the rate [ n . \/c' ]2'=h., where n is the unit outward
normal to the upper aquifer surface. It will be found that a seepage face will only occur in regions where the
aquifer is thinnest and in these regions it is reasonable to assume that c' is uniform over the aquifer vertical,
i.e. c' = CDS0 / [eKs8s (h-g)]. Noting that a/ | z.=h. can be obtained from (6) by setting $ = h(x,y) and omitting
the term involving 3/9t, the quantity R' is then given by

f Vxv . [ (h-g) Vxvh 1
R'"DS°C{ ' (ije.

Using the nondimensional variables of equations 1 and 10, equation 8 becomes
h

(12)

where only the first approximations of equations 2, 6 and 11 are included. It is important to note that
although the terms involving vertical advection and transverse dispersion do not appear explicitly in equation
12, they have not been ignored. Also the assumption that the concentration is uniform in the vertical has only
been made in areas where the entire aquifer vertical is saturated; this only occurs where the aquifer is
thinnest.

3. COMPUTER MODEL

Equation 3 is a parabolic equation which can be solved by several standard techniques (e.g. Luskin
[1979], Shin [1983]). If the areal boundary of the flow domain is complicated, finite element methods become
most suitable. However in many grbundwater problems the entire aquifer vertical may become saturated in
some regions and equation 3 must be solved under the constraint <)> (x,y,t) <h(x,y),t>0. If equation 3 were
linear (k = <t> and q_= -Vxy 4>) then the problem can be set up as a variational inequality. Elliot and Ockendon
[1982] showed that the linear version of equation 3 can be discretised with the normal finite difference or
finite elements and the constraint on the solution incorporated into the algorithm for the Gauss-Seidel
iteration, the existence and uniqueness of the discrete solution following from Cryer [1971].

Using a 3 time-level Galerkin scheme proposed by Luskin [1979], equation 3 can be reduced to a linear
system of algebraic equations for the unknown nodal values of 4> at each timestep. Thus the nonlinear
problem can be treated within each timestep in exactly the same way as the linear case. However rigorous
global proofs for convergence and stability for the nonlinear case are as yet incomplete (see for instance
Glowinski et al. [1981]). Since this linear discretisation of equation 3 requires the knowledge of the solution
at the two previous timesteps a start up procedure in the form of a predictor-corrector method proposed by
Luskin [1979] is used.

At each timestep the quantity 4> is obtained as just described and the specific disharge field obtained from
equation 6 with the 0(e) terms ignored. Within the same timestep the contaminant concentration is also
found. Since equation 12 is a hyperbolic equation we can employ the method of characteristics and along
each characteristic curve we have the ordinary differential equations

- = Ux, - = Uy and (13)

-CVxy.Uxy , (14)

where Ux and Uy are the components of Uxy, i.e. Uxy = (Ux,Uy).

The two ordinary differential equations (13) describe the water flow paths along which the solute is
carried. There are several ways of numerically solving equations 13 and equation 14. One convenient way
is to use a fixed grid system, one on which § is given, and to employ a backward finite difference scheme
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[Neuman 1981, Douglas and Russell 1982]. The values of x.y.Uxy and 0 at the node (ij) and at time tn+1 can
be used In the backward finite difference equations (13) to predict the origin of the flow path time tn. The
origin of the fluid particle at tn will in general lie off the designated fixed grid system but can be used to
interpolate the values of c at time tn which are required in the finite difference equation (14) for the evaluation
of c at the node (i.j) and at time tnii.

4. EXAMPLE:MINE OVERBURDEN HEAP

The numerical scheme outlined in the previous section has been used to develop a computer code which
solves the water and contaminant transport in a vertical section of an unconfined aquifer. The code was
used to obtain a qualitative view of the transport of water and contaminants in the Intermediate overburden
heap at Rum Jungle. For simplicity the combined heap and underlying shallow aquifer is treated as a single
flow domain with homogeneous properties throughout. Although it would be desirable to examine the flow in
both horizontal coordinates, restriction of the code forces the consideration of only one horizontal coordinate.

Data on the hydraulic and material properties of the site are sparse and are mostly inferred from the
reports of Appleyard [1983], Scott [1986] and Salama and Scott [1986]. The heap is assumed to be 10 m
high and 300 m in length lying on a shallow unconfined aquifer of uniform thickness 1m and length 400 m.
The shallow aquifer is sloping at an angle of 0.0125 radians, the base being terminated by a stream. The
area has a wet and dry season with 80 percent of the total annual rainfall of 1.5 m falling in the months
December to March. It is estimated [Appleyard 1983] that about 50 per cent of this rainfall actually infiltrated
into the heap before the clay covering was put on. In the example it is simply assumed that
Q' = 4.1 xlO^md'1 uniformly over the first half of the annual cycle and Q' = 0 in the second half. The
nondimensional solute production rate, S, is set to 1 inside the heap and 0 outside it. The simple formulae
K' = Ks e ,̂ 0 = 6S (K'/KS)1/3 are assumed [e.g. Bear 1979] using the parameter values Ks = 10 md'1, 0S = 0.4
and a = 1 m~1.

Initially the total head is set arbitrarily to 1 m and the concentration set to zero at every point in the
aquifer. At the base of the slope (x=1) a stream is assumed to exist for all time maintaining a head boundary
condition there.of 1 m. In the 21st year, Q is set to zero over the heap and S is set to zero throughout the
aquifer to model the effect of the clay cover on the infiltration and pyrite oxidation. Hence all the water
entering the heap after the 21st year originates from throughflow from the shallow aquifer upslope. A further
period of 20 years is examined in order to gauge the extent to which flushing of contaminants out of the heap
continues after the cover has been introduced.

5. RESULTS AND DISCUSSION

With the above parameter values, it follows that the characteristic timescale of the problem is D/(eKs) = 3
years (we have taken D=14.5m). The computer program was run with graphical outputs shown at
approximately quarterly intervals (a few examples are shown in figure 1). The annual cycle, shown in the
20th year, shows recharge during the first six months of rainfall. The specific discharge vectors are directed
down into the heap with a corresponding rise in the water table height. However the heap remains largely
unsaturated throughout the wet season and large horizontal components in the specific discharge are evident
well above the water table in the unsaturated zone.

At the beginning of the 21st year when the clay cover is introduced, recharge of the unconfined aquifer
can only occur from the shallow aquifer upslope from the heap. Above and below the water table there is a
large horizontal component in the specific discharge and the contaminant in the heap is largely transported to
these zones of large lateral advection by the action of vertical advection and transverse dispersion. By these
processes the contaminants that remain in the heap immediately after the introduction of the clay cover are,
to some extent, flushed out into the stream at the base of the slope. While contaminants are being released
into the stream at the base of the hill, the amount of contaminants in the heap at the lower parts of the slope
does not change significantly. At the same time the contaminants in the heap at the upper parts of the slope
are being completely removed. Figure 2 shows the C vs x curves for three different times after the cover
has been introduced. This indicates that even if contaminant production in the heaps can be stopped,
significant amounts of contaminants continue to be released into the surrounding waterways by subsurface
flow for some years.
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Figure 3 shows the horizontal water discharge
h'

(J
9'

and the horizontal contaminant discharge

(J cVxydz')
a'

into the stream at the base of the slope. Within the first 20 years both water and contaminant discharges
have reached an equilibrium (exhibiting seasonal variations). There is a marked decrease in both water and
contaminant discharges immediately after the cover has been introduced on the heap. In this period,
seasonal variations are more pronounced in the contaminant discharge. This pattern persists for several
more years until a time when all contaminants in the heap have been flushed out. It is important to note that
owing to the nature of the scalings, equations 1 and 10, the duration of this process is independent of the
production rate of the contaminant, S0, in the preceding 20 year period.

There are a few assumptions in the above model which may be oversimplifications, requiring further
consideration for future improvement. For instance, it has been assumed throughout that the water phase is
continuous in the unsaturaied heap at all times. It may happen that after the clay cover has been introduced
the higher regions of the heap remain extremely dry, resulting in a discontinuity in the water phase. The
contaminants present in these regions are then completely isolated from the main body of flow and are
excluded from the leaching process. Contaminants in these isolated pockets cannot enter the main body of
flow in the lower regions of the aquifer by the action of transve.rse dispersion. It should be kept in mind also ,
that the contaminant transport model presented here, based on integrating equation 7 over the vertical, may
be inappropriate if there are large vertical concentration gradients in the heap. This will especially be the
case if longitudinal dispersion is included. Additional comments on this point can also be found in Bear
[1979,252-258].

At the Rum Jungle site it is observed that the stream at the base of the slope dries up to some extent.
This means that the example should be modified to include a varying boundary condition at x=1 to account
for this. The variation of the stream height is due to effects external to the aquifer system considered here
and a more detailed monitoring of this stream is needed. Other effects which could also be included are
evaporation and infiltration of water from within the shallow aquifer into a deep groundwater system.

The heterogeneity and layering of the material of the heap and underlying aquifer has also been
overlooked in the above example. This is not a restriction of the model which can easily be extended to
include the heterogeneity of the soil matrix by allowing K and 9 to be functions of space in equation 4.
Spatial discontinuities of K and 9 resulting from layering may also be included. The real difficulty here lies in
the collection of measured hydraulic and material properties of the subsurface soil on the site. The lack of
reliable field data on the subsurface structure places limitations on the modelling of groundwater problems.
Any future attempt to forecast the water and contaminant transport in the Rum Jungle site accurately should
include a more detailed understanding of the subsurface structure and the associated field data must be
easily accessible for processing in computer codes. Clearly, the above example is a little oversimplified to
serve as an accurate forecasting tool for the water and contaminant transport in the Rum Jungle site.
However it does serve to highlight some of the important mechanisms that are involved and the timescale in
which these mechanisms act.
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Top: C v. x curve, where

h
C = Jc'0dz/[DSo/(eKs)] .

9

The total contaminant mass (per cross-sectional width) in the heap/shallow aquifer system is
proportional to the area under the curve and is given by the expression

1
L3So/Ks|Cdx .

o

Bottom: The total head and specific discharge field in the heap/shallow aquifer system. The
numerical values of the components of the specific discharge vectors are obtained by translating
the arrows onto the origin of the axes labelled specific discharge (insert).

Figure 1g Specific discharge and contaminant profiles at given times.
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Top: C v. x curve, where

h

C = Jc'edz/[DSo/(eKs)] .
8

The total contaminant mass (per cross-sectional width) in the heap/shallow aquifer system is
proportional to the area under the curve and is given by the expression

1
L3So/Ks|Cdx .

o

Bottom: The total head and specific discharge field in the heap/shallow aquifer system. The
numerical values of the components of the specific discharge vectors are obtained by translating
the arrows onto the origin of the axes labelled specific discharge (insert).

Figure 1(h) Specific discharge and contaminant profiles at given times.
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Figure 2 C v. x curves for different times shown on the one graph.
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Figure 3 Horizontal water and contaminant discharges (per unit cross-sectional area) being released into
the stream at the base of the slope. Peaks are due to seasonal variation in rainfall.
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APPEND1XA

The specific discharge, v> , is defined as the volume of fluid flowing per unit time through a unit cross-
sectional area normal to the direction of flow. It is given by Darcy's Law

B' = -K' grad (v' + z') . (A1)

The fluid mass balance equation is

Jp—div.a' . (A2)

In the unsaturated zone, 0 and K' are dependent on the pressure head but in the saturated zone are
independent of the pressure head. Because of this the left hand side of equation A2 vanishes for the
consideration of the saturated zone. Using Darcy's Law, equation A1 , and the nondirnensional quantities of
equation 1 it is seen that

(A3)

and

(A4)

where ̂  ' is the horizontal specific discharge vector and \>'z is the vertical specific discharge. Substitution of
equation 2 into equation A3 gives immediately

V = e1/2Ks[-K((>-2)Vxy<t> + 0(e)] . (A5)

Using the nondimensional variables of equation 1 and with some rearrangement of equation A2,

~"^[K(lzL + 1)l = e V x y- { K V x y V )~e f " ' (A6)

On the impermeable lower aquifer boundary, the normal flux must vanish and in nondimensional variables
this boundary condition can be written

- eK Vxy g . Vxy v + K ( - - + 1)= 0 on z = g(x,y) . (A7)

Integrating both sides of equation A6 with respect to z from z=g to z, g <z <h and using equation A7 gives

dz + j Vxy . [K(V) Vxy V]dz - [K(V) Vxy g . V,, xj/]z=g - (AS)
g

Substituting this result into equation A4 and recalling equation 2 it follows that

D'Z = eKs [ - J |- 6 (<K) dC + J Vxy . K (<K) Vxy4»d C -K(<|) - g) V^ g . V.y <]> + O (e)] . (A9)
g m g

When the entire aquifer vertical is saturated, <t>=h(x,y), the term involving 3/3t in equation A9 is omitted.


