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PREFACE

The Koongarra uranium ore deposit is in the Alligator Rivers region of the Northern Territory of
Australia. Many of the processes that have controlled the development of this natural system are
relevant to the performance assessment of radioactive waste repositories. An Agreement was reached
in 1987, between a number of agencies concerned with radioactive waste disposal, to set up the
International Alligator Rivers Analogue Project (ARAP) to study relevant aspects of the hydrological
and geochemical evolution of the site. The Project ran for five years.

The work was undertaken by ARAP through an Agreement sponsored by the OECD Nuclear Energy
Agency (NEA). The Agreement was signed by the following organisations: the Australian Nuclear
Science and Technology Organisation (ANSTO); the Japan Atomic Energy Research Institute
(JAERI); the Power Reactor and Fuel Development Corporation of Japan (PNC); the Swedish Nuclear
Power Inspectorate (SKI); the UK Department of the Environment (UKDoE); and the US Nuclear
Regulatory Commission (USNRC). ANSTO was the managing participant.

This report is one of a series of 16 describing the work of the Project; these are listed below:
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EXECUTIVE SUMMARY

The secondary dispersion fan of the No.1 Orebody at Koongarra is believed to be
the result of groundwater transport and chemical processes over long periods of
time. Understanding the hydrogeology of the site has therefore been a significant
goal of ARAP, both directly, through hydrogeological field studies, and indirectly,
through the use of geophysics, petrophysics, water chemistry and rock chemistry as
indicators of past and present hydrogeological processes. At the same time, there
has been a major effort to use existing hydrogeological flow models to interpret
available data and to predict rates and directions of groundwater flow.

This Volume describes a number of attempts to predict groundwater movement
near the orebody. The goal was to use available data, both physical and chemical,
quantitative and qualitative, to predict rates and directions of movement under
present-day hydrogeological and climatic conditions. Paleohydrology was
specifically excluded, mainly because it was perceived that there would not be
enough data to make significant progress in that direction. Volume 14 of this series
focuses on radionuclide transport, thus coupled flow and transport modelling is
also specifically excluded from this Volume. Any use of chemical data in this
Volume is qualitative only, in that spatial distributions of dissolved or sorbed
species may provide evidence for past or present directions of flow.

This Volume presents a hierarchy of models applied by a number of individuals
working in various locations worldwide. The hydrogeology of the Koongarra site is
complex and difficult to model because (i) subsurface flow is a miniscule
component of the overall water balance of the region, (ii) significant flow occurs as
fracture flow rather than as porous media flow, (iii) the region is extremely
heterogeneous, with a wide range of material types and fracturing on several
scales, (iv) many of the available hydrogeological measurements were collected
from exploration holes, which were constructed to determine the extent of uranium
orebodies rather than specifically to understand groundwater flow, and (v)
observations are concentrated near the No.1 Orebody, hence there is limited
knowledge about the regional geology and about boundary conditions for regional
groundwater flow.

All but one of the models described in this Volume are porous media models,
which assume that the fractured medium acts as a continuum and that flow is
governed by Darcy's Law with some effective or average hydraulic conductivity.
One model is a fracture flow model, based on generating a finite number of discrete
fractures with random orientations. Another model is an inverse model, which
attempts to utilise data from aquifer tests to estimate heterogeneous
transmissivities and aquifer storativities in a number of zones.

The hierarchy of models includes models with varying dimensionality and models
which are both steady and transient. Each type of model is able to describe at least
some features of the Koongarra site.

The first models actually applied were two-dimensional models in vertical section.
These models showed that if there exists a water table beneath the Mount
Brockman Massif, flow from Mount Brockman can indeed occur towards the Cahill
Schist with flows moving generally upwards from the Koongarra Fault through the
primary orebody towards the land surface. Details of the flow pattern and velocities



near the orebody are quite sensitive to the assumed hydraulic conductivity of the
fault zone.

The early cross-sectional models assumed that a groundwater divide exists
beneath Mount Brockman and that there is also a no-flow boundary beneath
Koongarra Creek, which acts as the final discharge point for the flow system. In
order to check these assumptions, another two-dimensional cross-sectional model
was set up on a regional scale. This model assumed boundaries on the Arnhem
Land Plateau and on the far side of Mount Brockman, and also included the
Sawcut Fault as another major fault system. Sensitivity studies showed that it is
indeed very likely that a local flow system exists as originally hypothesised.

The next models developed were three-dimensional. Two separate models were
created for a region 3 km square. The purpose of these models was to
demonstrate, with similar assumptions to those used in two-dimensional vertical
sections, that flow directions could deviate significantly from a plane. By including
a highly conductive zone to represent Koongarra Fault, it was found that significant
flows could occur horizontally along the Fault. A third three-dimensional model
was developed independently at a much more local scale. The purpose of this
model was to demonstrate the significant effect of anisotropy, which was
determined based on Borehole TV measurements of the orientations of planes of
schistosity.

Aquifer testing described in Volume 5 of this series uses the concept of
transmissivity in its interpretation of aquifer response to pumping. The concept of
an aquifer, a layer transmitting significant quantities of water in a mainly horizontal
direction, seems hard to accept in an environment as heterogeneous as that at
Koongarra. But modelling of aquifers both in one dimension and two-
dimensionally in plan has contributed significantly to our understanding of the site.
A one-dimensional model with three layers (often described as a quasi two-
dimensional model) was applied to flow between the Fault and Koongarra Creek.
Being a transient model, this model was able to show that reverse flows can indeed
occur back towards the Fault, but only if there is distributed recharge over the
orebody as well as a mechanism for the Fault, or a region near the Fault, to remove
water from the simulated cross-section. The model also showed clearly that the
response of the three-layered system, consisting of a highly weathered zone, a
fractured transmissive zone and a less conductive lower schist zone, is governed
mainly by the transmissivity and storage coefficient of the middle layer. The
storage coefficient of the higher layer has little effect. A two-dimensional model in
plan used a description of anisotropy to show that reverse flows can also occur
even without a conducting Fault.

Modelling of a three-dimensional region using discrete fractures showed that it is
certainly possible to simulate systems like that observed at Koongarra, but that
large amounts of data are probably needed to obtain realistic descriptions of the
fracture networks. Inverse modelling of aquifer test data has shown that inverse
procedures may have some advantages over fitting of analytical type curves,
especially in highly heterogeneous environments.

The objective of determining rates and directions of groundwater movement has
not been achieved with any degree of confidence. The most that can be said is that
there are many combinations of hydrogeological and climatic variables which
could produce groundwater velocities in the range apparently needed by coupled
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flow and transport models. In the final analysis, hydrogeological data do not
contain as much information as the chemical data, thus fitting of coupled models is
more likely in the long term to be able to identify the best combination of model
parameters.

On the other hand, in order to interpret present-day spatial distributions of
dissolved chemical species, it is in principle necessary to run models for millions of
years. Since it is yet not possible to run three-dimensional models for these time
scales, there may be results that can be achieved from three-dimensional
hydrogeological modelling alone that can not yet not be achieved from coupled
modelling. There is clearly a role for hydrogeological modelling, but modelling is
not a substitute for careful design of field experiments and careful analysis of data.



ACKNOWLEDGMENTS

Sections of this work accredited to J.L Smoot were supported by the U.S.
Department of Energy (DOE) under Contract DE-AC06-76RLO 1830. Battelle
Memorial Institute operates Pacific Northwest Laboratory for DOE. Ms Shelaine
Curd is acknowledged for her contribution to his modelling effort.

The authors are grateful to many individuals, outside the ARAP Project Team, who
at various times contributed significantly to discussions about the hydrology of the
Koongarra region or the modelling thereof. In particular, the authors recognise the
wealth of field experience possessed and willingly shared by staff of the Northern
Territory Power and Water Authority, in particular Peter Jolly, Don Pidsley and
Geoff Prowse. Professor Grant Garven of The John Hopkins University provided an
early conceptualisation of groundwater flow and transport in a vertical section
through the site. Under the supervision of the late Peter Glasbergen, Ton Slot of
RIVM in The Netherlands carried out detailed analyses attempting to relate pump
and slug test data to smaller scale laboratory analyses of physical properties such
as hydraulic conductivities. His efforts are documented in internal RIVM reports.

Finally, the authors wish to thank numerous co-workers within the ARAP Project
Team for their willing efforts to provide data which have contributed to hydrological
understanding of the site. The guidance and support provided throughout the
Project by Peter Duerden and Robin Lowerson of ANSTO have greatly enhanced
the final result.

VI



1 INTRODUCTION

This Volume describes hydrogeological modelling carried out as part of the
Alligator Rivers Analogue Project. Hydrogeology has played a key integrating role
in the Project, largely because water movement is believed to have controlled the
evolution of the Koongarra uranium Orebody and therefore affects field
observations of all types at all scales (Figure 1.1).

Throughout the Project, authors of other Volumes have asked for confirmation that
their hypotheses are consistent with the hydrogeology. At the same time, those
seeking to understand the hydrogeology have needed to check the consistency of
their hypotheses against data reported in all the other Volumes.

The process has been evolutionary rather than revolutionary. ARAP started after
the completion of tens of man-years of investigation of the site. In the five years of
ARAP, significant advances have been made in many areas and the supply of new
results throughout the Project has resulted in a need for continual reassessment by
all participants. The structure of this Volume may give the impression of a well-
planned well-coordinated multi-pronged approach to hydrogeological modelling.
However, the real approach has been 'shotgun1 in style, continually changing to
chase a moving target as perceptions of the important issues have changed.

Rather than being a weakness, the continual iteration and interaction between data
generators and data interpreters or modellers has been one of the most important
features of ARAP. The evolutionary process is exactly as it should be, in any
complex scientific study. On numerous occasions, it was observed that the
Alligator Rivers "Analogue Project" was not only a study of radionuclide transport at
a uranium orebody, as an analogue of a waste repository, but it was also an
analogue of the type of performance assessment (PA) studies necessary to design
a waste repository. The experience gained by the participants in ARAP in
interaction in a large multi-disciplinary project will be immensely valuable in the
future.

The end result has been a relatively thorough investigation of a complex site.
There is still much uncertainty about the evolution of the site, due largely to
hydrogeological uncertainty. This Volume aims to present an honest assessment
of the role of hydrogeological modelling in the Project.

Geologic structure
Petrophysics
Topography
Climate
Vegetation

HYDROLOGIC
FLOW

SYSTEM

Geochemical evolution of water
Mineral dissolution, formation, alteration
Radionuclide speciation and transport

FIGURE 1.1 The central role of hydrology in understanding the Koongara site



1.1 Objectives of Hydrogeological Modelling

The objectives of hydrogeological modelling, within the contexts of ARAP and
INTRAVAL*, have been:

(a) to provide estimates of rates and directions of present-day groundwater flow,
for use in transport modelling, with or without coupled chemistry,

(b) to provide an example of the use of a hierarchy of hydrogeological models, of
different types and levels of complexity, to predict groundwater flow in a
complex hydrogeological environment, and

(c) to assist in future design of site characterisation studies by highlighting the
data requirements of hydrogeological models, and to illustrate methods of
model validation.

Of these objectives, only the first can properly be described as an initial objective of
ARAP. The latter two are offered in hindsight to explain, at least in part, what has
been learned from ARAP about the difficulties of modelling a complex site.

The second objective describes a common theme throughout ARAP: several other
volumes describe a range of possible models, especially Volume 14 on
radionuclide transport. In the hydrogeological context, the hierarchy of models is
useful because it allows us to demonstrate the sensitivity of model results to
changes in assumptions about boundary conditions, hydraulic parameters etc.

1.2 Sources of Difficulty

A single hydrogeological model is not capable of explaining all the behaviours
observed at a range of scales at the Koongarra site.

The reasons for the site's complexity include :

(i) the likelihood that subsurface flow is a miniscule component of the overall
water balance of the region,

(ii) the likelihood that significant flow occurs as fracture flow rather than as porous
media flow,

(iii) the likelihood that the region is extremely heterogeneous, with a wide range
of material types and with fracturing on several scales,

(iv) the fact that many of the available hydrogeological measurements have been
collected from exploration holes, which were constructed to determine the
extent of the uranium orebodies rather than specifically to understand
groundwater flow,

* INTRAVAL is an international project concerned with the use of mathematical models for predicting
the potential transport of radioactive substances in the geosphere. The Swedish Nuclear Power
Inspectorate (SKI) is the managing participant and the OECD/Nuclear Energy Agency, Her Majesty's
Inspectorate of Pollution (HMIP/DoE) (United Kingdom) and Kemakta Consultant Co. (Sweden),
participate in the Project Secretariat.



(v) the fact that observations are concentrated in the immediate vicinity of the
No.1 Orebody, hence there is limited knowledge about the regional geology
and about boundary conditions for regional groundwater flow, and

(vi) the degree of variability of the climate, both between years and within each
year.

The occurrence of fracture flow creates an immediate difficulty. It is commonly
accepted that a region with a high density of intersecting fractures may be
modelled as a porous medium with equivalent hydraulic conductivities. But a
region with a countable number of major fractures really needs to be modelled
using a fracture flow model.

The Koongarra region certainly has a high density of minor fractures, but their
lateral connectivity is unknown, and there is evidence that significant flows occur in
a few major fracture zones. There are not sufficient data, however, to determine the
precise geometry of the major fractures. A pragmatic approach adopted for this
Study is to assume an equivalent porous medium in most modelling, accounting for
preferred flow directions using heterogeneity or anisotropy or both. For
completeness, discrete fracture simulations have also been carried out, mainly to
investigate the degree of success that can be achieved with such an approach.

1.3 Hierarchy of Possible Models

An operational hydrogeological model for a given site is a combination of (i) a
conceptual description of important flow processes and of the geometry, material
properties and boundary conditions of the flow domain, (ii) a corresponding
mathematical description, (iii) an implementation of the mathematical description in
the form of a computer code, and (iv) field data which allow the model to be
calibrated to that site.

As discussed above, most of the modelling described in this Volume assumes
saturated flow in a porous medium. But there have also been some efforts to
model saturated flow in a fracture network. Such differences are differences in
conceptualisation, but the most obvious types of differences in conceptualisation
are in the choice of dimensionality (one-, two- or three- dimensional flow) and the
choice of flow domain (the size of the region to be modelled). Another difference in
conceptualisation has been between steady and unsteady flow processes, most
models being steady state. In terms of the relationship between the model and
data, most models have been traditional 'forward' models, for which a trial and
error method is needed for calibration. Only one model is an 'inverse' model,
which iterates automatically to find the best possible set of model parameters.

During this project, hydrogeological modelling has been carried out using a suite of
existing computer codes, rather than by developing new software specifically
designed to incorporate all the features of the Koongarra site. This is consistent
with the philosophy of INTRAVAL, which aims neither to develop new codes nor to
"verify" existing codes. Rather, the objectives of INTRAVAL are to "validate"
conceptual models using available data. It is also a reasonable approach within
the context of ARAP, because a single model would be complex, unwieldy, difficult
to validate and perhaps still incomplete.

Table 1.3.1 illustrates the hierarchy of models described in this Volume, together
with the distinguishing features that make each model useful to ARAP. Inverse



modelling has been attempted in the context of two-dimensional modelling in plan.
This modelling aims specifically to determine heterogeneity within the local region.
Several of the models described have been used in sensitivity analysis, and some
comments are made regarding the problem of predicting model uncertainty using
first order second moment analysis.

Figure 1.3.1 shows a map of the Koongarra region, with emphasis on major
topographic highs (the Mount Brockman Massif and Amhem Land) and major
surface drainage features. The Figure shows domains for a lumped water balance
model, based on an assumed surface catchment area above the Nourlangie
gauging station, and the three models described in this Volume which simulate
groundwater movement at regional scales. Other model domains are shown
relative to a base map which is oriented 46° differently to Figure 1.3.1. Nearly all
maps of the Koongarra site have this latter orientation, which is based on the Mine
Grid adopted by Noranda (see Snelling, Volume 2 of this series). The maps
provide cross-references to the Sections in this Volume where the models are
described.

It is useful at this stage to discuss in general terms the conceptual models which
provide the basis for calculations of groundwater flow in these various model
domains. At a regional scale, the high lands which are shaded in Figure 1.3.1 are
comprised of Kombolgie sandstone, underlain by schist, while the low lands are
schist, covered by a weathered zone, and sometimes covered by surficial
sediments. The low lands are crossed by numerous streams. Aerial photographs
reveal faults in the high lands, and many of the streams are apparently aligned with
fault structures or other geological weaknesses. The boundaries of the regional
groundwater flow system are not immediately obvious, although the groundwater
flow system is expected to be topographically controlled. The present-day
topography is available from maps. The low lands are quite close to sea level, and
flow directions in the past may have been different when sea level was lower. The
generalised geological cross-section through the No.1 Orebody is well known, but
the depth of groundwater flow is not known. At a regional scale, the accepted
conceptual model is that recharge in the high lands flows towards the low lands.
Interflow in shallow surficial sediments is ignored at the regional scale. The real
groundwater flow pattern is expected to be three-dimensional, but at a truly
regional scale, modelling has only been carried out in a 2D vertical section, as
shown in Figure 1.3.1.

A useful intermediate or sub-regional scale is the area extending from the
Nourlangie gauging station to the No. 2 orebody, and from Koongarra Creek to Mt
Brockman. This scale is related to the surface water catchment of the gauging
station. The major geologic units of interest are sandstone, schist, the weathered
zone, sands, dolomite, and the Koongarra Fault. Groundwater flow is again
perceived to be topogaphically controlled. The flow is really 3D, but 2D models in
vertical section and in plan may provide additional insights.

Local scale models are those on the scale of hundreds of metres, which do not
necessarily extend to physical boundaries of the groundwater system. Such
models allow more detail in geological structure, and in the context of ARAP, the
local scale models do correspond to that part of the region where most field
measurements are available. In principle, local scale models also allow more
sophisticated calculations or travel paths and travel times, which can not be
calculated with accuracy and/or confidence for regional scale models.



TABLE 1.3.1

HIERARCHY OF GROUNDWATER FLOW MODELS

No. of spatial
dimensions

0

0

1

2

2

2

3

Saturated
porous media flow

Darcy's Law:
provides upper and lower
bounds for rates of flow
Regional water balance:
shows insignificance of
groundwater component
Transient model of transmissive
zone:
shows possibility of seasonal
reversals
Transient model of transmissive
zone in plan:
allows use of heterogeneity
and anisotropy, also amenable
to inverse methods
Steady model of regional
cross-section:
demonstrates that Mount
Brockman and Koongarra
Creek are effective regional
boundaries
Steady model of local cross-
section:
allows sensitivity analysis for
conductivities of fault and
weathered zone, and allows
travel time calculations
Steady flow in local region:
shows flow directions not
constrained to a plane

Saturated
fracture flow

Steady flow in local region:
shows capability of a
network of fractures to
transport sufficient
quantities of water



Mount Brockma
Massif^

2D Regional scale
cross-section (Section 3M)

Nourlangie
Gauging Station

2D plan
(Section 3.6)

Regional water balance
(Section 3.2)

3D
(Section 3.7)

FIGURE 1.3.1 Map of the Koongarra Region showing domains of regional scale
hydrogeological models



1.4 Structure of this Volume

This report summarises the efforts of a large number of researchers working in
small groups at numerous locations. The adopted structure is an attempt to weave
a cloth from many threads. Section 2 summarises the available data, some of
which were available when the first modelling efforts were undertaken, but some of
which became available only after completion of much of the modelling. Section 3
presents the bulk of the hydrogeological modelling undertaken during ARAP, not in
the order in which it was carried out, but related instead to levels of modelling
complexity. Section 4 is very brief, and suggests what might have been carried out
if more effort had been made in this direction during this study. Section 5 presents
one example of what might be characterised as stochastic modelling, or at least a
novel attempt to estimate effective aquifer properties for the spatially variable
aquifer of interest. Section 6 points to issues of importance for the modelling of
dissolved ions and, in particular, radionuclides. Finally, Section 7 provides some
concluding remarks.

2 REVIEW OF AVAILABLE DATA

The purpose of this Section is to review systematically the data available for
construction of hydrogeological models for predicting rates and directions of
groundwater flow near the Koongarra No.1 Orebody. The data could have been
presented in many different frameworks. The approach here is to present data on
climate, streamflow and observed water levels, which together make up the driving
force and the state of the groundwater flow system, followed by data needed to set
up different types of hydrogeological models.

Most of the data described here were not available at the start of ARAP, thus the
available data are more relevant to consideration of what one might attempt to do if
starting again today, rather than to an assessment of whether or not
hydrogeological modelling carried out during ARAP took full advantage of
available data.

It is important to keep clearly in mind the types of information required to develop a
mathematical model of the groundwater flow regime:

(a) a process model for the flow mechanism (saturated, unsaturated, fracture flow
etc.),

(b) a geometry for the flow system (number of dimensions, spatial extent),

(c) aquifer properties (heterogeneity, anisotropy, hydraulic conductivities, storage
coefficients, unsaturated flow parameters, fracture geometry etc.), and

(d) boundary conditions (at the extremities of the flow system).

In Section 2.1, we first present climatic data and streamflow. Rainfall and
evaporation are the driving forces for the hydrological system, while streamflow is
the result. Section 2.2 presents some data on standing water levels in open
boreholes, which provide a measure of the state of the groundwater system (the
"state variables") as a function of space and time. Sections 2.3 to 2.5 discuss
aquifer geometry, aquifer properties and boundary conditions, respectively.



2.1 Climate and Streamflow

Climate in the Koongarra area has been reviewed by Wyrwoll (Volume 3 of this
series). There is a specific need, however, to discuss some climatic data in this
Volume, so some of the data are also presented here.

Two features of the local climate are illustrated in Figures 2.1.1 and 2.1.2. The first
feature is variability in annual totals of rainfall and pan evaporation, and the second
is the strong seasonal cycle in the same variables. These Figures differ from those
presented by other authors because annual totals are calculated for water years
between 1 July and 30 June.

Table 2.1.1 presents the statistics of the annual totals for water years. There are 15
complete years of record for rainfall between 1972/73 and 1987/88 and 14 years
for evaporation. Of particular interest is the fact that pan evaporation is significantly
larger than rainfall. At the same time, the coefficient of variation for evaporation is
considerably less than that for rainfall.

TABLE 2.1.1

CLIMATE STATISTICS

Average
Standard deviation
Coefficient of variation

Annual rainfall
(mm)
1685
335
0.20

Annual pan evaporation
(mm)
2509
135
0.05

Seasonal variations in rainfall and pan evaporation show that about 90% of the
rainfall occurs in the five months from November to March, whereas pan
evaporation is relatively uniform throughout the year. During the wet season,
evapotranspiration probably occurs at close to the potential rate. During the dry
season, pan evaporation is significantly larger than rainfall, thus evapotranspiration
must be controlled by soil moisture availability (at the surface and in the root zone),
rather than by atmospheric demand.

Streamflow measurements for Koongarra Creek are available from the Nourlangie
gauging station (GS8200049), which is located approximately 2 km southwest of
the No.1 orebody (Figure 1.3.1). A relatively complete record of depths behind a
V-notch weir is available for the ten-year period from 1 January 1979 to 12 April
1989 (Figure 2.1.3). There is a strong seasonal response, with a rapid rise in
depths at the start of the wet season, and with a gradual recession at the end of the
wet. The recession may indicate that some proportion of runoff at that time is
draining from groundwater. Data are missing for some periods, particularly at the
start of some wet seasons, and also during some recessions. The official surface
catchment area above the gauging station is 15.4 km2.

In order to calculate surface runoff volumes, an attempt was made to extrapolate
the rating curve available for the site, i.e. the relationship between water depth
(stage) and discharge. A total of 82 manual gaugings has been made, with gauge
heights above an arbitrary local datum as high as 2.34 m, corresponding to a
discharge of 23.6 m3/s. Unfortunately, the annual maximum gauge heights from
1979 to 1988 exceed 2.34 m every year, with the highest recording being 5.38 m.



The frequency distribution in Figure 2.1.4 shows that during an eight-year period,
stage exceeded 2.34m 1.87% of the time. An attempt was made to extrapolate the
rating curve by choosing one additional pseudo-measurement, i.e. by guessing a
discharge of 32 m3/s at a stage of 6 m. With the rating curve extrapolated linearly
on a log-log plot, the 1.87% of the time when stage exceeded 2.34 m accounted
for 55% of the runoff volume.

Although it is usual to assume that discharge increases with stage, the converse
may be true at Nourlangie gauging station. Discharge may decrease if the V-notch
weir is drowned in wet periods by backwater from Nourlangie Creek. Even
assuming 32 m3/s at a stage of 4.2 m and 0 m3/s beyond, the calculated runoff
volume exceeds annual rainfall over 15.4 km2 in four of the eight years with
relatively complete data. Thus uncertainty in the rating curve makes data from the
gauging station virtually unusable.

At least one positive outcome from this analysis is the variation in monthly average
depths at the gauging station. Figure 2.1.5 shows average levels much less than
the peaks of up to 6 m in Figure 2.1.3. However these lower smoothed estimates
are probably closer to the levels actually felt by the regional groundwater.
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2.2 Standing Water Levels

Standing water levels in boreholes have been presented by Davis et al. (Volume 5
of this series). These data, as measures of the state of the groundwater system, are
critically important to any hydrogeological modelling exercise. First, gradients in
piezometric head provide the driving force for groundwater movement. But
perhaps more importantly, measurements of piezometric heads can be used to
calibrate groundwater models, i.e. to estimate effective hydraulic properties at a
regional scale, and also to verify model calibration using data from different time
periods.

As discussed by Davis et al. (Volume 5 of this series), standing water level data are
available for a large number of boreholes near the Koongarra No.1 orebody, but
unfortunately, very few of these holes were constructed with the specific objective
of hydrological monitoring. Most standing water levels are available in boreholes
which are open throughout the depth of unweathered schist and cased through the
highly weathered zone above. Measurements of standing water levels provide a
measure of the average piezoemetric head along the open length of the borehole.
At the same time, the boreholes provide conduits for movement of groundwater,
thus a large number of such boreholes can result in a flow system significantly
different from the natural system prior to drilling.

Figure 2.2.1 shows all the locations where standing water level measurements are
available. Those locations marked with an asterisk are those where either
borehole TV or pump test data are also available. The purpose of the Figure is to
emphasise that the available data are concentrated near the No.1 Orebody, and
that there was never any attempt to design a groundwater monitoring system for the
whole region, related to reasonable hydrogeological boundaries.

Davis et al. (Volume 5 of this series) present a large amount of standing water level
data. Only a small amount is shown here, for a very specific purpose. Figures
2.2.2 and 2.2.3 show time series of water levels for two transects of boreholes that
were constructed during ARAP for the specific purpose of hydrological monitoring.
What is particularly significant is that the data show that at the end of the very dry
dry season of 1990, following a dry wet season in 1989-90, there was an apparent
reversal of hydraulic gradients, indicating some tendency for shallow groundwater
to flow towards the Koongarra Fault, contrary to the usual flow direction.

Figures 2.2.4 and 2.2.5 show contour maps of standing water levels at the end of
January 1990 and the start of December, 10 months later. These maps are
constructed for the rectangular zone shown in Figure 2.2.1. Koongarra Fault is
shown as a solid black line. The data show a tendency for the formation of a
depression in the "water table" roughly half way between KD1 and KD2.
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FIGURE 2.2.1 Locations of standing water level measurements (all symbols) and locations of either borehole TV or
aquifer tests (*).
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FIGURE 2.2.4 Contours of standing water levels on 29 January 1990, for the
rectangular region shown in Figure 2.2.1

FIGURE 2.2.5 Contours of standing water levels on 3 December 1990, for the
rectangular region shown in Figure 2.2.1
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2.3 Aquifer Geometry

From the point of view of hydrogeological modelling, it is necessary at the outset to
define the outer boundary of a region, containing the Koongarra uranium orebody,
in which there occurs interconnected groundwater flow. An outer boundary needs
to be chosen such that it is later possible to prescribe boundary conditions which
can be used in modelling. Boundaries can be surfaces where (i) piezometric
heads or pressures are prescribed, (ii) rates of groundwater flow are prescribed
(including the special case where the flow is known to be zero), or (iii) a
relationship between heads or pressures and flows is prescribed. These types of
boundary conditions are known as 1st-type, 2nd-type and 3rd-type, respectively.

Experience shows that some types of boundaries are preferable to others, however
it is not always possible to make the best choices, and as a result all types of
boundary conditions are used by different authors contributing to this Volume.

Sneiling (Volume 2 of this series, Sections 2.2 and 2.3) provides a detailed
description of the regional and local geology near the orebody, and Wyrwoll
(Volume 3 of this series, Section 2.1.1) describes regional geomorphology.
Emerson et al. (Volume 4 of this series) describe detailed physical and structural
properties, particularly in the near vicinity of the orebody. And Davis et al. (Volume
5 of this series) present a range of hydrological field measurements. Evidence in
these and other reports allows us to hypothesise the extent of regional and local
groundwater flow systems.

The primary Koongarra orebody occurs in fractured metamorphic rocks (quartz-
chlorite schists) of the Cahill Formation, near the southern end of Mount Brockman,
an uplifted block of Kombolgie sandstone (see Sneiling, Volume 2 of this series,
Section 2.2 and Figure 2.1). The Cahill and Kombolgie Formations are separated
by the Koongarra Fault, which changes direction in plan near the orebody and dips
approximately 55° to the south (Sneiling, Volume 2 of this series, Figures 2.3 and
2.4, and Emerson et al., Volume 4 of this series, Figure 2.2). Unweathered schist is
only found at depths greater than 20-30m, there being a distinct weathered profile
above those depths. The secondary orebody, known as a dispersion fan, occurs
within the weathered zone and has always been qualitatively explained with
reference to groundwater flow within this zone. In some locations, the weathered
zone is overlain by outwash sands and gravels. Thus there are several distinct
physical units whose properties must be accounted for in hydrogeological models
of the site.

Groundwater occurs at depth throughout the region. Lau (1979) presents a
summary of exploration drilling in the region, including the results of many pump
tests. Nearly all boreholes intersect groundwater, but yields are highly variable. It
is significant that groundwater does occur in Kombolgie sandstone at some sites,
with reasonable yields, notably on the north side of Mount Brockman. But in
general, experience by staff of the Northern Territory Power and Water Authority
(Peter Jolly, pers.comm.) indicates that unweathered schist and Kombolgie
sandstone have low hydraulic conductivities, with the most significant yields being
from the weathered zone, particularly near the base of weathering. This
experience does not diminish the significance of very small rates of flow through
fractured schist near the primary orebody, especially with respect to possible
mobilisation of radionuclides. It merely indicates that with particular boundary
conditions or stresses on similar groundwater systems, the most significant flows
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from water supply or mine pit dewatering points of view occur near the base of
weathering. This observation may or may not be significant in the evolution of the
uranium distribution at Koongarra.

The Koongarra region is dissected by a large number of faults (see Wyrwoll,
Volume 3 of this series, Figure 2.2), there being an obvious relationship between
faults and regional drainage patterns. At the regional scale, some faults probably
act as conduits for groundwater while others act as barriers, but it is not known
which ones act in which way. In general it is not possible to identify a priori
particular faults which act as no flow boundaries to a regional groundwater system,
and this comment certainly applies to both the Koongarra Fault and any other fault
near and sub-parallel to Koongarra Creek. Thus the domain of any groundwater
flow model near the orebody can not be restricted to the region between Koongarra
Fault and Koongarra Creek, without justification for the choice of those boundaries.

The problem of choice of aquifer geometry is related to that of identifying zones of
different material types, because a zone with infinitesimally small hydraulic
conductivity can be left out of a model, and its closest boundary can be modelled
as a no flow boundary. But the concept of smallness is relative, and until relative
hydraulic conductivities of all materials are known, it is not easy to leave out one
region which may have some influence.

2.4 Hydraulic Properties

Boundaries between different geologic materials do not necessarily imply that there
are sigificant differences in the hydraulic properties of these materials. However it
is convenient to use the major material types as a framework for discussing the
spatial distribution of hydraulic properties. Thus in this Section, we discuss
evidence for the location of different materials and their capacity to transmit
significant quantities of water, with special regard to their role in controlling
groundwater flow near the Koongarra No.1 orebody.

2.4.1 Koongarra Fault

The Koongarra Fault is a reverse upthrust fault separating Kombolgie sandstone to
the north (the upthrust block) from the Cahill Formation to the south. In a regional
context, the approximate intersection of the Fault and the land surface can be seen
in aerial photographs, as the Fault controls the shape of the escarpment around
Mount Brockman (Emerson et al., Volume 4 of this series, Figure 1.4). Clearly the
Fault runs along or near the foot of the escarpment and is oriented approximately
northeast-southwest just to the north of the orebody. To the west of the orebody,
the foot of the scarp and the Fault rotate through about 45°, such that the Fault is
oriented east-west. Numerous field observations support the hypothesis that the
fault is splayed into several minor faults in the region where the 45° rotation occurs
(Emerson et al., Volume 4 of this series, Section 2.2.3).

The dip of the Fault appears to be 55° to 60° to the south on average, the dip being
quite regular but not constant. Four to five boreholes in each transect (Emerson et
al., Volume 4 of this series, Figure 1.2) intersect the Fault, which is recognisable by
the occurrence of brecciated material, if not by the occurrence of Kombolgie
sandstone below the Fault.
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There is some controversy over the shape of the Fault at depth. Johnston's (1984)
thesis on structural geology in the area hypothesised that the orebody lies on a fold
in the fault, yet evidence from drilling logs indicate the possibility of cross-faulting,
and there is a general belief that folding is unlikely. The fact that the fault rotates
45° is evidence for the major displacement along the fault being parallel to the dip.
Emerson et al. (Volume 4 of this series, Section 4) describes analysis of downhole
TV observations which show dominant orientations of the schistosity in the Cahill
Schist near the Fault. These orientations are also consistent with movement in the
direction of the dip, with some bending due to frictional drag.

There are no measurements to confirm the maximum depth of the Fault, though
Snelling (pers. comm.) believes that the Fault probably extends at least 1 km below
the present land surface. The regional geological map (the Cahill Sheet) shows
idealised cross-sections with Faults extending to at least that depth, but such cross-
sections are largely schematic.

The average thickness of the Fault zone (perpendicular to the dip) is 5-7 m, the
primary evidence for this being from drill logs. There are some exceptions,
however, with a shear zone near DDH53 at 177 m being 12.2 m wide. This
observation supports the possibility that the Fault is splayed in this area.

None of this information about the geometry of the fault is sufficient to allow
estimates of effective hydraulic properties for the fault zone. There are some
indications that the fault is relatively conductive, allowing flow within the plane of
the fault (e.g. Davis et al., Volume 5 of this series), but effective hydraulic properties
have not be determined by any near field analysis.

2.4.2 Cahill schist

In principle, some indication of the effective properties of the Cahill schist can be
obtained from assessment of rock quality designation (RQD) factors (Emerson et
al., Volume 4 of this series, Section 3.1), studies of microfracturing (Emerson et al.,
Volume 4 of this series, Section 3.2) or borehole TV investigations (Emerson et al.,
Volume 4 of this series, Section 4). Emerson et al. (Volume 4 of this series,
Sections 5.3.2 and 5.3.3) also measured porosity and air permeabilities of samples
of unweathered schist, as part of systematic petrophysicai studies at the laboratory
scale.

Section 5.7 (especially Table 5.6) of Emerson et al. (Volume 4 of this series)
attempts to combine all of these sources of information to provide estimates of
permeabilities for the Cahill Formation. There are differences between matrix and
fracture permeabilities in all layers of the Cahill Formation. Matrix air permeabilities
in the extremely weathered zone near the surface are estimated to be of the order
of 1 md (1 millidarcy = 0.001 m/d) and isotropic. Emerson et al., (Volume 4 of this
series, Section 5.3.3) discuss the Klinkenberg effect, and the fact that water
permeabilities may be 50-60% of the air permeabilities in this range. In the deep
unweathered zone, permeabilities are estimated to be even smaller, but
anisotropic, and possibly negligible relative to major fractures. In the moderately
weathered zone between unweathered and highly weathered schist, matrix
permeabilities may be 50 to 100 md (up to 0.1 m/d), but fractures in that zone are
generally filled with weathering products.
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2.4.3 Kombolgie sandstone

Very few data are available on the properties of the siliceous Kombolgie
sandstone. Emerson et al. (Volume 4 of this series, Section 5, Table 5.1) measured
petrophysical properties of 42 samples of sandstone, including some samples of
reverse fault breccia. The average of 38 air permeability measurements was
0.9 md, with the highest being 12.2 md.

At a larger scale, the Kombolgie sandstone contains bedding surfaces, dipping
regionally to the southeast at 5-10°, but uptilted near the Koongarra Fault so that
they dip west (Snelling, Volume 2 of this series, Figure 3.16; Emerson et al.,
Volume 4 of this series, Section 2.2.2). There is a general feeling that fractures
deep below the surface in the Kombolgie are closed.

2.5 Boundary Conditions

Three-dimensional groundwater flow models need boundary conditions on all
boundaries of the model domain; the boundary condition at the upper surface is in
general quite complex, and combines the effects of infiltration and
evapotranspiration with a pressure condition at the water table. One- and two-
dimensional models of essentially horizontal groundwater flow only have boundary
conditions at their horizontal extrema; in such cases, net recharge to the water
table (the combined effect of infiltration and evapotranspiration) is embedded within
the water balance equation being solved, and is therefore not a boundary
condition.

The choice of boundary conditions is intimately tied to the choice of aquifer
geometry. In some situations, it may be appropriate to use standing water level
data for prescribed head boundaries. Groundwater flows are not known with any
degree of certainty, thus it is difficult to hypothesise lateral boundries with
prescribed fluxes. Net recharge to the water table is also not known with any
certainty.

It is clear that groundwater recharge is an important process in the upper part of the
landscape, because there is a strong annual cycle in water levels, apparently
related to evapotranspiration during the dry season and refilling during the first
rains. Rooting depths are not known, nor are the evapotranspirative characteristics
of the vegetation in this region.

2.6 Assessment of Available Data in Relation to Modelling Needs

In one sense, there are a lot of data in Volumes 2 to 5 of this series which support
the needs of hydrogeological modelling. In another sense, there are never enough
data, and each new piece of data provides an opportunity for more detailed
modelling to explain the added complexities contained in those data. From a
practical point of view, it is not sufficient to say that modelling could have been
better if more data had been available. Given any amount of data, one can aim to
produce a model as consistent as possible with those data.

Within that philosophical framework, the models presented in this Volume are
supported by and support the available data. They also point to ways in which
more or different data could have resulted in different models and different
understanding. The goal of hydrogeological modelling, as defined within ARAP, is
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to predict directions and rates of groundwater flow. No attempt has been made
within this Volume to model the transport of dissolved solutes in the groundwater,
thus additional information in later Volumes of this series are only used in a
qualitative manner.

3 MODELLING OF PRESENT-DAY GROUNDWATER FLOW

The hierarchy of approaches introduced in Section 1 is presented here in order of
dimensionality, rather than in the order in which the work has been done. The main
reason for doing so is to provide a logical framework for a collection of modelling
efforts by numerous ARAP participants. The net result is an understanding based
on all the models. No single model is all-encompassing or superior to the others.

The rock matrix in the region of the Koongarra uranium orebody is saturated to the
land surface during the wet season each year, but the water table (or at least
standing water levels in open boreholes) decline many metres during the dry
season, indicating apparent desaturation of the upper soil profile at this time. Most
of the interest during this study has been on the saturated zone, which is known to
be highly fractured.

A fundamental question relates to whether or not saturated flow in the three-
dimensional medium can be considered to be flow in a porous medium, satisfying
Darcy's Law with some equivalent hydraulic conductivity, either scalar or tensor in
form. It is clear that significant flow occurs in at least some fractures, and that the
differences between matrix and fracture flow are extremely significant for transport
of dissolved ions. However this Volume addresses only the hydrogeology of the
site, defined somewhat narrowly to include only the directions and rates of
groundwater flow. Most modellers contributing to the Volume therefore adopted a
continuum hypothesis, and assumed that flow is governed by Darcy's Law, such
that

q = - K V 0 (3.1)

where q is specific discharge or Darcy flux [L/T], K is hydraulic conductivity [L/T] and
V0 represents the gradient of piezometric head [-].

The precise form of Darcy's Law depends on the dimensionality of each model and
on whether or not the porous medium is assumed to be isôtropic (see Table 3.1).
Piezometric head is sometimes represented differently, in that plan models often
use h instead of 0 to emphasise the fact that heads are averaged over the
thickness of an aquifer. In these models, h represents the average piezometric
head in a confined aquifer and the water table elevation in an unconfined aquifer.
Table 3.1 represents Darcy's Law for 1D and 2D models in plan in terms of Q [L/T2],
which is specific discharge integrated over the thickness of an aquifer, and
transmissivity T [L/T2], which is can be thought of as the integral of horizontal
hydraulic conductivity over the thickness of an aquifer. This is actually a
representation of the Dupuit-Forchheimer approximation, a form of Darcy's Law at
the aquifer scale.
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TABLE 3.1

POSSIBLE FORMS OF DARCY'S LAW

Dimensionality

1D
in vertical direction

1D
in plan

2D
in vertical section

2D
in plan

3D

Isotropic
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All porous media models express a water balance in the form:

rate of increase in storage = divergence of Darcy fluxes + inflows - outflows (3.2)

The precise form of these terms again depends on dimensionality. In models
which include the (vertical) z-direction, the change in storage depends on specific
storativity So, which is generally very small. In plan models, where variations in the
z-direction are averaged out, the change in storage term includes an aquifer
storage coefficient S, which for confined aquifers takes the form SoB (where B is
aquifer thickness) and for unconfined aquifers is equal to specific yield Sy. Models
for steady flow do not have a change of storage term.

In models which include the z-direction, recharge and discharge at the land surface
are boundary conditions to the water balance equation, which in general has no
inflow or outflow terms. Plan models, on the other hand, represent recharge and
discharge as inflows and outflows, as shown above. Models which include the
z-direction have a complex boundary condition at the upper boundary of
unconfined aquifers, because the boundary moves in time.

Fracture flow models differ from porous media models in that they account for the
resistance to flow in individual fractures. Fracture flow models can assume regular
or random distributions of fractures in 2D or 3D space, and can assume that all
fractures have constant apertures, or that there are different apertures in different
fractures, or even that there are randomly distributed aperture spacings within the
"plane" of each fracture. Many fracture flow models ignore the contribution to total
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flow of flow within the matrix. Models which include the effect of the matrix are
known as dual porosity models. The distinction between the two scales of motion
can be between fine fractures and a porous matrix, or between large-scale
fractures and a fine-scale fractured or schistose matrix as at Koongarra. Fracture
flow models certainly require additional information not needed by porous media
models. One example is presented here.

3.1 A Darcy's Law Model

In its simplest form, Darcy's Law predicts that the rate of groundwater movement
(as a volumetric flux per unit cross-sectional area of porous medium) is linearly
proportional to the gradient of piezometric head (also known as the hydraulic
gradient). The constant of proportionality is called the hydraulic conductivity, and
has dimensions [L/T]. A rate calculated in this manner has dimensions [L/T] and is
known as the Darcy flux.

It is possible to calculate bounds for the Darcy flux, simply by choosing likely
maximum and minimum values for hydraulic gradient and hydraulic conductivity. In
a heterogeneous region with layers parallel to or perpendicular to the direction of
average flow, it is possible to calculate effective conductivities and to calculate
bounds in the same way.

Consider the possible rates of flow in the weathered and unweathered zones near
the No.1 orebody. Assume also that the Fault has high enough conductivity that
heads in the unweathered zone near the Fault are not significantly different from
those in the weathered zone. The hydraulic gradient between the Koongarra Fault
and Koongarra Creek can be no greater than the slope of the land, which drops
roughly 10 m over 800 m. Thus the maximum hydraulic gradient is 0.0125. If the
water table near the fault drops 6 m during an average dry season, and the water
table near the Creek drops 1 m, then the hydraulic gradient drops to 5 m in 800 m,
i.e. to 0.00625 at the end of an average dry season. Local gradients may be
outside this range, but these values apply over the whole distance from the Fault to
the Creek.

Table 3.1.1 gives minimum and maximum hydraulic conductivities for the
weathered and unweathered zones, based on estimates by Davis et al. (Volume 5
of this series). Whereas Emerson et al. (Volume 4 of this series) performed
laboratory scale measurements of conductivities, Davis et al. interpreted these
measurements in conjunction with field-scale permeameter and aquifer tests to
obtain field estimates of hydraulic conductivities (Table 6.1, Volume 5 of this
series). Such estimates account for fracturing and other field-scale effects.
Combining these with the gradients gives a range of possible flow rates.
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TABLE 3.1.1

BOUNDING ANALYSIS FOR DARCY FLUXES

Zone

Weathered
Weathered

Unweathered
Unweathered

M in/max

mm
max
min
max

Gradient

0.00625
0.0125
0.00625
0.0125

Hydraulic
conductivity

(m/d)
5x10~4

2x10" 1

1 x 10-3
10

Darcy flux
(m/d)

3.1 x10- 6

2.5x10-3
6.3x10-6

1.3 x10- 1

Darcy flux
(m/y)

0.0011
0.91
0.0023

46

This bounding analysis can be extended to consider transport velocities, i.e. the
velocity of advance of solute by advection alone, ignoring dispersion, adsorption or
chemical interactions (see Table 3.1.2). The transport velocity is equal to the Darcy
flux divided by the effective porosity of the medium. Porosities are obtained from
laboratory scale determinations by Emerson et al. (Table 5.2, Volume 4 of this
series).

TABLE 3.1.2

BOUNDING ANALYSIS FOR TRANSPORT VELOCITIES

Zone

Weathered
Weathered
Unweathered
Unweathered

Darcy flux
(m/y)

0.0011 min
0.91 max
0.0023 min

46 max

Porosity
H

0.38 max (1)
0.04 min (1)
0.16 max (1)
0.01 min (2)

Velocity
(m/y)

0.003 min
23 max

0.014 min
4600 max

(1) Values from Table 5.2 of Emerson et al. (Volume 4 of this series).
(2) Estimated minimum porosity for fractured medium.

This bounding analysis provides useful limits, which affect all modelling presented
in this Volume. Further analysis in one, two or three dimensions can predict
directions of flow, but the rates of movement of water or non-reacting solutes can
not deviate far outside these bounds.

In the context of historical flows, this bounding approach can be used to indicate,
for example, the effect of different land surface slopes, possibly because of more
remote controlling streams. Before the incision of Koongarra Creek, the distance
from the Fault to the nearest stream may have been many times larger.
Assumptions about the elevations of the land surface above the Fault and at the
nearest stream would then allow a range of estimates of Darcy fluxes and transport
velocities.

3.2 The Regional Water Balance

It is important and useful to view present-day groundwater flow in the context of the
long-term average water balance of a region surrounding the orebody. As reported
by Davis et al. (Volume 5 of this series), Marley (1990) and Davis (unpublished)
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used water level fluctuations and climatic data to attempt to separate the major
components of the regional water balance. Here we present another such attempt.

First, we consider a "lumped" region in plan, corresponding to the surface
catchment area upstream of the Nourlangie gauging station in Koongarra Creek,
and attempt to relate four components of the water balance: rainfall,
evapotranspiration, surface runoff and groundwater flow. Second, we consider an
idealised cross-section through the orebody, with several subsurface zones, and
attempt to relate flows into and between these zones. Both such water balances
illustrate the difficulty of estimating groundwater flows by water balance methods,
especially when they are so small relative to other components of the water
balance.

3.2.1 Water balance upstream of the gauging station

Figure 1.3.1 shows the boundary of an estimated surface catchment area upstream
of the Nourlangie gauging station (GS8200049). The official catchment area for
the gauging station is 15.4 km2.

A lumped water balance for this region takes the form:

rainfall = evapotranspiration + surface runoff + groundwater outflow (3.2.1)

where evapotranspiration includes interception and subsequent evaporation.

Rainfall

Rainfall records at Koongarra show that the average annual rainfall on a water year
basis during the period 1972/73 to 1987/88 is 1685 mm (Table 2.1.1). Thus the
average annual volume of rainfall over 15.4 km2 is 25.9 x 106 m3.

Groundwater flow

Groundwater in this context is a subsurface flow out of the 15.4 km2 surface
catchment area, i.e. it is groundwater which does not reach Koongarra Creek
upstream of the gauging station. Suppose groundwater moves through a zone
500 m wide and 100 m deep in the direction along Koongarra Creek, and that
Darcy fluxes are as high as 1 m/y. The total groundwater outflow would then be
5 x 104 m3/y, which accounts for only 3 mm of rainfall over the surface catchment
area. There is little doubt that a proportion of the surface runoff observed at the
gauging station has flowed into Koongarra Creek as subsurface flow or "interflow"
in surficial sands and deeper weathered layers. However only a small volume of
water leaves the surface catchment area as true groundwater flow.

Evapotranspiration

It is difficult to make independent estimates of evapotranspiration. The total
evapotranspiration from the catchment, both during and between rainfall events, is
a combination of evaporation and transpiration from a mixed community of trees
and grasses. Evaporation and transpiration depend on a trade-off between
atmospheric demand for water (which depends on humidity, wind, and incoming
solar radiation) and on soil water availability.
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Direct measurements of transpiration by trees can be made using thermo-electric
heat pulse techniques (Hatton and Vertessy, 1990), and measurements of
evapotranspiration from grasses and soil can be made using the ventilated
chamber technique (Dunin and Greenwood, 1986; Dunin et al., 1989). But there
are no proven techniques for measuring evaporation from broken rocky surfaces
such as the Mount Brockman Massif, and neither of the above-mentioned
techniques have yet been applied in the Northern Territory. In the context of ARAP,
there are no independent direct measurements of evapotranspiration which can be
used in a regional water balance calculation.

Studies at other sites in the Northern Territory may provide useful bounds. A water
balance study along 30 km of river at Coronation Hill (Jolly, pers. comm.) showed
water usage of 4-7 mm/d by trees along the river banks. Another study on the
Catherine River (Jolly, pers.comm.) resulted in 6 mm/d as an estimate of
evapotranspiration, this being equivalent to nearly 2200 mm/y for evapotranpiration
at a constant rate all year. Mabbutt (1977) estimates 1200-1500 mm/y as the
effective evapotranspiration in the semi-arid areas of mid-Australia.

In his study of the Jabiru groundwater supply in the Nanambu Creek region,
Pidsley (1990) assumed 300-500 L/d as the average daily transpiration per tree,
with one tree per 200 m2, this being equivalent to 1.5-2.5 mm/d. Combined with
direct evaporation from the soil of 4-5 mm/d, he assumed combined maximum
evapotranspiration of 2-3 mm/d during the wet season and 5-7 mm/d during the
dry. Pidsley argued that in spite of increased water availability, atmospheric
demand would be low during the wet season, and hence transpiration should be
low. He also argued that during the dry season, mature Eucalyptus trees have the
ability to limit their water loss, thus evapotranspiration would be dominated by
direct evaporation from the soil. Allowing for transpiration being reduced when the
depth to water table exceeds the typical rooting depths for trees, i.e. 5-10 m, he
then adopted spatially averaged values of evapotranspiration of 1 mm/d and
5 mm/d in the wet and dry seasons, respectively. Even if the converse were true,
an annual average of 3 mm/d leads to nearly 1100 mm/y.

Surface runoff

As discussed in Section 2.1, records at the Nourlangie gauging station leave
considerable uncertainty about annual runoff totals. In order to try to use the
gauging data, we started from the following premises: (i) that changes in storage
from year to year are negligible, if calculations are based on water years from 1
July to 30 June, (ii) that measured annual rainfall R [mm] and pan evaporation E
[mm] are uniform over the catchment area, (iii) that actual annual
evapotranspiration is less than annual pan evaporation by some constant multiplier
e, where e<1, (iv) that in every year, eE must be less than R, (v) that annual runoff Q
[converted from a volume in m3 to mm] can be calculated as a function of a single
unknown parameter q, where q is the discharge in m3/s at a stage of 4 m, by
extrapolating the rating curve to include this value, (vi) that in every year, Q must be
less than R, (vii) that in every year, eE and Q add to give R, with both being
significant fractions of R.

For any pair of values of e and q, it is possible to compute the error in annual water
balance, R-eE-Q(q), for every year of available data. It seems reasonable
therefore to choose e and q to minimise the sum of squared errors. This was
performed by a pattern search over a range of values of e and q, with the result that
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e = 0.25 and q = 300 m3/s (at a stage of 4 m) produce a clear minimum. Although
this result is based on only four data points, variations in eE and Q/R do tend to
reflect the coefficients of variation of E and R respectively. Note that e = 0.25
corresponds to eE/R of about 0.4. The resulting average Q/R (the annual runoff
coefficient) is about 0.6, greater than but not totally inconsistent with earlier
estimates.

It would be nice to be able to apply this method to a longer record of annual data,
however long term data are not available. It appears quite likely that stage
recordings approaching 6 m do not in fact correspond to high flows, but rather
indicate a backwater or drowning effect due to very high flows (and high levels) in
Nourlangie Creek downstream. The method of extrapolation suggested can be
expected to work only for years where the weir at the gauging station acts as a
hydraulic control.

Water balance

Noranda's estimated annual runoff coefficient of 0.5 was obtained almost by
assumption, however there are insufficient data to refine this estimate with any
degree of confidence. Table 3.2.1 therefore summarises the components of an
annual water balance upstream of the Nourlangie Gauging Station, based on this
estimate of 0.5.

TABLE 3.2.1

COMPONENTS OF THE ANNUAL WATER BALANCE
UPSTREAM OF THE NOURLANGIE GAUGING STATION

Component
Rainfall
Surface runoff
Evapotranspiration
Groundwater outflow

Depth (mm)
1685
842
842

negligible

Volume (m3)
25.9x106
12.95 x 106

12.95 x 106

negligible

3.2.2 Water balance in a cross-section

The lumped water balance concept can in principle be extended to the situation
shown in Figure 3.2.1. In this Figure, we visualise long-term average flows in a
number of surface and subsurface zones. Surface runoff and evapotranspiration
would be just as difficult to estimate for this cross-section, but it would be possible
to develop a set of water balance equations for a simple network of flow paths,
such that the sensitivity of groundwater flow estimates to a number of parameters
could be examined, before setting up detailed spatially and temporally discretised
models as in the remainder of this Volume.

Figure 3.2.1 shows one zone for the Kombolgie sandstone, one for the Koongarra
fault itself, and two zones down-gradient from the Fault, with the implication that
flow processes need to be considered separately in each. The upper zone
represents surficial sands which are seasonally saturated, i.e. they fill at the start of
each wet season, remain wet during the wet season, and drain, by a combination
of evapotranspiration and groundwater flow, through the dry season. The lower
zone then represents a combination of partially weathered schist and fractured
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schist. These zones are separated by highly weathered clays which are
significantly less conductive.

The conceptual model shown in Figure 3.2.1 is just that: no attempt has been
made to estimate the different fluxes in this Figure, either as long-term averages or
with seasonal variations.

R ET R ET

Kombolgie
sandstone

Fault Cahill
Schist

Creek

FIGURE 3.2.1 Lumped water balance in a cross-section

3.3 One-Dimensional Transient Flow in the Transition Zone
- A.D. Barr and L.R. Townley

For many reasons, it seems reasonable to assume that flow near the No.1 Orebody
occurs mainly in a transition zone near the base of the weathered zone, or in the
upper part of the unweathered schist. The transition zone can be conceptualised
as a thin aquifer^ in which flow is essentially horizontal and piezometric head is
nearly constant with depth.

In this Section, we describe two 'one-dimensional' models of flow in the transition
zone. The main purpose of these models is to demonstrate the role of seasonal
fluctuations and a possible mechanism for seasonal or occasional reversals in the
direction of flow near the fault. The first model is actually a three-layered one-
dimensional model, and the second is a single-layered version of the first. All
calculations have been obtained using AQUIFEM-N (Townley, 1987), a multi-
layered aquifer flow model.

We start by supposing that although most of the flow may occur in a more
conductive layer at the top of the unweathered zone, there are in fact three layers
which are permanently saturated: a highly weathered confining clayey zone, a
more conductive transition or fractured zone, and a less conductive unweathered
schist zone. Since the secondary dispersion fan exists in the highly weathered
zone, there is some interest in simulating horizontal flow in this upper layer, even
though it is not an aquifer in the usual sense. Figure 3.3.1 shows our conceptual
model in which there is a water table in the upper layer. As a result, there are
distributions of piezometric head in the lower layers, which are related to but not
identical to the water table elevation.
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Koongarra
Creek
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FIGURE 3.3.1 Conceptualisation for a three-layered one-dimensional model

To begin with, we assume that all groundwater is supplied by the Koongarra Fault,
which may be assumed to 'wet up1 seasonally as surface runoff emerges from the
escarpment. The second layer is assumed to be connected to Koongarra Fault at
the upgradient end, and head in the Fault is assumed to vary sinusoidally with
amplitude 3 m about a mean of 23 m AHD. The upper layer is connected to
Koongarra Creek at its downgradient end, and the water table at the Creek is set to
a constant value of 17 m AHD. Assumed aquifer properties are given in Table
3.3.1.

TABLE 3.3.1

AQUIFER PROPERTIES FOR A THREE-LAYERED ONE-DIMENSIONAL MODEL

Layer

1
2
3

Transmissivity
T (m2/d)

0.05
0.5

0.01

Specific yield
Sy(-)

0.3

Storage
coefficient

SoB (-)

10~4

10~4

Leakage
coefficient

between this
layer and the
layer above
K7B1 (1/d)

10-3

10-3

This model was run for a three-year period with nominal monthly time steps of 30
days. Results are reported during the second year, by which time the effect of the
steady initial conditions were found to have disappeared. Figure 3.3.2a shows
heads for all three layers along a longitudinal section between the Fault and the
Creek. Results are shown at monthly intervals. The heads in all three layers are
virtually identical, and cannot be distinguished in the Figure. The only difference
occurs near Koongarra Creek, where heads in the lower two layers are slightly
higher than 17 m, in order to drive flow upwards through the highly weathered zone
to the Creek.
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In Figure 3.3.2a, which we consider to be a 'base case1 for sensitivity studies, the
leakance K'/B' is based notionally on vertical conductivities of the order of 10~2 m/d
and vertical separations of the order of 10 m. Figures 3.3.2b and 3.3.2c show the
effect of decreasing K7B1 by one and two orders of magnitude, respectively. As
K'/B1 decreases, an even greater head difference is required near the Creek to
allow flow to move upwards from the middle layer (which is connected to the Fault).
We still see roughly the same range of heads throughout the seasonal cycle,
because the cycle is forced explicitly by a specified fluctuation at the Fault. We also
see that the reduced connectivity between the layers allows the spatial distributions
of heads at any instant in time to spread apart.

Now consider the effect of transmissivity, because T = 0.5 m2/d would probably be
considered to be low in the second layer, which is the major transmitting layer.
Figure 3.3.3 compares the base case (Figure 3.3.3a is identical to Figure 3.3.2a)
with two others with T increased by one and two orders of magnitude, respectively.
As T increases in the second layer, a much smaller gradient is required to transmit
the volume of water moving between the Fault and the Creek. At the same time,
the head differences near the Creek also become much larger. Notice that all three
layers respond together over most of the length of the domain, thus even though
the second layer is the one with increased transmissivity, this causes heads in the
top layer to rise to unreasonably high levels as well. It therefore seems unlikely
that transmissivity can be as high as suggested, at least if the Fault is the source of
water (through its connection to the second layer) and if K'/B1 is of the order of
10-3/d.

Adding steady recharge to the upper layer, at a rate of 10~5 m/d is sufficient to
cause reverse flow towards the Fault. Figure 3.3.4 is like Figure 3.3.2, except for
the addition of steady recharge to the top layer. The same trends are apparent as
K'/B' decreases, but in all cases there is a part of the year when flow near the Fault
changes direction and moves back towards the Fault. By specifying the Fault as a
fixed head boundary, it can act either as a source or sink of water depending on
conditions within the aquifer. Adding a small amount of recharge is sufficient to
force it to act as a sink for at least part of the year. Conceptually we could envisage
the Fault filling as surface runoff emerges from the escarpment during the wet
season, and acting as a drain as water levels drop at some distance along the
Fault.

Figure 3.3.5 is like Figure 3.3.3, examining the effect of increasing T in the second
layer, but with steady recharge to the top layer as well. Again, the likelihood of
T = 50 m2/d is remote, at least with other model parameters as they are set.

It is interesting to ask how behaviour would be different without the Fault acting as
a fixed head boundary, and with spatially distributed recharge and/or discharge
being the driving force instead. In Figure 3.3.6, the Fault acts as a no-flow
boundary. Spatially uniform recharge is applied to the top layer, but varies
sinusoidally in time, with a mean value of 10~5 m/d and an amplitude of 10"5 m/d.
That is, recharge varies between 0 and 2 x 10~5 m/d during the year. In Figure
3.3.6a, all aquifer properties are as in Table 3.3.1. In Figures 3.3.6b and 3.3.6c,
K'/B' decreases by one and two orders of magnitude. It is clear that the same kind
of range of piezometric heads can be achieved by assuming fluctuating recharge
and fluctuating heads at the Fault.
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A final set of simulations also considers fluctuating recharge with a no-flow Fault,
but examines the effect of increasing T in the second layer. If T is increased by up
to two orders of magnitude and all other parameters are unchanged, the head
distributions would approach an almost horizontal surface, with only a slight
perturbation near the Creek to account for the resistance between the second layer
and the upper layer. Clearly any recharge near the upgradient end of the system
would migrate downwards to the second layer, flow through that layer (which acts
as a high conductivity conduit) and then flow (against significant resistance) back
up to the upper layer. The resulting head distributions would bear no resemblance
to those observed at Koongarra.

Increasing T , Rave and Ramp by one and two orders of magnitude has the effect of
raising water levels, but far too much. The much larger volumes of throughflow are
unable to rise from the second layer to the upper layer at the Creek without
inducing head differences of 10 or 10s of metres. Thus the only way to achieve
distributions which are like those observed is to increase T, Rave, Ramp and K'/B'
simultaneously by one or two orders of magnitude. Figure 3.3.7 shows three such
simulations, the first identical to Figure 3.3.6a and two with parameters increased
by one and two orders of magnitude.

Although fluctuating recharge is capable of causing fluctuations in heads in the
three-layered model, there can be no reverse flow towards the Fault unless it is
defined as a prescribed head or prescribed flux boundary in at least one layer. In
the physical situation, flows in the long-fault or strike direction, perpendicular to the
direction simulated in this Section, can occur due to heterogeneity and/or
anisotropy, i.e. to preferred pathways which drain at different rates. Such effects
can not be incorporated in this simplified three-layered one-dimensional model.

To emphasise the role of the second layer as the primary conduit for flow, Figure
3.3.8 shows time series of horizontal fluxes in each aquifer for three of the cases
simulated above. These fluxes have units of m2/d, i.e. they are flows per unit width
in the other horizontal direction. The cases compared are those shown in Figures
3.3.3a, 3.3.5a and 3.3.7a. These all use parameters as in Table 3.3.1, but have
different combinations of boundary conditions. Figure 3.3.3a has fluctuating heads
in the Fault and no recharge, Figure 3.3.5a has fluctuating heads and steady
recharge, and Figure 3.3.7a has a no-flow Fault and fluctuating recharge. Clearly
there are differences in rates and directions of flow. Reverse flows only occur in
Figure 3.3.5a, i.e. there needs to be both distributed recharge and a mechanism for
removing water from the modelled section along or near the Fault. In all cases, the
larger transmissivity in the second layer causes this layer to carry the bulk of the
flow, in proportion to the value of its transmissivity relative to the sum of all
transmissivities.

In trying to choose a scenario which is closest to that observed at Koongarra, we
need to identify special characteristics of the simulated head distributions that
make them unique and consistent with field observations. There are perhaps four
distinguishing features of the various distributions: (i) the general gradient from the
Creek to the Fault, which can be shown to depend on average recharge divided by
effective transmissivity, (ii) the amplitude of heads, which can be shown to depend
either on the amplitude of head boundary conditions or on the amplitude of
recharge divided by the effective storage coefficient, (iii) the relationship between
maximum heads and ground levels, and (iv) vertical head gradients near the
Creek. Knowledge of the first two dependencies has allowed us to select the

31



simulations shown in this Section. We have not systematically compared heads
with ground levels, but this could have been done. Perhaps the stongest finding
here is that because standing water level data are only really available for a
distance of 300 m or so from the Fault, it would be extremely difficult to calibrate an
accurate model. It would have been particularly useful to carry out a detailed field
study within 50 m or so of the Creek. This would have allowed detailed
understanding of the dynamics of the most important part of the groundwater
system, through which nearly all of the groundwater flow eventually passes.
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FIGURE 3.3.2 Distributions of piezometric heads with a prescribed head boundary
at Koongarra Fault and (a) parameters as in Table 3.3.1, (b) K'/B1 = 10-4 m/d

and (c) K'/B1 = 10"5 m/d
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FIGURE 3.3.3 Distributions of piezometric heads with a prescribed head boundary
at Koongarra Fault and (a) parameters as in Table 3.3.1, (b) T= 5 m2/d

and (c) T= 50 m2/d
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FIGURE 3.3.4 Distributions of piezometric heads with a prescribed head boundary
at Koongarra Fault, constant recharge and (a) parameters as in Table 3.3.1,

(b) K'/B1 = 10-4 m/d and (c) K7B1 = 10~5 m/d
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FIGURE 3.3.5 Distributions of piezometric heads with a prescribed head boundary
at Koongarra Fault, constant recharge and (a) parameters as in Table 3.3.1,

(b) T= 5 m2/d and (c) T= 50 m2/d
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FIGURE 3.3.6 Distributions of piezometric heads with a no-flow boundary at
Koongarra Fault, fluctuating recharge and (a) parameters as in Table 3.3.1,

(b) K7B1 = 10-4 m/d and (c) KVB1 = 10-5 m/d
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FIGURE 3.3.7 Distributions of piezometric heads with a no-flow boundary at
Koongarra Fault, fluctuating recharge and

(a) parameters as in Table 3.3.1, Rave = Ramp = 10~5 m/d,
(b) T= 5 m2/d, Rave = Ramp = 10"4 m/d, K'/B1 = 10~2 m/d,

and (c) T= 50 m2/d, Rave = Ramp = 10~3 m/d, K7B' = 10-1 m/d
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FIGURE 3.3.8 Seasonal variation in horizontal aquifer flux in three aquifers at a
distance of 100 m from Koongarra Fault (a) for case in Figure 3.3.3a,

(b) for case in Figure 3.3.5a, (c) for case in Figure 3.3.7a
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3.4 Two-Dimensional Steady Flow in a Regional-Scale Cross-Section
- M.G. Trefry and L.R. Townley

When regional-scale flow systems are examined in a cross-section through the
landscape, they often exhibit complex flow patterns controlled by surface
topography and hydraulic properties (T6th,1963; Freeze, 1969). Recent studies of
groundwater flow near shallow lakes and wetlands (Townley et al., 1992) have
shown that groundwater can pass below and beyond one water body and exit to
the surface at a second or later water body. Thus the objective of two-dimensional
regional-scale cross-sectional modelling in ARAP was to verify that a localised flow
system, with an effective boundary at Koongarra Creek, is indeed the most likely
flow pattern in the context of a larger regional system.

We chose to simulate flow in a cross-section based on Section D-E of the Cahil!
1:100 000 Geological Series map (see Figure 1.3.1). This section is oriented NW-
SE and passes directly through the Koongarra No.1 Orebody. Three separate finite
element grids were generated for rectangles 26 km in length, being the full length
of the D-E Section. The grids were 1, 2 and 3 km deep, with nearly 2 400 nodes
and 4 800 elements per kilometre of thickness.

Since our intention was to study large-scale regional flow patterns, we assumed a
uniform background regional conductivity for schist (0.003 m/d), and inserted the
following zones with different hydraulic conductivities:

• sandstone zones (0.01 m/d) below Mount Brockman and the Arnhem Land
Plateau, and

• fault zones (0.1, 1 and 10 m/d) for the Koongarra Fault (dipping 45° to the SE,
an approximation to the true dip of 55°) and the Sawcut Fault (vertical).

Sandstone zones were assumed to be 500 m thick for the cases with 2 km and
3 km of schist, but only 100 m thick for the case of a 1 km layer of schist. Fault
zones were assumed to be 20 m wide (in the horizontal direction). Boundaries
were assumed to be no-flow at both ends and at the bottom, while piezometric
heads were specified along the upper surface, representing approximate ground
surface elevations in the valleys and groundwater mounds above the sandstone
regions. Various assumptions were made about the heights of groundwater
mounds. In all cases, the model domain was a rectangle, this being a geometric
approximation to the true shape with a varying water table elevation. From
experience, however, we are confident that this kind of geometric approximation
has only minor effects on predicted flow patterns.

All runs were carried out using AQUIFEM-N (Townley, 1987), a linear triangular
finite element model. This model solves first for piezometric heads and then
computes boundary fluxes with sufficient accuracy to allow a second automatic
solution for streamfunction. The latter allows plotting of travel paths in vertical
sections under conditions of steady flow.

Figure 3.4.1 shows results obtained for a 3 km thick section, with 500 m of
sandstone and without any faults. Figure 3.4.1a shows the distribution of heads
assigned to the top surface of the model. Heads vary linearly between the
following key values: 20 m at the left (NW) end of the region, 40 m at the NW foot
of Mount Brockman, 100 m beneath the middle of Mount Brockman, 40 m at the
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SE foot of Mount Brockman, 23 m at Koongarra Creek, 40 m between Koongarra
and Sawcut Creeks, 23 m at Sawcut Creek, 40 m at the foot of the Arnhem Land
Escarpment and 100 m below the Arnhem Land Plateau. Figure 3.4.1b shows
contours of equipotentials and streamfunction, with contour intervals of 6.667 m for
equipotential and 0.02 m2/d for streamfunction. The ratio of 0.02 m2/d to 6.667 m
is 0.003 m/d, equal to the hydraulic conductivity of the schist, so the flow net has
curvilinear "squares" in the schist region. The fact that they do not appear to be
square is due to the fact that Figure 3.4.1b, like all vertical sections in this Section,
is vertically exaggerated by a factor of 2.

Examination of Figure 3.4.1 reveals that recharge into sandstone in the Mount
Brockman Massif flows NW towards the Nourlangie Creek surface drainage system
and SE towards Koongarra and Sawcut Creeks. Recharge on the Arnhem Land
Plateau flows NW to Sawcut Creek. Interestingly, the local mound between
Koongarra and Sawcut Creeks causes flows in both directions, thus below this
mound, there must be a stagnation point (which corresponds to saddle points in the
equipotential and streamfunction surfaces).

Figure 3.4.2 shows three simulations with the hydraulic conductivity of the faults set
to 0.1, 1 and 10 m/d. Since there is no way to directly determine an effective
conductivity for the faults, our aim was to determine the sensitivity of flow patterns to
this model parameter. The overall features of the regional flow system do not
change. But as fault conductivity increases, the flow system SE of the (vertical)
Sawcut Fault becomes isolated from the rest, and Koongarra Fault becomes a
conduit for transporting water downwards, thus increasing the total flow from Mount
Brockman to Sawcut Creek. Koongarra Fault is not shown in the Figure, but can be
identified by sudden changes in direction of streamlines, along a line which dips to
the SE. The angle of dip appears steeper than 45° because of the 2:1 vertical
exaggeration. In Figures 3.4.2a and 3.4.2b, there appears to exist a point on the
Koongarra Fault above which there is upward flow in the fault and below which
there is downward flow. This point appears to get shallower as the conductivity of
the fault increases.

There is no direct evidence for the depth at which bedrock becomes impermeable,
and the results discussed so far are merely illustrative of the types of flow patterns
which could occur if the schist were sigificantly conducting to a depth of 3 km. In
the remainder of this Section, we examine the effects of shallower bedrock.

Figure 3.4.3 shows results obtained with 2 km of schist and with fault conductivity
set to 1 m/d. Figure 3.4.3a can be compared with Figure 3.4.2b, to illustrate the
effect of reducing the thickness of schist. The flow field looks as though the bottom
third in Figure 3.4.2b has been cut off, indicating that the very little flow was
occurring in that bottom third. Figure 3.4.3b shows the effect of reducing the peak
water table elevation under Mount Brockman to 50 m. The flow field southeast of
Sawcut Fault is unaffected. Below Mount Brockman, flows are much less, but
interestingly, the fault is conductive enough to result in a very similar distribution of
streamtubes immediately above the top 700 m of the Koongarra Fault.

In Figure 3.4.4, the thickness of conductive schist is further reduced to 1 km, but
still with fault conductivities set to 1 m/d. At the same time, the thickness of the
Kombolgie sandstone is reduced from 500 to 100 m. Figures 3.4.4a and 3.4.4b
have head distributions at the surface as in Figures 3.4.3a and 3.4.3b. Compared
to Figures 3.4.2b and 3.4.3a, Figure 3.4.4a has many fewer streamtubes under
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Mount Brockman and Arnhem Land, because of the thinner layer of sandstone. But
again, Figures 3.4.4a and 3.4.4b show the same three streamtubes above the top
700 m of the Koongarra Fault.

Since ARAP requires an understanding of flows through the Koongarra Orebody,
Figure 3.4.5 shows three close-ups of a region 500 m deep and 2.7 km long (from
the crest of the mound under Mount Brockman to Koongarra Creek). These close-
ups were obtained by zooming in on Figures 3.4.2b, 3.4.3a and 3.4.4a, all of which
correspond to a 100 m peak water table elevation under Mount Brockman and
1 m/d conductivity in the Koongarra Fault. Even though Figure 3.4.5c (Figure
3.4.4a) has a 100 m layer of Kombolgie sandstone, it can be seen that flow
through the region of the orebody is little affected. In this latter case, significantly
higher downward flow in the fault supplies the water for upward flow above the
fault.

Regional-scale modelling in cross-section needs to take into account the fact that
the assumed shape of the water table at the upper boundary implies a distribution
of recharge/discharge across that boundary which may not be physically realistic.
In this Section, for example, we have assumed linear segments to represent the
water table between various topographic features. It is well known that uniform
recharge to an aquifer with a fixed head boundary at one end and a no-flow
boundary at the other results in a curved water table. Thus a linear water table
induces a distribution of recharge and discharge which is not uniform in space, and
which may vary in a way which seems unlikely. It is probably preferable for models
of this type to have a blend of prescribed head and prescribed fiux boundaries on
the upper surface. If prescribed heads are used, the spatial distribution of
boundary fluxes should at least be examined for reasonableness.

Figure 3.4.6 shows the spatial distribution of flux across the water table for the
simulation shown in Figure 3.4.1. AQUIFEM-N calculates automatically the flux
through all nodes on fixed head boundaries. This Figure shows that Mount
Brockman and the Amhem Land Plateau provide most of the recharge to drive the
regional flow. Significant discharge occurs in this model just upgradient of
Koongarra Fault, and further discharge occurs between the Fault and the Creek.
The shape of the distribution is interesting, because it is neither one we would have
supposed, nor one we could easily verify by direct measurements.

The main results of these regional-scale simulations are that:

(a) regional groundwater flows are topographically controlled, with three main
flow cells in the modelled region,

(b) flow in the central cell occurs from Mount Brockman southeast towards
Koongarra and Sawcut Creeks, but a local mound between these creeks may
cause a reverse flow zone and a stagnation zone at depth,

(c) increasing the effective hydraulic conductivity of the Sawcut Fault isolates
the Arnhem Land Plateau region from the rest of the flow system,

(d) for a given thickness of the Kombolgie sandstone, increasing the
conductivity of the Koongarra Fault results in downward flows in the fault to a higher
level in the fault; and
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(e) decreasing the thickness of the Kombolgie sandstone leads to increased
downward flows in the Koongarra Fault but has little effect on the number of
streamtubes above the fault.

These results give some confidence that three-dimensional modelling of a smaller
region near the orebody may be relatively insensitive to the thickness of the
Kombolgie sandstone and the depth to impermeable bedrock.
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Nourlangie
Creek

Mount Koongarra
Brockman Creek

Sawcut
Creek Arnhem Land

Plateau

FIGURE 3.4.1 (a) Heads assigned to the top boundary and (b) flow net for
a 26 km x 3 km cross-section with no faults

Koongarra Fault

FIGURE 3.4.2 Contours of streamfunction for grids including faults with hydraulic
conductivities of (a) 0.1 mch1, (b) 1 md"1 and (c) 10 md"1
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FIGURE 3.4.3 Contours of streamfunction with fault conductivity 1 md~1 and
maximum water table elevation below Mount Brockman of (a) 100 m and (b) 50 m

FIGURE 3.4.4 Contours of streamfunction with thinner Kombolgie sandstone layer,
fault conductivity 1 md~1 and maximum water table elevation below Mount

Brockman of (a) 100 m and (b) 50 m
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FIGURE 3.4.5 Close-ups corresponding to Figures 3.4.2b, 3.4.3a and 3.4.4a
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FIGURE 3.4.6 Spatial distribution of flux across the water table boundary
for the simulation shown in Figure 3.4.1
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3.5 Two-Dimensional Steady Flow in a Local-Scale Cross-Section
- D.A. Lever, ST. Morris and J.P. Raffensperger

This Section presents several sets of two-dimensional groundwater flow
simulations for a local-scale cross-section through the Koongarra No.1 Orebody.
These simulations were undertaken by several groups at different times during
ARAP.

3.5.1 Simulations using NAMMU
- D.A. Lever and ST. Morris

These simulations were undertaken using a finite element groundwater flow code
known as NAMMU (Atkinson et al., 1986). The purpose was not to perform a
detailed analysis of the groundwater flow, but rather to obtain a broad
understanding of the nature of the local-scale groundwater flow at Koongarra.
Variations in the hydrogeological properties of the important rock units and in the
position of the various boundary conditions were all considered.

In this study, the flow field was assumed to be two-dimensional, in a vertical plane
normal to the Koongarra Fault. The 6109 mN cross-section was selected as a
representative cross-section. While two-dimensional calculations can not be used
to study the three-dimensional structure of groundwater flow, they can nevertheless
contribute to an understanding of the flow.

Boundary conditions

In any groundwater flow simulation, selection of appropriate boundary conditions is
critical. The selection can be greatly simplified and made more realistic by sensible
location of boundaries. In this two-dimensional model there are four distinct
boundaries to consider: NW, SE, upper and lower. The boundary conditions
imposed, and the reasons for the choices are as follows:

(a) NW Boundary. This was chosen to be at the peak of the Kombolgie outcrop,
where there is likely to be a groundwater divide (see Section 3.4). A no-flow
boundary condition is therefore appropriate.

(b) SE Boundary. This is located at the position of the Koongarra Creek, thus as
shown in Section 3.4, a no-flow boundary condition is also appropriate.

(c) Upper Boundary. The upper boundary is chosen to be the water table.
Since NAMMU is written with pressure as the dependent variable, rather than
piezometric head, the appropriate boundary condition is an imposed pressure
head, corresponding to atmospheric pressure at the water table.

(d) Lower Boundary. Little or no data are available concerning the nature of the
rock lying deep below the site. A no-flow boundary condition is the most obvious,
and can be justified if the lower boundary is located sufficiently deep that its
presence does not disturb the resulting flow field in the region of interest.

It is worth noting at this point that while the nature of the boundary conditions is
physically justified, the exact location of the boundaries is subject to uncertainty
and the model results may be sensitivite to this uncertainty.
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The base case

In the present study the geology of the region was characterised by the following
distinct geological units: the Koongarra fault, the Kombolgie formation, the
unweathered Cahill schist, the weathered Cahill schist, and the transitional Cahill
layer that separates the weathered and unweathered zones. The hydrogeological
properties within each rock type were assumed to be homogeneous and isotropic.

Much uncertainty exists concerning the properties of the different rock types. In
addition, the precise geometry of the model is not well defined. Consequently a
methodology reflecting these inherent uncertainties has been adopted.

The approach used in this study has been to define a 'base case' incorporating the
'best estimates' of the uncertain parameters, and then to consider the effect of
varying these parameters. Hydrogeological data (values of permeabilities and
porosities) for the base case are given in Table 3.5.1. For the Koongarra Fault,
values of permeability and porosity were chosen to represent a highly conducting
fracture. Since NAMMU is based on pressure rather than piezometric head,
permeabilities are expressed as intrinsic permeabilities in m2.

The finite element grid used for the simulations is shown in Figure 3.5.1, and Figure
3.5.2 shows the arangement of the rock types. All figures in this sub-section are
vertically exaggerated by a factor of three.

Uncertainties and approximations

The various uncertainties can be classified as being of two distinct types:
hydrogeological and geometrical.

To simplify the treatment of hydrogeological uncertainties, we focus on
uncertainties in the permeabilities of the Koongarra Fault and the weathered Cahill
layer. The consequences of other uncertainties can be judged in part from the
results of these calculations. No data are available for the fault, so three extremes
were considered: highly permeable, moderately permeable and almost
impermeable. For the case of the Cahill schist, it is not certain whether the
weathered layer is more or less permeable than the unweathered layer, so two
extreme cases were considered: an aquifer weathered layer (base case) and an
aquitard. All the values of permeability and porosity used in this study are listed in
Table 3.5.1.

Of the geometrical factors, one of the most important is the position of the water
table. In this study, annual fluctuations of the water table have not been considered.
For the wet season the water table is generally assumed to coincide with the
physical topographical surface. In the escarpment region, however, where the
water table lies below the land surface, we have considered two cases: one with a
maximum water table elevation of 140 m AHD and another with a maximum of
160 m AHD. In the region between the orebody and the creek, the water table is
defined by surficial deposits; rather than attempting to model these deposits
explicitly, the effects of various representative surface topographies were
considered.
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The thickness of the weathered layer is known in the region of the orebody, but it is
known to vary towards the creek. Two possibilities were considered: a layer of
constant 25 m thickness and one of constant 10 m thickness.

The position of the southeast boundary was chosen to be the Koongarra Creek.
However, the position of the creek may have varied with time. Hence, two positions
were investigated: 3770 mE (the present location of the creek) and 3560 mE.
Similarly, two positions of the northwest boundary were investigated: 1500 mE
(the base case) and 2570 mE.

Results

As noted previously, the approach adopted in this study has been to define a base
case and then to investigate how the predicted flow field varies as the uncertain
parameters are varied. The result of such a study is a set of predicted flow fields
corresponding to all combinations of these parameters.

In order to make sense of these results it is necessary to present them in an
ordered way. We have found that by far the most significant parameter is the
permeability of the fault, the three permeability types leading to three distinct
classes of flow. Hence, the results are grouped here according to the three types of
fault permeability. It should be noted that the base case is a special case of a
highly permeable fault.

The results of any steady-state flow calculation can be presented in many ways.
For the base case we include a contour plot of the pressure variation over the
model. For each of the three types of fault we include a plot of streamlines. This
provides a useful visualisation of the flow field. Finally, we present plots of pathline
calculations for particular cases of interest. The pathlines are taken to start from
positions of interest within the ore body.

Highly permeable fault: the base case

The base case is that of a highly permeable fault, and a weathered Cahill layer that
acts as an aquifer compared to the unweathered layer. The thickness of the
weathered layer is 25m. Figure 3.5.3 shows a plot of pressure contours for this
case. Figure 3.5.4 shows streamlines of the flow. The effect of the conducting fault
is to 'channel' the upstream flow towards the surface, with a significant 'leakage'
into the aquifer weathered layer.

Quantitative results can be obtained by employing the particle-tracking algorithm
included in NAMMU to calculate pathlines to the surface, together with Darcy fluxes
and transit times. Figure 3.5.5 shows typical pathlines obtained for the base case.
It can be seen that the flow is confined to the weathered layer. Typical Darcy fluxes
are 1.3 x 10"4 m/d, with groundwater transit times of about 7 000 years. The point
of emergence is the Koongarra Creek, thus the transit times depend critically on the
location of the creek, although the Darcy flux is insensitive to this parameter. There
is some sensitivity to the shape of the surface above the ore body, because this
determines the pressure gradient; transit times can vary between 3 000 years and
11 000 years. For the case of a 10 m weathered layer, the pathlines rise steeply,
then move along the aquifer as before, with similar Darcy fluxes and transit times.
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For the case of the weathered layer acting as an aquitard, the pathlines are shown
in Figure 3.5.6. The pathlines rise steeply through the weathered layer with very
little horizontal transport. Darcy fluxes are of the order of 8.6 x 10~7 m/d, with transit
times varying between 10 000 years and 50 000 years, depending on the
thickness of the weathered layer. There is little sensitivity to all other parameters.

In both cases it is interesting to note that the fault has the property of 'screening' the
orebody flow field from the region northwest of the fault, so that the flow shows
great insensitivity to any variations in the properties of the escarpment region.

Highly impermeable fault

Figure 3.5.7 shows streamlines obtained for the case of a highly impermeable fault.
The streamlines reveal a highly partitioned flow field, with the fault marking an
effective no-flow boundary. Once again the effect of the fault is to screen the
localised flow field from the escarpment region.

For the case of an aquifer weathered layer the pathlines obtained are shown in
Figure 3.5.8. The pathlines describe vertical parabolae, with some limited
'channelling' through the aquifer itself. The Darcy fluxes in the aquifer are
1.3 x 10~4 m/d with transit times of around 5 000 years. This compares with transit
times of 40 000 years for flow through the unweathered schist. The Darcy fluxes
are insensitive to the location of the southeast boundary, although clearly the transit
times will be. For the case of a 10 m thick aquifer, many more of the pathlines are
observed to submerge. Also there is some sensitivity to the surface shape, with
regions of shallow gradient tending to force the pathlines down into the
unweathered zone.

For the case of an aquitard weathered layer, shown in Figure 3.5.9, all the pathlines
are seen to be parabolic in form, with transit times of the order of 100 000 years.
Again the transit times are sensitive to the location of the creek, but the Darcy fluxes
are not.

Moderately permeable fault

Figure 3.5.10 shows streamlines for the case of a fault permeability similar to that of
the surrounding rock. The flow is seen to sweep through the entire system. The
result of this is that features in the escarpment region can affect the flow in the
vicinity of the ore body.

Figure 3.5.11 shows pathlines for the case of a 25m aquifer weathered layer. The
pathlines move through the weathered layer with Darcy fluxes of approximately
8.6 x 10~5 m/d and transit times of between 300 years and 500 years, depending
on the shape of the surface. The effect of raising the height of the escarpment is to
increase the transit time by about 50%. For the case of a 10 m aquifer, the
pathlines slope upward much more steeply, with a reduced transit time of 150
years, but much less horizontal transport.

The pathlines for the case of an aquitard weathered layer are shown in Figure
3.5.12. These are seen to be near-vertical, with transit times in the range 1 000
years to 2 000 years, and little sensitivity to any of the variable parameters.
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Other variations

In the discussion of the results so far, we have focused on the major variations that
have been considered. There are a number of others that are worthy of
consideration, and these are discussed briefly below.

The location of the lower boundary is to some extent arbitrary. Preliminary
investigations showed a basement elevation of -300 m AHD to be adequate. The
effect of lowering the basement to -400 m is to change the predicted Darcy fluxes
by a few percent.

The fault is modelled by a continuous rock unit of uniform gradient. The fault is
assumed to dip at approximately 65°. The effect of decreasing the dip to 55° is to
change the Darcy fluxes by less than 5%.

The width of the fault is taken to be a constant 10 m. It should be noted, however,
that in the case of either a highly permeable or highly impermeable fault, the
resulting flow field is not sensitive to the precise properties of the fault.
Furthermore, in the case of a moderately permeable fault, the width of the fault is by
definition unimportant. Hence, this parameter did not need further consideration.

It is perhaps worth recalling that a transitional layer between the weathered and
unweathered Cahill schists is included in the model. It is found that this does not
have any impact on the results because there is not sufficient contrast in the
hydrogeological properties of that layer with those of the weathered layer above.

Finally, there is the question of whether the computational grid itself could affect the
results. The grid was chosen to represent adequately the geology and topography
of the site, without incurring undue computational time. An increase in grid
resolution was found to have a negligible effect on the predicted flow field.

Discussion

The variations considered in this Section show that there are basically four types of
flow in the vicinity of the No.1 Orebody for the two-dimensional cross-section
considered. These depend on the hydrogeological properties of the fault and on
the relative properties of the unweathered and weathered Cahill schists. There is
some sensitivity to other properties, but in general it is not very great.

When the weathered Cahill schists are less permeable than the unweathered
schists, then there is little horizontal flow in that region. This does not appear to be
consistent with the development of the orebody that is observed.

If the weathered schists are more permeable, then there are three different flow
regimes depending on whether the fault is a highly conducting fault, an almost
impermeable fault, or whether it does not affect the flow (i.e. it has similar properties
to those of the surrounding rock).

For an almost impermeable fault there is some horizontal flow, but also some flow
vertically downwards in the vicinity of the orebody. If the fault is highly permeable
then there is a strong horizontal flow. In each of these cases, the flow downstream
of the fault is independent of the flow on the upstream side. If the fault has
properties similar to those of the surrounding rock, then the flow goes through the
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entire system. There is a strong horizontal component to the flow in the weathered
layer, but also an upward component.

The picture that appears to be most consistent with the development of the
secondary orebody at Koongarra is one where the fault is highly permeable and
the weathered layer acts as an aquifer. This results in a strong horizontal flow.

Although a set of permeability and porosity data was taken for the calculations,
there are still uncertainties in these values. However, the values have allowed an
understanding of the flow to be developed, and to some extent the effect on, for
example, the groundwater return times, can be found by scaling the values.

No account has been taken of the seasonal variations in the water table. However,
some indication of the importance of this can be obtained from the observed
variations in the depth of the weathered layer. It should also be noted that attention
should not just be focused on present day conditions; the consequences of
changes in topography and precipitation patterns over the time the orebody has
been evolving also need to be addressed.
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TABLE 3.5.1

SUMMARY OF HYDROGEOLOGICAL PROPERTIES

Rock Type

Kombolgie
sandstone*

Unweathered
schist *

Weathered schist
(aquifer)*

Weathered schist
(aquitard)

Transitional layer
(aquifer case)*

Fault
(highly

permeable)*
Fault

(highly
impermeable)

Fault
(moderately
permeable)

Permeability
(m2)

0.8x10-15

2.6x10-16

6.9x10-15

1.0x10-i7

3.5x10-15

1.0x10-7

1.0x10-21

0.8x10-15

Hydraulic
Conductivity

(m/d)
6.7x10-4

2.2x10-4

5.8x10-3

8.4x10-6

2.9x10-3

8.4x104

8.4x10-1°

6.7x10-4

Porosity

0.04

0.03

0.19

0.19

0.14

0.35

0.35**

0.04

Rock types used in the "base case"
The precise value of the porosity in this case is not important
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FIGURE 3.5.1 Finite element grid

FIGURE 3.5.2 Spatial distribution of rock types
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FIGURE 3.5.3 Pressure contours for the case with a highly permeable fault and an
aquifer weathered layer

FIGURE 3.5.4 Streamlines for the case with a highly permeable fault and an
aquifer weathered layer
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6000 years
7200 years

4300 years
5200 years

FIGURE 3.5.5 Pathlines for the case with a highly permeable fault and an
aquifer weathered layer

60600 years 14800 years
65600 years 28900 years

FIGURE 3.5.6 Pathlines for the case with a highly permeable fault and an
aquitard weathered layer
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FIGURE 3.5.7 Streamlines for the case with a highly impermeable fault and an
aquifer weathered layer

6300 years 4500 years
37700 years 8200 years

FIGURE 3.5.8 Pathlines for the case with a highly impermeable fault and an
aquifer weathered layer
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1.64 105 years 9.0 104 years
1.58 105 years 6.7 104 years

FIGURE 3.5.9 Pathlines for the case with a highly impermeable fault and an
aquitard weathered layer

FIGURE 3.5.10 Streamlines for the case with a moderately permeable fault and an
aquifer weathered layer
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600 years
1700 years

Y

FIGURE 3.5.11 Pathlines for the case with a moderately permeable fault and an
aquifer weathered layer

1400 years
2300 years

1200 years
2400 years

FIGURE 3.5.12 Pathlines for the case with a moderately permeable fault and an
aquitard weathered layer
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3.5.2 Simulations including anisotropy
- J.P. Raffensperger

A series of simulations were performed with the aim of determining the sensitivity of
groundwater flow patterns in a two-dimensional cross-section to the effective
hydraulic conductivity of Koongarra Fault. These runs differed from runs described
in Section 3.5.1 in that different rock types were assumed to be anisotropic, with the
principal direction of anisotropy in most materials roughly aligned with the plane of
the Fault. Values of model parameters are given in Table 3.5.2. The value of 0
represents an angle below the horizontal in the direction towards Koongarra Creek.
The cross-section simulated was oriented roughly north-south and extended from
the highest part of the Mount Brockman Massif to Koongarra Creek.

Three simulations were performed with three values of conductivity in the Fault.
The results are presented in Figures 3.5.13 to 3.5.15. In each case, contours of
hydraulic heads and streamfunction are shown, as well as vectors indicating the
direction and magnitude of flow.

Figure 3.5.16 shows the sensitivity of velocity in the vicinity of the secondary
dispersion fan to conductivity in the Fault. With recharge or discharge implied by
the assumed shape of the water table, the Figure shows that velocity near the
orebody increases as Fault conductivity increases. An increase in Fault
conductivity captures a larger proportion of flow in the Kombolgie sandstone, and
provides a conduit for that flow upwards towards the orebody.

TABLE 3.5.2

PARAMETER VALUES USED FOR ANISOTROPIC SENSITIVITY ANALYSES

Rock Type

Kombolgie
sandstone
Weathered
Kombolgie
sandstone
Basal
Kombolgie
sandstone
Cahill schist
Weathered
Cahill schist
Fault zone

K (m/y)

3.5

5.0

7.5

2.0
1.0

10-3 -1Q2

Kmax/Kmjn
7

5

1.5

4
10

10

e
50°

50°

0°

50°
50°

50°

Porosity, §
0.08

0.10

0.20

0.03
0.03

0.05
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2-D SENSITIVITY ANALYSIS
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FIGURE 3.5.16 Sensitivity of velocity near the secondary orebody to
Fault conductivity
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3.6 Two-Dimensional Transient Flow in the Transition Zone in Plan
- A.D. Barr and LR. Townley

The one-dimensional model developed in the Section 3.3 is unable to account for
spatial variations in plan, so the main reason for considering a two-dimensional
model of flow in the transition zone is to account for heterogeneity and anisotropy
in plan, and also to evaluate how the reverse flow regions described in Section 3.3
might appear in two dimensions.

The primary aim of this Section is to present a two-dimensional plan model of
groundwater flow in the Koongarra region. The model domain is bounded by
Koongarra Fault to the (Mine Grid) west, Koongarra Creek to the east, the
Nourlangie gauging station and a small non-perennial creek to the south, and a
small non-perennial creek to the north of No.2 Orebody (Figure 3.6.1). The region
is nearly 3 km in length and about 900 m from west to east at any section. Figure
3.6.2 shows the finite element grid developed for this domain. There are 959
nodes and 1747 elements, with an approximate nodal spacing of 50 m.

Throughout this modelling, the Koongarra Fault is assumed to act as a no-flow
boundary (Figure 3.6.3). The upper few hundred metres of the small tributaries are
also assumed to be no-flow (streamline) boundaries. Koongarra Creek and the
lower two-thirds of each tributary are assumed to act as 3rd-type (mixed)
boundaries.

Mixed boundaries are those where the modeller prescribes neither the head at the
boundary nor the flux across the boundary, but rather a relationship between the
two. Koongarra Creek is conceptualised (in the absence of detailed drilling near
the creek) as a shallow depression in the land surface lying above a highly
weathered zone, which in turn lies above a conducting transition zone which is the
main conduit for lateral flow in the region. With these assumptions, Figure 3.6.4
shows three possible interrelationships between the water level in Koongarra
Creek (hr), the piezometric head in the aquifer below (h), and the elevation of the
creek bed (b). Flow out of the aquifer into the creek is expressed as the product of
a leakage coefficient (K"W7B") and a difference of heads. The leakage coefficient
is conceptually a vertical conductivity in the highly weathered zone (K"), multiplied
by some width in plan over which flow is occurring (generally upwards) towards the
creek (W"), divided by the length of the flow path from the aquifer to the creek bed
(B"). In fact the model is relatively insensitive to the value of the leakage coefficient,
but the 3rd-type boundary conveniently allows the creek to be represented as dry
for part of the year, with discharge (probably in the form of evaporation from the
unsaturated zone) still occurring. The boundary condition has been implemented
so that the model generally cycles between the situations shown in Figures 3.6.4a
and 3.6.4c.

Based on observed water levels at Nourlangie gauging station, we developed a
histogram of monthly average depths in Koongarra Creek at the gauging station
(Figure 2.1.5). Creek bed elevations were estimated from the 1:100,000 Cahill
Sheet, giving a bed elevation of 16 m (AHD) at the gauging station, 18 m
approximately 1 km to the (Mine Grid) north and 23 m at the junction of Koongarra
Creek and the tributary providing the northern boundary of the model domain.
Without solving hydraulic backwater equations to estimate the slope of the water
surface in Koongarra Creek, and in the absence of survey information or other
observations of creek depths, we assumed that the depth of water at the northern
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end of Koongarra creek was 0.75 times the depth at the gauging station. We then
interpolated along the eastern boundary of the model grid (assuming a linear
variation along straight lines between the three points identified above, and
projecting boundary nodes onto these straight lines) to determine boundary heads
in the creek, equal to the sum of the bed elevation and the depth of water in the
creek. Twelve monthly boundary heads were therefore assigned for each node
along Koongarra Creek.

Water levels in the small tributaries at each end of the domain are probably
controlled by backwater effects from Koongarra creek, i.e. the tributaries are
flooded because of high levels downstream, rather than because of significant
flows in the tributaries themselves. We therefore assumed a 0.1% slope on the
water surface proceeding up each tributary, and calculated twelve monthly heads
for nodes on the third type boundary along each tributary. Whenever the water
surface elevation was computed as below the land surface at a node, the head was
defined to be equal to the bed elevation (i.e. hr = b).

Like all aquifer flow models, AQUIFEM-N (Townley, 1987) requires the following
spatially-varying model parameters to represent a confined aquifer in plan: (i)
either hydraulic conductivity, K [LT~1], and the aquifer thickness, B [L], or the aquifer
transmissivity, T = KB [L2T~1]; (ii) the aquifer storage coefficient, S = SoB [-]; and
(iii) time-averaged recharge over the land-surface, R [LT~1]. If an aquifer is
anisotropic in plan, it is necessary to provide either K-n, K22 and 9, orT-n, T22 and
0, where subscripts refer to the principal and minor directions of the anisotropy
tensor, and 9 is the clockwise angle from the x-axis of the model grid to the
principal direction. Where recharge is seasonally varying, it is also necessary to
provide time-varying values of R. In this work, we have assumed that all the above-
mentioned parameters with the exception of 9 are homogeneous, i.e. uniform in
space. This is a major simplification, but one that is necessary because there are
no data available that would allow us to define spatial variations over the whole
model domain. For simplicity, we have also assumed that R varies sinusoidally in
time, with some average value RaVe and amplitude Ramp- If Ramp exceeds Rave, R is
negative at some time of the year, indicating net regional discharge at that time.

A range of aquifer properties has been considered. It is not possible to determine
precisely the thickness of a transition layer in which lateral groundwater movement
occurs under natural gradients. Thus for the purposes of this Section, the flowing
region, i.e. the 'aquifer', is considered to be a layer of the order of 1 m thick, located
somewhere near or below the transition zone at the base of weathering. If flow
does not occur in this zone of incipient weathering, it probably occurs through a
number of connected fractures in the unweathered zone, with most flow occurring
near the base of weathering. A very small number of fractures is sufficient to
explain the observed effective hydraulic conductivities. Because horizontal flow in
the weathered zone is likely to be much less than in the aquifer, and because of the
observed values of effective aquifer storage coefficient, the aquifer is considered to
be confined.

Laboratory tests and field tests such as slug tests and pump tests have indicated a
range of values for K and S (Marley, 1990). If we assume that aquifer pump tests
give more realistic parameter values than laboratory scale tests, we must start with
estimates of T and S of the order of 30 m2/d and 10~4 to 10~3, respectively. But
Marley, in his analysis of the regional water budget, recognises that these
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estimates are somewhat inconsistent with observed standing water level
fluctuations and reasonable estimates of Q. For the purposes of this Section, we
start by assuming that T is of the order of 1 m2/d and S is 10"4. Model results with
these parameter values are generally consistent with observations, but we return at
the end of this Section to discuss the effect of higher T.

There is much support for the notion that T near the Koongarra No.1 Orebody is not
isotropic. The primary evidence for this includes (i) laboratory measurements of
conductivity parallel to and perpendicular to the planes of schistosity, (ii) elongated
drawdown cones observed during pumping tests and (iii) direct observations of the
orientations of planes of schistosity and fractures using Borehole Television (BTV).
Superimposing all the field data presented by Emerson (Volume 4 of this series)
and Davis (Volume 5 of this series), it is clear that the strike of the schistosity and of
fractures are aligned with the principal direction of anisotropy inferred from pump
test data. This direction varies from being parallel to the fault near the Fault (west-
east on the mine grid), to being nearly southwest-northeast several hundred metres
towards Koongarra Creek. Few data are available west of the inferred high
conductivity zone. The locations of pumping tests and BTV measurements (marked
'*' in Figure 3.6.3) indicate the limited 'support' for extrapolations to the whole
domain.

Although it has not been used systematically in this Section, we note that there
exists an established theoretical basis for relating effective anisotropy in a two-
dimensional model to three-dimensional anisotropy. First we assume that three-
dimensional anisotropy in the unweathered zone is such that Kn(3) = K 2 2 ^ >
l<33(3), with K11 (3) and «22^ being in the plane of fractures, closely aligned to the
schistosity, and K33(3) being normal to that plane. We then assume that the
preferred directions of flow in the unweathered zone continue to influence flow in
the transition zone. Since flow in a two-dimensional plan model of the transition
zone is horizontal, the principal horizontal direction of anisotropy will be parallel to
the strike of fractures and/or schistosity. Furthermore, since horizontal flow in that
direction is still within the plane of the fractures, the value of hydraulic conductivity
in that direction, K-|-|(2) will be equal to the Kn(3). Horizontal flow normal to the
strike of fracturing or schistosity, due to a horizontal gradient in that direction, is
oblique to the second and third axes of three-dimensional anisotropy. The effective
horizontal conductivity in that direction is given by (Bouwer, 1978):

1 cos2a sin2a
( 6 }

where a is the angle of dip of the plane of fractures or schistosity. Multiplying by
K-|-|(2) = K-|-|(3), it follows follows that the anisotropy ratio in two dimensions, R(2) =

can be expressed in terms of the anisotropy ratio in three dimensions,
( )

Ft(2) = cos2oc + R(3) sin2a (3.6.2)

Table 3.6.1 gives a range of values for R(2) as a function of R(3) and a. Clearly,
when the dip of fracturing is near 45°, the effective anisotropy in the horizontal
direction is roughly half the anisotropy in three dimensions. When the dip is small,
such that the planes of schistosity or fracturing are nearly horizontal, the horizontal
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anisotropy diminishes. Field data tend to indicate that the dip at Koongarra varies
between 30° and 60°.

TABLE 3.6.1

R(2): ANISOTROPY RATIO IN 2D

a

0°
30°
45°
60°

1
1
1
1
1

R(3):

5
1
2
3
4

ANISOTROPY

10
1
3.25
5.5
7.75

RATIO IN 3D

50
1

13.25
25.5
37.75

100
1

25.75
50.5
75.25

In the absence of better information, we have assumed that the aquifer is
anisotropic in plan, with B equal to 1 m, Kn equal to 1 m/d and an anisotropy ratio,
K11/K22. of 10. Based on drawdown cones and analyses of borehole TV
observations, we took the unusual step of assuming that 6 varies almost
continuously throughout the region. We generalised all observations by assuming
that at the east coordinate of the No.1 Orebody, anisotropy is oriented (Mine Grid)
south-north, but that 400 m further east, anisotropy is oriented 45° differently, in the
southeast-northwest direction. Through that 400 m range, 0 varies smoothly, as if
following a tangent to a circular arc. West of the Orebody, the orientation is south-
north (8 = 0°) and east of 400 m east of the Orebody, it is southeast-northwest
(6 = 450). The spatial distribution of 9, which we have called the assumption of
'varying anisotropy', is shown in Figure 3.6.5. Contours in Figure 3.6.5 are not
perfectly smooth because 6 is assigned at the centroid of each element, but is
interpolated for plotting purposes to the surrounding nodes.

There is almost no information available on which to base estimates of the net
recharge reaching the aquifer we are modelling. A first estimate is obtained by
applying Darcy's Law to the whole site. Assume that the average or effective T of
the conductive zone is about 1 m2/d. The slope of the piezometric head surface
from the Koongarra Fault to Koongarra Creek is about 0.01, therefore the total flux
through a unit width of the aquifer is about 0.01 m2/d. If recharge occurs uniformly
over a distance of 1000 m, with all discharge occurring at Koongarra Creek, the
average recharge, Rave, must be about 10~5 m/d.

It is not clear how recharge to the aquifer actually occurs, but there are undoubtedly
sufficient cracks or conduits to allow a vertical flow of this magnitude. We observe
that vertical gradients in piezometric heads are small. We hypothesise that at the
start of each wet season, the surficial sediments above the weathered zone fill
rapidly and that downward seepage allows a similar rapid response in the
piezometric head in the aquifer at depth. An additional recharge of 10~5 m/d for
100 days, with S = 10~4 and negligible lateral flow in the aquifer would result in a
change in piezometric head of 10 m, not too far from the fluctuation observed near
No.1 Orebody. Thus with small storage coefficients, very little water needs to move
up or down through the weathered zone to explain large fluctuations in piezometric
heads. Furthermore, since the driving force depends on the availability or scarcity
of water in the top metres of the soil profile (consisting of surficial sands and the
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upper layers of highly weathered material), it is easy to accept that the first rains
each year fill the surficial sands, and that evapotranspiration during the dry season
dries out the surficial sands and provides enough suction to remove small
quantities of water from the aquifer at depth. We have assumed in initial
calculations that Ramp is also 10~5 m/d, and that for want of a better model,
fluctuations in recharge are roughly sinusoidal with peak monthly recharge
occurring throughout February each year.

All results have been obtained using AQUIFEM-N (Townley, 1987), with graphical
output produced by associated software known as PLOT. Each simulation was for
a two-year period to allow the effects of initial transient effects to diminish by the
second year. Simulations were started with a steady solution at the beginning of
January, because it is not possible to compute an initial steady solution in the dry
season with all creeks dry. The time step was approximately two weeks, i.e. there
were 24 time steps of 15.25 days per nominal 366-day year.

Each model simulation has been summarised by a tableau of four plots showing :
(i) two-year time series of simulated heads at seven locations approximately along
the 6109 mN transect as shown in Figure 3.6.3; (ii) a cross-section along the same
transect showing twelve spatial distributions of piezometric head at the end of each
month during the second year of the two-year simulation; (iii) a map at the end of
the wet season (i.e. at the end of May) in the second water year, showing contours
of piezometric head and arrows indicating flow directions, and (iv) a similar map at
the end of the dry season (the end of November) in the second water year. Five of
the locations chosen on the transect correspond to particular boreholes, i.e. to
PH82, W1, PH55, W5 and PH94. The contour interval on the maps is 1m, though it
is necessary to use the cross-sections of piezometric head to identify the levels of
the contours. Arrows are drawn such that a distance of 1 cm on the plot represents
a Darcy flux of 0.04 m/d or 14.6 m/y.

A large number of model runs have been carried out, to test the sensitivity of flow
predictions to model parameters (see Figures 3.6.6 - 3.6.12). A base case, against
which other scenarios have been compared, assumes varying anisotropy (as
defined above), Kn = 1 m/d, K22 = 0.1 m/d, S = 10~4, RaVe = 10~5 m/d,
Ramp/Rave = 1 -0 and K'WVB" = 1.0 m/d. This case is shown in Figure 3.6.6. Notice
that the annual fluctuation of heads near the top end of the transect is about 10 m,
roughly consistent with observations, and that the crossing of lines indicates a
reversal in gradient. The cross-sections show that the gradient of heads (actually
the projection of the gradient along the transect) can reverse towards Koongarra
Creek during the dry season. The wet season map shows flow patterns which are
intuitively reasonable, with equipotentials curving around the No.1 Orebody
consistent with observations, and with flows oriented largely to the (Mine Grid)
southeast. Because of anisotropy, flow directions are not perpendicular to the
equipotentials. The dry season map shows that in order for there to be a gradient
reversal, there must be equipotentials which at some time of the year have the
shape of a 'C near the southern end of the Orebody. The overall orientation of the
dry season equipotentials, however, is not entirely pleasing.

Understanding possible gradient reversals is important, simply because they have
been observed, but even when the gradient reverses, anisotropy ensures that the
flow direction does not deviate far towards the Fault. Even in the dry season,
AQUIFEM-N predicts that flow near the No.1 Orebody is roughly towards the (Mine
Grid) south-southeast. Although in some senses the dry season equipotentials
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seem unlikely, it is instructive to consider why they are the way they are. In the dry
season, when gradient reversals are observed, piezometric heads near the
Orebody are lower than the Creek bed immediately to the east, but still higher than
the creek bed at the gauging station. Much of the modelled domain now "feels" the
gauging station as the lowest point in the system, whereas in the wet season,
Koongarra Creek, with its sloping surface, provides a local low to the (Mine Grid)
southeast of most locations. With spatially uniform recharge, the wet season flow
pattern is largely controlled by the sloping water surface in Koongarra creek, and
influenced by the assumption of varying 6.

Even though the dry season pattern seems to indicate too much influence of the
gauging station as a sink for the groundwater system, it may be significant in a
paleohydrological sense. For example, it may be more closely related to possible
flow patterns during drier climates, if the regional water table at such times was
always below the level of Koongarra Creek.

The model described thus far is a 'base case1 against which numerous other
scenarios can be compared. We have completed tens of such sensitivity analyses,
and report a few of the more significant findings here. Table 3.6.2 summarises the
model parameters used in each scenario, identifies the Figure which displays the
results, and provides a few comments on each scenario.

One of the main outcomes of this modelling is the spatial and temporal variation in
calculated fluxes in the aquifer. Table 3.6.3 lists for each scenario the computed
magnitudes and directions of fluxes at the end of the wet and dry seasons near
PH49. Aquifer fluxes range from 0.3 to 2.9 m2/y over all the scenarios, thus if the
flowing region is considered to be 1 m thick, Darcy fluxes range from 0.3 to 2.9 m/y.
It is not surprising that is possible to obtain this range since the equivalent isotropic
hydraulic conductivity for a medium with K-n = 1 m/d and K22 = 0.1 m/d is 0.32 m/d
or 116 m/d, and an average gradient of 0.01 gives Darcy fluxes of the order of
1 m/y. It is perhaps surprising, however, that the direction of flow is closer to (Mine
Grid) south (270° relative to the up direction on the map) than to southeast (225°).
This direction reflects the combined effects of assumed homogeneity in hydraulic
conductivity, the slope of Koongarra Creek with its lowest point directly south of the
Orebody, and the modifying influence of a spatially varying 6.

We now return to the issue of estimates of field T of the order of 30 m2/d (Marley,
1990), approximately two orders of magnitude higher than used in the simulations
described here. In general, aquifer model predictions can be shown to depend on
a number of non-dimensional ratios of model parameters, rather than on the
parameter values themselves. Thus predictions depend on L2S/Tt (where L is a
length scale and t is a response time for the aquifer), RaveUT, and Rampt/LS (where
t is the period of recharge fluctuations, i.e. 1 year). These relationships show that if
we increase T by two orders of magnitude, increasing S, RaVe and Ramp by two
orders of magnitude will result in all ratios being unchanged, and therefore in
(almost) the same model predictions. If an aquifer model is mathematically linear,
the predictions will be exactly the same, but in the modelling described above, the
3rd-type boundary condition is mildly nonlinear.
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TABLE 3.6.2
MODELLING SCENARIOS

Scenario

1

2

3

4

5

6

7

Figure

No.

3.6.6

3.6.7

3.6.8

3.6.9

3.6.10

3.6.11

3.6.12

Anisotropy

Varying

None

Constant

K11

tmd"1]

1.0

K22

[md"1]

0.1

0.01

1.0

S

[-]

0.0001

0.001

Fi ave

[md"1]

0.00001

Ramp/Rave

1.0

2.0

0.5

2.0

K"W7B"

[md"1]

1.0

Comments

Base case.

Enhanced anisotropy. Larger gradient reversai.

Isotropic. Still a small gradient reversal, due to

geometry of domain, especially the bend in the

Fault west of the orebody.

9 = 0° everywhere. Flow is much more to the

west, and we now see a year-round gradient

reversal near the Fault, again due to the bend in

the Fault.

Enhanced recharge fluctuation. Head fluctuation

is too high and dry season equipotentials seem

unlikely.

Reduced recharge fluctuation. Equipotentials

are more intuitively reasonable all year.

Enhanced recharge fluctuation and reduced

storage coefficient. Intuitively satisfying but no

gradient reversal.

Note: All blank fields in the Table are the same as in Scenario 1.



Increasing T and S by two orders of magnitude may be quite reasonable, as long
as we can justify similar increases in Rave and Ramp, and as long as we can accept
aquifer fluxes two orders of magnitude higher. If B is unchanged (from 1 m), this
requires Darcy fluxes of the order of 100 m/y, which are probably inconsistent with
radionuclide transport models. If B is larger, say 10 m, Darcy fluxes would be of the
order of 10 m/y, perhaps also too large. Furthermore, Rave equal to 10~3 m/d or
0.37 m/y, seems unreasonably large. Clearly there are many possible
combinations of parameters which give similar results. We suggest that it is
unlikely that RaVe is two orders of magnitude higher than our initial assumption and
therefore that the effective regional average T must be lower than 30 m2/d. If T is
larger than 0.3 m2/d, however, Darcy fluxes of the order of 1 m/y can still be
obtained by altering the assumed value of B.

TABLE 3.6.3

PREDICTED AQUIFER FLUXES

Scenario

1
2
3
4
5
6
7

End Wet
Season Flux

[m2/y]

1.9
2.0
1.5
2.9
2.5
1.6
1.6

End Wet
Season
Direction
[compass

bearing in °]
251
256
253
263
252
252
252

End Dry
Season Flux

[m2/y]

0.7
0.5
1.1
1.3
0.3
1.0
1.5

End Dry
Season
Direction
[compass

bearing in °]
260
257
276
267
271
255
252

Other modelling of groundwater flow near Koongarra has concentrated on flow in
an idealised cross-section, allowing flow through zones of different hydraulic
conductivity and assuming that the flow passing through the No.1 Orebody
originated beneath Mount Brockman in the Kombolgie sandstone. Evidence
available during the course of ARAP, however, has pointed to a region of
apparently high conductivity to the (Mine Grid) south of the Orebody, and to
anisotropy in plan which is probably due to the orientation of planes of schistosity
or to related fractures. There is consensus among a number of those working on
the geophysics and hydrogeology of the site that much of the horizontal flow near
the Orebody probably takes place near or below the base of weathering, and that
very little flow actually crosses Koongarra Fault. Measurements of standing water
levels during 1989-1991 showed apparent reversals in gradient towards the Fault,
in a manner which could not be explained by previous conceptualisations in cross-
section.

This Section has summarised the evidence for gradient reversals and presented a
simple transient two-dimensional model in plan of the region surrounding the
Orebody. The model assumes that all aquifer properties are uniform in space,
except for 0, the orientation of the principal axis of anisotropy. Distributed recharge
is also uniform in space, but varies sinusoidally in time. Mixed (3rd-type) boundary
conditions are used along Koongarra Creek and its tributaries to simulate the
changing head towards which groundwater moves throughout the year.
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A range of model parameters is capable of predicting the observed amplitudes in
standing water levels. Predicted Darcy fluxes are of the order of 1 m/y, primarily
because hydraulic conductivities and average recharge values have been chosen
to reproduce the observed average gradient in head. Flow directions appear to be
more to the (Mine Grid) south than to the southeast, largely because the lowest
point in the modelled system is the Nourlangie gauging station, due south of the
Orebody. This outcome is relatively insensitive to the model parameters used, at
least in the range of the seven scenarios presented here. A zone to the southeast
of the Orebody with effective conductivity one or two orders of magnitude greater
than the regional average could easily attract flow towards the southeast.
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FIGURE 3.6.1 Map showing boundary of region used for
two-dimensional modelling in plan
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4500 5500 6500* 7500

FIGURE 3.6.2 Finite element grid
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FIGURE 3.6.3 Map showing locations of 3rd-type boundary and places where time
series of models results are presented ('*')

76



(a) h > tif > b

upward J,
leakage i

• confined
aquifer

-flow

(b) h<hr > b

{c) h<hr= b

no
leakage

FIGURE 3.6.4 Modes of the 3rd-type boundary condition

ANGLE BETWEEN PRINCIPAL AXIS OF ANISOTROPY ANO X-AXIS
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FIGURE 3.6.5 Contours of the angle between the principal axis of anisotropy and
the x-axis
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TIME SERIES OF HEADS ON 6109mN TRANSECT

100 200 300 400 500 600 700 800
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FIGURE 3.6.6 Model results with varying anisotropy, Kn = 1.00 m/d, K22 = 0.10,
S = 0.0001, Rave = 0.00001 m/d, Ramp/Rave = 1 -0, K'WVB" = 1.000 m/d
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TIME SERIES OF HEADS ON 6 I09mN TRANSECT
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3600 3700 3800

FIGURE 3.6.7 Model results with varying anisotropy, K-n = 1.00 m/d, K22 = 0.01,
S = 0.0001, Rave = 0.OO0O1 m/d, Ramp/Rave = 1 -0, K"W7B" = 1.000 m/d
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TIKE SERIES OF HEAOS ON 6I09mN TRANSECT
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FIGURE 3.6.8 Model results with no anisotropy, Kn =1.00 m/d, K22 = 1 -00,
S = 0.0001, Rave = 0.00001 m/d, Ramp/Rave = 1 -0, K"W7B" = 1.000 m/d
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TIKE SERIES OF HEADS ON 6109mN TRANSECT
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«INE GOIO EAST (Ml
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FIGURE 3.6.9 Model results with constant anisotropy, « n = 1.00 m/d, K22 = 0.10,
S = 0.0001, Rave = 0.00001 m/d, Ramp/Rave = 1-0, K'WYB" = 1.000 m/d

81
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FIGURE 3.6.10 Model results with varying anisotropy, Kn = 1.00 m/d, K22 = 0.10,
S = 0.0001, Rave = 0.00001 m/d, Ramp/Rave = 2.0, K'WVB" = 1.000 m/d
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TIME SERIES OF HEADS ON 6109mN TRANSECT

FIGURE 3.6.11 Model results with varying anisotropy, K n = 1.00 m/d, K22 = 0.10,
S = 0.0001, Rave = 0.00001 m/d, Ramp/Rave = 0-5, K'WVB" = 1.000 m/d
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TIME SERIES OF HEADS ON 6!09mN TRANSECT

3300 3400 3500
»tN£ GOIO E'ST l«)

FIGURE 3.6.12 Model results with varying anisotropy, Kn = 1.00 m/d, K22 = 0.10,
S = 0.001, Rave = 0.00001 m/d, Ramp/Rave = 2.0, K"W7B" = 1.000 m/d
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3.7 Three Dimensional Saturated Flow at a Regional Scale
- M.G. Trefry and LR. Townley

Having decided that topography is likely to have a controlling influence on three-
dimensional flow through the Koongarra No.1 Orebody, we studied aerial
photographs and available maps for indications of the real boundaries of the local
flow system. We observed, particularly on aerial photographs, that the Mount
Brockman Massif immediately northwest of the orebody is dissected by sets of
faults occurring in two prominent directions: almost north-south and northwest-
southeast. The Koongarra Fault is aligned east-west only 1 km to the west of the
orebody, but is aligned northeast-southwest 1 km to the northeast. The Kombolgie
escarpment, when viewed at the several kilometre scale, turns through an angle of
at least 45 degrees near the orebody.

Koongarra Creek also turns through a similar angle as it passes the orebody. Two-
dimensional modelling in vertical section shows that the Creek acts as a discharge
boundary for the groundwater system, the break in slope and the change in
hydraulic conductivity between Kombolgie sandstone and Cahill schist causing
another major discharge region. Aerial photographs show several distinct
vegetation boundaries, including a large grassed and potentially swampy area
south of the southwest comer of the orebody.

All of these observations led us to hypothesise that an appropriate domain for
modelling the local groundwater system would be an almost triangular region,
bounded by a major north-south fault, Koongarra Creek and a ridge running
northwest-southeast to the top of the Mount Brockman Massif. Figure 3.7.1 shows a
topographic map of the Mount Brockman Massif, together with a superimposed
region 3 km square and rotated 45 degrees. Some parts of the square are shaded,
indicating those regions excluded from the model by assigning negligibly small
hydraulic conductivities. This leaves an almost triangular region as the shape in
plan of the modelled region. We have chosen to align the square region in Figure
3.7.1 with the Mine Grid, in order to allow an easier association of cross-sections
through our model with those modelled previously (see Section 3.5).

3.7.1 Low-resolution modelling

Three-dimensional groundwater flow has been simulated here using an efficient
finite difference model (BIGFLOW) specially designed for solving problems with
high resolution grids (Ababou et al.,1989). For this first 'low-resolution' modelling,
we studied a region 3 km square and 1 km deep, using 100 m intervals in plan
and 50 m intervals vertically. The computational grid, including imaginary nodes
outside the boundaries, was dimensioned 3 3 x 3 3 x 2 3 , i.e. a total of 25 047
nodes.

To assign hydraulic conductivities, we first assigned a background value of
0.003 m/d to all nodes. All nodes underneath the shaded regions in Figure 3.7.1
were assigned a hydraulic conductivity of 10~10 m/d. The location of the
Koongarra Fault at the land surface was specified along a curving line of nodes on
the top boundary of the model domain. Since each cell is 100 m x 100 m x
50 m, the Fault was defined by assigning a conductivity of 1 m/d at the surface
node, at the two nodes immediately below, at the node immediately to the
southeast, at the two nodes immediately below, etc. This resulted in an effective
dip of approximately 45 degrees. The weathered zone was defined by assigning a
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conductivity of 1 m/d to the top 50 m SE of the fault. Finally, the Kombolgie
sandstone was defined by assigning a conductivity of 0.01 m/d to all nodes in the
top 500 m to the northeast of the fault.

Boundary conditions were only defined on the top surface, as in earlier two-
dimensional modelling. We defined ground surface elevations at all nodes along
Koongarra Creek and along several other lines. Beneath the Mount Brockman
Massif, we assigned assumed water table elevations which mimicked the general
shape of the land surface and rose to a maximum level of 80 m.

Figure 3.7.2 shows equipotentials and flow vectors in the top two layers of cells,
thus Figures 3.7.2a and 3.7.2b are representative of flows 25 and 75 m below the
surface, respectively. In the top layer, we see high flows in the weathered zone and
in the Fault, and overall we observe that flow is from top to bottom (northwest to
southeast) at the right side of the domain and much more towards the south at the
left of the domain. This is a direct result of the assumed boundary conditions, but is
in qualitative agreement with observed groundwater levels, given the limited area
for which they are available. In the lower layer (Figure 3.7.2b), flow rates are
generally smaller, but the directions (although hard to see in the Figure) are very
similar to those in the top layer.

The question of the direction of groundwater flow through the orebody has been
asked since the first studies at the Koongarra site. This simple model, in spite of
many assumptions, indicates that the flow may be in numerous directions, almost
radial from the Mount Brockman Massif rather than uni-directional in the SE
direction. This is consistent, of course, with two-dimensional results in Section 3.6.

Figure 3.7.3 shows three cross-sections through the model, each 3 km in length
and 1 km deep. The Figures are exaggerated vertically by a factor of 2. The
sections are in the northwest-southeast direction and are viewed in the same sense
as in previous modelling. Flow vectors in Figure 3.7.3 (and 3.7.4) are at the same
scale as in Figure 3.7.2.

Figure 3.7.3b is the closest to the usual view (see Section 3.5). It shows downward
flow through the Kombolgie sandstone (only half as thick as the cross-section),
generally upward flow in the Koongarra Fault, upward flow through the orebody
and lateral flow in the weathered zone. Regions at the ends of Figures 3.7.3b (and
3.7.3c) with apparently zero flows correspond to the shaded regions in Figure 3.7.1.
The boundaries between the main flow domain and these regions act as no-flow
boundaries which can only have flow parallel with the boundaries. In the case of
Koongarra Creek, the flow on the boundary would be upwards; in the case of the
Creek/Fault in the north-south direction, flows would be down or up and generally
southwards. Figures 3.7.3a and 3.7.3c indicate that flows in all cross-sections
oriented northwest-southeast have a similar appearance.

Figure 3.7.4 shows a further three cross-sections in the southwest-northeast
direction, viewed from the southeast. Figure 3.7.4b is particularly interesting
because it indicates significant lateral flow in the Fault at a considerable depth
below the surface. Figure 3.7.4c shows lateral flow in the Fault at an even greater
depth. Flow arrows of the same length in the weathered zone as in Figure 3.7.3 are
indications of the need for vector sums to determine the actual directions of flow.
Figure 3.7.4a indicates flow in the Koongarra Fault near the surface where the
direction of the Fault in plan has rotated about 45 degrees, as mentioned earlier. It
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also shows the tendency for groundwater flow below Mount Brockman towards the
creek which this section intersects.
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FIGURE 3.7.1 Location map for three-dimensional model
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FIGURE 3.7.2 Equipotentials and velocity vectors for the top two layers of
the three-dimensional grid
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FIGURE 3.7.3 Equipotentials and velocity vectors in cross-sections
(a) 2.5, (b) 1.5 and (c) 1 km from the southwest edge

of the three-dimensional region, looking to the northeast
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FIGURE 3.7.4 Equipotentials and velocity vectors in cross-sections
(a) 1.7, (b) 1 and (c) 0.7 km from the southeast edge of the

three-dimensional region, looking to the northwest
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3.7.2 High-resolution modelling

A second three-dimensional steady-state, saturated flow model was developed
using the same grid alignment and horizontal dimensions, but with a greater
resolution. The grid was represented by 103 nodes in each of the horizontal
directions, and 23 in the vertical, yielding a total of 244 007 nodes and a spatial
resolution of 30 m in the horizontal and 25 m in the vertical, with dimensions of
3 km x 3 km x 500 m.

No-flow boundaries were assigned to the side and bottom faces of the model
prism, and as in Section 3.7.1, regions bounded by Koongarra Creek and an
assumed major fault running north-south immediately to the west of the orebody
were excluded from the simulation region. A refined fixed-head boundary
condition was used for the top (land surface) face of the model prism. The heads
were chosen to approximately conform to the surface topography of the site,
ranging from a minimum of 18 m at Koongarra Creek to a maximum of 80 m
beneath the higher parts of Mount Brockman. The major features included in the
model were the Koongarra Fault, the Kombolgie Sandstone, the Cahill Schist and
a thin overlying weathered zone (see Table 3.7.1).

TABLE 3.7.1

HYDRAULIC CONDUCTIVITIES FOR THE MAJOR STRUCTURAL UNITS

Cahill Schist
Fault Zone

Weathered Zone
Kombolgie Sandstone
Kombolgie Sandstone
Kombolgie Sandstone

Excluded Zones

A
B
C

0.10
0.01

0.001
1

0.003 m/d
0.15 m/d
0.20 m/d

m/d in top 100 m
m/d in next 150 m
m/d in next 100 m
Ox 10-10 m/d

The Mount Brockman Massif, which consists of Kombolgie Sandstone, was
modelled as a three-layer block with hydraulic conductivities assigned to simulate
the observed increase in consolidation with depth of the sandstone. The
Koongarra Fault was modelled as a highly-conductive zone one grid cell wide in
the horizontal with an effective dip of 53° to the south-east, which is close to the
true dip of 55°. Finally a weathered zone one grid cell thick was defined at the land
surface. A rendered image of the grid box and Koongarra Fault, together with a
scaled representation of the fixed head surface is shown in Figure 3.7.5.

The solution for the steady-state head distribution required approximately 10 CPU
minutes of execution time on an Apollo DN10000 server. A full three-dimensional
node-by-node groundwater flux solution was calculated from this head solution
using a post-processing option in BIGFLOW (Ababou et al., 1989). Flowlines were
calculated using a Runge-Kutta algorithm (after Nawalany, 1986).

Figure 3.7.6 shows a plan view of groundwater flowlines calculated backwards in
time from the orebody. Figure 3.7.7 shows the flowlines projected onto a vertical
section running northwest to southeast and passing through the centre of the
orebody, viewed from the southwest. Exit flowlines (calculated forward in time) are
also shown. The layered Kombolgie Sandstone block is indicated by three
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horizontal, shaded regions. Figure 3.7.7 is vertically exaggerated by a factor of 2.
The flowlines originate along a ridge line high in the Mount Brockman Massif,
follow a generally southerly and downward direction through the sandstone block,
climb upwards through the Koongarra Fault and the orebody and finally exit at the
ground surface between the orebody and Koongarra Creek. Whilst the flowlines
enveloping the orebody pass through the fault zone with only small deflections,
large along-fault deflections of flowlines are observed in other regions of the grid.
Average transit times for the flowlines shown are just over 1,000 years. The
flowlines representing flow towards the orebody are also depicted in Figure 3.7.8 in
solid rendered form, displaying the strong three-dimensional curvature of the flow.

The flowlines clearly demonstrate the three-dimensional nature of groundwater
flow in the modelled region, highlighting the limitations of two-dimensional
modelling approaches. However the positions of the endpoints of the flowlines
also indicate that this solution does not agree well with field observations. Since
these endpoints are sensitive to the assumed surface boundary conditions, doubt
is cast on the appropriateness and accuracy of the assumed fixed pseudo-
topographic head condition for the top face. Despite this doubt, and BIGFLOWs
inability to handle anisotropic hydraulic conductivities, the current model provides a
convenient and robust tool for three-dimensional sensitivity analyses.

Similar results to those shown here have been obtained with a range of
conductivities in the Fault and with different thicknesses of the Kombolgie
sandstone. We conclude that three-dimensional flow modelling is useful near the
Koongarra orebody, because the physical boundaries are not parallel and closely
approximate a triangle. The assumption of a water table in the Kombolgie
sandstone is sufficient to supply enough water for flow through the orebody,
because as long as the Fault is sufficiently conducting, it will redistribute water for
flow through the schist. The direction of flow in plan is varying, and is as much
north-south as northwest-southeast. Significant lateral flows may occur in or
parallel to the Koongarra Fault at depth, this result being supported by numerous
pump and slug tests.
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FIGURE 3.7.5 Three-dimensional image of the modelled region, showing the
assumed water table and the Koongarra Fault
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FIGURE 3.7.6 Plan of the model region showing the 'triangular' zone in which
hydraulic conductivities allow flow, contours of the water table, and flowlines

towards the orebody projected upwards to a horizontal plane

excluded

zone

schist

orebody

fault

schist

FIGURE 3.7.7 Cross-section through the orebody showing three zones within the
Kombolgie sandstone and flowiines towards the orebody projected

onto the vertical plane
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FIGURE 3.7.8 Three-dimensional rendered image of a streamtube approaching the
No. 1 Orebody from Mount Brockman
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3.8 Three-Dimensional Saturated Flow at a Local Scale
- Y. Tanaka, K. Miyakawa, M. Kawanishi

Numerous researchers have analysed the present-day groundwater flow system at
the Koongarra site in the Alligator Rivers Region on the basis of the results of
geological surveys, slug tests and aquifer tests, but often assuming, however, that
all the hydrogeological units at the site are hydraulically isotropic. Such hydraulic
isotropy, however, can not explain the elongated, north- to northeast-trending,
asymmetric drawdown patterns that were obtained by the aquifer tests described
by Davis et al. (Volume 5 of this series). In this Section, the formation around the
No.1 Orebody is considered to be anisotropic with regard to hydraulic conductivity.

We investigated the distribution of fractures and the orientation of schistosity in the
Cahill Formation in and around the west part of the No.1 Orebody using the
Borehole Television (BTV) results presented by Emerson et al. (Volume 4 of this
series). The schistosity orientations, thus obtained, clearly explain the contour
maps of the measured drawdowns in aquifer tests. In this Section, we determine
the permeability tensor in the unweathered Cahill Formation from the schistosity
attitudes and present a three-dimensional simulation of the present groundwater
flow around the No.1 Orebody.

Fracture systems in schists, such as those of the Cahill Formation, are generally
controlled by schistosity to a great extent, and hence schistosity can be considered
as a main factor generating the hydraulic anisotropy in such rocks; permeability in
the direction parallel to the schistosity plane is generally larger than that in the
direction normal to the plane (see Emerson et al., Volume 4 of this series). The
schistosity and fractures in the Cahill Formation were observed by BTV logging and
the data obtained were used to construct the hydraulic model.

The BTV logging was carried out using twenty boreholes in and around the west
part of the No.1 Orebody. Total logging length was 469 m and nearly all of the
logged intervals were within the unweathered Cahill Formation. In principle the
orientation of schistosity was determined every metre in each logging borehole and
as a result 431 data points were obtained.

Figure 3.8.1 shows the mean orientation of schistosity in each borehole. Figure
3.8.2 shows the direction of the longer axis of the contour lines of the final
measured drawdowns in aquifer tests. Comparing Figures 3.8.1 and 3.8.2, the
strike of schistosity is found to agree closely with the direction of the longer axis of
the drawdown cones.

If we designate the angles between the principle hydraulic conductivities and the
arbitrary coordinate axes by CCJ, y\, 5j (i = 1,2,3) (Figure 3.8.3), a hydraulic
conductivity tensor can be expressed using three principal hydraulic conductivities,
k'xx, k'yy, k'zz and nine direction cosines Ij, nrij, nj (i = 1,2,3):

\-\ m-| n
12 m2 n2 | (3.8.1)
13 m3 n3

where
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l-i = cos a i ; I2 = cos 0C2; I3 = cos 0C3;

m- |=cosy i ; m2 = cosy2; 1713 = 00573; (3.8.2)

ni = cos Ô1 ; R2 = cos 62; 113 = cos Ô3;

In this study, we assume that the direction normal to the schistosity plane is the
direction of the minimum principal hydraulic conductivity k'zz and that hydraulic
conductivity within the schistosity plane is isotropic, that is, k'xx = k'yy.

Taking the x-, y- and z-axes in the directions of Mine Grid north, Mine Grid west and
upward respectively, Equation (3.8.2) becomes:

H = cos G; I2 = sin 6 cos <j>; I3 = sin 0 sin <j>;
m- |=-s in9; rri2 = cos 0 cos ty; 1113 = cos 0 sin §; (3.8.3)
ni =0; n2 = -sin ((>; n3 = cos §;

where 0 is the angle between the x-axis (Mine Grid north) and the strike of
schistosity measured clockwise. Representing the dip of schistosity by p\ the angle
<|) is equal to (3 when the dip direction is NW or SW, and -(3 when the dip direction is
NE or SE.

Three-dimensional present-day groundwater flow near the No.1 Orebody has been
simulated using the anisotropic conductivity tensor described above. For this
simulation, we used the finite element code GMF developed by CRIEPI. The
modelled region was based on a rectangular region surrounding the No.1
Orebody, bounded by the Mine Grid coordinates of 5743 mN, 6415 mN, 3050 mE
and 3475 mE (Figure 3.8.4). The modelled region extended from the ground
surface to a depth of 200 m. Previous measurements of groundwater levels and
the aquifer tests suggested no flow of groundwater across the Koongarra Fault,
hence we only modelled the Cahill Formation on one side of the Fault. The shape
of the Fault was approximated by stepping the elements on one boundary, as
shown in Figure 3.8.5. All elements were hexahedral. The numbers of elements
and nodes were 3828 and 4692, respectively.

We divided the three-dimensional region into three hydrogeological units, the
Weathered Cahill Formation, a Transitional Zone and the Unweathered Cahill
Formation. We assumed that the Unweathered Cahill Formation is hydraulically
anisotropic with respect to conductivity, while the Weathered Cahill Formation and
the Transitional Zone are isotropic. Hydraulic tensors for each element within the
Unweathered Cahill Formation were determined using Equation (3.8.1). For any
element directly below a logged borehole, the conductivity tensor was presumed to
be the same as that at the bottom of the borehole. For elements not penetrated by
any logged boreholes, hydraulic tensors were assumed to be equal to that of the
nearest borehole. That is, a nearest neighbour interpolation model was used to
interpolate and extrapolate the hydraulic conductivity tensor from the 20 logged
boreholes to every element in the finite element grid. In the unweathered Cahill
Formation, the ratio of k'xx to k'zz was set to be 100:1.

Hydraulic conductivities for each hydrogeologic unit are summarised in Table
3.8.1. These values are based on theses by Norris (1989) and Marley (1990). The
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equivalent scalar hydraulic conductivity for the Unweathered Cahill Formation is
obtained using:

3
ke = -Vk'xx k'yy k'zz (3.8.4)

The lower boundaries and the boundary representing the Koongarra Fault were
assumed to be no-flow boundaries. The upper boundary was defined as a
constant head boundary, where the groundwater level was assumed to be along
the ground surface during the rainy season. Constant head was also assumed on
the remaining three vertical boundaries, heads on each vertical line being set
equal to the groundwater level at the ground surface.

TABLE 3.8.1

HYDRAULIC CONDUCTIVITIES

JHydrogeologic Unit
Weathered Cahill Formation
Transitional Zone
Unweathered Cahill Formation

Hydraulic Conductivity (m/d)
0.0005
0.01
0.6

We simulated the present-day groundwater flow around the No.1 Orebody during
the rainy season under the above boundary conditions.

Figure 3.8.6 shows the distribution of groundwater flow velocities in a horizontal
plane 2.5 m below the top of the Unweathered Cahill Formation. Generally the
groundwater flow is from the top right-hand corner towards the bottom left-hand
corner of the modelled region (NE to SW), driven by the assumed shape of the
water table. Flow directions are modified, however, by variations in the hydraulic
conductivity tensor. Flow is towards the southwest in the southwestern part of the
orebody and south of the orebody, but is more southerly in the further south and
southwest of the No.1 Orebody. At the west-south-western tip of the orebody, flow
velocities are extremely small. High velocities near the top right and top left
corners of the model domain are clearly due to the effect of prescribed head
boundary conditions and indicate the dependence of model results on an
appropriate choice of boundary conditions.

Figures 3.8.7 and 3.8.8 show groundwater flow velocities in vertical cross-sections
at 6094 mN and 3137 mE respectively. For the most part, velocities in the direction
normal to the Koongarra Fault (Figure 3.8.7) are very slow compared with those in
the direction parallel to the Fault (Figure 3.8.8). Velocities in the Unweathered
Cahill Formation increase with distance from the Fault. In the Weathered Cahill
Formation and the Transitional Zone, flow velocities are much smaller than in the
Unweathered Cahill Formation.

The main conclusions from this simulation are as follows:

(a) Within the southwestern part of the No.1 Orebody and in the region just to
the south of the orebody, groundwater flow is towards the southwest in the
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Unweathered Cahill Formation, while the flow is more southerly in the region
to the southwest of the orebody.

(b) In the region just to the west-south-west of the orebody, flow velocities are
extremely small.

(c) For the most part, the velocities in the direction normal to the Koongarra
Fault are very slow compared with those in the direction parallel to the Fault.
This is probably due to the orientations of schistosity, such that hydraulic
conductivities are higher in the direction parallel to the Fault.

(d) Flow velocities in the Unweathered Cahill Formation increase with distance
from the Fault.
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FIGURE 3.8.1 Mean orientation of schistosity in each logged borehole
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FIGURE 3.8.2 Direction of the longer axis of final cones of depression
in aquifer tests
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FIGURE 3.8.3 Principal axes for hydraulic conductivity tensors
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FIGURE 3.8.4 Modelled region
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FIGURE 3.8.5 Finite element grid
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FIGURE 3.8.6 Groundwater flow velocities in a horizontal plane
2.5 m below the top of the Unweathered Cahill Formation
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FIGURE 3.8.8 Groundwater flow velocities in a vertical cross-section at 3137 mE
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3.9 Three-Dimensional Fracture Flow Modelling
- J.L Smoot

Simulations of the subsurface hydrology at the Koongarra site were also conducted
using a model based on a discrete fracture conceptualisation. These discrete
fracture simulations were conducted within a cubic volume of fractured Cahill Schist
(180 m on each side) oriented with one major axis parallel to the strike of the
Koongarra Fault. Five hundred fractures were simulated within this domain. The
fractures were assigned a mean orientation parallel to the idealised plane of the
Koongarra Fault dipping 55° SE. Simple flow modelling of this fracture network
was conducted by assigning constant head boundaries to upgradient and
downgradient vertical faces of the cube, which trend parallel to the fault. No-flow
boundaries were assigned to all other faces. The fracture network allows hydraulic
communication across the block, in spite of relatively low fracture density across the
block. Future modelling will focus on integrating Borehole Television (BTV) data
(see Emerson et al., Volume 4 of this series) with aquifer test analyses to better
understand the hydraulic connectivity of the system.

The discrete fracture approach to the hydrogeology of Koongarra is an alternative to
porous media representations of the flow system. Several investigators have
reported evidence of fracture flow at the site. Needham (1988) discusses the
geology of the Alligator Rivers region, including composition, structure, and
metamorphism of the Cahill Formation. Pidsley (1990) describes the fractured rock
aquifer at the Jabiru bore field northeast of the Koongarra site. Norris (1989) and
Marley (1990) describe the hydrogeology and hydraulic characterisation of the
Cahill Formation host rock at Koongarra. Snelling (1980, 1990) discusses
structural geologic trends and mineralogy at Koongarra, and geophysical and
geotechnical investigations by Emerson et al. (Volume 4 of this series) provide
mapped resistivity, magnetic, and spontaneous potential trends across the orebody
and laboratory measurements of the hydraulic properties of core specimens. A BTV
investigation (Volume 4 of this series) has added significantly to this database.

Infiltration occurs across the surface of the site, and inspection of hydraulic head
measurements indicates that groundwater generally flows from the Kombolgie
Formation across the Koongarra Fault and into the Cahill Formation. This
assumption is supported by the two-dimensional plan and three-dimensional
modelling described in this Volume. Inspection of water levels indicates that
groundwater flow is generally transverse to strike; aquifer stress tests conducted at
the site indicate that the principal transmissivity tensor is commonly transverse to
streamlines indicated by hydraulic head maps. Regional groundwater flow
modelling and geochemical evidence indicates, however, that groundwater flow at
the west end of the ore body may be in a more south to southwesterly direction.

Work has been undertaken over the past several years to better characterise
groundwater flow at the site. This work includes aquifer testing, geophysical
investigations, and borehole image analyses. The aquifer tests reveal that the
principal direction of transmissivity is subparallel to the strike of the Koongarra Fault
Zone and generally parallel to schistosity (Emerson et al., Volume 4 of this series).
The tests also reveal relatively erratic responses within the borehole network that
tend to indicate a fractured rock environment. For example, observation wells near
a pumped well tend to have little or delayed water level response, while
observation wells much farther away show almost instantaneous response.
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Hydraulic characterisation of the groundwater flow system at Koongarra has been
conducted by several researchers. Marley (1990) classifies the system as a low
permeability, semi-confined, fractured schist aquifer based on water levels, aquifer
tests, and slug tests. He also notes that the dominant anisotropy is subparallel to
the lithologie layering and the reverse fault. Slug tests reveal regions exhibiting low
storage with high fracture conductivity as well as isolated regions of low
conductivity.

Marley (1990) notes that drilling records indicate the effective saturated thickness
ranges from 30 to 90 m below the land surface. Transmissivities calculated from
aquifer tests indicate a range from 11 to 60 m2/d. A reasonable hydraulic
conductivity for the schist matrix would be approximately 1 x 10~6 m/d which would
produce transmissivities in the range of 3 x 10~5 to 9 x 10~5 m2/d. Therefore, the
calculated transmissivities indicate enhanced permeability of the aquifer.

The most likely mechanism for enhanced permeability within the aquifer is
fracturing. Core samples from a number of bores at the site are well fractured.
Emerson et al. (Volume 4 of this series) report RQDs at the 10 cm level for these
cores that range from 25 to 50%. Norris (1989) has conducted aquifer tests at the
site and extensively analysed the results. The hydraulic responses in the aquifer
are characterised by elongated, asymmetric cones of depression. He notes that
Theis plots of drawdown show early time segments that are linear with a slope less
than the type curve. Later time data show less drawdown than would be predicted
by the Theis model, indicating some form of leakage or recharge boundary. Norris
(1989) indicates that fractures are the only likely source of water in the system.

To further investigate the aquifer response, Norris (1989) analyses these data using
Type Curve models for fractured flow (Gringarten and Witherspoon, 1972). The
analysis is conceptually based on a porous medium cut by a single fracture of
infinite conductivity such that the permeability parallel to the fracture is enhanced,
while permeability normal to the fracture is constant. Type curves are drawn for
cases of both vertical and horizontal fractures. A perfect, vertical fracture produces
a slope of 0.5 during the early time portion of a log-log plot of drawdown. The
horizontal fracture log-log response is characterised by linear plotting of the early-
time data with slopes between 0.5 and 1.0. Norris (1989) notes that the numerous
type curves tend to confuse interpretations using fracture-flow conceptual models.
However, he indicates that some of the test responses approach the drawdown
responses described above.

Norris (1989) offers the following possible interpretations of several of the tests.
The log-log responses for tests PH14c and PH56b show the best fit to a horizontal
fracture model with a large curve-fitting parameter, indicating either a large aquifer
thickness or a small fracture radius. The late time data also fit a vertical fracture
type curve, but the slope of the drawdown curve is too steep at early times. Norris
(1989) further notes that the observation wells do not show the same initial slopes
as the pumping wells, implying that the hydraulic connection is not one large
fracture but rather some network of fractures producing the relatively large areal
extent of drawdown. He concludes that elements of the theoretical fractured rock
response are present but absolute proof of fracture flow is not possible from these
tests.

Norris (1989) next discusses test PH88. This test tended to produce a response
characteristic of a high-conductivity fracture. Little drawdown occurred in the
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pumped well, and approximately equivalent responses were recorded in boreholes
up to 100 m distant in a northerly direction perpendicular to strike. The log-log
drawdown curve for the pumped well is generally linear with a slope of
approximately 0.25. This response corresponds to the conceptual model for a
finite-conductivity vertical fracture given by Cinco et al. (1978). The observation
wells exhibited similar responses. Norris (1989) further notes that fracture flow
dominates up to approximately 1000 minutes, after which time flow probably
becomes pseudo-radial. Consequently, Norris (1989) interprets the test as
indicating that the pumping well intersects a high-angle fracture or hydraulically
well-connected fracture system greater than or equal to 100 m in length.

The results of the aquifer tests indicate that fractures are present in at least portions
of the country rock hosting the orebody. The investigations of Norris (1989), Marley
(1990) and Emerson et al. (Volume 4 of this series) indicate the presence of
fractures in the schist host rock. A schematic representation of the conceptual
model is shown in Figure 3.9.1. The Figure shows hydraulically connected
fractures in the schist host rock. The aquifer stress tests indicate that at least some
of these fractures are able to transmit water under conditions of induced pumping
stress; careful analyses of fracture systems within the natural potential field will be
necessary to determine the extent to which groundwater and transported uranium
species flow along fractures under natural conditions. The following groundwater
modelling technique describes a discrete fracture approach to this problem.

The fracture network geometry was generated with the FracMan software package
(Dershowitz et al.,1991). The code contains four major modules as listed in Table
3.9.1.

TABLE 3.9.1

DISCRETE FRACTURE PROGRAM MODULES

FracMan
MeshMonster

Edmesh
Mafic

The fracture network domain for fracture generation is cubic with an initial edge
length of 200 m. A surface projection of the cube with respect to primary features at
Koongarra is shown in Figure 3.9.2. The cube is oriented with two vertical faces
parallel to the mapped strike of the Koongarra Fault. The top surface of the cube is
conceptually coincident with the upper surface of the Cahill schist; however, no
attempt was made to differentiate weathering or geochemical zones within the
schist rock matrix.

Five hundred fractures were generated within the cubic domain. A mean dip of 55°
SE was assigned, equal to that of the approximate orientation of the rock fabric and
Koongarra Fault (Snelling, Volume 2 of this series; Emerson et al., Volume 4 of this
series). A Fisher distribution with a dispersion of 10 was used to vary the fracture
orientation. The mean fracture radius was 30 m, distributed with an exponential
distribution. The elongation was equal to zero with an aspect ratio equal to .

The discrete fracture geometry was automatically discretised into a three-
dimensional finite element grid for groundwater flow simulations using the FracMan
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post-processing programs Meshmonster and Edmesh. Ten-metre-thick slices were
removed from each cube face to account for edge effects during generation of the
network geometry with FracMan; therefore, the cubic domain for flow simulations
has an edge length of 180 m. A constant transmissivity of 0.0001 m2/d was
assigned to all fractures. A steady-state flow problem was modelled by assigning
constant heads of 32 m and 24 m to the front and back of the cube, respectively,
and no-flow nodes around the other four faces. The hydraulic head values and
vertical no-flow boundaries were based on hydraulic head map overlays on the
surface projection of the cube. The sides of the cube are approximately parallel to
streamlines in the aquifer determined from hydraulic head maps. The bottom no-
flow boundary approximates the depth below which fractures would be unable to
maintain significant apertures due to the stress from overlying rocks. The upper no-
flow boundary is highly simplified based loosely on the theory that most of the
annual recharge flux is evapotranspired by the vegetation cover. The computer
program Mafic calculated the groundwater flow through the fracture network. The
program was operated such that all flow was through the fracture network with no
flow in the schist rock matrix.

The fracture network was sampled using trace planes and a borehole. The fracture
network and trace plane locations are shown in Figure 3.9.3. The complete network
had a fracture density of 0.2 m2/m3. Statistics for the planes of intersection are
shown in Table 3.9.2. The planes generally intersect similar numbers of fractures,
although there are fewer through the middle of the cube (plane 2) than laterally in
the direction sampled (planes 1 and 3). This is probably due to randomness in the
generation of the geometry.

An equal area projection for the fractures intersected by the planes is shown in
Figure 3.9.4a. The projection shows plotted points of poles to fracture planes which
incorporate the strike and dip orientation of each fracture. The projection is oriented
with mean strike along the equator (E-W) and with mean dip direction toward the
south pole. Horizontal fractures plot at the center of the projection and vertical
fractures along the circumference. The projections show dispersion of fracture
orientation about the specified mean orientation of 55° SE and serve as a visual
check on the generation statistics.

TABLE 3.9.2

FRACTURE GEOMETRY FOR THREE TRACE PLANES

Plane
1
2
3

Cross-Cutting
258
213

82

Non-Cross-Cutting
8
6

16

Intersections/m2

Fractures/m2

Termination %
Intensity (m/m2)

0.006
0.003
4
0.2

A simulated borehole was drilled through the fracture network as shown in Figure
3.9.3. The results for the borehole are shown in Table 3.9.3. An equal-area
projection for the borehole is shown in Figure 3.9.4b. The borehole intersects 30
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fractures through 180 m with a rock quality designation of 100%, indicating no core
segments less than 10 cm. The resulting fracture density is approximately 0.2 rrr1,
compared with a BTV logged density of 0.3 rrr1 for the largest (Type 3) fractures
(Emerson et al., Volume 4 of this series).

TABLE 3.9.3

BOREHOLE DIMENSIONS AND FRACTURE INTERSECTIONS

Borehole Diameter (m)
Borehole Length (m)
Fracture Intersections
Rock Quality Designation

0.03
200
30
100%

The hydraulic head distribution through the fracture network is shown in plan view
in Figure 3.9.5 (flow is from left to right); the distribution of fractures near the top of
the cube can also be seen. The fracture density across the network is relatively
sparse at 0.2 m2/m3, but it allows for sufficient hydraulic connection for flow across
the 180 m of the block. A change in colour scale across a fracture describes the
change in hydraulic head across the fracture. Relatively small hydraulic gradients
are generally observed across individual fractures. Such a response would be
expected given good hydraulic connection in a parallel plate representation of a
fracture with reasonably high transmissivity.

The fracture network forms a connected pathway across the model domain that
defines a potential field. A Figure showing the portion of the fracture network with
hydraulic head of approximately 28 m (the Figure is not included in this Volume)
shows that this region is distributed across intersecting fracture planes in the centre
portion of the model domain. This is reasonable because 28 m is exactly in
between the boundary condition values of 24 m and 32 m. The Figure also
illustrates that the the average fracture radius is sufficiently small so that any single
fracture does not intersect both constant head boundaries. Consequently, there is
confirmation that the fracture network does not contain large errors in orientation or
size as specified in the input. The Figure confirms that the head distribution is
shaped by the fracture geometry, but head still drops across the network in the
direction of flow according to potential theory.

Mass balance was achieved for the simulation with a total flow of 894 m3/d moving
through the fracture network under steady-state conditions. The corresponding
specific discharge is approximately 0.03 m/d. The pore water velocity would be
3 m/d for an effective porosity of 1%, about an order of magnitude higher than that
calculated for the AQUIFEM-N model in Section 3.6. However, the number appears
to agree reasonably well with transmissivities calculated by Marley (1990).
Assuming a saturated thickness at the site of 120 m with transmissivity of 60 m2/d
results in a hydraulic conductivity of 0.5 m/d. Using the fracture model gradient of
0.04 (=(32-24)/180) and an effective fracture porosity of 1% results in a pore water
velocity of approximately 2 m/d versus 3 m/d in the fracture model.

The results described in this Section are based on a hypothetical fracture network
derived from the best available information on the existence and orientation of
fractures, orientation of the schistosity in the Cahill Formation, and the orientation of
the Koongarra Fault. BTV logging (Emerson et al., Volume 4 of this series) has
provided estimates of fracture orientation, distribution, and fracture aperture. This
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information has improved the input database for the fracture network geometry in
the vicinity of a number of boreholes at the site. Major problems requiring further
analysis include the hydraulic connection of fractures between the boreholes and
the refinement of boundary conditions.

Preliminary results indicate that discrete fracture modelling on the field scale is
computationally feasible; the availability of data will be the primary limiting factor.
Further modelling work would focus on integrating the BTV data with the geologic
framework and aquifer test analyses to obtain a better understanding of the
connectivity of the system.
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FIGURE 3.9.1 Schematic representation of the conceptual fracture-flow model
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FIGURE 3.9.2 Surface projection of cube, showing orientation relative to
Koongarra Fault and other features
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FIGURE 3.9.3 View of cubic domain showing generated fractures, with inserts
showing locations of sampling planes and sampling bore
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FIGURE 3.9.4 Equal area projections (a) for fractures intersected by sampling
planes and (b) for fractures intersected by sampling bore
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FIGURE 3.9.5 Plan view of discrete fracture flow field showing distribution of hydraulic head



4 STOCHASTIC MODELLING AND UNCERTAINTY

None of the models described in Section 3 of this Volume use field observations in
any more than a qualitative fashion to justify the adopted model structure or
parameter values. In this Section, we present one attempt to use data more
systematically, based on the framework of inverse modelling, or formal model
calibration methods. This effort also assumes a model structure, but then attempts
to find the best set of model parameters consistent with that structure and the
available data.

4.1 Characterisation of Heterogeneity in a Fractured Rock Aquifer Using Inverse
Groundwater Flow Modelling
- S. Braumiller

Computer-based predictions of groundwater flow and contaminant transport in the
subsurface are an essential part of any effort to predict and study the movement of
groundwater and contaminants through geologic structures, and an integral part of
our efforts to manage nuclear/hazardous waste repositories in geologic media and
to protect or restore the subsurface environment. Groundwater flow models, in turn,
require as input a detailed characterisation of spatially varying storage and
transmissive properties of the subsurface medium. Efforts to characterise the
storage and transmissive properties of a medium include the analysis of hydraulic
tests, such as aquifer tests, cross-hole tests, or injection tests. The results of such
hydraulic tests have traditionally been interpreted using analytical mathematical (as
opposed to numerical) techniques in the characterisation of aquifer heterogeneity.
The objective of this Section is to test the usefulness of inverse groundwater flow
modelling, a numerical technique, as an alternative to the traditional analytical
analysis of aquifer tests in the characterisation of heterogeneous geologic media at
Koongarra.

Interpretation of aquifer test data

Traditional analytical methods of analysis yield homogeneous values for hydraulic
parameters such as storativity and transmissivity over the area stressed in a single
aquifer test. In many instances, more than one aquifer test will be performed at a
site in an effort to characterise the heterogeneity and anisotropy of an aquifer. It is
not clear on the basis of traditional analytical analyses what value for transmissivity
should be assigned to areas for which more than one value of transmissivity has
been estimated, i.e. to areas stressed in more than one pumping test.

We have developed an inverse numerical method, based on theory developed by
Wittmeyer and Neuman (1991), allowing for the simultaneous analysis of several
pumping tests to yield parameters that may vary spatially and attain unique values
at specified locations. We have tested this approach by interpreting simultaneously
the data from nine multi-well pumping tests performed at the ARAP site, using an
inverse groundwater flow model developed by Wittmeyer (1990). Our goal is to
characterise more completely the heterogeneity of aquifer parameters for a
fractured schist underlying the site. The ARAP aquifer test data were selected for
interpretation because they represent an exceptional amount of transient data over
a relatively small area; approximately 4,000 time-drawdown data over a 1200 m x
800 m area.

114



Heterogeneity of the fractures schist at Koongarra

A total of ten multi-well aquifer tests have been performed in the fractured and
partly weathered Cahill Formation at Koongarra. These tests include two tests
conducted by Australian Groundwater Consultants (AGC, 1979), one test by Davis
(1988), three tests by Norris (1989), and four tests by Marley (1990). In all,
drawdowns induced during these ten pumping tests have been recorded for a total
of 42 different boreholes in the immediate vicinity of the No.1 Orebody. Measured
drawdowns represent the vertically averaged response of the rock at these
locations over intervals of various lengths, at depths of approximately 20 m to 80 m.
The number of observation wells and duration of pumping for each of the ten
pumping tests conducted at Koongarra is summarised in Table 4.1.1.

TABLE 4.1.1

SUMMARY OF KOONGARRA AQUIFER TESTS

Borehole pumped

KD2
KD3
PH84
PH14
PH56
PH88
C8
PH49
PH58
PH73

Performed by:

AGC (1979)
AGC (1979)
Davis (1988)
Norris (1989)
Norris (1989)
Norris (1989)
Marley (1990)
Marley (1990)
Marley (1990)
Marley (1990)

Number of
observation holes

14
4
5
8
18
13
12
11
13
12

Duration of
pumping (min)

9,800
2,900
493

2,876
5,757
3,818
4,320
894

5,830
4,396

Individual pumping tests have been interpreted using one or more analytical
solutions as indicated in Table 4.1.2. Each of the various analytical solutions
employed are based on a somewhat different conceptual model of the system.
However, all the analytical solutions assume that the medium is homogeneous,
yielding homogeneous values for transmissivity and storativity over the area
stressed in a single pumping test. The results of homogeneous isotropic analyses
using the Jacob-Cooper semi-logarithmic straight line method and the results of
homogeneous anisotropic analyses using either the Papadopulos (1965) solution
or Neuman et al.'s (1984) least squares adaptation to the Papadopulos solution
appear in Table 4.1.2, (after Norris (1989) and Marley (1990)).
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TABLE 4.1.2

SUMMARY OF RESULTS OF ANALYTICAL ANALYSES
OF INDIVIDUAL PUMPING TESTS

Borehole
pumped

KD2
KD3
PH84
PH14
PH56
PH88
C8
PH49
PH58
PH73

Analytical)
solutions
employed

J, B, S, FN, P
J, B, S, FN
J
J, P, N, FF, DP
J, P, N, FF, D
J, P, N, FF, DP
J.N.H
J, N, H
J, N, H
J, N, H

Geometric
mean(2)

homogeneous
isotropic T

(m2/d)
72.5
27.8
45.4
63.7
59.1
61.5
39.4
11.0
30.0
28.3

"All bores'
principal^)

Ta,Tb
(m2/d)

615.3, 44.7 (P)
—
—

208.9, 19.4 (N)
263.3, 13.2 (N)

—
181.1, 8.6 (N)
16.2, 7.5 (N)
144.6, 5.0 (N)
47.2, 8.3 (N)

Direction of
long axis of
drawdown

cone

N15°E
—
—

N44°E
N21°E
N21°E
N54°E
N69°E
N41°E
N53°E

(1) Analytical solutions as follows:
J - Jacob-Cooper (homogeneous isotropic)
B - Boulton (homogeneous isotropic)

S - Stallman (homogeneous isotropic)
FN - flow net analysis (homogeneous isotropic)
P- Papadopulos (1965) (homogeneous anisotropic)
N - Neuman et al.'s (1984) least squares adaptation of Papadopulos1

(1965) solution (homogeneous anisotropic)
FF- fracture controlled: Jenkins and Prentice, Gringarten and

Witherspoon (homogeneous anisotropic)
DP - dual porosity; Stretslova and Adams, Gringarten (homogeneous

anisotropic)
H - leaky aquitard-aquifer; Hantush (homogeneous anisotropic)

(2) Geometric mean value of T computed at all observation wells using the
Jacob-Cooper semi-logarithmic straight line method for an homogeneous
isotropic medium.

(3) Principal values of T, Ta and Tb, computed using all three well
combinations and the Papadopulos (1965) solution or Neuman et al.'s
(1984) least squares adaptation to the Papadopulos (1965) solution for an
homogeneous anisotropic medium.

Transmissivities and storativities estimated using the above analytical solutions
represent averages over the volume of rock stressed in a given pumping test.
Although the volume of rock stressed in a particular aquifer test cannot be precisely
known, it is surely on the order of several tens of metres in radius, or several
hundreds of square metres in area, in the case of the Koongarra aquifer tests.
These volume-averaged transmissivities (Table 4.1.2) and storativities (not shown)
are different for different volumes of rock, i.e. different locations. This could be
interpreted to mean that on the scale of a single pumping test, roughly several
hundreds of square metres in area, the rock is heterogeneous. That is, that the
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transmissivity, and possibly the storativity, of the rock cannot be adequately
characterised by a single value on the scale of a single aquifer test. In this case, it
follows that transmissivity, and possibly storativity, can also not be adequately
characterised by a single value on a scale somewhat smaller than that of a single
aquifer test. In fact, this is quite evident in plots comparing measured drawdowns
at observation wells and drawdowns computed using single values for parameters
derived using any one of the analytical solutions for a given aquifer test.

As an example, measured drawdowns and drawdowns computed using the single
values of transmissivity and storativity estimated for aquifer test PH58 data using
the Jacob-Cooper solution for an homogeneous isotropic medium are depicted in
Figure 4.1.1. The heterogeneity of transmissivity and storativity over the volume of
rock stressed in aquifer test PH58, in fact heterogeneity on a scale somewhat
smaller than that of the entire aquifer test, accounts for significant deviations of
drawdowns computed using the homogeneous solution from measured
drawdowns at the 13 observation wells. Measured drawdowns and drawdowns
computed using the single values for storativity and principal transmissivities
estimated using aquifer test PH58 data and the Papadopulos (1965) solution for a
homogeneous anisotropic medium are depicted in Figure 4.1.2. Again, the single-
valued homogeneous aquifer parameters estimated using the analytical solution
failed to reproduce the salient features of the medium.

Clearly, this fractured rock is heterogeneous with respect to transmissivity, and
possibly storativity, on a scale somewhat smaller than that of a single aquifer test,
approximately several hundreds of square metres in area. It follows, then, that
these aquifer properties are also heterogeneous on even smaller scales such as
tens of square metres, scales on which it may be desirable to predict groundwater
flows and the transport of contaminants. Heterogeneities in transmissivity (and
hydraulic conductivity) on such scales result in non-uniform groundwater velocities.
As a result, groundwater velocities in this fractured rock on such scales, in analogy
to the transmissive properties of the medium that in part give rise to them, cannot be
adequately characterised by a single velocity, even for the purposes of one-
dimensional solute transport simulations.

Characterisation of heterogeneity using inverse modelling

The goal of this work, then, is to improve upon the characterisation of aquifer
parameters that is possible through the application of traditional analytical methods
of aquifer test analysis. We intend to do this by interpreting pumping tests
individually in the case that only one such test is available, or collectively in the
case that more than one pumping test is available, using Wittmeyer's (1990)
inverse groundwater flow model. The advantages of inverse modelling over
traditional methods of analysis should be, in principle, two-fold: (1) the estimation
of spatially varying (heterogeneous) aquifer parameters; and/or (2) the joint
interpretation of multiple sets of aquifer test data (and potentially other types of
hydraulic test data) in the estimation of aquifer parameters. It may also be possible,
given sufficient information, to estimate conditions on boundaries (i.e., leakance)
using inverse modelling. Interpretations of the Koongarra pumping test data using
Wittmeyer's inverse flow model are still in progress. Therefore, the results of those
interpretations will not be presented here. However, several preliminary findings
are discussed below.
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Further evidence concerning the goodness of analytical solutions

The inverse model was used to compute drawdown residuals associated with the
transmissivities and storativities estimated by Marley (1990) for the PH58 pumping
test using traditional analytical techniques, where drawdown residuals are the
difference between measured drawdowns and those computed using estimated
parameters. The sum of all drawdown residuals for a particular test, or the sum of
all squared drawdown residuals, can be used to assess the "goodness1 of
estimated parameters. Interestingly, the sum of squared drawdown residuals
associated with Marley's estimated parameters for the PH58 pumping test based
on the Jacob-Cooper solution for an homogeneous isotropic medium and that
associated with the Papadopulos (1965) solution for an homogeneous anisotropic
medium were very nearly equal. In fact, the sum of squared drawdown residuals
associated with the isotropic model was slightly lower (better reproduction of
measured drawdowns) than that associated with the anisotropic model. This is not
to say that the fractured rock at Koongarra is isotropic. The overall elliptical shape
of drawdown cones indicates otherwise. Rather, it seems that the greatest failure of
the analytical models was, in this case, their inability to account for the spatial
variability of aquifer properties.

Reproduction of analytical solutions using inverse modelling

We have estimated homogeneous values of storativity and principal
transmissivities using the PH58 aquifer test data and Wittmeyer's inverse model
(assuming no prior information). Estimated parameters were of significantly better
quality than those estimated by Marley (1990) using the Papadopulos (1965)
analytical solution for a homogeneous anisotropic medium. That is, the sum of
squared drawdown residuals associated with the aquifer parameters derived using
this numerical technique was roughly half that associated with the analytical
solution using the same data. We conclude that, given sufficient quantities of
drawdown data, inverse modelling can be used to at least reproduce the results of
traditional analytical analyses, and possibly to improve upon them, in the
estimation of homogeneous aquifer parameters.

Characterisation of the fractured rock at Koongarra using inverse modelling

Wittmeyer's inverse model can be used to estimate a number of different types of
parameters, including transmissivity and storativity, heterogeneous and otherwise.
Several preliminary inversions of the PH58 aquifer test data have been undertaken
in order to determine what types of parameters must be estimated to successfully
characterise the fractured rock at Koongarra. Specifically, it is clear that a
heterogeneous transmissivity must be estimated in order to successfully
characterised this rock. The transmissivity being controlled by the degree of
fracturing, the degree of fracturing varying from one portion of the rock to the next,
(as indicated by dramatically anomalous drawdowns at some locations during
pumping tests). Storativity, on the other hand, is commonly assumed to be less
variable than transmissivity. This may not be true, however, for the fractured and
partly weathered schist at Koongarra. In fact, storativities computed using the
Jacob-Cooper solution for a homogeneous medium (1988 - 1989 pumping tests)
were slightly more variable than corresponding transmissivities, the coefficient of
variation for those storativities and transmissivities being 0.60 and 0.48,
respectively. In light of this result, several inversions of the PH58 aquifer test data
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were carried out in order to determine if the estimation of a heterogeneous
storativity would enhance significantly our characterisation of this rock.

We begin with an inversion of the PH58 pumping test data, estimating an
homogeneous (single) storativity and homogeneous principal transmissivities only.
Measured drawdowns and drawdowns computed at the pumping well using the
estimated homogeneous parameters, as well as drawdown residuals at the
pumping well as a function of time, appear in Figure 4.1.3. The very shape of the
computed drawdown curve appears to be in error, suggesting that the match
between measured and computed drawdowns cannot be improved by a 'shift' of
the estimated homogeneous storativity and transmissivities. Note that the poorest
match to measured drawdowns occurs at approximately 8 minutes. If 8 minutes
corresponds to the time at which the drawdown cone has advanced north
approximately 30 m, the distance to a zone of high conductivity known to intersect
boreholes PH55 and M3, then the particularly poor match between measured and
computed drawdowns at this time may be due to the model's inability to reproduce
this heterogeneity using homogeneous parameters.

Next we inverted the data of pumping test PH58, estimating a homogeneous
(single) storativity and heterogeneous principal transmissivities for 18 of 26 zones
comprising a subdivision of the domain based on geologic 'intuition' and a multi-
faceted subjective analysis of all the available hydrologie information. Though
extremely subjective in nature, the author could make no more rational a
subdivision on the basis of the available information without using a more
systematic approach, such as that which will be described in later work. Still, the
estimation of heterogeneous parameters for this subdivision was useful in deciding
beforehand what parameters must be estimated to successfully characterise this
fractured rock. Measured drawdowns and drawdowns computed at the pumping
well using the estimated homogeneous storativity and heterogeneous principal
transmissivities, as well as drawdown residuals at the pumping well as a function of
time, appear in Figure 4.1.4. The match between measured and computed
drawdowns is improved, but computed drawdowns and residuals retain some of
the characteristics observed using a model homogeneous with respect to both
storativity and transmissivity. It is not clear whether the continuing poor match to
measured drawdowns is due to errors in the subdivision of the domain, or possibly
due to the heterogeneity of storativity.

Finally, we inverted the data of aquifer test PH58, estimating both a heterogeneous
storativity and heterogeneous principal transmissivities for 18 of 26 zones
comprising our highly subjective subdivision of the domain. Measured drawdowns
and drawdowns computed at the pumping well using the estimated heterogeneous
storativity and heterogeneous principal transmissivities, as well as drawdown
residuals at the pumping well as a function of time, appear in Figure 4.1.5. The
shape of the computed drawdown curve is much more like that of measured
drawdowns than in previous inversions. However, drawdown residuals are, in
general, larger. Again, it is not clear to what degree the extremely poor match to
measured drawdowns is due to errors in the subdivision of the domain.

The results of these preliminary inversions support the notion that a heterogeneous
transmissivity will be required if the fractured rock at Koongarra is to be successfully
characterised. Whether or not the estimation of a heterogeneous storativity will
enhance significantly our characterisation of the rock is not clear. As such,
inversions of the Koongarra aquifer test data are being carried out for two cases:
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one in which a homogeneous storativity and heterogeneous principal
transmissivities are estimated, and one in which both a heterogeneous storativity
and heterogeneous principal transmissivities are estimated. Arguments can be
made for either case. Based on analytical analyses, storativity at Koongarra seems
to be at least as variable as transmissivity, but it is commonly assumed to be less
so. On the other hand, it could be argued that the storativity, or rather the "effective1

storativity, of this fractured rock is related to the degree of fracturing in the same
way that transmissivity is related to the degree of fracturing.

Water is transmitted primarily through fractures in response to pumping. Although
the pressure pulse induced by pumping travels through the entire medium at the
speed of sound, it takes a finite amount of time for the rock to respond, and a finite
amount of time for water to be released from storage. Therefore, it is a finite volume
of the rock that responds, with the effect that most of the water released from
storage is derived from the portions of the rock adjacent to 'active' fractures. As
pumping continues, the bands of rock from which most of the water is being
released could be expected to expand, until at points closest to the pumping well
the bands meet and essentially the entire rock is responding. This physical model
could be used to explain how the 'effective' storativity of the rock might be related
to the degree of fracturing, and why it may be important to characterise the rock at
Koongarra as being heterogeneous with respect to storativity, as well as
transmissivity.

Concluding remarks

It is clear on the basis of traditional analytical analyses of the Koongarra pumping
test data that the fractured and partly weathered schist underlying the ARAP site is
heterogeneous with respect to transmissivity, and possibly with respect to
storativity, on scales smaller than that of a single pumping test or approximately
several hundreds of square metres in area. One must expect, then, that
groundwater velocities in the fractured schist, which are in part determined by
medium properties, will be non-uniform on scales of this magnitude or smaller.
Consequently, groundwater velocities in this fracture rock cannot be adequately
characterised by a single velocity on such scales, even for the purposes of one-
dimensional solute transport simulations.

Traditional analytical methods of aquifer test analysis yield homogeneous values
for hydraulic parameters such as storativity and transmissivity over the area
stressed in a single aquifer test. The objective of this research is to test the
usefulness of inverse groundwater flow modelling, a numerical technique, as an
alternative to the traditional analytical analysis of pumping tests in the
characterisation of heterogeneous geologic media, fractured rocks in particular.
We have developed an inverse numerical method, based on theory developed by
Wittmeyer and Neuman (1991), allowing for the simultaneous analysis of several
pumping tests to yield medium parameters that may vary spatially and attain
unique values at specified locations. We are testing this approach by interpreting
simultaneously the data of nine multi-well pumping tests performed at the ARAP
site using an inverse groundwater flow model developed by Wittmeyer (1990), in
an effort to more fully characterise the heterogeneity of aquifer parameters for a
fractured schist underlying the site. We have shown that, given sufficient quantities
of drawdown data, inverse modelling can be used to at least reproduce the results
of traditional analytical analyses, and possibly to improve upon them, in the
estimation of homogeneous aquifer parameters. Furthermore, inverse modelling
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should, in principle, be useful in the estimation of spatially varying (heterogeneous)
aquifer parameters and/or allow for the joint interpretation of multiple sets of
pumping test data (and potentially other types of hydraulic test data). It is our hope,
then, that this numerical technique will facilitate the characterisation of
heterogeneity, improving estimates of spatially varying medium parameters.

121



W2

a

os
a

2 -

1-j

; • ; •

,* *

T

T

::

' . * • > : <

: ; #

t art;

StXi.

z z

à
/

/ •

• •

> • :

; •
• i

* \

/ .

i i |

• . • • • •

• • • • • .

. * .

.* r £.;

• • : •

• •* • . •

10 100 1,000 3,000

TIME (min)

KD2

|
oa

• • • ^ • * % * »"V«

mm

10 100 IJHQ 3fiOO

TIME (min)

W7

Io
Q

;-:
: .* .• :.-1 i * .•̂ :̂

: - • - : * : •

•A

T T c T

• * *»*

10 100 1,000 3^)00

TIME (min)

£

I «1
O :
Q

Q; 0.01 :

c ;

PH55

I
•

Ai

t

hi:

: . : •

•h

• :

• .* t

; • !

i »
: • : • : : : :

: : : : . : : :

; ; / :

C9

10 100 1,000 3,000

TIME (min)

M4

* .

: .' .* / .*

: ::y.

'•^£
V.iC%

: / : : : :

./•......

/

• c
,>"

z t.

: : £ '
* »* .• .*

.* .* ^ .•

10 100 1,000 Zfito

TLME (min)

W5

C6 0.01

Q

. y.....:r:

• f •'.••'.'-'.X

: ; : ) :U^
.: :::::::

: : ;::d j ^

• 1 •*•!•!

• • • • • • • •
• . » • • • • •

.

: ; ;;:£

:

io loo 1,000

TIME(nrin)

10 100 1,000 3,000

TIME (min)

M3

I T

-1 :

o •
Q

Q :

0J5O1-

: :::::::! : : : : : ; : :

: ; ;K;:;

. /:]f ::::::

*. *. ;'«ï*ï : "*%

•
* I * '-'.'I

.* .*>.•
*.*.*;*.

:

10 100 1,000 3,000

TIME (min)

PH139

(U
I)

A
W

D

B E " • " * :

Q :

0JIO1-

: : : : : : : :

.* zizt : r ••»!

• • i " 1 • /•»•

: : : : : : • ;

: : : : : : : :

ZZJZZ

: ; • .* t

f • •

J '• j

••/•

Ms:

•4

• • ' . •

: : >z

.

'•

10 100 1,000 3,000

TIME (min)

FIGURE 4.1.1 Measured drawdowns (bold solid lines) and drawdowns computed
using single values of transmissivity and storativity estimated for aquifer test PH58

data using the Jacob-Cooper solution for a homogeneous isotropic medium
(solid lines) at the observation wells of aquifer test PH58

122



PH14 PH49 M2

I
o
a
<
as
a

-
: ::•:•• Sif-T

. . . . . . . .
. .•.;-;-—

: • : . : . : .

! ii'.iiiiCV

: : :::::'

! . * • in.*.
. •. *-.

^

• . •. •••,

:.-j/l\'.:S.

: : : : ::::
• • » • ; • ; *»%,

. r . ; . : . :

;
* Î * *

10 100 1,000

TIME (min)

C8

|
O
Q

as
Q

;

• * ; - T { ; K :

: :::::}

v.y.{\m:.v.L

3m
*•¥: •:•:•::::

*/

J: r : t .-/r\-i

••%•;%*.».•.;

: :::::::

0:
.; { > .•

.* .• > ;

1W 1«W> 3*00

TIME (min)

1 -

(m
)

R
A

W
D

O
W

N

o :

. - . • • ; —

' . ' • : ' • ' . ' : •

••J-Î')Ç:

. • .•.-..
- * * «• '

: ; :/;:;

: : :;:;:
::

•y
•/

:•:•

rrii

.

*. 1

.....

* I '*.'*.'

ii y.

/ v
-.
;

111 :

Z

c

|: • ••.*

I

•
v/
fa
;:t.-

i-ii

','•1''.
its*
't ?•>•

;

;;.";

4

10 100 lv

TIME (min)
16 190 1,000 3,000

TIME (min)

FIGURE 4.1.1 (continued)

123



W2 PH55 C9

o
Q

TT"

: :
*

y.

• '

' :

"Ci"'

. . . .

: : :/£

/

/

; ;

* i?

Pi
à
M/.:

•:'.-:s:

: . : - : . :

J5
;.*.*.*

. " ; > • •

•

10 100 1,000 3400

TIME (min)

KD2

Z • ; • ; - ' . '

illiVZ

*: '. •!!?.',

i :; :;r

'• : '•'/£•:

•fl-.'.'.r.'.
T-

Ë
: :.y

. - . • . » ••

10 10U IJOOO 3 W 0

TIME (min)

W7

i-.

O
W

N 
(m

)

c

& 0.01 •:

0.00

. . . . .

; ; ; .• ;

* • * • :

:

• * : • •

•

\*V

. • • • •

c::

;;;;
rv*.

::::

. - . •

• -

• /

•m

( • •

. . . . . .

:::p
'/S\

\ * i»i

:::::

." ; -.'

:

/ ^

„• ." .* ••

10 100 1JW 3,000

TIME (min)

Z

oa

' *":«?
: : : / : • :

: .•.•/.*r

: r i ; -
J • '

/ : :

d
:::Z

: • . : " . • . :

t : ry

;

• : • : • : • :

* • * * ! *

.-1 r s*'

• : ' ,* .

- t*i*i

W.

•* -* .* .*
. • . • > . •

10 100 1AKKI 3,000

TIME (min)

M4

Z

O
a

J
/ = • • !

• j . - #*>•

• ; * . " • ; •

! t .

.

• :

t

'I*.

...

S:

S

; :.» .*

..;.

100 1

TIME (min)

W5

100 1J»O 3,M0

TIME (min)

o
a
<

: .•-•

•: ;

>/

i

:

• • « ^

. : • • - : :

• y
./?.•

. • . • . • . ' .

à
r

*

i

;

/
r
-•

!«
.• •

•-*.

• * '

m
:::
^ • «

:is

::;

. • • •

it

10 100 1,000 3.000

TIME (min)

M3

A
W

D
O

W
N

0.001-

• •

. " - •

ig;

•iJtew.

v.
•:

:;

ï ;

''•I

''\

:i:

**.;.".' .*.'". * *" '.

10 100 1,000 3,000

TIME (min)

PH139

S 0J

O

a

:< t

: •

• : :

It t

** :
• » ".

££.

Y;
. 7

: : : : : ! :

'fi
ïiï.

10 100 1,000 3.000

TIME (min)

FIGURE 4.1.2 Measured drawdowns (bold solid lines) and drawdowns computed
using single values of transmissivity and storativity estimated for aquifer test PH58

data using the Papadopolous (1965) solution for a homogeneous isotropic medium
(solid lines) at the observation wells of aquifer test PH58

124



PH14 PH49 M2

oc •

:

: : ::;::
r.i'AVi

Hi

yA

Ci

rv*.
.*•:•

- '. ll't-

•:-:;•:(-•:•:«

• /» • . * «:*.*.

/ « i *i«ii:

. ' *" i ."

•

.* .• > •0.01 -. . . ; . -

10 100 1^)00

TIME (min)

C8

1 j
Û :

.• .• ; .• < i t w>

• • i '+ ï»^.t-

•:•:;•:?{•:«:

- . "'l'i

p
. • . " > :

. * . " > .•

10 100 1JMO 3400

TIME (min)

I
O
Q

j

: . • , - ; . • *

: ; : / . *T

: Miu
... . .

• *•••

zry

* .*• y

:::::

. : . : . : - :
.* .• * .* •
::;:t

• • \* •
* .

'if
rfrù
1* '"/• :

w.

• : . ' /

i ^

* : < • •

rrtitr

/?

.• .* t :

10 100 1*00 3,600

TIME (min)

FIGURE 4.1.2 (continued)

2'

1

Q

c

• ; t i-i\

* 1 • / • • •

/ * fy;

!•:::::

/

• *̂

.'I*. 1
/ .* .** •••

10 100 1,000 3,000

TIME (min)

125



10 q

Estimated T in 1 of 1 T-zone
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FIGURE 4.1.3 (a) Measured drawdowns (bold solid line) and drawdowns
computed using an estimated homogeneous storativity and homogeneous

principal transmissivity (solid line), at the pumping well during the PH58 aquifer
test; and (b) corresponding drawdown residuals at the pumping test during the

PH58 aquifer test.
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test; and (b) corresponding drawdown residuals at the pumping test during the

PH58 aquifer test.
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5 CONCLUDING REMARKS

In concluding this Volume, it is useful to consider the results in the context of
INTRAVAL, of which ARAP was one Test Case, and to comment on the extent to
which the objectives of ARAP in this context were met (see also van de Weerd et
al., 1993).

This Volume describes that part of ARAP relating to hydraulic models for the
prediction of rates and directions of groundwater movement. It was perceived from
the outset that one component of ARAP would be a test case for the evaluation of
mathematical models of groundwater flow, specifically in a complex situation with
three-dimensional flow through a fractured porous medium. This test case
provided an opportunity for testing modelling procedures when there is little a priori
knowledge about the flow system. The emphasis of the test case would be on
iteratively selecting and applying appropriate kinds of modelling tools, rather than
on validating specific models from within a preconceived class of models.

The available data now include dozens of reports, regional topographic and
geologic maps, aerial photographs, hundreds of diamond drill and percussion hole
logs, a reconstructed geomorphological history, fine-scale laboratory
measurements of the hydraulic properties of samples taken from drill cores, field
investigations including pump tests and slug tests, shallow piezometric levels and a
wealth of chemical and isotopic data which provide evidence for directions of
groundwater movement. It could be said that there is now significant a priori
knowledge about the flow system. It is also true that throughout the period when
hydrogeological models were being tested, more and more data and new
interpretations were continuously being found, thus none of the modelling efforts
took full advantage of ail the data that are now available.

The objectives of the test case were:

1. to identify the boundaries of a region suitable for modelling groundwater flow
through the Koongarra No.1 orebody, as well as corresponding boundary values;

2. to calibrate groundwater flow models capable of describing rates and
directions of groundwater flow through the orebody under present-day climatic
conditions; and

3. to predict rates, directions and travel times of groundwater flow, if possible
with corresponding estimates of uncertainty, for periods long enough to allow
modelling of radionuclide transport.

A significant effort was made during ARAP to identify the boundaries of the flow
system, to test and calibrate (at least qualitatively) a suite of groundwater flow
models under present-day climatic conditions, and to make estimates of rates,
directions and travel times of groundwater flow. However, very little effort was
made to quantify uncertainty, perhaps because of a feeling that was too much
uncertainty about model structure to utilise systematic (Monte Carlo or First Order
Second Moment) techniques for uncertainty propogation.

The near surface hydrogeology at Koongarra is complex, due to highly seasonal
climatic variations and surface water - groundwater interaction. In retrospect, one
of the major lessons from the hydrogeological investigations during ARAP is that
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the critical role of surface water - groundwater interaction at Nourlangie Creek, in
controlling the groundwater outflow from the study site, should have been
recognised at an earlier time, and specific field studies should have been
undertaken to identify the behaviour of this boundary to the groundwater flow
system.

During the study, it became apparent that the objective of developing hydraulic
models in isolation from transport models was somewhat artificial, if not ill-
conceived. This conceptual segregation between flow and transport processes
has led to Volume 6 of this series attempting to offer conclusions about flow
patterns etc., for use in later Volumes, but without taking full advantage of observed
spatial distributions of dissolved species in groundwater. A more modern
approach would encourage consideration of coupled flow and transport processes
from the start.

130



6 REFERENCES

Ababou, R., McLaughlin, D., Gelhar, L.W., and Thomson, A.F.B. (1989) Numerical
simulation of three-dimensional saturated flow in randomly heterogeneous porous
media, Transport in Porous Media, 4(6), 549-565.

Atkinson, R., Herbert, A.W.,Jackson, C.P., Robinson, P.C. and Williams, M.G. (1986)
NAMMU User Guide (Release 4), UKAEA Report AERE-R. 12354.

Australian Groundwater Consultants (AGC) (1979) Report on investigation of
groundwater and the design of the water management and tailings retention
system for the Koongarra project; Vol 1 Groundwater studies: Australian
Groundwater Consultants, Unpublished Report of January 1979.

Bouwer, H. (1978) Groundwater Hydrology, McGraw-Hill, New York, 480 pp.

Cinco, H.L., Samoniego, F.V., and Dominguez, N.A. (1978) Transient pressure
behavior for a well with a finite-conductivity vertical fracture, SPEJ, 18(4), 253-264.

Davis, S. N., (1988) Hydrogeologic test of PH84, Koongarra, Australia:
Unpublished Report, Dept of Hydrology and Water Resources, University of
Arizona, 34 pp.

Dershowitz, W., Lee, G., and Geier, J. (1991) FracMan Version 2.3: Interactive
Discrete Feature Data Analysis, Geometric Modeling, and Exploration Simulation
User Documentation.

Dunin, F.X., and Greenwood, E.A.N. (1986) Evaluation of the ventilated chamber
for measuring evaporation from a forest, Hydrological Processes, Vol.1, 47-62.

Dunin, F.X., Nulsen, R.A., Baxter, I.N., and Greenwood, E.A.N. (1989) Evaporation
from a lupin crop: a comparison of methods, Agricultural and Forest Methods, 46,
297-311.

Freeze, R.A. (1969) Theoretical Analysis of Regional Groundwater Flow, Scientific
Series No.3, Inland Waters Branch, Department of Energy, Mines and Resources,
Ottawa, Canada, 200pp.

Gringarten, A.C., and Witherspoon, P. A. (1972) A method of analyzing pump test
data from fractured aquifers, in Proceedings, Symposium on Percolation in
Fractured Rock, Stuttgart, International Society of Rock Mechanics, Vol.3, p. B1-B9.

Hatton, T.J., and Vertessy, R.A. (1990) Transpiration of plantation Pinus radiata
estimated by the heat pulse method and the Bowen ratio, Hydrological Processes,
Vol.4, 289-298.

Johnston, D.J. (1984) Structural evolution of the Pine Creek Inlier and
mineralisation therein, Northern Territory, Australia. Ph.D. thesis, Monash
University (Unpublished).

Lau, J.E. (1979) Summary of registered bore data, Alligator Rivers 1:250 000 sheet
area, Northern Territory Geological Survey - File Note - TR-9-1.

131



Mabbutt, J.A. (1977) An introduction to systematic geomorphology, Vol.2., Desert
landforms, Australian National University Press, Canberra, 340pp.

Marley, R. D. (1990) Hydrogeologic Field Study of the Koongarra Uranium Deposit
in the Northern Territory of Australia. MS Thesis, University of Arizona, Tucson,
Arizona.

Needham, R. S. (1988) Geology of the Alligator Rivers Uranium Field, Northern
Territory. BMR Bulletin 224, Department of Primary Industries and Energy, Bureau
of Mineral Resources, Geology and Geophysics, Canberra, Australia.

Neuman, S.P., Walter, G.R., Bentley, H.W., Ward, J.J., and Gonzaliz, D.D. (1984)
Determination of horizontal aquifer anisotropy with three wells. Ground Water,
22(1), 66-72.

Norris, J. R. (1989) Preliminary Hydraulic Characterization of a Fractured Schist
Aquifer at the Koongarra Uranium Deposit, Northern Territory, Australia. M.S.
Thesis, University of Arizona, Tucson, Arizona.

Papadopolus, I.S. (1965) Nonsteady flow to a well in an infinite anisotropic aquifer,
Proceedings of the Dubrovnik Symposium on the hydrology of fractured rocks,
International Association of Scientific Hydrology, 21-31.

Pidsley, D. (1990) Jabiru Groundwater Supply Assessment, Nanambu Creek
Region (1986-87), Northern Territory Power and Water Authority Report 32/1990.

Snelling, A. A. (1980) A Geochemical Study of the Koongarra Uranium Deposit,
Northern Territory, Australia, Ph.D. Dissertation, University of Sydney, Sydney,
Australia.

Snelling, A.A. (1990) Koongarra uranium deposits. In: The Geology of the Mineral
Deposits of Australia and Papua New Guinea, F.E. Hughes (Ed), The Australasian
Institute of Mining and Metallurgy, Melbourne, 807-812.

Tôth, J. (1963) A Theoretical Analysis of Groundwater Flow in Small Drainage
Basins, J. Geoph. Res., 68(16), 4795-4812.

Townley, LR. (1987) AQUIFEM-N: A Multi-Layered Finite Element Aquifer Flow
Model. User's Manual and Description, Townley and Associates.

Townley, L.R., Barr, A.D., and Nield, S.P. (1992) FlowThru: An Interactive Program
for Calculating Groundwater Flow Regimes Near Shallow Surface Water Bodies,
CSIRO Division of Water Resources, Technical Memorandum 92/1, Version 1.1,
85pp., plus software.

van de Weerd, H., Hassanizadeh, S.M., and Richardson - van der Poel, M.A. (1993)
INTRAVAL Phase 2, Test Case 8, Alligator Rivers Natural Analogue - Modelling of
uranium transport in the weathered zone at Koongarra (Australia). RIVM Progress
Report 725206010.

Wittmeyer, G.W. (1990) Robust estimation of parameters in nonlinear subsurface
flow models using adjoint state methods. Ph.D. dissertation (unpublished), Dept. of
Hydrology and Water Resources, Univ. of Arizona, 356 pp.

132



Wittmeyer, G., and Neuman, S.P. (1991). Monte-Carlo experiments with robust
estimation of aquifer model parameters. Advances in Water Resources, 14(5), 252-
272.

133


