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Definitions
Key term

Definition

Additional annual load limit(s)

The additional annual load limit is the additional load of
constituents that can be released to the Magela Creek, above
background levels.

Alligator Rivers Region

The Alligator Rivers Region comprises an area of approximately
28,000 square kilometres and includes the catchments of the
West, South, and East Alligator Rivers, extending east into
Arnhem Land and south into the Gimbat and Goodparla pastoral
leases. The world-heritage-listed Kakadu National Park is located
within the Alligator Rivers Region.

Anisotropy1

Condition or situation for which physical properties vary with
direction.

Aquifer1

A geologic unit that conducts water at rates that yield
economically significant quantities of water to wells and springs.

Aquifer test2

A procedure for measuring the characteristics of an aquifer by
pumping a well and monitoring changes in groundwater levels
(heads) and the pumping rate. Also called hydraulic testing or
pumping test.

Aquitard1

A geologic unit or confining bed that retards but does not prevent
flow of water to an adjacent aquifer. It does not readily yield
water to wells or springs.

Brine

A rejects stream (salt solution) derived from the treatment of
process water via the brine concentrator.

Cemented paste aggregate fill
with tailings

Abbreviated to cemented PAF with tailings. Comprises tailings,
cement, and aggregate generated from low-grade ore.

Cemented rock fill

Abbreviated to CRF. A mixture of crushed waste rock and
cement.

Conservative solute

A dissolved chemical constituent in groundwater whose
concentration is not affected by biogeochemical or physical
processes occurring along the flow path.

Constituents of potential
concern

Abbreviated to COPC. COPCs are chemicals present at
concentrations that exceed background concentrations as a
result of the mining operation.
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Key term

Definition

Deeps water-producing zone

The “Deeps water-producing zone” is a designation given to an
estimated volume of rock that contains thin intervals that can
produce flow rates of up to hundreds of litres per minute of water
when first penetrated by underground exploratory drill holes. The
zone is most often found in the Lower Mine Sequence and lower
Upper Mine Sequence where uranium mineralisation has
occurred. The high flows are assumed to be associated with
open fractures.

Drain boundary condition

A head-dependent boundary condition in the MODFLOW family
of modelling codes that allows groundwater to leave the model
domain if the head in the model cell exceeds the drain elevation
(stage). The rate of outflow is controlled by the conductance
parameter.

Environmental Impact
Statement

Abbreviated to EIS. An EIS details the anticipated environmental
effects of a development on the environment based on detailed
studies. The aim of the EIS process is to reduce, offset, or
prevent significant negative environmental impacts of a
development. Essentially, the EIS is the formal response by a
proponent to government environmental assessment legislation
and is made available to the public for comment. The final EIS
forms the basis on which regulatory decision makers consider the
ensuing environmental impacts when deciding whether to
proceed with a project.

Evapoconcentration

Concentration of chemical constituents in groundwater due to
evaporation.

Evapotranspiration

Water lost from the soil though evaporation and transpiration by
plants.

Exploration decline

The sloping development drive from the surface into the Ranger
3 Deeps underground mine. At the surface, the decline begins at
the portal.

Footwall

The wall or rock on the underside of a vein or ore structure.

General head boundary
condition

Abbreviated to GHB. A head-dependent boundary condition in
the MODFLOW family of modelling codes that allows
groundwater to enter or leave a model cell. If the head in the
model cell exceeds the boundary elevation (stage), groundwater
will leave the model cell. If the head in the model cell is less than
the stage, groundwater will enter the model cell. The rate of flow
is controlled by the conductance parameter.

Geocentric Datum of Australia

Abbreviated to GDA. GDA is the latest Australian coordinate
system, replacing the Australian Geodetic Datum (or AGD).
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Key term

Definition

Geographic information
system

Abbreviated to GIS. A GIS is designed to capture, store,
manipulate, analyse, manage, and present all types of
geographically referenced data.

Georgetown Billabong

The statutory surface water monitoring point for Georgetown
Billabong, which is located downstream of Corridor Creek and
the Corridor Creek wetland filter.

Groundwater1

Subsurface water found in the zone of saturation, wherein all or
nearly all pores are water-filled.

Groundwater flow model2

A numerical tool for describing and predicting water flow in the
sub-surface by solving the equation for flow through porous or
fractured media.

Groundwater Vistas3

Software for building, testing, and applying groundwater flow and
transport models from Environmental Simulations, Inc.

Hanging Wall Sequence

Abbreviated to HWS. Consists of schists composed of muscovite,
biotite, quartz, hematite, garnet, and/or magnetite. The HWS is
intersected by numerous thin quartz and amphibolite intrusions,
and by a single, thick (20-30 metre) amphibolite sill near its base.
Shear and/or brecciated zones are found throughout the unit.

Head1

Elevation to which water, including groundwater, rises at a point;
a measure of the energy in water controlling flow; usually refers
to the energy from pressure, elevation, or the sum of the two.
Also referred to as “groundwater level.”

Hydraulic conductivity1

The rate of water flow through a unit cross-section (e.g., 1 square
foot or 1 square metre) under a unit gradient for groundwater
head. It is defined by the permeability (the capacity of a material
to transmit fluid) and the fluid properties of water.

Hydraulic properties

The characteristics of earth materials that influence the
movement of groundwater. These properties include hydraulic
conductivity, permeability, specific yield, and specific storage.

Hydraulic testing

See aquifer testing.

Hydrolithologic unit

A grouping of soil or rock units or zones based on common
hydraulic properties.

Land application area

An area on the Ranger Project Area used as an
evapotranspiration-based disposal method for both polished and
unpolished pond water from the constructed wetland filters and,
more recently, permeates from the water treatment plants.
However, irrigation of unpolished pond water ceased at the end
of 2009. The concept of land application is to retain metals and
radionuclides in the near-surface parts of the soil profile.
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Key term

Definition

Landform waste rock

Waste rock used to create the ground surface topography for
mine closure.

Lithology

The physical characteristics of a rock unit including composition,
colour, texture, grain size, etc.

Low-grade rock

Low-grade rock (or low-grade ore) typically has a grade between
0.05% and 0.1% U3O8.

Lower Mine Sequence

Abbreviated to LMS. The LMS consists primarily of upper and
lower carbonates, with interbedded schist and chert. The lower
carbonate appears to have been recrystallised during
metamorphism to a magnesian marble, while the upper
carbonate is an impure dolomite with interbedded chlorite schist
and patches of massive chlorite. In some locations, portions of
both carbonates have been replaced by chert. The lenticular
schist consists of quartz, chlorite, and sericite, and is at most a
few metres thick. Uranium mineralisation in the LMS occurs in
the lenticular schist and massive chlorite.

Magela Creek downstream

Abbreviated to MG009. MG009 is the Ranger downstream
statutory or compliance surface water monitoring point. It is
located on Magela Creek, downstream of Ranger operations.

Magela Creek upstream

Abbreviated to MCUS. MCUS is the upstream statutory surface
water monitoring point, located on the Ranger Project Area.

Mass balance error

A measure of how well a model conserves mass (i.e., inflows
minus outflows). Mass balance errors are calculated for both
water and solutes.

MODFLOW 2

The three-dimensional finite-difference code for solving the
governing equation for groundwater flow through porous media
developed by the United States Geological Survey.

MODFLOW-SURFACT4

A version of the MODFLOW modelling code that has proprietary
improvements to more efficiently solve groundwater flow
problems. Developed by HydroGeoLogic, Inc.

No-flow boundary condition

A boundary condition that does not allow inflow from or outflow to
the outside of the model domain.

Order of magnitude

A power of ten. An increase by one order of magnitude equals a
tenfold increase, whereas a two order of magnitude increase
equals a hundredfold increase.

Pan evaporation

Rate of evaporation of water from an open pan situated in a
location away from trees, bushes, and any other objects that
might affect the natural air flow around the pan.
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Key term

Definition

Permeability

See Hydraulic conductivity.

pH5

Negative logarithm of the hydrogen ion (H+) concentration (i.e.,
activity). Solutions with a pH less than 7 are said to be acidic,
and solutions with a pH greater than 7 are said to be basic or
alkaline.

Pit 1

The mined out pit of the Ranger #1 orebody, which is used as a
tailings repository. Mining in Pit 1 commenced in May 1980 and
was completed in December 1994 after recovering 19.78 million
tonnes of ore at an average grade of 0.321%.

Pit 3

The northernmost mined out pit at Ranger. Open cut mining of
orebody #3 commenced in July 1997 and ceased in November
2012.

Porosity2

Volume of empty pore space (voids) within a material divided by
the total volume of the material.

Potential evapotranspiration

Rate of evapotranspiration that could occur if soil moisture was
unlimited.

Precipitation factor

The fraction of rainfall that becomes groundwater recharge over
a given unit of time.

Quantile

Values that divide a frequency distribution into equal-sized
subgroups. When divided into 100 subgroups, quantiles are the
same as percentiles, but indexed by sample fractions instead of
sample percentages.

Ranger Project Area

The Ranger Project Area means the land described in Schedule
2 to the Aboriginal Land Rights (Northern Territory) Act 1976.

Reactive solute

A dissolved chemical constituent in groundwater whose
concentration is affected by biogeochemical and/or physical
processes occurring along the flow path.

Reduced level

Abbreviated to RL. Denotes a specific elevation relative to mean
sea level and is regularly used to identify the height or depth of
plant or mine infrastructure, e.g., the height of the tailings dam or
the depth of the operating pit (Pit 3).

Reference evapotranspiration

Rate of evapotranspiration that could occur from a reference
surface (hypothetical grass reference crop with specific
characteristics) if soil moisture was unlimited.

Retention pond

Abbreviated to RP. RPs are used to provide sediment control,
dilution, and storage of pond and managed release waters.
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Key term

Definition

Saturated zone

The portion of the sub-surface wherein most of the pores are filled
with groundwater. The saturated zone lies below the water table.

Specific storage2

Volume of water released from a unit volume of confined aquifer
solely due to the expansion of water and aquifer compression
when the pressure head decreases by a unit amount.

Specific yield2

Proportion of porosity from which water freely drains after the
water table drops in an unconfined aquifer.

Storage coefficient

Abbreviated to S. Represents the amount of water produced by
a given change in aquifer head. For a confined aquifer, S equals
the product of specific storage and the aquifer thickness. For an
unconfined aquifer, S equals specific yield plus the product of
specific storage and the aquifer thickness.

Straddle-packer hydraulic
testing

Hydraulic testing of a section of a borehole that has been isolated
by two inflatable packers.

Surface seepage

Discharge of groundwater from the sub-surface to ground
surface.

Tailings

Tailings are the materials left after the process of removing the
recoverable uranium from the ore.

Tailings dam

Surface dam used to hold tailings at Ranger. The tailings dam is
one of currently two tailings storage facilities at Ranger, the other
being Pit 1.

U3O8

Triuranium octoxide, the most stable form of uranium oxide and
the form most commonly found in nature. Uranium oxide
concentrate is sometimes loosely called yellowcake. It is khaki in
colour and is usually represented by the empirical formula U3O8.
Uranium is normally sold in this form.

Upper Mine Sequence

Abbreviated to UMS. The UMS consists largely of quartz-biotite
or chlorite schist. Where uranium mineralisation has occurred in
the Deeps Fault zone, the schist has been altered to chlorite
schist, chlorite biotite schist, and graphitic schist. The UMS is
penetrated by numerous thin pegmatite and quartz intrusions,
most less than 1 metre thick. Shear and/or brecciated zones are
found throughout the unit. Carbonaceous bands (metamorphosed
shales) occur in some parts of the UMS. The UMS contains
minor carbonate lenses of uncertain continuity. The lower UMS,
originally deposited as fine mudstone with interbedded silts and
fine arenites, is dominated by chlorite schist, whereas the upper
UMS, originally deposited as a coarse, impure arenite, contains
more quartz-(biotite)-chlorite schist. Uranium mineralisation is
concentrated in the lower UMS, below the base of the arenite.
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Key term

Definition

Vadose zone

The portion of the sub-surface that lies between ground surface
and the saturated zone.

Void ratio

Ratio of volume of void space (pores) to volume of solid material
in a sample; can be used to calculate porosity (n), which is the
ratio of volume of void space (pores) to volume of sample, by the
equation n = e / (1 + e).6

Waste rock

Mined rock that is stockpiled due to its low grade, i.e., material
which does not enter the processing plant. For example, 1s
waste rock typically has a grade of less than 0.02% U3O8; 2s
waste rock (or very low-grade ore) typically has a grade between
0.02% and 0.05% U3O8.

Water balance

A calculation that shows the differences between inflow, outflow,
and change in storage for a region or volume of interest.
Typically defined as the sum of all inflows minus the sum of all
outflows minus the change in storage equals the water balance
error.

Water table1

The surface of a body of unconfined groundwater where water
pressure equals atmospheric pressure.

1

Adapted from Bates and Jackson (1984).

2

Adapted from Domenico and Schwartz (1998).

3

Adapted from Rumbaugh and Rumbaugh (2007).

4

Adapted from HydroGeoLogic Inc. (1996a and b).

5

Adapted from Langmuir (1997).

6

From Hillel (1998).
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EXECUTIVE SUMMARY
Background. Energy Resources of Australia Ltd (ERA) engaged INTERA Incorporated (INTERA)
to assess potential impacts to Magela Creek from closure of the Ranger 3 Deeps (R3 Deeps)
underground uranium mine workings, located near Jabiru, Northern Territory, Australia. The R3
Deeps mine will be located adjacent to Pit 3 within the Ranger Project Area. Closure of the entire
Ranger Project Area by January 2026 requires removal of the tailings dam, all surface water
storage structures, and all surface infrastructure, and backfilling of Pit 1, Pit 3, and the proposed
R3 Deeps underground workings. The materials to be used to backfill Pit 3 and R3 Deeps are
sources for constituents of potential concern (COPCs), which include magnesium (Mg), uranium
(U), manganese (Mn), radium-226 (Ra-226), total ammonia as nitrogen (TAN), nitrate as nitrogen
(NO3-N), total phosphorus (total-P), and polonium (Po-210). ERA requested that INTERA evaluate
the potential impacts from the integrated closure design for both Pit 3 and the R3 Deeps mine by
quantifying the mass loading of COPCs carried from the backfill by groundwater to Magela Creek
over a 10,000-year period.
Encompassed within the Kakadu National Park, the Ranger Project Area is located within the
catchment of Magela Creek, which flows through the traditional lands of the Mirarr clan into the
wetlands of the East Alligator River and eventually Van Diemen Gulf. Uranium ore production
ceased at Pit 1 in late 1994 and at Pit 3 in late 2012. Mining of the R3 Deeps is scheduled to begin
in late 2015 and end at the close of 2020.
Under the integrated site closure design for the Ranger Project Area, Pit 3 will be backfilled with
low-grade rock, tailings, and waste rock, whereas R3 Deeps will be backfilled with mixtures based
on tailings, waste rock, low-grade ore, and cement. An underfill of low-grade rock will be placed
into the bottom of Pit 3, followed by tailings, a low-permeability tailings cap, waste rock, and a lowpermeability waste rock cap. Almost 2.0 gigalitres of brine will be injected into the Pit 3 underfill.
The proposed R3 Deeps underground mine will be closed by backfilling the stopes with a
cemented paste aggregate fill (PAF) comprising tailings, cement, and aggregate generated from
low-grade ore. The decline and ventilation shafts will be backfilled with a mixture of crushed waste
rock and cement referred to as “cemented rock fill” (CRF) to ground surface, whereas the access
tunnels to the stopes within the deep ore body will not be backfilled.
Objectives of the Study. The overall objective of this study was the development of modelling
tools to quantify the potential impacts to Magela Creek for 10,000 years after closure of Pit 3 and
R3 Deeps. Potential impacts are defined as the mass loading to Magela Creek over time of
COPCs that leach into groundwater from the waste rock, tailings, brine, cemented PAF with
tailings, and CRF used to backfill Pit 3 and R3 Deeps. Leaching of solutes from CRF is expected to
be similar to leaching from saturated waste rock in Pit 3, and cemented PAF with tailings is
expected to leach in the same way as the Pit 3 tailings backfill.
System Conceptualisation. INTERA expanded a set of conceptual and numerical modelling tools
designed to evaluate the closure of Pit 3 alone to include the hydraulic properties, transport
properties, and solute source behaviour for the backfilled R3 Deeps mine workings. Loading of Mg
from the backfill materials to Magela Creek was quantified by modifying and applying a threedimensional numerical model of groundwater flow and transport that had previously been used to
evaluate impacts from Pit 3 closure in the absence of R3 Deeps. Loading of the reactive COPCs,
U, Mn, Ra-226, TAN, NO3-N, total-P, and Po-210, was estimated by scaling Mg loading using
ratios of long-term source concentrations.
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Model Development and Approach. INTERA developed and implemented a conservative
modelling approach to assess potential impacts from Pit 3 and R3 Deeps. In the context of
environmental modelling under uncertainty, a conservative approach is one that intentionally
increases the likelihood that impacts will occur when selecting from ranges of uncertain model
inputs. That is, given a range of values for a model input, under a conservative modelling
approach, the input value will be selected from the part of the range that is more likely to result in
impacts being predicted than if other values were selected. INTERA’s modelling approach is
conservative because it eliminates trapping of solutes by groundwater ponding and
evapoconcentration and assumes solute sources will leach uniformly for 10,000 years. The
modelling approach is computationally feasible to satisfy the 10,000-year prediction requirements
of the regulators for tailings and is consistent with the approach used for assessing impacts to Pit 3
alone (INTERA, 2014). It also includes a three-dimensional simulation of flow and transport under
variable-density conditions for the Pit 3 brine and appropriately addresses the model
representation of R3 Deeps mine structures and solute sources in much larger model grid cells.
Groundwater and Solute Transport Modelling Results. Modelling results demonstrated that the
rate of groundwater flow through Pit 3 shallow waste rock is significantly larger than the
groundwater flow rate through Pit 3 tailings or the R3 Deeps backfill. Groundwater flow rate is
defined as a volume of water that moves within a given amount of time. A pore volume, defined as
the volume of water within the pores of a material of interest, can be a useful indicator of the
amount of solute mass released into groundwater by leaching. Over the 10,000-year simulation
period, 390 pore volumes will pass through the Pit 3 waste rock, 0.23 pore volumes through Pit 3
tailings, and 0.34 pore volumes through Pit 3 underfill. In the same time, 0.003 pore volumes will
pass through the backfilled R3 Deeps stopes, 35 pore volumes through the backfilled vents, and
7 pore volumes through the backfilled decline.
Magnesium loading to Magela Creek from the Pit 3 shallow waste rock rises to a peak average
loading of approximately 25,000 kilograms per year (kg/yr) of Mg during the first 300 years, and
then declines to a steady average annual loading of 11,900 kg/yr. The long-term annual loading
corresponds to a Mg groundwater concentration that is less than 60 milligrams per litre (mg/L),
which is within the range of background groundwater concentrations.
Magnesium loading to Magela Creek from the Pit 3 tailings reaches a steady loading of about
1,800 kg/yr after several thousand years. At the end of 10,000 years, the total Mg loading from
Pit 3 tailings is only 15% of the Mg loading predicted for Pit 3 shallow waste rock.
Magnesium loading to Magela Creek from the brine emplaced in the Pit 3 underfill is negligible,
with a maximum loading of 34 kg/yr at the end of the 10,000-year simulation period.
Backfilling of the R3 Deeps stopes with cemented PAF with tailings and of the vents and decline
with CRF will have a negligible impact on Mg loading to Magela Creek. The total Mg loading from
all R3 Deeps workings is about 3 kg/yr, which is about 0.02% of the combined loading of
13,800 kg/yr from all sources in Pit 3.
Long-term average annual reactive solute loadings to Magela Creek were estimated for U, Mn, Ra226, TAN, NO3-N, total-P, and Po-210 by scaling to the long-term source concentration and solute
loading for Mg. Solute loadings from Pit 3 brine were less than 1% of those for Pit 3 waste rock and
tailings, and so were considered to be negligible. Uranium loading to Magela Creek is estimated be
17 kg/yr from all Pit 3 sources, of which about 99% originates from Pit 3 shallow waste rock.
Manganese loading to Magela Creek from Pit 3 tailings is approximately 240 kg/yr, whereas
loading from shallow waste rock is approximately 45 kg/yr, yielding a combined loading from Pit 3
of 290 kg/yr. Mass loading of Ra-226 to Magela Creek is estimated to be on the order of
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1 milligram per year (4 x 1010 milliBecquerel per year [mBq/yr]) for all Pit 3 sources. TAN mass
loading is estimated to be 170 kg/yr, of which 80% originates from tailings. NO3-N mass loading is
94 kg/yr, and total-P loading is 12 kg/yr from both waste rock and tailings, with very small
contributions from Pit 3 tailings. The total Po-210 loading is negligible at 6 x 10-11 kg/yr
(1 x 1010 mBq/yr).
Loadings from all reactive solutes from the R3 Deeps sources are negligible. The loading from R3
Deeps backfill materials is about 5 x 10-4 kg/yr for U, 2 x 10-3 kg/yr for Mn, 1 x 10-10 kg/yr
(4 x 106 mBq/yr) for Ra-226, 7 x 10-3 kg/yr for TAN, 2 x 10-2 kg/yr for NO3-N, 3 x 10-3 kg/yr for total-P,
and 1 x 10-18 kg/yr (1.7 x 102 mBq/yr) for Po-210. For each COPC, solute loading from R3 Deeps is
less than 0.03% of the solute loading from all Pit 3 sources.
Analyses were conducted to determine the sensitivity of model predictions to changes in model
input parameters. The sensitivity analyses demonstrated that the Mg loadings from R3 Deeps
backfill materials remained negligible for a tenfold increase in backfill hydraulic conductivity, a
tenfold increase in hydraulic conductivity for the R3 Deeps water-producing zone, and for changes
in recharge on the landform waste rock.
In summary, modelling of solute transport revealed that in comparison to leaching from Pit 3,
leaching from R3 Deeps backfill materials will contribute a negligible additional loading to Magela
Creek. Even with the conservative modelling approach and assumptions implemented in the
assessment, loading to Magela Creek for each of Mg, U, Mn, Ra-226, TAN, NO3-N, total-P, and
Po-210 from the closed R3 Deeps mine will be less than 0.03% of the combined loading from Pit 3
tailings, shallow waste rock, and brine.
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1.

BACKGROUND

Energy Resources of Australia Ltd (ERA) engaged INTERA Incorporated (INTERA) to assess
potential impacts to Magela Creek from closure of the Ranger 3 Deeps (R3 Deeps) underground
uranium mine workings, located near Jabiru, Northern Territory, Australia (Figure 1.1). The R3
Deeps mine will be located adjacent to Pit 3 within the Ranger Project Area. Integrated closure of
the entire Ranger Project Area requires removal of the tailings dam, all surface water storage
structures, and all surface infrastructure, and backfilling of Pit 1, Pit 3, and the proposed R3 Deeps
workings by January 2026 (Figures 1.1 and 1.2). The materials to be used to backfill Pit 3 and R3
Deeps are sources of groundwater solutes, referred to as constituents of potential concern
(COPCs), that include magnesium (Mg), uranium (U), manganese (Mn), radium-226 (Ra-226), total
ammonia as nitrogen (TAN), nitrate as nitrogen (NO3-N), total phosphorus (total-P), and polonium
(Po-210). ERA requested that INTERA evaluate the potential impacts from the integrated closure
design for both Pit 3 and the R3 Deeps mine by quantifying the mass loading of COPCs carried
from the backfill by groundwater to Magela Creek over a 10,000-year period.
To assess the potential impacts from closure of the R3 Deeps mine, INTERA expanded a set of
conceptual and numerical modelling tools that had been developed to assess the potential impacts
from closure of Ranger’s Pit 3. This report describes the proposed R3 Deeps mine workings and
backfill plan and quantifies the potential impacts to Magela Creek from integrated closure of R3
Deeps and Pit 3. Although this report is intended as a stand-alone document, it should be used as
a companion to INTERA (2014), which focuses on the potential impacts from closure of Ranger
Pit 3. For material shared by both reports, INTERA (2014) provides a more detailed exposition,
whereas this report provides summaries of methods, data, and findings.
Located on Aboriginal land and surrounded by, but separate from, the Kakadu National Park, the
Ranger mine is situated roughly 250 kilometres (km) east of Darwin, Australia, within the
catchment of Magela Creek, one of the larger creeks in this part of the Northern Territory. Magela
Creek flows through the traditional lands of the Mirarr clan into the wetlands of the East Alligator
River and eventually Van Diemen Gulf (Figure 1.1). From 1981, Ranger mine has produced more
than 110,000 tonnes of triuranium octoxide (U3O8) from two pits (World Nuclear Association, 2012).
Production ceased in late 1994 at Pit 1, which has been partially backfilled with tailings since then,
and ceased in Pit 3 during late 2012, at which time backfilling with low-grade rock began. The final
closure plan for Pit 1 involves preloading with waste rock to assist in tailings consolidation prior to
backfilling with waste rock and landform rehabilitation. The closure design for Pit 3 includes a
waste rock cap and a tailings cap (INTERA, 2014). Mining of the R3 Deeps is scheduled to begin
in late 2015 and end at the close of 2020. The preferred design for closing R3 Deeps (Figure 1.2)
specifies that a mixture of cement, aggregate, and mine tailings, called cemented PAF with tailings,
will be used to fully backfill the stopes, and a mixture of cement and crushed rock, called cemented
rock fill (CRF), will be used to backfill the ventilation shafts and decline. Tunnels to the stopes will
not be backfilled.

1.1

OBJECTIVES

The overall objective was to quantify the amounts and rates of groundwater COPCs transported
from R3 Deeps to Magela Creek and from Pit 3 to Magela Creek. Specific objectives include the
following:
•

Extend the hydrogeologic conceptual models for conservative and reactive transport at the
mine site to include the R3 Deeps mine workings.
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•

Define the COPC source terms for solutes leached from the cement and mine material
mixtures to be used to backfill R3 Deeps.

•

Construct a predictive three-dimensional numerical model of groundwater flow and
conservative solute transport from the cemented PAF with tailings backfill and the CRF
backfill, and apply it to quantify estimates of loading rates of COPCs from the R3 Deeps
backfill to Magela Creek.

•

Calculate and compare simulated solute loadings to Magela Creek from the R3 Deeps
closure design with simulated solute loadings from the Pit 3 closure design that includes lowpermeability caps over the tailings and shallow waste rock.

1.2

R3 DEEPS AND PIT 3 CLOSURE

ERA’s closure plan for the R3 Deeps mine describes the final disposition of all mine facilities and
materials, with a principal focus on the final emplacement of the backfill materials. The manner in
which the mine is backfilled will in part govern future potential impacts to Magela Creek. Cemented
PAF with tailings will be used to backfill the mined-out stopes in the R3 Deeps mine. CRF will be
used to backfill the decline and vent shafts up to ground surface. A consequence of placing a
portion of tailings as a component of backfill for the R3 Deeps workings is that there will be less
tailings emplaced in Pit 3. Thus, the top elevation for tailings in Pit 3 will be approximately
-25 metres (m) reduced level (RL), instead of the -20 m RL top elevation if R3 Deeps is not mined
and all tailings from continued operation are placed in Pit 3. The backfill design for Pit 3 comprises
an underfill of low-grade ore overlain by tailings, a low-permeability tailings cap, shallow waste
rock, and a low-permeability waste rock cap. Brine will be injected into the low-grade ore underfill
below the tailings.
In accordance with the appropriate closure regulations and its corporate commitment to
environmental responsibility, ERA has undertaken a wide variety of impact assessments. Potential
impacts from Pit 1 solute releases were most recently assessed by the Commonwealth Scientific
and Industrial Research Organisation (CSIRO) (2013). Potential impacts from Pit 3 were most
recently assessed for tailings and waste rock backfill and brine disposal (INTERA, 2014). The
current assessment for the R3 Deeps Mine focuses on quantifying the potential impacts from
closure of R3 Deeps and Pit 3 on solute loading, and also provides a comparison between them,
because they are the nearest to Magela Creek.

1.3

REPORT ORGANISATION

The updated conceptual model for groundwater flow and solute transport from Pit 3 and R3 Deeps
to Magela Creek is described in Section 2. Section 3 describes how the solute source
concentrations were defined for use in the conservative and reactive transport models. Section 4
describes the construction and application of the predictive three-dimensional model of
groundwater flow and transport of Mg for the closure of R3 Deeps and Pit 3. Section 4 also
provides estimates of reactive solute loading to Magela Creek from both Pit 3 and R3 Deeps.
Findings and recommendations are presented in Section 5, and references and a disclaimer are
provided in Sections 6 and 7, respectively. Appendix A contains maps of the hydrolithologic units
for each layer of the R3 Deeps numerical model.
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2.

SUMMARY OF RANGER MINE HYDROGEOLOGIC
CONCEPTUAL MODEL

Appropriately developed hydrogeologic conceptual models serve as the foundation for successful
numerical models of groundwater flow and transport (Anderson and Woessner, 1999; Barnett et
al., 2012). The hydrogeologic conceptual model for the Ranger Project Area ideally comprises the
key processes, features, and events that govern groundwater flow and transport at Ranger and its
surroundings. To continue to meet the objectives of the study, a conceptual model must be
updated or revised to accommodate new data and new understandings (Anderson and Woessner,
1999; Guiding Principle 3.5 from Barnett et al., 2012). This section describes the hydrogeologic
conceptual models from INTERA (2012; 2014) and describes the latest updates based on recently
acquired data and new understandings of key processes. The INTERA conceptual models were
developed using an approach that is in accordance with the guidance for conceptualisation laid out
in the Australia Groundwater Modelling Guidelines (Barnett et al., 2012).
The objective of INTERA’s present and previous conceptual and numerical models is to represent
the features, processes, and events that are most important to understanding and predicting
migration of groundwater and solutes from the Ranger mine to Magela Creek over a 10,000-year
period of interest. The Ranger hydrogeologic conceptual model for the integrated closure of Pit 3
and R3 Deeps, which is an extension of previous conceptual models for Ranger, is the foundation
for the impact assessment described in this report.
INTERA’s original (2012) conceptual model for the Ranger mine was developed in collaboration
with CSIRO scientists and ERA staff. Development included review of numerous documents,
analysis of site-specific data, and discussions with collaborators. Reviewed documents comprise
reports by ERA staff and consultants and Australian government officials, electronically stored data
and maps, and electronically stored numerical model files. Reports describing earlier modelling
efforts provided valuable input, including Kin and Salama (1999), Salama et al. (1999), Puhalovich
and Levy (2000), Kalf and Associates (2004, 2006, 2007, 2009), Townley and Associates (2004),
Anderson et al. (2009), and Timms et al. (2010). Review of these previous models revealed the
changes in understanding of the Ranger groundwater system over time. Useful reports of scientific
investigations included Vardavas (1988; 1993), Nanson et al. (1993), Leaney and Puhalovich
(2006), Jacobsen and Gellert (2009), and CSIRO (2010; 2011a, b, and c; 2013). In light of the
large number of document sources, supporting references to individual statements are not
provided in the subsections below; however, sources for figures or data are cited throughout the
report.
Recent work by ERA and INTERA has led to new data and a new understanding of Ranger
hydrogeology, which have been used to update the Ranger hydrogeologic conceptual model.
INTERA’s 2012 conceptual model identified recharge, evapotranspiration, and groundwater
discharge to surface water bodies as key processes. Surface water infiltration into the subsurface
and groundwater-surface water dynamics, i.e., the timing of relative differences between creek
stage and nearby groundwater levels, were identified as important controls on solute loading to the
creeks. The hydrogeologic conceptual model for INTERA (2014) incorporated a number of
improvements to previous models, including changes to the hydrogeologic framework, new
hydraulic property measurements, an improved understanding of groundwater dynamics, the
addition of surface seepage (groundwater discharged above ground surface) as a new important
hydrogeologic flow process, and a more extensive review of available groundwater head and
hydraulic property data. The INTERA (2014) conceptual model served as the foundation for an
assessment of potential impacts to Magela Creek from Pit 3 closure scenarios and, with the

Final Report: Solute Egress Modelling for ERA Ranger 3 Deeps Mine Closure/ Final/ March 2014

6

addition of the R3 Deeps mine workings, it also serves as the foundation for this study to assess
potential impacts to Magela Creek from closure of R3 Deeps. This section presents the
hydrogeologic conceptual model for the Ranger site with the R3 Deeps mine by summarising the
main points from the INTERA (2014) conceptual model and describing how closure of R3 Deeps
will affect flow and solute transport to Magela Creek.

2.1

CLIMATIC DRIVING FORCES

The Northern Territory’s tropical, monsoon climate creates seasonal changes that drive water flow
into and out of the Ranger mine area. Precipitation is the primary inflow and is essentially limited to
the monsoonal period called the wet season. Mean annual precipitation rates for the Jabiru airport
(the meteorological station nearest to the Ranger mine) and the Darwin airport are 1,502 and
1,875 millimetres (mm), respectively, from 1990 to 2011 (Table 2.1). At Jabiru, 89% of annual
mean precipitation has occurred between November and March during the last five decades (BOM,
2013).
Table 2.1 Climatic Averages
Annual Mean in millimetres (mm) (Period of Record)
BOM Station

Jabiru, NT

Darwin, NT

Precipitation1

1,502
(1990-2011)
1,585
(1971-2013)
1,875
(1990-2011)
1,735
(1941-2013)

Pan
Evaporation1

2,630
(1973-2013)

2,447
(1957-2013)

Evapotranspiration
Reference1

Potential2

Actual2

2,200
(1961-1990)

1,100
(1961-1990)

2,065
(2009-2012)

2,083
(2009-2012)

1 Station

data downloaded from Australia Bureau of Meteorology (BOM) website on 23 June 2013:
(http://www.bom.gov.au/climate/data/index.shtml)

2 Australia

BOM maps available on 23 June 2013 at:
(http://www.bom.gov.au/jsp/ncc/climate_averages/evapotranspiration/index.jsp)

During the wet season, groundwater recharge is a function of the interaction between precipitation,
evapotranspiration, infiltration, and run-off. Typically, recharge has been characterised as a simple
percentage of precipitation. Previous findings for percentage of precipitation and the corresponding
annual recharge, described as millimetres per year (mm/yr) herein, at the Ranger site and similar
areas show a wide range. The findings summarized below are given as the recharge rate and the
percentage of precipitation used in that study, which may differ from the values shown in Table 2.1:
•

Chapman (1988) estimated that recharge is typically 10% to 20% of annual precipitation,
which equates to 150 to 300 mm/yr of recharge.

•

Woods (1994) estimated annual recharge on natural, undisturbed soils near the Ranger site
to be 5% to 10% of average annual precipitation (65 to 130 mm/yr) based on a drawdown
analysis, and 2.3% (42 mm/yr) based on a chloride balance analysis.
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•

Croton and Dalton (2006) estimated that recharge is between 1% and 5% of annual
precipitation (equivalent to 15 to 75 mm/yr recharge) on undisturbed soil at the Ranger site.

•

Kabir et al. (2008) used four methods to estimate recharge as a percentage of annual
precipitation: 13% (208 mm/yr) from correlation of groundwater level fluctuations; 20%
(297 mm/yr) from an annual water balance method; 9% (134 mm/yr) from chloride balance
modelling; and 12% (184 mm/yr) from a time-series analysis of groundwater levels.

•

Pillai (2005) reported recharge to non-surficial aquifers at Ranger is 1% to 2% of
precipitation.

Previous findings for capped waste rock conditions include the following:
•

Woods (1994) reported that Daniel et al. (1982) and Harries and Ritchie (1982) estimated the
precipitation percentage for recharge through waste rock at the Rum Jungle mine, which is
located south of Darwin, to be roughly 50% (700 mm/yr). Subsequent lysimeter investigations
at Rum Jungle mine (Woods, 1994) revealed that precipitation percentage for recharge
through the capped waste rock dumps varied between 2% and 5% (28 to 59 mm/yr).

•

Woods (1994) also reported that precipitation percentages of 2% (21 mm/yr) and 4%
(51 mm/yr) were observed during the first year of monitoring in two of five lysimeters beneath
a clayey-soil cap at the Ranger mine.

The absence of the monsoon, called the dry season, is defined as the period when climate drives
outflows of water from the subsurface by the processes of evaporation and transpiration. In
combination, evaporation, which is the direct loss of groundwater to the atmosphere, and
transpiration, which is the loss of water to plants, are called evapotranspiration. Measures of
potential or maximum evapotranspiration include pan evaporation, reference evapotranspiration
(ETo), and potential evapotranspiration (PET). Mean annual pan evaporation at the Jabiru and
Darwin airports is 2,630 and 2,447 mm over several decades, respectively, whereas annual ETo
averaged 2,065 and 2,083 mm during the period from 2009 to 2012 at the two stations,
respectively, which compares closely with an estimated 2,200 mm/yr for PET calculated over a
regional scale between 1961 and 1990 (Table 2.1).
Outflow via evaporation and transpiration is limited by the availability of water in the subsurface
during the dry season in the Northern Territory, so measures of water actually evaporated or
transpired are smaller in magnitude than pan evaporation, PET, and ETo. Most estimates of actual
evapotranspiration are calculated for an annual basis, but the Croton and Dalton (2006)
comparison of transpiration and the soil evaporation estimates from Hutley et al. (2000) and Cook
et al. (1998) for the Howard River Basin southeast of Darwin shows that evapotranspiration during
the wet season significantly exceeds dry season evapotranspiration (Table 2.2). This is
corroborated by Cleugh et al. (2007), who showed that the ratio of actual evapotranspiration to
PET varied monthly in the Jabiru area: the ratio was between 30% and 60% in July 2000 (dry
season), but the ratio was between 60% and 100% in January 2002 (wet season).
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Table 2.2 Precipitation and Evapotranspiration Estimates at Howard River Basin
Equivalent Water Depth (mm/yr)

Water Balance Component
Precipitation
Overstorey Transpiration
Wet Season
Dry Season
Understorey Transpiration and Soil Evaporation
Wet Season
Dry Season
Leaf Interception
Total Evapotranspiration
Wet Season
Dry Season
1 Estimated

Cook et al. (1998)

Hutley et al. (2000)

1,7201

1,750

545

313

370
175

160
153

565

557

440
125

381
176

01

88

1,110

958

810
300

541
329

by Croton and Dalton (2006).

Estimates of annual actual evapotranspiration in the region include the following:
•

1,100 mm/yr during the 1961 to 1990 time period, equal to one half of annual PET, over the
region encompassing the Darwin and Jabiru stations (Table 2.1 and BOM, 2013).

•

720 mm/yr, representing 36% of the 2,027 mm/yr annual PET, in the area surrounding the
Ranger mine based on satellite-based remote sensing (Numerical Terradynamic Simulation
Group, 2013; ESRI, 2013).

•

620 to 1,240 mm/yr in the Jabiru area, representing 30% to 60% of annual PET
(Guerschman et al., 2009).

•

1,200 to 1,300 mm/yr for the Corridor Creek area on the Ranger site based on a water
balance approach (Croton and Dalton, 2006).

Site-specific data for precipitation and PET from 1971 to 2011 (CSIRO, 2012) reveal that monthly
average precipitation and PET rates both vary greatly between wet and dry seasons (Figure 2.1).
During the wet season, precipitation frequently exceeds 250 millimetres per month (mm/month),
whereas monthly PET varies between 100 and 200 mm/month at the mine site (Figure 2.1). In the
dry season, precipitation is essentially zero, but PET varies between 200 and 360 mm/month
(Figure 2.1).
Evapotranspiration removes subsurface water via transpiration and evaporation throughout the
year at the Ranger site. The evapotranspiration values described above comprise potential or
actual water loss from both the vadose zone and the saturated zone. Groundwater is found in the
saturated zone, which is defined for the purposes of this report as the sub-surface zone below the
water table. The vadose zone refers to the sub-surface interval between ground surface and the
water table. Losses of water from both the vadose zone and the saturated zone via
evapotranspiration are functions of water table depth, plant species, rooting depth, plant activity,
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and climate (e.g., temperature, humidity, solar incidence). This interdependence varies with time
and so makes it difficult to separate groundwater evapotranspiration from vadose-zone
evapotranspiration.
For example, groundwater losses to evapotranspiration dominate those from the vadose zone
when the water table is near ground surface, but vadose zone losses can exceed those from the
saturated zone when the water table is several metres below ground surface and the plant roots
can extract sufficient water from the vadose zone. Where topography and juxtapositions of
materials with different hydraulic properties (e.g., hydraulic conductivity and specific yield) create
seeps at ground surface, groundwater losses to evapotranspiration can be very significant and
approach rates near to the maximum PET rate.
ERA has disposed of treated stored water through land application. Most of this water is believed
to be lost to evapotranspiration with small amounts thought to recharge the saturated zone
(Chartres et al., 1991; Willet et al., 1993).
In summary, the Ranger site receives copious amounts of precipitation over several months during
the wet season and loses water through evapotranspiration over the longer dry season. Infiltration
of water into the subsurface is limited to the wet season, whereas evapotranspiration removes
water from the subsurface throughout the year.

2.2

GEOLOGIC FRAMEWORK

The geology of the Ranger mine vicinity has been studied in great detail, notably by Eupene et al.
(1975), Page et al. (1980), and, more recently, Kendall (1990). This section summarises the
geologic descriptions from these authors.
The Ranger mine lies near the outcropping contact of the Archaean Nanambu Complex and the
Proterozoic Cahill Formation (Figure 2.2), which strike north-south and dip to the east. Sandstones
of the Kombolgie Formation, which unconformably overlie the Nanambu and Cahill, have been
almost entirely eroded away on the mine site, exposing the older metasediments, but remain south
of the site to form the Arnhem Land Plateau. The Nanambu Complex’s gneiss, schist, and granite,
commonly called the Footwall Sequence, underlie the Cahill metasediments. The lower member of
the Cahill Formation comprises carbonates, schists, chert, and chlorite and is divided locally into
the Lower and Upper Mine Sequences (LMS and UMS), whereas the upper member, called the
Hanging Wall Sequence (HWS), comprises primarily schists (Figures 2.3 to 2.5). The carbonatedominated units within the LMS extend from south of Pit 1 to the northern edge of Pit 3, but much
of the carbonate near Pit 1 was altered to chert (Figure 2.2). Pegmatites are found throughout both
members of the Cahill Formation, and amphibolite intrusions are found in the upper member.
Figure 2.6 provides a schematic depiction of the locations of the bedrock formations relative to the
mine pits, creeks, and weathered rock layers.
Fluvial processes have eroded into the bedrock and deposited sediments that range from sands to
clays along the present-day courses of the creeks and billabongs (Figures 2.7 and 2.8). The sanddominated sediments are relatively thin, with deposits only 1 to 2 m thick within the smaller creeks
and billabongs, but can reach thicknesses of roughly 8 m in and adjacent to Magela Creek
(Figures 2.7 and 2.8). Surficial materials between Magela Creek and the rim of Pit 3 are typically
sand-dominated in the upper 1 to 3 m, and below that, grade to sandy silt and sandy clays of the
underlying weathered bedrock (Burgess, 1991; Coffey Geotechnics, 2013). The sand-dominated
intervals are interpreted to be ancestral Magela Creek and Djalkmara Creek sediments that extend
eastward from the western margin of Djalkmara Billabong at least as far as 600 m (Figure 2.7).
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Clays and silts constitute a larger fraction of sediments in the smaller creeks and billabongs than in
Magela Creek’s sediments (Nanson et al., 1993).
Weathering processes have altered Cahill Formation rocks to create a mantle of surficial materials
and weathered rock (Figures 2.3 to 2.8). Called the Koolpinyah surface (Nanson et al., 1993), the
mantle varies in thickness from a few metres to roughly 70 m in some areas near Pit 3. This mantle
can vary in character from the ground surface to the underlying fresh bedrock, including one or
more of the following intervals (in order of increasing depth): highly weathered, sand-dominated top
soil; thin calcrete or ferricrete; clayey sand or sandy clay; clays surrounding remnants of original
minerals; and saprolitic bedrock (Acworth, 1987; Burgess, 1991; Coffey Geotechnics, 2013).

2.3

SURFACE WATER HYDROLOGY

Surface water bodies also add and remove water from the subsurface at the Ranger site.
Billabongs retain water throughout most years, whereas flowing water in creeks is limited to the
wet season and some of the dry season. Surface water bodies near the Ranger mine include
Magela Creek (the primary receptor of interest), Corridor Creek, Georgetown Creek and Billabong,
Coonjimba Creek and Billabong, and Djalkmara Billabong (Figure 2.9). Treated water from mine
operations is also discharged into the Corridor Creek tributary (Figure 2.9). The mine also operates
a number of storage structures such as the tailings dam and retention ponds (RP) RP-1, RP-2, and
RP-3 (shown in Figure 2.9) and other more recently constructed RPs; however, all such structures
will be removed during Ranger closure.
Water flows in Magela Creek during 8 to 9 months of each year, but the flow rates can vary over
four orders of magnitude, as shown for gauging station MG001 in Figure 2.10. Surface flow in
Magela Creek at the Ranger mine can persist for up to several months into the dry season
(Figure 2.10), but with most of the flow restricted to narrow channels within the wider creek bed.
Magela Creek stage (surface water level) near the mine site ranges from roughly 11 m RL to
14.5 m RL over most years, but an extreme stage of 17 m was observed in the 2006-2007 wet
season (Figure 2.10). The surface water gradient along Magela Creek near the Ranger mine is
estimated to be 0.0006 metre per metre using stage data for the three surface water gauges:
MG001, MCUS, and MG009. Nearest to Pit 3 is gauge MG001, located about 700 m east of where
the ancestral Magela sands abut Magela Creek (Figure 2.9). The nearest upstream gauge is
MGUS at a distance of 1,050 m from MG001 (Figure 2.9), and the nearest downstream gauge is
MG009 at a distance of 5,200 m. Flow rates in the creek are very large during the wet season,
typically exceeding 50 cubic metres per second (m3/s) and reaching up to 600 m3/s; however, flow
rates at the end of the wet season and beginning of the dry season are typically smaller than
1 m3/s (Figure 2.10). Surface water in Magela Creek typically ceases to flow during the mid to late
dry season as indicated by gaps in the creek stage plot in Figure 2.10.
Stage data for Corridor Creek, which flows into Georgetown Billabong, indicate that creek stage
variability increases from upstream to downstream stations. Corridor Creek stage is essentially
uniform in time at the most upstream gauge on the Corridor Creek Tributary because it is located
above a storage dam, but varies by more than 0.5 m at the GC2 station farther downstream
(Figure 2.11). In contrast, water levels at Georgetown Billabong vary by as much as 2 m over the
wet season (Figure 2.11). Surface water depth is roughly 1.5 m at the upstream GCMBL station
and as much as 2.5 m in Georgetown Billabong. During the height of the wet season between
February and March, the entire 1-km-long reach between Corridor Creek station GC2 and
Georgetown Billabong appears to be flooded (Figure 2.11).
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2.4

GROUNDWATER HYDROLOGY

Groundwater flow through the Ranger Project Area can be divided into two systems. The shallow
groundwater flow system is driven by recharge, evapotranspiration, surface water-groundwater
interactions, and topography within the relatively permeable alluvium and weathered rock
(Figure 2.6). The deep flow system is also driven by topography and interaction with the shallow
flow system, but flux rates are small because the bedrock units have a relatively low permeability
(Figure 2.6).
Shallow groundwater levels are largely controlled by the combination of topography, climate, and
surface water stage (Verma and Salama, 1986; Figure 2.6). Little is known about deep
groundwater flow patterns, so it is assumed that they follow topographic-driven flow north toward
the sea. Near the Ranger mine, the gently rolling erosional Koolpinyah land surface is dissected by
surface water drainages (Nanson et al., 1993). Roughly 5 km south of the mine, the Arnhem Land
Plateau abruptly rises 150 m or more above the mine. Shallow groundwater flows according to the
topography, which means that groundwater flows generally northward across the mine site towards
Magela Creek, the natural landform with the lowest elevation. In the absence of groundwater head
data for pre-mining conditions, previous modelling studies assumed that groundwater head
contours typically followed surface elevation.
This same flow pattern is generally applicable to the present day, barring the impacts from inflows
and outflows caused by mine operations related to the pits, retention ponds, and waste rock
stockpiles. However, post-closure groundwater levels are expected to be significantly higher than
present-day levels because Pits 1 and 3 have been acting as drains (called hydraulic sinks) for
more than a decade. The post-closure groundwater flow pattern is expected to resemble the premining groundwater flow pattern once the water storage facilities and mine workings are reclaimed
and mine dewatering and land application of treated water cease, because the current closure plan
calls for regrading of the mine site to resemble pre-mining topography.
Changes in groundwater levels and flow rates over time, called groundwater dynamics, show very
similar patterns in different locations, lithologies, and depths. Along Magela Creek, which is the
focus of this impact assessment, water exchange between the subsurface and flowing creek
depends on groundwater and surface water dynamics. In general, groundwater heads appear to
increase several metres during the first one to two months of the wet season and then decrease
several metres within the first two to three months of the dry season. This steep rise and fall
pattern is observed at bores with shallow, intermediate, and deep screened intervals near both
pits. This pattern was observed before, during, and following the 1981 to 2012 mining period for
Pits 1 and 3.
Recharge is the most likely cause of the rapid rise given that it occurs across the site. Flooding at
Magela Creek may also play a part in the rapid rise along the creek banks, especially as wet
season stage periodically exceeds 14 m RL, which is higher than the banks near Pit 3.
Evapotranspiration is the likely cause of the rapid decline in heads towards the end of the wet
season. Subsurface flow may also be responsible, but it is likely to be minor during the first few dry
season months because hydraulic conductivity values are low to moderate (see Section 2.6) and
head gradients are relatively small.
Storage properties are also important variables for understanding the observed rapid changes in
groundwater head and the driving forces of recharge and evapotranspiration. Storage properties
include specific yield and porosity (see Sections 2.6 and 4.3). For a given recharge or
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evapotranspiration rate, the groundwater head response will be larger for a material with a smaller
storage value than a material with a larger storage value.
The hydrogeologic driving forces and features governing groundwater flow and transport during
mine operation and the post-closure period are essentially the same, but there are important
differences. Recharge, evapotranspiration, groundwater-surface water interactions during creek
flow, and topography are active driving forces throughout the life of the Ranger mine and
thereafter, but closure will change recharge, evapotranspiration, and groundwater flow in and
around the reclaimed pits.
In the past and more recently, as demonstrated by the 2005–2006 flow calibration simulations (see
Section 4.2), Pits 1 and 3 have acted as large drains or hydraulic sinks that intercept groundwater
that would otherwise flow to Magela or Corridor Creeks. Dewatering in R3 Deeps can also
intercept deep groundwater flowing toward the creek or the sea. Either dewatering or
evapotranspiration or both are expected to remove any recharge or groundwater that flows into the
pits and R3 Deeps workings.
During the post-closure period (see Section 4), the hydraulic sinks in the pits will eventually
disappear once they are backfilled. The waste rock backfill material and the waste rock used to
recreate the final landform are more permeable than the underlying or surrounding weathered rock
and bedrock (see Section 2.5).The waste rock backfill offers less resistance to groundwater flow
(has a higher hydraulic conductivity) than weathered rock and bedrock. Recharge through the
waste rock used to cover the pits and the areas surrounding them will then be greater than
recharge through surficial weathered rock or bedrock, leading to increased groundwater heads
within the pits. Groundwater within the pits will not be able to easily flow out because the
weathered rock and bedrock surrounding the pits are less permeable than the waste rock backfill.
This could force the discharge of groundwater and solutes to surface seepage and overland flow
where groundwater heads rise above ground surface elevation. This will most likely occur along
the downgradient margins of the pits.
Groundwater heads near the pits and underground workings will gradually increase during the
early post-closure period once pit dewatering ends and is replaced with a combination of inflow
and outflow processes: recharge, evapotranspiration, groundwater flow, and surface seepage.
Eventually Ranger’s post-closure groundwater flow system in the vicinity of Pits 1 and 3 will reach
the topographically driven flow pattern expected for the final landform, which refers to the land
surface within the Ranger Project Area after reclamation. The relatively steep topography between
Pit 1 and Corridor Creek and the relatively narrow range of creek stages indicate that changes in
Corridor Creek stage will not have a significant effect on groundwater discharge into creek surface
water. In contrast, the topography between Pit 3 or R3 Deeps and Magela Creek is more gradual,
and Magela Creek stage has a large range, so changes in creek stage there can affect
groundwater flow and solute transport toward Magela Creek during the post-closure period. When
flow in Magela Creek and Corridor Creek ceases, groundwater is expected to continue to flow into
the sediments of the creek beds.
Once Pit 3 and R3 Deeps are no longer hydraulic sinks, groundwater-surface water dynamics can
be an important mechanism controlling concentrations of groundwater solutes in the surface
waters of Magela Creek. The rate of solute migration from Pit 3 and R3 Deeps to the creek will
decrease when creek stage rises more quickly than nearby groundwater heads. In the beginning of
each wet season, this rapid rise in creek stage can cause surface water to infiltrate into the
subsurface, temporarily minimising solute migration into the creek. This can occur over a relatively
large area when the creek flood waters exceed 14 m RL. Groundwater and solutes will eventually
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discharge to the creek during the remainder of the wet season, but groundwater discharge cannot
significantly affect surface water solute concentrations because the creek flow rate is many orders
of magnitude larger than the groundwater discharge rate. At the end of the wet season and the
beginning of the dry season, surface water levels regress more quickly than groundwater heads,
and creek flow rate decreases rapidly. It is these periods during the late wet and early dry seasons
when groundwater discharge of solutes from Pit 3 or R3 Deeps can potentially cause higher
concentrations in Magela Creek surface water.
In summary, the most important drivers for Ranger hydrology are climate and surface water.
Precipitation provides inflow to both surface water and groundwater systems. Evapotranspiration
acts as an outflow mechanism. Recharge appears to be relatively rapid during the first two months
of the wet season and slower thereafter. Evapotranspiration also appears to drive rapid declines in
heads during the initial months of the dry season, after which head declines are usually slower. In
general, topography drives groundwater from south to north across the Ranger site toward Magela
Creek. Surface water-groundwater dynamics change with the seasons to act as either an outflow
or an inflow to either domain. After mine closure, groundwater and solutes from the pits may
discharge to the ground surface via surface seepage in some areas.

2.5

HYDROGEOLOGIC FRAMEWORK

The hydrogeologic conceptual model for the Ranger area described in INTERA (2012) grouped the
mine site’s geologic units into hydrolithologic units based on each unit’s lithology, degree of
weathering, and most importantly, hydraulic properties. Hydrolithologic properties that influence
groundwater flow include hydraulic conductivity, specific yield, and specific storage. Porosity is a
hydrolithologic property important for solute transport in groundwater.
The hydrolithologic units for the INTERA (2012) study were bedrock, weathered bedrock, Magela
Creek sediments, other creek sediments, ancestral Magela sands, carbonate rock, waste rock, and
tailings. As described below, the 2012 hydrogeologic framework has been revised to take into
account information recently acquired during 2013, principally the results from straddle-packer
testing of different bedrock units (HydroResolutions and INTERA, 2013) and exploration bore
inflow data (ERA, 2013g), new data on the extent and properties of the ancestral Magela sands
(Coffey Geotechnics, 2013; INTERA, 2014), and new porosity measurements on bedrock core
samples (ERA, 2013k).

2.5.1

Surficial Hydrolithologic Units

Surficial materials control recharge, evapotranspiration, and groundwater-surface water
interactions, and also act as the most important solute pathways from Pit 3 to Magela Creek. The
surficial hydrolithologic units comprise weathered rock, creek sediments, ancestral Magela sands,
and waste rock (INTERA, 2012, 2014). New data on extent (Coffey Geotechnics, 2013), hydraulic
conductivity (Coffey Geotechnics, 2013; INTERA, 2013a), and geochemical processes (ERA,
2013a) became available in May 2013 for the ancestral Magela sands.
2.5.1.1 Ancestral Magela Sands
Considered to be the primary transport pathway for groundwater solutes between Pit 3 and the
creek, the ancestral Magela sands refers to the surficial material with a downward vertical
sequence comprising one or more of alluvium, colluvium, laterite, residual soil, extremely
weathered schist, and highly weathered schist (Burgess, 1991; Coffey Geotechnics, 2013). Review
of bore logs resulted in an increase of the horizontal extent of the ancestral Magela sands
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compared to the INTERA (2012) model (Figure 2.7). Sandy sediments are usually limited to the top
1 or 2 m (Burgess, 1991; Coffey Geotechnics, 2013), and have been observed to extend to greater
depths, between 8 and 10 m, at three locations: P3-DW11, P3-DW12, and the Burgess (1991)
bore RB/BH3 (Figure 2.7). The 2013 field site characterisation confirmed that the sand-dominated
interval is primarily a relatively thin drape underlain by lateritic horizons, residual soils, and
weathered rock (Coffey Geotechnics, 2013).
2.5.1.2 Creek Sediments
Exchange of water and solutes between the subsurface and surface water occurs across the
sediments in the creek beds, which are represented as hydrolithologic units. Magela Creek
sediments are divided into two hydrolithologic units in order to separately quantify the modelcalculated exchanges between the ancestral Magela sands and the adjacent Magela Creek
sediments. Sediments in Corridor Creek and Georgetown Creek and Billabong make up the “other
creek sediments” hydrolithologic unit. Sediments in Magela Creek are much thicker and much
better sorted, and so are likely to have a much higher hydraulic conductivity than those in the
smaller creeks, which typically contain a large clay and silt fraction (Nanson et al. 1993;
Figure 2.8).
2.5.1.3 Weathered Rock
Shallow weathered rock and deep weathered rock were represented as individual hydrolithologic
units in the INTERA (2014) evaluation. Shallow weathered rock is more permeable than deep
weathered rock and is likely to be a more important transport pathway for groundwater solutes
between Magela Creek and the sources in Pit 3 and R3 Deeps compared to deep weathered rock.
2.5.1.4 Waste Rock
Surficial waste rock is considered to have a relatively high hydraulic conductivity and to allow
greater infiltration and recharge than surficial weathered rock. Waste rock stockpiles have been
located west of the two pits since at least the 2005-2006 calibration period and are represented in
the calibration model as a separate hydrolithologic unit (INTERA, 2014). During closure, the new
landform will be constructed using the stockpiled waste rock remaining after the pits have been
backfilled. This landform waste rock is represented as a separate hydrolithologic unit during the
post-closure period (INTERA, 2014 and this study). Only waste rock in Pit 3 backfill is simulated as
a solute source in the predictive flow and solute transport models.
Waste rock and low-grade ore are considered as separate and distinct materials for this study.
Low-grade ore will be used to create the Pit 3 underfill and to make the cemented PAF with tailings
for backfilling the R3 Deeps stopes. Under the integrated site closure design, low-grade ore is
restricted to emplacement at depth, whereas waste rock can be placed at depth and at the surface.

2.5.2

Bedrock Hydrolithologic Units

Bedrock was originally considered as a single, low-permeability hydrolithologic unit in the INTERA
(2012) model because the modelling focused on shallow groundwater flow to Magela Creek. New
bedrock hydrolithologic units were later added to better represent the hydrogeology of the Pit 1
area. Additional bedrock hydrolithologic units have been delineated in this study based on new
bedrock hydraulic property data (HydroResolutions and INTERA, 2013; ERA, 2013k; INTERA,
2014) and the objective of determining how brine migration from Pit 3 might change based on the
new data. The bedrock hydrolithologic units include Nanambu complex, LMS, UMS, HWS, Deeps
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water-producing zone, north UMS carbonate unit, LMS carbonate zone, MBL zone, and Pit 1
permeable zone (Figures 2.2 to 2.5). Each bedrock hydrolithologic unit is described below,
beginning with the lowermost unit.
2.5.2.1 Nanambu Complex
The Nanambu Complex basement rocks at Ranger consist of gneiss, schist, and granite, intruded
by pegmatites. No conductive zones are known in the Nanambu, although few of the Ranger bores
penetrate even the top of the unit. No hydraulic testing has been performed in the Nanambu. The
Nanambu rocks generally exhibit a higher grade of metamorphism than the overlying Cahill
Formation, and are consequently expected to have a lower hydraulic conductivity (K).
2.5.2.2 Lower Mine Sequence
The LMS consists primarily of carbonate, with interbedded schist and chert. As described by
Kendall (1990), the LMS comprises upper and lower carbonates separated by a lenticular schist.
The lower carbonate appears to have been recrystallised during metamorphism to a magnesian
marble, while the upper carbonate is an impure dolomite with interbedded chlorite schist and
patches of massive chlorite. In some locations, portions of both carbonates have been replaced by
chert. The lenticular schist consists of quartz, chlorite, and sericite, and is at most a few metres
thick. Uranium mineralisation in the LMS occurs in the lenticular schist and massive chlorite. The
LMS contains pegmatites that, according to Kendall (1990), formed by in situ digestion of LMS
rocks rather than from intrusion.
2.5.2.3 Upper Mine Sequence
The UMS consists largely of quartz-biotite or chlorite schist. Where uranium mineralisation has
occurred in the Deeps Fault zone, the schist has been altered to chlorite schist, chlorite biotite
schist, and graphitic schist. The UMS is penetrated by numerous thin pegmatite and quartz
intrusions, most less than 1 m thick. Shear and/or brecciated zones are found throughout the unit.
Carbonaceous bands (metamorphosed shales) occur in some parts of the UMS. The UMS
contains minor carbonate lenses of uncertain continuity. The lower UMS, originally deposited as
fine mudstone with interbedded silts and fine arenites, is dominated by chlorite schist, whereas the
upper UMS, originally deposited as a coarse, impure arenite, contains more quartz-(biotite)-chlorite
schist. Uranium mineralisation is concentrated in the lower UMS, below the base of the arenite.
2.5.2.4 Hanging Wall Sequence
The HWS consists of schists composed of muscovite, biotite, quartz, hematite, garnet, and/or
magnetite. The HWS is intersected by numerous thin quartz and amphibolite intrusions, and by a
single, thick (20-30 m) amphibolite sill near its base. Shear and/or brecciated zones are found
throughout the unit.
2.5.2.5 Deeps Water-Producing Zone
The “Deeps water-producing zone” is a designation given to an estimated volume of rock that
contains thin intervals that can produce flow rates of up to hundreds of litres per minute (Lpm) of
water when first penetrated by exploration bores (INTERA 2014; Figure 2.12). The extent of this
hydrolithologic unit was conservatively delineated to encompass a larger volume than available
data warrant and its extent may be changed in the future depending on new flow measurements.
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The zone is most often found in the LMS and lower UMS where uranium mineralisation has
occurred. The high flows are most likely to be associated with open fractures.
2.5.2.6 North UMS Carbonate Unit
Heads in several deep bores near Pit 3 were used to delineate a hydrolithologic unit called the
Djalkmara fault zone in the INTERA (2012) model. Heads in bores P3-7, P3-4, and P3-4A fall
between -40 and -50 m RL, whereas heads at P3-4B and P3-16 vary between -25 and -35 m RL
and between -10 and -20 m RL, respectively. It was subsequently discovered that the coordinates
for these bores were in error. The corrected coordinates showed that the bores were very close to
the north margin of Pit 3 and most likely did not represent the fault zone because they are located
outside the mapped Djalkmara fault strands. Based on a review of the bore logs, these bores are
interpreted as intersecting a fractured carbonate interval that spans elevations between
approximately -80 and -50 m RL and extends into Pit 3.
The Djalkmara fault zone hydrolithologic unit north of Pit 3 in the INTERA (2012) model was
replaced with a carbonate hydrolithologic unit based on the corrected locations for bores P3-4,
P3-4A, P3-4B, and P3-7 north of Pit 3. The new hydrolithologic unit is called the north UMS
carbonate unit, which is not to be confused with the LMS carbonate hydrolithologic unit that is
located between Pits 1 and 3 (see below).
2.5.2.7 LMS Carbonate Zone
The shallow carbonate-dominated interval of the LMS between Pits 1 and 3 has been treated as a
separate hydrolithologic unit beginning with the INTERA (2012) evaluation. Consistent seepage
into Pit 3 through the LMS carbonate has been observed for a number of years (Kalf and
Associates, 2006, 2007, 2009). An aquifer test in this unit just south of Pit 3 yielded a relatively
high estimate of hydraulic conductivity (see Section 2.6.2).
2.5.2.8 MBL Zone
The MBL zone was originally defined by Puhalovich (2004) and Kalf and Associates (2004) to
explain high groundwater yields in UMS bores near the southeastern edge of Pit 1. They
conceptualised it as a strip aquifer along a fault zone aligned with Corridor Creek. Anderson et al.
(2009) concluded that the MBL zone was related to fractured UMS rocks at the HWS/UMS contact
within a fault zone. For the updated conceptual and numerical models, the MBL zone is
represented with new areal and vertical extents that were determined solely by bores that showed
the corresponding “signature” rise in heads during late 2005 resulting from the significant rise in
surface water level in Pit 1.
2.5.2.9 Pit 1 Permeable Zone
After identifying a highly weathered and permeable zone along the southeastern rim of Pit 1, ERA
began construction of a seepage-limiting barrier in this material in 2004 (Puhalovich and Jacobsen,
2005). For the updated conceptual and numerical models, a new hydrolithologic unit, called the
Pit 1 permeable zone (Puhalovich and Jacobsen, 2005), was added to represent this zone.

2.5.3

R3 Deeps Workings

New hydrolithologic units were introduced to represent the mine workings and mine backfill
materials to be used in closing the R3 Deeps mine. Mine workings are categorised as stopes,
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tunnels, vent shafts, and the decline (Figure 1.2). Based on ERA’s mine closure plan, the minedout stopes will be backfilled with cemented PAF with tailings. CRF will be used to backfill the vent
shafts and decline up to ground surface. The access tunnels will not be backfilled.

2.6

HYDRAULIC PROPERTIES

The hydraulic properties of the various hydrolithologic units have been derived from a variety of
sources, including previously published information and recent testing, both in the laboratory and
the field. Porosity measurements were conducted in November 2013 on 13 core samples from the
HWS, UMS, and LMS collected from bores R3D44 and R3D45 (see Appendix A in INTERA, 2014).
The samples included schists, carbonates, amphibolite, and pegmatite. Recent estimates of
bedrock hydraulic conductivity were obtained from straddle-packer hydraulic testing performed on
16 intervals within two bores, R3D41 and R3D45 (Figure 2.13), at the Ranger mine site from
August to October 2013 (HydroResolutions and INTERA, 2013).

2.6.1

Porosity

Porosity measurements were performed on 13 core samples from bores R3D44 and R3D45 in
November 2013 (INTERA, 2014). Four subsamples were taken from each sample for
measurement. Two samples of HWS muscovite schist from R3D44 were tested, with porosities
ranging from 0.002 to 0.010 and an average of 0.005. A sample of the amphibolite sill in the HWS
at R3D44 had an average porosity of 0.002 (range 0.002 to 0.003). Two UMS schist samples from
R3D44 had porosities ranging from 0.022 to 0.026, while a sample from R3D45 had a lower
porosity of 0.003. Three samples of LMS carbonate from R3D44 and three samples from R3D45
had an average porosity of 0.006 (range 0.003 to 0.011). A sample of pegmatite from the LMS in
R3D45 had the highest average porosity measured, 0.041 (range 0.040 to 0.043).
Waste rock void ratio was estimated by ERA as a function of waste rock depth (ERA, 2013f). Void
ratio (e), which is the ratio of volume to void space (pores) to volume of solid material in a sample,
can be used to calculate porosity (n), which is the ratio of volume to void space (pores) to volume
of sample, by the equation n = e / (1 + e) (Hillel, 1998). Using this equation and ERA’s estimates of
the void ratio revealed that porosity in the thickest backfill, Pit 3 underfill, would not exceed 0.17,
whereas the shallow waste rock backfill in the top of Pit 3 (maximum depth of 30 to 40 m) will likely
have a porosity of about 0.24 (ERA, 2013f), and the landform waste rock (maximum depth of 14 m)
will likely have a porosity of about 0.26 (INTERA, 2014).

2.6.2

Hydraulic Conductivity

Hydraulic conductivity (K) has been estimated for selected hydrolithologic units using a variety of
methods. Appendix A tables in INTERA (2014) provide a compilation of values from reports
available to INTERA through the end of 2013. New K values were determined in 2013 for the
ancestral Magela sands (Coffey Geotechnics, 2013; INTERA, 2013). Estimates of K for bedrock
units near Pit 3 were obtained for the first time from straddle-packer hydraulic testing
(HydroResolutions and INTERA, 2013). Water flow measurements from exploration bores drilled
from the R3 Deeps decline were analysed to give a preliminary K estimate for the Deeps waterproducing zone.
Observed K values span approximately nine orders of magnitude at the site, ranging from roughly
10-8 metres per day (m/d) in deeper bedrock to roughly 10 m/d in the shallow carbonate rock
between Pits 1 and 3. Observed K values can also vary over a wide range within individual
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hydrolithologic units. Such a wide range of K values is reasonable in a location with poorly lithified
sediments and bedrock units that have undergone significant alteration and deformation.
Barring a few exceptions, bedrock at Ranger has long been known to have a much lower K than the
weathered rock and alluvial materials in the shallow groundwater flow system. Previous studies
have focused on identifying the bedrock hydrolithologic units that have relatively high K values, such
as the MBL zone near Pit 1 (Anderson et al., 2009; Timms et al., 2010) or the shallow carbonate
between Pits 1 and 3 (Kalf and Associates, 2006 and 2009), and typically lumped the various
geologic units into low-K and intermediate-K bedrock units. This approach is reasonable given the
roughly four-order-of-magnitude range of K values observed for bedrock units other than the MBL
zone or the carbonate-dominated units and the focus on understanding the shallow groundwater
system at Ranger.
Similarly, bedrock has been modelled as having a K range from 10-4 to 10-2 m/d in previous models.
Puhalovich and Levy (2000) used a value of 5 x 10-3 m/d in their model, whereas Kalf and Associates
(2006) adopted a range from 7 x 10-4 to 10-2 m/d in their model. Anderson et al. (2009) set deep
bedrock K to 5 x 10-4 m/d for the Nanambu Complex rocks and 10-3 m/d for other bedrock.
Given the newly available data and the focus on better understanding the migration of dense brine
out of Pit 3, this study includes all the bedrock hydrolithologic units rather than grouping them into
one or two generic units. K values for the HWS, UMS, and LMS were based on the new straddlepacker testing results. The K value for the Nanambu Complex was assumed to equal that for a
pegmatite interval in the LMS with a very low permeability.
Straddle-packer hydraulic testing was performed at depths ranging from 30 to 350 m below ground
surface in two bores at the Ranger mine site from August to October 2013 (Figure 2.13)
(HydroResolutions and INTERA, 2013; INTERA, 2014). Testing in the vertical bore R3D41, the
pilot hole for an R3 Deeps vent shaft (Figure 2.13), was focused entirely on the HWS, including
tests of intact schist, schist with quartz intrusions, schist with shear zones and fault breccias, the
amphibolite sill in the lower HWS, and the carbonate at the HWS/UMS contact. Testing in the
slanted bore R3D45, drilled on the north side of Pit 3 between the pit and Magela Creek
(Figure 2.13), was split between the UMS and the LMS, and included tests of UMS schist, the
Djalkmara Fault zone in the UMS, the UMS/LMS contact, and LMS carbonate and pegmatite. All
but two bottomhole tests were of 4.88-m intervals. No evidence for the Deeps water-producing
zone, subsequently identified in underground exploration bores, was encountered in the UMS-LMS
contact zone penetrated by R3D45.
The packer testing provided information from greater depths than had previously been reported,
and generally showed lower hydraulic conductivities than had been reported by such authors as
URS (2004) and Pillai et al. (2007), and summarised in CSIRO (2011a, b, and c; 2013). The type
of equipment used and the implementation of pulse testing techniques in R3D41 and R3D45
allowed the quantification of lower limits of hydraulic conductivity than from previous testing in
bedrock at Ranger. The hydraulic conductivity (K) of the schist intervals tested ranges between
approximately 1 x 10-6 and 4 x 10-3 m/d. The lowest schist K values are found in the lower portions
of the HWS and UMS. Carbonate K values tend to be lower than those of schist, generally ranging
from 2 x 10-8 to 1 x 10-5 m/d. Amphibolite and pegmatite intrusions appear to have lower K (2 x 10-7
and 9 x 10-9 m/d, respectively) than the schist and most carbonates. K appears to generally
decrease with depth, perhaps as a result of greater confining stress with depth. Although test
intervals were selected to target features (faults, shear zones, brecciated intervals, etc.) that might
have high K, no high hydraulic conductivities were encountered.

Final Report: Solute Egress Modelling for ERA Ranger 3 Deeps Mine Closure/ Final/ March 2014

19

A representative K value for the Deeps water-producing zone was estimated based on water flow
rates observed egressing from exploratory uranium resource drill holes cored from within the
exploration decline (Figure 2.12). Flow rates were monitored as the bores were advanced into the
mineralized zone. To get an inflow of 10 Lpm a few hours after intersecting a water-producing zone
at a location such as bore R3D_5C_004, at an elevation of approximately -155 m RL, calculations
using the method of Jacob and Lohman (1952) indicate that a K value on the order of 1 x 10-3 m/d
is needed along with a producing thickness of 100 m and a specific storage of 10-5 1/m. To
whatever extent the producing thickness is actually less than 100 m, the value of K would be
proportionately higher. Given the way the water-producing zone is represented as an extensive
volume in the model, however, a K on the order of 1 x 10-3 m/d is appropriate.
The weathered bedrock hydrolithologic unit encompasses nearly all of the shallow subsurface in
and around the Ranger mine. Hydraulic conductivity varies widely with location and depth as it is
dependent on the degree of weathering. Measurements from pump tests range between 8 x 10-4
and 25 m/d, but the majority of observations are on the order of 10-3 to 10-2 m/d (INTERA, 2014,
Appendix A, Table A.3). Slug test values range between 10-3 and 3 m/d (INTERA, 2014,
Appendix A, Table A.3). The MB-series bores near Pit 1 have pump test K values that are much
higher than other locations, 8 to 200 m/d (INTERA, 2014, Appendix A, Table A.3).
K values for weathered rock in previous models varied from 10-3 to 10 m/d. For the Pit 3 vicinity,
Salama et al. (1999) employed a range of 1.5 x 10-1 to 10 m/d in their model, whereas Kalf and
Associates (2006) used a smaller range of 10-2 to 10-1 m/d in their model. Anderson et al. (2009)
used 1.3 m/d for soil horizons and 10-3 to 10-1 m/d for the remaining weathered bedrock.
Weathered rock K in the INTERA (2014) model varied between 8.5 x 10-3 and 4.8 x 10-2 m/d.
The carbonate hydrolithologic unit, striking north-south, crosscuts both Pit 3 and Pit 1 and
represents the carbonate-dolomite intervals of the lower Cahill Formation. Pump tests on bores
near the southern rim of Pit 3 yielded values of 1 to 25 m/d, whereas tests on bores in the
carbonate south of Pit 1 gave K values of 5 to 8 m/d (INTERA, 2014, Appendix A, Table A.4). Kalf
and Associates (2006) set K equal to 15 m/d for this unit in their model. Testing at the three bores
that were used to define the deep carbonate hydrolithologic unit north of Pit 3 yielded K values
between 5 x 10-1 and 8 x 10-1 m/d (INTERA, 2014, Appendix A, Table A.4).
K measurements in the ancestral Magela sands also appear to span a wide range (INTERA, 2014,
Appendix A, Table A.5). Measurements were limited to three bores until mid-2013. Pillai et al.
(2007) estimated K equals 11 m/d at bore 23935, whereas two separate falling head tests of bores
P3-DW11 and P3-DW12 yielded values between 2 x 10-2 and 2.2 x 10-1 m/d (Coffey Geotechnics,
2008) and 4 to 11 m/d (Logan, 2008). Slug testing results from seven new bores in mid-2013
(Coffey Geotechnics, 2013; INTERA, 2013) gave a K range of 1.7 x 10-3 to greater than 1 m/d
(INTERA, 2014, Appendix A, Table A.4). The ancestral Magela sands in the INTERA (2014) model
were given a value of 1 m/d.
No hydraulic conductivity data are available for the Magela Creek sediments, other creek
sediments, or waste rock hydrolithologic units. Magela Creek sediments are interpreted to be sanddominated sediments that fill the top 8 m within the creek bed. Similarly, other creek sediments
refer to the silty or clayey sands with a 1 to 2 m thickness found in Georgetown and Corridor
creeks. Given the large surface water flow rates observed in Magela Creek, it is likely that the
sediments of the creek bed have a higher K value than the ancestral Magela sands, which contain
a significant amount of fine-grained material, or the smaller creeks, which have smaller flow rates.
Waste rock, which will be used to backfill the two pits and create the post-closure landform, is
expected to have a relatively high K value, as will low-grade ore, which will form Pit 3 underfill.
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Tailings will be translocated from the current tailings dam to the two pits. Analyses provided by
ATC Williams (2013) indicate that the tailings will likely have a K value on the order of 10-3 m/d
after placement in the pits, depending on the thickness of the tailings column and depth within the
column (ATC Williams, 2013).

2.6.3

Storage Coefficient

The spatial distribution of storage coefficient, S, is also governed by the geologic units in the study
area and the variability within each unit. The storage coefficient for an unconfined aquifer is
represented by
S=Sy + Ssb
where Sy is the specific yield [m3/m3], Ss is the specific storage [m2/m3], and b is the aquifer
thickness [m]. Specific yield represents drainage of pore spaces in an unconfined aquifer and does
not apply to storage changes in confined aquifers. Specific storage represents the compression of
the aquifer or the expansion of water due to a change in pressure. For a confined aquifer, S = Ssb.
To model solute egress from Pit 3, INTERA (2012; 2014) conceptualised Ranger’s shallow and
deep groundwater systems as unconfined systems, so the primary storage parameter is specific
yield.
Hydraulic testing of bedrock yielded only one measured storage coefficient, 8 x 10-3 (INTERA,
2014, Appendix A, Table A.2), whereas testing of weathered rock gave numerous measurements
spanning a very wide range of 10-6 to 5 x 10-1 (INTERA 2014, Appendix A, Table A.3). Measured
storage coefficients for the carbonate hydrolithologic units were 10-3 to 3 x 10-3 for carbonates
south of Pit 1, and 10-4 for deep carbonates north of Pit 3 (INTERA 2014, Appendix A, Table A.4).
No hydraulic test measurements yielding storage coefficients are available for the ancestral
Magela sands. For the Pit 3 vicinity, Sy for bedrock used by Puhalovich and Levy (2000) and
Salama et al. (1999) in their models ranged from 10-2 to 3 x 10-2. Values of 10-2 to 2.5 x 10-2 are
used for weathered to fractured rock in the vicinity of Pit 1 (Anderson et al., 2009).
The specific yield for weathered rock used in Salama et al. (1999) was 10-2. Timms et al. (2010)
used a storage coefficient of 10-1 for highly weathered rock and 10-1 to 2.5 x 10-1 for weathered
rock. Magela Creek sediments have specific yield set to 2 x 10-1, and carbonate rocks have
specific yield between 5 x 10-2 and 10-1 in Salama et al. (1999).
Given the paucity of measured storativity and specific storage values, the scientific literature can
provide a range of specific storage values. Competent or sound rock typically has specific storage
values less than 3.3 x 10-6 m-1, whereas fractured or fissured rock has a higher specific storage,
typically in the range between 3.3 x 10-6 m-1 and 6.9 x 10-6 m-1 (Batu, 1998). However, uncertainty
in values of storage properties for hydrolithologic units is unimportant to the impact assessment
because the predictive simulations of flow and transport were run under steady flow conditions
(see Section 4.2) and therefore storage properties are not used to simulate groundwater flow.

3.

SOURCES FOR SOLUTE LOADING AND TRANSPORT

Mass loadings of COPCs to Magela Creek will be controlled in part by their concentrations in
waters that migrate away from Pit 3 and R3 Deeps. This section describes how such COPC
“source” concentrations were defined for use in groundwater transport models and for estimating
COPC loadings to Magela Creek (Section 4). Cemented PAF with tailings will be used to backfill
the mined-out stopes in the R3 Deeps mine. CRF will be used to backfill the decline and vent
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shafts up to ground surface. The cemented PAF with tailings and CRF sources in the R3 Deeps
backfill are described in detail herein. COPC sources for the Pit 3 backfill materials, which were
discussed in detail in Section 4 of INTERA (2014), are also summarised below.

3.1

CONSTITUENTS OF POTENTIAL CONCERN

3.1.1

Conservative Constituents

Magnesium (Mg) is a COPC because of its potential toxicity to the Magela Creek biota (van Dam
and Humphrey, 2004; van Dam et al., 2010a and b). Mg was considered a conservative solute in
the sense that its transport in the rock and surficial deposits between the backfilled Pit 3 and R3
Deeps workings and Magela Creek is unlikely to be significantly attenuated by geochemical
reactions. Leaching of tailings and waste rock in Pit 3 could be an important source of Mg after pit
closure. Tailings and waste rock used to construct paste backfills for R3 Deeps could also leach
Mg. The brine to be injected into Pit 3 underfill could provide another source of Mg.

3.1.2

Reactive Constituents

COPCs include uranium (U), manganese (Mn), and Radium-226 (Ra-226) (SSAR, 2005), as well
as total ammonia as nitrogen (TAN), nitrate as nitrogen (NO3-N), total phosphorus (total-P), and
polonium (Po-210). These COPCs were considered to be reactive solutes in the sense that their
transport in the rock and surficial deposits located between Pit 3, R3 Deeps workings, and Magela
Creek may be attenuated by geochemical reactions. Leaching of tailings and waste rock used to
backfill Pit 3 and R3 Deeps could be an important source of U, Mn, Ra-226, TAN, NO3-N, total-P,
and Po-210 after closure.

3.2

SOURCE BEHAVIOUR FOR BACKFILL MATERIALS

Each of the five backfill materials can act as a source of conservative and reactive solutes.
Leaching of tailings and waste rock in Pit 3 could be an important source of COPCs after pit
closure, as could the brine to be injected into the Pit 3 underfill (Figure 1.2). Cemented PAF with
tailings and CRF, which are mixtures of mine materials and cement, will be the backfill materials for
the R3 Deeps workings. Only stopes, vent shafts, and the decline will be backfilled, whereas no
backfill will be placed in the tunnels. Leaching from cemented PAF with tailings and CRF could
also release COPCs into groundwater.
Selection of the source concentrations described below was based primarily on empirical evidence
from the Ranger Project Area and on geochemical modelling (see Section 4 of INTERA, 2014 and
below). Source concentrations for Mg, U, Mn, and Ra-226 in waste rock were estimated using the
mean (average) to represent the relatively larger data set for saturated waste rock or the maximum
to represent the relatively smaller data sets available for vadose zone waste rock. The mean value
was chosen to represent the other COPCs that had the same source concentrations for saturated
and vadose zone waste rock. Tailings source concentrations were based on a specific probabilistic
measure of a set of measurements, called a quantile, to match ERA’s best estimate of the tailings
Mg source concentration (Section 4.2.2 of INTERA, 2014 and Section 3.2.2 below). Brine source
concentrations were selected using the reported mean values that were available.
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3.2.1

Waste Rock

Mine rock at Ranger mine is commonly categorised as 1s, 2s, 3s, etc., each of which is defined by
its triuranium octoxide (U3O8) content. The U3O8 content of 1s waste rock is less than 0.02 wt%,
that for 2s rock (very low-grade ore) is 0.02 – 0.05 wt%, and the content for 3s rock (low-grade ore)
is 0.05 – 0.1 wt% (e.g., Overall et al., 2001). Only 1s waste rock will be used to create the waste
rock low-permeability cap and the waste rock vadose zone in Pit 3. Low-grade ore (2s waste rock)
will be emplaced as underfill beneath the tailings backfill. Under the integrated closure design for
Pit 3 and R3 Deeps, a mix of predominantly 1s and some 2s waste rock will be used to create the
saturated shallow waste rock above the tailings.
Site-specific hydrochemical data and geochemical modelling techniques were used in INTERA
(2014) to refine previous estimates (INTERA, 2012) of source concentrations for conservative and
reactive solutes. For the shallow waste rock above the tailings layer in Pit 3 (Figure 1.2), this
entailed the compilation of a reliable set of chemical analyses of seepage/runoff and groundwater
samples associated with waste rock stockpiles that presently exist at the Ranger Mine site. This
approach is based on the assumption that geochemical conditions in the stockpiles should be
closely analogous to conditions that will exist in Pit 3 once these same rocks are emplaced in the
pit and come into contact with meteoric precipitation and atmospheric gases. Parts of the existing
waste rock stockpiles remain fully saturated with water, as will most of the Pit 3 shallow waste rock
backfill, whereas other parts are exposed to variably saturated conditions, i.e., for much of the Pit 3
waste rock low-permeability cap and some of the underlying shallow waste rock (INTERA, 2014).
The source behaviour for vadose zone waste rock is assumed to vary with time, whereas leaching
of fully saturated waste rock yields essentially constant concentrations (INTERA, 2014).
Geochemical analyses of samples from bores that represent undisturbed groundwaters in the
Ranger area were used as the basis for determining source concentrations from the saturated
shallow waste rock backfill in Pit 3. After reviewing these data and taking into account seasonal
variations in water chemistry observed in some samples from some sampling bores, a
concentration of 60 milligrams per litre (mg/L) was selected to conservatively represent Mg
leaching from saturated shallow waste rock (INTERA, 2014; Table 3.1). One mg/L equals
1,000 micrograms per litre (µg/L). This value is consistent with other studies characterising
background Mg concentrations in Ranger groundwaters (Ahmad and Green, 1986; Gellert and
Jacobsen, 2009). The same data set provided mean concentrations of 9 µg/L (0.009 mg/L) for U,
46 µg/L (0.046 mg/L) for Mn, and 89 milliBecquerel per litre (mBq/L) for Ra-226, which were used
as source concentrations for these reactive COPCs in saturated shallow waste rock (Table 3.2).
Source concentrations for TAN, NO3-N, total-P, and Po-210 were estimated for all shallow waste
rock, whether saturated or vadose zone, using an empirical approach. Bores with Type 2
groundwaters (from bores screened in rock below waste rock stockpiles) were identified, and mean
concentrations were calculated for all observations of each COPC (INTERA, 2014). The mean
source concentrations for shallow waste rock were estimated to be 0.14 mg/L for TAN, 0.48 mg/L
for NO3-N, and 0.06 mg/L for total-P (Table 3.2). No data were identified for the Po-210
concentrations in shallow waste rock, so it was not included as a waste rock COPC. However,
Po-210 data were available for brine, so Po-210 was evaluated as a COPC for brine and tailings
(Sections 4.5.3 and 4.5.4 of INTERA, 2014). Source concentrations for all reactive COPCs in
shallow waste rock are shown in Table 3.2.
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Table 3.1 Mg Source Concentrations for Pit 3 and R3 Deeps Backfill
Source Material

Source Concentration (mg/L)

Duration (yr)

1.06E+03

0 - 280

7.50E+01

281 – 10,000

Thin Vadose Zone Waste Rock (includes waste
rock low-permeability cap)

7.50E+01

1 – 10,000

Saturated Waste Rock

6.00E+01

0 - 10,000

Tailings

5.60E+03

0 - 10,000

Brine

5.37E+04

0 - 10,000

Cemented Rock Fill

6.00E+01

0 - 10,000

Cemented Paste Aggregate Fill with Tailings

5.60E+03

0 - 10,000

Thick Vadose Zone Waste Rock (includes waste
rock low-permeability cap)

Table 3.2 Reactive COPCs – Waste Rock
COPC

Saturated Waste Rock

Vadose Zone Waste Rock

Uranium

9.00E-03

5.00E-01

Manganese

4.60E-02

1.20E+00

TAN

Concentration
Units

mg/L

1.40E-01

NO3-N

4.80E-01

Total-P

6.00E-02

Po-210
Radium-226

mBq/L

No Data
8.90E+01

8.00E+02

Leaching from vadose zone waste rock leads to time-varying Mg concentrations because of the
contribution from pyrite oxidation in the variably saturated waste rock. Source concentrations were
estimated as a function of time from a geochemical model of gas-water-waste rock interactions that
was developed and calibrated using the site hydrochemical database (INTERA, 2014). The calibrated
model was evaluated over a simulation period of 10,000 years to estimate the time during which
relatively high Mg source concentrations could exist initially due to the effects of pyrite oxidation and
acid generation, and to predict values of lower Mg concentrations that would subsequently evolve
once pyrite was exhausted from the vadose zone waste rock and the waste rock low-permeability cap,
i.e., after about 200–300 years (INTERA, 2014). During the first 280 years following construction of
the waste rock low-permeability cap, the vadose zone waste rock was simulated to leach Mg at a
concentration of 1,060 mg/L and then, once the pyrite had been essentially exhausted, Mg would
leach at a steady concentration of 75 mg/L (INTERA, 2014; Table 3.1).
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As the geochemical model for vadose zone waste rock focused only on Mg, long-term source
concentrations for reactive solutes were conservatively estimated from site-specific empirical data.
The site hydrochemical database was used to identify samples with water chemistry representing
that expected for vadose zone waste rock. The resulting maximum U, Mn, and Ra-226
concentrations were approximately 500 µg/L (0.5 mg/L), 1,200 µg/L (1.2 mg/L), and 800 mBq/L,
respectively, and were selected as conservative estimates of long-term source concentrations for
the vadose zone waste rock (INTERA, 2014; Table 3.2). Source concentrations for TAN, NO3-N,
total-P, and Po-210 were estimated for all waste rock, whether saturated or vadose zone, using an
empirical approach. Bores with Type 2 groundwaters were identified, and mean concentrations
were calculated for all observations of each COPC (Appendix E, Table E.3 of INTERA, 2014). The
mean source concentrations for shallow waste rock were estimated to be 0.14 mg/L for TAN,
0.48 mg/L for NO3-N, and 0.06 mg/L for total-P (Table 3.2). No data were identified for the Po-210
concentrations in waste rock, so it was not included as a waste rock COPC.

3.2.2

Tailings

Tailings in the tailings dam are planned to be transferred to Pit 3 for encapsulation. The chemistry
of tailings dam tailings porewaters as characterised by Sinclair (2004) was used to represent future
tailings leaching behaviour in Pit 3. This approach was based on the assumption that solutions
leached from the Pit 3 tailings will have uniform concentrations over the 10,000-year assessment
period as long as fluid flow rates through the tailings layer and rates of water-rock interactions
remain approximately constant.
Mg concentrations observed in pore water samples extracted from core samples from the tailings
dam tailings ranged over three orders of magnitude with a maximum of 7,424 mg/L and a mean of
3,348 mg/L (Sinclair, 2004). ERA assumed that 5,595 mg/L was a representative value for the Mg
source concentration in the Pit 3 tailings layer (ERA, 2012c). This value corresponds to the
0.874 quantile (87.4 percentile) of the sample cumulative distribution function (CDF) based on
Sinclair’s (2004) 43 tailings dam measurements for Mg (INTERA, 2014).
Table 3.3 Reactive COPCs – Tailings
Tailings Concentrations
From Sinclair (2004)

Concentration
Units

COPC

Mean

0.874 Quantile

Maximum

Uranium

2.38E-01

5.63E-01

9.00E-01

Manganese

4.46E+02

8.49E+02

1.54E+03

2.96E+02

4.91E+02

5.60E+02

NO3-N

3.06E-01

3.98E-01

1.66E+00

Total-P

1.61E-01

3.67E-01

1.80E+00

TAN

mg/L

Po-2101
Radium-226
1 Po-210

mBq/L

3.74E+04
4.00E+03

No Data
7.00E+03

1.40E+04

was calculated as brine Po-210 * (tailings Mg / brine Mg)
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Tailings source concentrations for U, Mn, Ra-226, TAN, NO3-N, and total-P were similarly
estimated by selecting concentrations corresponding to the 0.874 quantile of the sample CDFs for
these reactive solutes. As for Mg, the 43 measurements made on tailings cores by Sinclair (2004)
were used to create the sample CDFs. Table 3.2 compares the 0.874 quantile values used to
represent the long-term Pit 3 tailings source concentrations with the mean and maximum values
from Sinclair (2004). Long-term source concentrations for Pit 3 tailings selected at the
0.874 quantile are 0.563 mg/L for U, 849 mg/L for Mn, 491 mg/L for TAN, 0.398 mg/L for NO3-N,
0.367 mg/L for total-P, and 7,000 mBq/L for Ra-226 (Table 3.3).
There are no data for Po-210 concentration in tailings. As brine is a much-concentrated form of
tailings porewater, the Po-210 concentration in brine was used to estimate a tailings source
concentration. The Po-210 concentration in tailings was estimated by scaling according to the ratio
of Mg concentrations in brine and tailings, yielding an estimated tailings source concentration of
3.7 x 104 mBq/L (Table 3.3).

3.2.3

Brine

Dense, hot, viscous brine will be injected into the Pit 3 underfill as part of the integrated closure
design. The brine will have a fluid density of 1,331 kilograms per cubic metre, a total dissolved
solids (TDS) concentration of approximately 438,000 mg/L, and an injection temperature of 60°C
(ERA, 2013h; INTERA, 2014). Conservative estimates of the source concentrations for Mg, U, Mn,
and TAN in brine were obtained from ERA (2013h). Source concentrations for Ra-226, and Po-210
were estimated using the mean concentrations determined for the 29 to 31 measurements per
COPC in Appendix C of Rio Tinto (2012). The concentrations for these COPCs were 53,670 mg/L
Mg, 176 mg/L U, 20,030 mg/L Mn, 7,970 mg/L TAN, 358,000 mBq/L Po-210, and 92,800 mBq/L
Ra-226 (Table 3.4). Total-P concentrations were not available from ERA (2013h) or Rio Tinto
(2012), so the mean value of 4.01 mg/L total-P from earlier brine measurements (ERA, 2011) was
used instead as the brine source concentration (Table 3.4).
Table 3.4 Reactive COPC Source Concentrations in Brine

COPC

Concentration
Units

Brine Concentrations
From Brine Concentrator Pilot Plant Test
Mean

Uranium

1.76E+02

Manganese

2.00E+04

TAN

mg/L

7.97E+03

NO3-N1

8.25E+00

Total-P2

4.01E+00

Po-210
Radium-226
1

mBq/L

0.874
Quantile

Maximum

Only Mean Provided

3.58E+05

4.61E+05

5.27E+05

9.28E+04

1.00E+05

1.00E+05

NO3-N for brine is calculated using (brine TAN / tailings TAN) * tailings NO3-N (mean value).

2 Phosphorus

is taken from ERA (2011) as it was a non-detect in the Rio Tinto (2012) Appendix C.
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No NO3-N data are available for brine. The NO3-N source concentration for brine was estimated
using the ratio of NO3-N to TAN in tailings to scale the brine TAN source concentration, arriving at
a source-term concentration of 8.25 mg/L NO3-N (Table 3.4).

3.2.4

R3 Deeps Backfill

Leaching of COPCs from R3 Deeps backfill materials is expected to be similar to leaching from
crushed waste rock or tailings materials because most of the paste backfill will consist of these
mine materials. Ordinary Portland Cement will constitute 4% by weight of the backfill. CRF is
expected to leach solutes in similar fashion to saturated 1s waste rock, and cemented PAF with
tailings are expected to leach in the same way as the tailings backfill. Table 3.1 lists the Mg source
concentrations for CRF and cemented PAF with tailings, whereas Table 3.5 lists the reactive
solutes source concentrations for CRF and cemented PAF with tailings.
Table 3.5 Reactive COPC Source Concentrations in R3 Deeps Backfills
Cemented Rock
Fill

Cemented Paste
Aggregate Fill w/
Tailings

Uranium

9.00E-03

5.63E-01

Manganese

4.60E-02

8.49E+02

1.40E-01

4.91E+02

NO3-N

4.80E-01

3.98E-01

Total-P

6.00E-02

3.67E-01

No Data

3.74E+04

8.90E+01

7.00E+03

COPC

TAN

Po-2101
Radium-226

3.3

Concentration
Units

mg/L

mBq/L

ASSUMPTIONS FOR REACTIVE SOLUTES

Revisions to key conservative assumptions underlying the source concentration selections could
significantly increase the extent to which U, Mn, TAN, NO3-N, total-P, Po-210, and/or Ra-226 are
immobilised by solid phases before they can reach Magela Creek. For example, reactions involving
ferrous iron-bearing chlorites in the Pit 3 waste rock or R3 Deeps CRF could generate chemically
reducing conditions locally, particularly if there is limited exchange with O2(g) in the atmosphere
(e.g., under saturated conditions below the vadose zone). If so, the reducing conditions could
result in the precipitation of tetravalent U in very low-solubility minerals such as the amorphous
hydrous oxide, UO2(am). Uranium source concentrations in waters leaving Pit 3 might then be so
low as to obviate any concerns about U transport between the pit and Magela Creek.
The assumption that cemented PAF with tailings and CRF will leach similarly to their pure crushed
rock or tailings counterparts is believed to be conservative. Mixing cement additives with the mine
materials to create the cemented PAF with tailings and CRF should, if anything, tend to lower Mg,
U, Mn, and Ra-226 source concentrations compared to analogous systems involving just crushed
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rock or tailings without the cement. Support for this conclusion comes from experimental
investigations of cemented pastes containing Ranger tailings materials (Jones et al., 2001a and b).
These studies found that the addition of small amounts (> 2 wt%) of Ordinary Portland Cement to
mixtures of tailings and porewaters resulted in the formation of various solids (probably including
cement hydrates, Fe(III)- and Al-oxyhydroxides, and/or other solids such as zeolites) that tend to
remove Mg, U, and Mn from solution.

4.

PREDICTIVE FLOW AND TRANSPORT FOR
CONSERVATIVE AND REACTIVE SOLUTES

The overall objective of this assessment is to quantify the loading rates of groundwater COPCs
transported from Pit 3 and from R3 Deeps to Magela Creek. A predictive three-dimensional flow
and solute transport modelling tool constructed to evaluate potential impacts from Pit 3 backfill
(INTERA, 2014) was revised to quantify Mg loadings from the integrated closure design for Pit 3
and R3 Deeps over the 10,000-year assessment period. The modelling tool was also used to
quantify Mg loading from the 2 gigalitres of brine that will be injected in Pit 3 underfill. Solute
loadings for the reactive solutes were estimated by scaling to the Mg loadings using long-term
concentrations. The sub-sections below describe the modelling approach, model construction, and
results.

4.1

CLOSURE DESIGN FOR PIT 3 AND R3 DEEPS

The R3 Deeps underground workings include the exploration decline and the underground mine,
which comprises tunnels, ventilation shafts, and stopes (Figure 4.1A and B). According to the S140
mine design (ERA, 2013e), R3 Deeps is located along the eastern and northeastern margin of Pit 3
with mine workings extending beneath the southern edge of Magela Creek (Figure 4.1A). The
decline is a roughly 3-km-long tunnel that extends from ground surface to the top of the
underground mine via switchbacks (yellow tunnel in Figure 4.1A). As shown in Figure 4.1B, six
ventilation shafts extend from the underground mine up to ground surface, with the northernmost
shaft extending through the ancestral Magela sands near Magela Creek. Stopes and associated
access tunnels will be constructed at elevations -450 m RL to -225 m RL (Figure 4.1B). The
minimum distance between Pit 3 and the nearest underground workings is approximately 120 m.
The Pit 3 and R3 Deeps closure designs both include mitigation elements. Low-permeability caps
will be constructed on top of tailings and on top of the shallow waste rock in Pit 3 (Figure 4.2), as
described in INTERA (2014). A 2-m-thick cap with a hydraulic conductivity of 10-5 m/d will be
constructed on top of the tailings backfill. A 4-m-thick cap with a horizontal hydraulic conductivity of
10-1 m/d and vertical hydraulic conductivity of 10-2 m/d will be constructed over the shallow waste
rock backfill (Figure 4.2). Solute migration from the R3 Deeps workings will be mitigated by
backfilling the stopes, decline, and vent shafts with low-permeability paste backfill materials.
Cemented PAF with tailings will be used to backfill the mined-out stopes in the R3 Deeps mine.
CRF will be used to backfill the decline and vent shafts up to ground surface. Access tunnels for
the stopes will not be backfilled.
Leaching of solutes from the backfill materials and migration of the leached solutes with
groundwater to Magela Creek are the focus of this impact assessment. The modelling tool is
designed to assess potential impacts from closure of R3 Deeps and Pit 3. In INTERA (2014), the
closure design for Pit 3 includes a bottom layer of low-grade rock up to approximate elevation
-100 m RL, followed by a layer of tailings up to approximate elevation -20 m RL, and an upper layer
of waste rock (Figure 4.2). Under the integrated closure design for this study, the maximum tailings
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elevation in Pit 3 will be -25 m RL, 5 m lower than the closure design for Pit 3 only, because tailings
will be needed to backfill R3 Deeps as cemented PAF with tailings. Approximately 2.0 x 109 litres of
brine will be emplaced in the underfill to a final elevation of approximately -118 m RL (Figure 4.2).
Solute loadings from the shallow waste rock, tailings, and brine solute sources in Pit 3 and the
CRF and cemented PAF with tailings in R3 Deeps are evaluated separately to provide a loading
from each source material. Total solute loadings from Pit 3 and from R3 Deeps are calculated by
summing the contributions from the various sources. Expression of tailings pore water into the
overlying and underlying waste rock is not evaluated as a source because any tailings pore water
expressed into the overlying shallow waste rock during closure activities will be removed from Pit 3
and treated for reinjection as brine. Leaching from the low-grade rock in the underfill (Figure 4.2) is
assumed to be negligible compared to the solute loading from the overlying tailings because
groundwater flux through the underfill and the deep bedrock surrounding the underfill is small and
because the source concentration for the underfill rock is much smaller than the tailings source
concentration.

4.2

MODELLING APPROACH

The impact assessment for Pit 3 and R3 Deeps follows the modelling approach used in INTERA
(2014) to assess impacts from the closure of Pit 3 in the absence of the R3 Deeps mine. The
modelling approach is consistent in both assessments: Pit 3 only (INTERA, 2014) as well as Pit 3
and R3 Deeps (this report). The conceptual model has the same foundation of hydrogeologic
framework, processes, and time scales. The three-dimensional numerical model of groundwater
flow represents all the driving forces and hydrogeologic features important for the integrated
closure design and is derived from the same groundwater flow calibration model described in
INTERA (2014). The source-term models that represent the leaching of COPCs from the backfill
materials (see Section 3) are identical for this study and INTERA (2014). As for the Pit 3-only
assessment, the predictive numerical models used to estimate Mg loading from the integrated
closure design and its mitigation elements for Pit 3 and R3 Deeps to Magela Creek over the
10,000-year assessment period are constructed by synthesising the conceptual model, calibrated
groundwater flow model, and source term models.
INTERA’s previous modelling approaches for impact assessment were based on the objectives
and conceptual models specific to those assessments. The INTERA (2012) assessment defined
climate and surface water stresses on a monthly time scale, but limited the maximum simulation
time to approximately 400 years (instead of the required 10,000-year assessment) and did not
directly simulate migration of the dense brine. Changes to backfill design, the introduction of
mitigation elements, new hydraulic property data for the ancestral Magela sands and deep
bedrock, and other conceptual model changes for the INTERA (2014) assessment required that
the INTERA (2012) modelling approach be revised appropriately. The mitigation elements refer to
a cut-off wall, which was shown to be ineffective, and the low-permeability caps for tailings and the
shallow waste rock, which were shown to be very effective in reducing solute loading. The INTERA
(2014) modelling approach was successful in achieving simulation periods of 10,000 years with the
climate and surface water stresses defined on an average annual basis. Similarly, the previous
modelling approach has been revised for this study to accommodate the need to simulate
backfilling of the R3 Deeps workings and the Pit 3 workings.
In short, the modelling tools used in this and previous assessments are mathematical distillations
of the sub-surface geology, climate, surface water, chemical leaching, groundwater flow, and
solute transport appropriate for the Ranger Project Area. Built on the information presented in
Sections 2 and 3, the modelling tools provide solutions to the equation governing groundwater
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flow, called the groundwater continuity equation, and to the equation governing groundwater solute
transport, called the advection-dispersion equation. The principal features of the modelling
approach are described below.
The hydrogeologic driving forces and features governing groundwater flow represented in the
calibration flow model from INTERA (2014), which simulates the 2005 to 2006 time period, and
predictive models for this study, which simulate the 10,000-year period after closure, are generally
the same. However, there are important differences.
The numerical calibration flow model was constructed and run to predict groundwater heads at
locations with observed heads (targets), and observed and simulated heads at the targets were
compared. If the match between observed and simulated heads was not adequate, model
parameters such as hydraulic conductivity and specific yield were varied in a systematic manner to
improve the match, and the calibration model was run again. Calibration targets were identified
from groundwater head data at 73 bores during this time period. As with previous INTERA
calibrations, the well-known parameter estimation tool, PEST (Watermark Numerical Computing,
2010), was used to ensure model parameters were varied in a systematic manner and to drive the
overall calibration. The hydraulic properties determined from the calibration process were used to
construct the predictive flow and transport models for Mg solute migration from all sources.
The calibration and predictive models both include recharge, evapotranspiration, groundwatersurface water interactions, and topography-driven groundwater flow as the key driving forces.
Groundwater-surface water interactions were represented using boundary conditions called
general head boundaries (GHBs) that allow the surface water stage to be set and the groundwater
head to vary. Recharge and evapotranspiration are represented by the recharge and
evapotranspiration boundary conditions. Topographic-driven groundwater flow is captured by the
combination of recharge, evapotranspiration, and unconfined aquifer conditions, and by ensuring
that the top of the model follows the final landform topography. The calibration model simulated the
pits as hydraulic sinks using boundary conditions called “drains” that allow groundwater to leave
but not enter the model. In order to represent pit backfill in the predictive models, the drain
boundary conditions were removed from the pits, and the inactive model cells within the pits were
reactivated.
The calibration and predictive models both use the same set of calibrated hydraulic properties, but
the predictive model contains pit backfill and surficial hydrogeologic conditions not present in, and
therefore not appropriate for, the calibration model. Furthermore, the calibration model did not
include the deeper bedrock for three reasons: most of the head targets responded to the shallow
groundwater flow system, there were few targets in the deep bedrock, and the two-year calibration
period was too short to capture the changes in the deep groundwater flow system. In contrast,
simulation of brine migration required that the deep bedrock hydrolithologic units be present in the
predictive models.
The numerical modelling approach for predictive transport of Mg from Pit 3 and R3 Deeps
conservatively allows for direct and indirect transport of water and solutes to Magela Creek.
Indirect transport to Magela Creek occurs through the process of groundwater to surface seepage,
whereas direct transport occurs through groundwater discharge to surface water.
Mine closure is expected to increase recharge inflow to the subsurface on areas upgradient of the
pits because the post-closure landform has a large surface area covered by permeable waste rock
with a higher recharge rate than that for the pre-mining landform. Increased recharge over the
landform waste rock upgradient of Pits 1 and 3 and the concomitant rise in groundwater flow
through the pits are expected to cause groundwater heads to reach or exceed ground surface near
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the pits’ downgradient perimeters. Surface seepage of groundwater at the downgradient margin of
Pit 3 is a possibility because the ancestral Magela sands and weathered rock adjacent to Pit 3 are
orders of magnitude less permeable than waste rock backfill. The same juxtaposition of high and
low-permeability materials occurs along the eastern margin of Pit 1 and thus could result in surface
seepage.
Given conditions like these, the MODFLOW-SURFACT modelling code used to create the
numerical modelling tools can predict groundwater heads that exceed ground surface. For an
unconfined aquifer, like that expected for the shallow Ranger flow system, groundwater heads
above the ground surface resemble standing or ponded water that would be otherwise expected to
flow along the surface topography as surface seepage. The modelling code does not automatically
remove the ponded water from the head solution unless an appropriate boundary condition is
specified in the predictive model in the areas with the ponded water.
Drain boundary condition cells were added to ponded water locations so that predicted
groundwater heads would no longer exceed ground surface. Drain stage was set equal to the
ground surface elevation of each cell. Water and solutes removed by the drain boundary condition
cells were conservatively assumed to migrate to Magela Creek via surface seepage. Water volume
and solute mass lost to the surface seepage represented by the drain cells are tracked through the
entire simulation in the water and solute mass balances. Thus, the modelling approach captures all
ponded groundwater and solutes where ponding was predicted to occur and accounts for all water
and solute mass removed.
Thus, water and solutes can migrate to Magela Creek surface water through two pathways:
surface seepage, as represented by the drain boundary condition cells, and groundwater discharge
to Magela Creek, as represented by the GHB condition cells. Areas with the potential for ponded
groundwater and surface seepage include the downgradient margins of Pits 1 and 3, parts of the
ancestral Magela sands, and along the western edge of the Djalkmara Billabong.
Increased groundwater heads will also potentially increase the amount of subsurface water lost to
evapotranspiration. As described in Section 2.1, evapotranspiration is a very important
groundwater driving force at the Ranger Mine site, but is not well constrained by the available data
or the model calibration. The final calibration has an absolute mean groundwater head error of
2.3 m over the two-year calibration period (INTERA, 2014), which means that the predicted
groundwater heads cannot be expected to be accurate within a range smaller than that. Previous
predictive modelling results revealed, and preliminary results for this study confirmed, that the
combination of uncertainty in groundwater heads and groundwater evapotranspiration can lead to
evapoconcentration of solutes in the model simulations.
The calibration and predictive models at present cannot offer sufficiently tight head tolerances to
prevent unrealistic evapoconcentration in the shallow saturated zone. The evapoconcentration can
effectively trap solutes in the subsurface at various locations, and thereby prevent those solutes
from migrating towards Magela Creek. Excluding seepage faces at stockpiles, accumulation of
groundwater solutes via evapoconcentration in the shallow saturated zone has not been observed
at the Ranger site, so the simulated evapoconcentration is most likely an artefact of the uncertainty
in groundwater heads and groundwater evapotranspiration. Allowing trapping of solutes in the
subsurface by evapoconcentration would give non-conservative estimates of solute loading to
Magela Creek.
A conservative modelling approach was adopted that prevents the groundwater solutes from being
trapped in the subsurface. This approach allows solutes that would otherwise be trapped by
evapoconcentration and reach unrealistic concentrations to instead leave the subsurface through
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the evapotranspiration boundary condition. The numerical model tracks the mass of water and
solutes discharged through the evapotranspiration boundary condition over time. Preliminary
modelling revealed that evapoconcentration was simulated to occur in areas downgradient from
surface seepage, especially in weathered rock along the northern margin of Pit 3, along the
Djalkmara drainage and billabong, or near ancestral Magela sands. Consequently, the solute mass
tracked by the evapotranspiration boundary condition is conservatively assumed to continue
moving towards Magela Creek and directly discharge to Magela Creek surface water. By doing so,
the modelling approach avoids unrealistic and non-conservative trapping of solutes in the
subsurface between Pit 3 and Magela Creek.
The modelling approach captures potential impacts to Magela Creek from the dense brine
emplaced in the Pit 3 underfill by simulating the flow and transport of brine and Mg under variabledensity conditions. The high concentrations of solutes within the brine give it a greater density than
groundwater. This increased density can be an important driving force for flow and transport. As is
described in INTERA (2014), groundwater density is a parameter in the equation governing
groundwater flow and is usually assumed to be constant. However, problems involving the mixing
of fluids with different densities require a governing groundwater flow equation that allows fluid
density to vary as a function of the solute concentration. Loading of brine solutes to Magela Creek
were simulated using forms of the groundwater flow and solute transport equations that allow fluid
density to vary as a function of concentration (INTERA, 2014).
The modelling approach for INTERA (2014) and this study represents flow stresses as steady
stresses, not time-varying stresses. Steady stresses refer only to groundwater flow boundary
conditions, not to solute transport boundary conditions. The steady flow stresses were calculated
using the same 22-year historical record that was used to create the monthly stresses for the
calibration model and preliminary predictive simulations (INTERA, 2014). Average steady driving
forces for groundwater flow were chosen for the following reasons:
•

Total annual or cumulative solute loading to Magela Creek will not be significantly different
whether steady or time-varying flow stresses are used.

•

Assessing the potential impacts from brine migration by simulating variable-density flow is
only computationally feasible using steady stresses.

•

Uncertainty about future conditions remains the same whether the simulations repeat the
monthly data available for the 22-year-record or simply use the average steady stresses
computed from the 22 years of monthly data.

•

Mitigation simulations for 10,000 years are computationally feasible with steady stresses,
whereas 24 hours of run time were required to simulate 100 years of predictive flow and
transport using monthly stresses.

•

The shorter run times allow efficiency in running additional sensitivity analyses.

Comparison of results for the monthly stress and steady stress predictive models verified that they
were equivalent in terms of simulating annual solute loadings to Magela Creek (INTERA, 2014).
Each predictive simulation provides annual estimates of all solutes leaving the subsurface over the
simulation period of 10,000 years. Post-processing of model results provides annual solute loading
contributions from the following transport pathways:
•

Groundwater discharge through the drain boundary condition cells representing surface
seepage.
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•

Groundwater discharge to the boundary condition cells representing Magela Creek surface
water combined with solute discharge through the evapotranspiration boundary condition.

•

The sum of the above two component loadings, called the total solute loading.

The primary criterion or performance metric for assessing the closure designs is the total solute
loading given as kilograms per year (kg/yr).
The modelling approach uses volume averaging of hydraulic conductivity, specific yield, and porosity
to address the small volume of the R3 Deeps vent shafts, decline, and tunnels relative to the model
grid cells. Tunnels, vents, and the decline are much smaller in volume than the intersected model
grid cells. Vents occupy roughly 1% of a grid cell volume, whereas the tunnels and the decline
occupy approximately 6% of an intersected grid cell volume. Ideally, grid cells containing these mine
structures (backfilled or open) should behave as a composite of the parent rock and the mine
structure. Effective property values were calculated using volume-weighted averages of the
properties for the mine structure and for the parent hydrolithologic unit in each grid cell. For example,
the effective hydraulic conductivity, K, of a composite model grid cell in the UMS hydrolithologic unit
containing a vent shaft backfilled with CRF is calculated using the UMS K, CRF K, and the volume
fractions of the two materials in the grid block as: (0.01 * CRF K) + (0.99 * UMS K). In this example,
the vent occupies 1% of the grid cell volume (volume fraction = 0.01), and the UMS occupies the
remaining 99% of the grid cell volume (volume fraction = 0.99). Similar calculations are carried out
to determine effective porosity and effective specific yield for each composite grid cell (see
Section 4.3.4).
Composite grid cells with vent or decline solute sources can require rescaling of the simulated
loading from these sources depending on the hydraulic properties of the component materials. The
finite-difference model discretization means that head and concentration are constant within each
25-m by 25-m grid cell. When a specified concentration boundary condition is placed in a model
cell to simulate leaching from a source, the model behaves as if leaching occurs across the entire
grid cell volume. In contrast, vents occupy only about 1% of each intersected grid cell on average
(volume fraction = 0.01), and the decline occupies only about 6% of each grid cell it intersects on
average (volume fraction = 0.06). In the real world, only the 3-m-wide vent leaches solutes. In the
numerical model, however, the entire cell volume leaches at the specified concentration. The
objective of rescaling the solute loadings is to ensure that leaching from the model cell reasonably
represents leaching from the real-world volume that contains 99% non-leaching rock and a source
that occupies only 1% of the total volume. Section 4.3.5 describes the details of the rescaling
method.
In summary, the modelling approach used to assess potential impacts from Pit 3 and R3 Deeps is
conservative, eliminates trapping of solutes by groundwater ponding and evapoconcentration, is
computationally feasible, and is consistent with the approach used in INTERA (2014). It also
includes a three-dimensional simulation of flow and transport under variable-density conditions for
the Pit 3 brine and appropriately addresses the model representation of small R3 Deeps mine
structures and solute sources in much larger model grid cells.

4.3

CONSTRUCTION OF PREDICTIVE MODEL

Construction of the three-dimensional predictive model followed the same process used to
construct the INTERA (2014) model. The sub-sections below provide a detailed description of the
new model elements added to represent the R3 Deeps mine, but summarise those model
elements that are the same for both models and which are described in detail in INTERA (2014).
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4.3.1

Domain and Grid

The domain (Figure 4.3) and grid (Figure 4.4) are unchanged from the INTERA (2014) model. The
surface topography was defined by the same post-closure landform from ERA used in the INTERA
(2014) model (Table 4.1). The post-closure landform (Figure 4.3) reflects backfilling of the pits and
construction of a drainage along the eastern margin of Pit 3.
Table 4.1 Data Sources for Predictive Model
Model Feature

Filename

Date

Citation

Contact between bedrock and weathered rock

weathsurf6
(raster)

11/03/2012

ERA (2012a)

Pit1_Final_GDA94
(shapefile)

04/05/2012

ERA (2012b)

Mg and Total Dissolved Solids concentrations in
tailings

61808 Basis of Strategy - Strategy 1
Variation 1C - Appendix A - Rev D3
(spreadsheet)

11/06/2012

ERA (2012c)

Geochemical analyses of groundwater, weathered
rock, and ancestral Magela sands

Series of emails from G. Esslemont in
Jan., Jun., and Jul, 2013

Pit 1 shell

Post-closure land surface topography

ERA (2013a)

Flv4_GDA94
(DXF)

18/02/2013

ERA (2013b)

EOM_2012_11_trans.dxf
(DXF)

26/09/2013

ERA (2013c)

2013_NANAMBU_HW_BOOLEANED_
SURFACE_trans.dxf
(DXF)

26/09/2013

ERA (2013c)

LMS – UMS contact

LMS_TOP_25M_SNAPPED_V4_trans.dxf
(DXF)

26/09/2013

ERA (2013c)

UMS – HWS contact

HWS_MINE_AREA_RELIMITED_trans.dxf
(DXF)

14/10/2013

ERA (2013d)

R3 Deeps underground mine

all_schd_tr.00t
(Maptek Vulcan file)

15/10/2013

ERA (2013e)

R3 Deeps exploration decline

explo_dec2013tr.00t
(Maptek Vulcan file)

15/10/2013

ERA (2013e)

Email from S. Booth and M. Coghill

18/10/2013

ERA (2013f)

Email from J. Whewell

18/10/2013

ERA (2013g)

Brine characteristics

Email from S. Booth and M. Coghill

01/11/2013

ERA (2013h)

Extent of water-producing zone

DEEPS_ZONE_2013_GDA94.dxf
(DXF)

06/11/2013

ERA (2013i)

Data and plots describing cemented PAD with
tailings characteristics

Email from S. Booth

107/11/2013

ERA (2013j)

Porosity and density data for bedrock core samples

Email from S. Booth

177/11/2013

ERA (2013k)

Pit 3 shell
Nanambu – LMS contact

Void ratios for underfill and waste rock
Inflow rates for exploration bores
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The model domain encompasses much of the mine area around Pit 1, Pit 3, and Magela Creek.
The domain length is roughly 4,500 m and its width is approximately 4,400 m (Figure 4.3). The
northern domain edge follows Magela Creek’s northern bank so that the domain includes all of the
actively flowing channels in Magela Creek (Figures 4.3 and 4.4). The eastern boundary is defined
by the topographic ridge nearest to Corridor Creek (Figure 4.3). The southern boundary is aligned
along the Ranger fault, considered a barrier to groundwater flow (Figure 4.4). The western
boundary follows a topographic “high” present in the final landform west of Pit 3 (Figure 4.3).
The model domain extends from ground surface, as defined by the final landform elevation
contours to elevation -600 m RL, and comprises 30 model layers (Figures 4.5A, B, C, and D).
Vertical layering for Pit 3 was assigned to create a 4-m-thick waste rock low-permeability cap, a
2-m-thick tailings low-permeability cap, the top brine elevation in the underfill, and for R3 Deeps,
25-m-tall stopes. The three-dimensional locations of the R3 Deeps decline and mine workings
were determined from ERA’s three-dimensional data sets (ERA, 2013e, and Table 4.1).
The model grid contains 179 rows and 175 columns with 25-m by 25-m horizontal dimensions for
the model cells (Figures 4.4 and 4.5A, B, C, and D) and 30 layers. The total number of active cells
is 513,690.

4.3.2

Simulation Period

The same post-closure simulation period was assumed for both Pit 3 and R3 Deeps. The
simulation period begins in March of 2025 when the entire Ranger site will have been reclaimed
and continues for 10,000 years.

4.3.3

Hydrologic Boundary Conditions

Boundaries along the domain’s edge were set as no-flow boundary conditions using topographic
and hydrogeologic constraints to the extent possible. No-flow conditions were set along the
domain’s eastern and western boundaries to represent the local topographic “highs” that are
interpreted as groundwater divides (INTERA, 2014). The northern boundary follows the north bank
of Magela Creek and was conservatively set as a no-flow boundary condition, although it likely
receives groundwater inflow from a large area north of the creek (INTERA, 2014; Figure 4.4).
Setting the northern boundary to act as a no-flow boundary condition is conservative because
groundwater flowing toward Magela Creek is forced into the creek. The southern boundary was
also set as a no-flow boundary condition because it is aligned along the Ranger fault, which is
considered a barrier to groundwater flow by Kalf and Associates (2004) and Anderson et al. (2009)
for most of its length. A no-flow boundary condition was also set along the model’s bottom
elevation of -600 m RL.
The steady boundary conditions representing creek stages, recharge, and evapotranspiration were
defined using the historical data for the 22-year period from March 1989 to February 2011. This
period has good quality data for precipitation, PET, and Magela Creek stage for each month and
so serves to define the time-varying stresses at the Ranger site. Figure 4.6 shows the monthly
precipitation and PET values from the historical 22-year-record that were used to calculate the
steady recharge and evapotranspiration rates for each model grid cell. Zonation for recharge and
evapotranspiration (Figure 4.7) remained unchanged from the INTERA (2014) model.
Steady recharge was computed by first multiplying monthly precipitation by a precipitation factor
(PF) for each recharge zone. Thus, the PF is the fraction of precipitation that becomes recharge.
The PF for landform waste rock and Pit 1 (Figure 4.7) was set to 0.1 for all wet season months,
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whereas the PF for the waste rock cap in Pit 3 was set to 0.03 (INTERA, 2014). The PF for the
riparian flood zone (Figure 4.7) was set to 1.0 for the first two wet season months and 0.0 for the
remaining wet season months. The PF for the baseline zone, which comprises surficial weathered
rock or colluvium outside of the creeks (Figure 4.7), equalled 0.05 during all wet season months.
The resulting monthly recharge values were then summed across the 22-year record for each
recharge zone, and the totals were divided by the number of days in the 22-year period. Similarly,
steady evapotranspiration was calculated by multiplying monthly PET by a factor for each
evapotranspiration zone: 0.8 for the first three dry season months and 0.1 thereafter for the riparian
flood zone, and 0.25 for all other zones with evapotranspiration during the dry season months
(Figure 4.7). The resulting values were then averaged over the 22-year period. Groundwater and
solutes were also allowed to exit the subsurface via evapotranspiration using MODFLOW
SURFACT’s IFRACET and ETFRAC variables in the EVT package both set to 1 (see section
3.4.16 of HydroGeoLogic, 1996b).
As with the INTERA (2014) model, groundwater-surface water interactions were simulated using
the GHB condition. GHBs were placed in model layer 1 cells that represented Magela Creek,
Corridor Creek, Georgetown Creek, and Georgetown Billabong (Figure 4.4). Steady creek stages
for the GHBs were determined from a time-weighted average of the average monthly stages on a
cell-by-cell basis when the creeks were flowing. The observed surface water gradient was
preserved in the averaging calculations for the creek stage. Magela Creek stage was assumed to
drop 2 m during the first two months when creek flow ceased (INTERA, 2014).
Drain boundary condition cells were used to remove ponded groundwater and to allow water and
solutes to exit the Magela Creek sediments at the creek’s downstream end (INTERA, 2014). Drain
cells were added to the top layer as necessary in the vicinity of the northeastern part of Pit 3 and
eastern part of Pit 1 (Figure 4.8) to eliminate ponded groundwater. Drain stage was set to the
ground surface elevation for each model cell. Five drain cells were added to the most
downgradient Magela Creek sediment cells of layer 2 to allow water and solutes to exit the domain
and prevent groundwater concentrations from increasing in an unrealistic manner. Drain stage for
these cells was set to a constant elevation of 6 m RL.
MODFLOW’s horizontal flow barrier package was used to represent the seepage barrier along the
southeast margin of Pit 1 (INTERA, 2014). Wall thickness was assumed to be 1 m, horizontal
hydraulic conductivity of the wall was assumed to be 10-6 m/d, and the wall was vertically
continuous in model layers 2 to 5 to represent the constructed barrier’s vertical extent (Puhalovich
and Jacobsen, 2005).
Water can only enter the model domain through the recharge boundary condition and through the
GHB cells that represent the creeks and billabong. Water can only leave the model domain through
the evapotranspiration boundary condition, the GHB cells that represent the creeks and billabong,
and the drain boundary condition cells.

4.3.4

Hydraulic Properties

Each model cell was assigned hydraulic properties depending on the hydrolithologic unit it
intersected (Table 4.2, Figure 4.5A, B, C, and D). Table 4.1 lists the three-dimensional data
sources used to delineate the hydrolithologic units. Maps of the hydrolithologic units for each of the
30 model layers are presented in Appendix A.
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Table 4.2 Hydraulic and Transport Properties for Predictive Model
Hydrolithologic Units

Hydraulic Conductivity (m/d)

Specific
Yield1

Effective
Porosity

Source2

Horizontal

Vertical

Kh:Kz Ratio

Pit 3 waste rock cap

1.00E-01

1.00E-02

1.00E+01

1.00E-01

1.20E-01

E

Pit 3 shallow waste rock

1.00E+01

1.00E+00

1.00E+01

2.10E-01

2.40E-01

E

Pit 3 tailings

1.00E-03

1.00E-03

1.00E+00

4.00E-01

4.50E-01

E

Pit 3 underfill

1.00E+01

1.00E+00

1.00E+01

1.80E-01

2.00E-01

E

Pit 1 shallow waste rock

1.00E+01

1.00E+00

1.00E+01

2.10E-01

2.40E-01

E

Pit 1 tailings

1.00E-03

1.00E-03

1.00E+00

4.00E-01

4.50E-01

E

Ancestral Magela sands

1.00E+00

1.00E-01

1.00E+01

1.00E-01

3.50E-01

ST

Lower Mine Sequence carbonate
between Pit 1 and Pit 3

1.29E+00

1.06E+00

1.22E+00

3.30E-02

1.00E-01

C

Deep weathered bedrock

8.50E-03

2.00E-03

4.25E+00

1.00E-03

1.00E-01

C

Landform waste rock

1.00E+01

1.00E+00

1.00E+01

2.31E-01

2.60E-01

E

Undifferentiated shallow bedrock

1.00E-04

1.00E-04

1.00E+00

1.00E-03

1.00E-02

C and PT

Magela Creek sediments near
ancestral sands

1.00E+01

1.00E+01

1.00E+00

1.50E-01

1.58E-01

E

Other Magela Creek Sediments

1.00E+01

1.00E+01

1.00E+00

1.50E-01

1.58E-01

E

Upper Mine Sequence carbonate north
of Pit 3

1.56E-01

8.00E-03

1.95E+01

6.10E-02

1.00E-01

C

MBL zone near Pit 1

2.54E-01

2.50E-02

1.02E+01

8.30E-03

2.00E-02

C

Other creek sediments

1.00E+00

1.00E+00

1.00E+00

1.00E-01

3.50E-01

E

Pit 1 permeable zone

2.30E-02

2.30E-03

1.00E+01

1.00E-01

1.05E-01

C

Shallow weathered rock

4.80E-02

4.80E-03

1.00E+01

1.00E-03

1.00E-01

C

Pit 3 tailings cap

1.00E-05

1.00E-05

1.00E+00

1.00E-01

1.20E-01

E

Upper Mine Sequence

9.50E-06

9.50E-06

1.00E+00

1.00E-03

1.80E-02

PT

Lower Mine Sequence

1.10E-06

1.10E-06

1.00E+00

1.00E-03

6.00E-03

PT

Nanambu Complex

9.30E-09

9.30E-09

1.00E+00

1.00E-03

2.00E-02

E

Lower Hanging Wall Sequence

5.40E-06

5.40E-06

1.00E+00

1.00E-03

5.00E-03

PT

Deeps water-producing zone

1.00E-03

1.00E-03

1.00E+00

2.00E-03

4.00E-02

E

Tunnels in Upper Mine Sequence

6.00E+02

6.00E+02

1.00E+00

6.09E-02

7.69E-02

E
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Hydrolithologic Units

Hydraulic Conductivity (m/d)

Specific
Yield1

Effective
Porosity

Source2

Horizontal

Vertical

Kh:Kz Ratio

Tunnels in Deeps water-producing
zone

6.00E+02

6.00E+02

1.00E+00

6.19E-02

9.76E-02

E

Tunnels in Lower Mine Sequence

6.00E+02

6.00E+02

1.00E+00

6.09E-02

6.56E-02

E

Decline in shallow weathered rock

4.66E-02

4.67E-03

9.97E+00

1.43E-02

1.12E-01

C

Decline in deep weathered bedrock

8.26E-03

1.96E-03

4.22E+00

1.43E-02

1.12E-01

C

Decline in undifferentiated shallow
bedrock

1.13E-04

1.13E-04

1.00E+00

1.43E-02

2.47E-02

E

Decline in Lower Hanging Wall
Sequence

2.14E-05

2.14E-05

1.00E+00

1.43E-02

1.99E-02

E

Decline in Upper Mine Sequence

2.54E-05

2.54E-05

1.00E+00

1.43E-02

3.25E-02

E

Stopes

5.40E-04

5.40E-04

1.00E+00

4.44E-01

5.00E-01

E

Shafts in ancestral Magela sands

9.90E-01

9.90E-02

1.00E+01

1.03E-01

3.52E-01

ST

Shafts in shallow weathered rock

4.75E-02

4.76E-03

9.99E+00

5.43E-03

1.04E-01

C

Shafts in deep weathered bedrock

8.42E-03

1.99E-03

4.24E+00

5.43E-03

1.04E-01

C

Shafts in undifferentiated shallow
bedrock

1.04E-04

1.04E-04

1.00E+00

5.43E-03

1.49E-02

E

Shafts in Lower Hanging Wall
Sequence

1.07E-05

1.07E-05

1.00E+00

5.43E-03

9.95E-03

E

Shafts in Upper Mine Sequence

1.48E-05

1.48E-05

1.00E+00

5.43E-03

2.28E-02

E

Shafts in Deeps water-producing zone

9.95E-04

9.95E-04

1.00E+00

6.42E-03

4.46E-02

E

1All

cells in Layer 1 have storativity =1 to handle heads in flooded cells. NA = not applicable.

2Source:

E = Estimated; ST = Slug Test; C = Calibrated; PT = Packer Test

Table 4.2 summarises the hydraulic property values used for the hydrolithologic units and the
composite model cells. Properties for cells in model layers 1 to 12 were based on the results from
the calibration process for the INTERA (2014) flow model. Hydraulic conductivity values for the
HWS, the UMS, the LMS, the Deeps water-producing zone, and the Nanambu Complex were
assigned based on results from the straddle-packer testing and flow measurements in exploration
bores (Section 2.6 and INTERA, 2014).
Properties for the cemented PAF with tailings were determined by averaging laboratory
measurements of hydraulic conductivity and bulk density on samples of Ranger tailings with 4%
cement by weight (Jones et al., 2001a; Jones et al., 2001b; ERA, 2013j). Hydraulic conductivity for
cemented PAF with tailings with 4% cement by weight was estimated to be 5.4 x 10-4 m/d
(geometric average). An average porosity value was calculated using the measured bulk densities
and assuming a particle density of 2.65 tonnes per cubic metre. CRF was assumed to have the
same hydraulic properties and porosity as cemented PAF with tailings.
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Model grid cells were intersected with the three-dimensional data files depicting the R3 Deeps
decline and mine workings (Table 4.1, Figure 4.5A, B, C, and D). Hydraulic conductivity, porosity,
and specific yield for composite grid cells were estimated using volume-weighted averaging of the
parent material property and the paste backfill property (see Table 4.2 and Section 4.2). In the
case of composite grid cells that intersect access tunnels, which will not be backfilled, the K of the
open tunnel was assumed to equal 10,000 m/d for the calculation, yielding a volume-weighted
average K of 600 m/d for all composite cells with tunnels (Table 4.2).
The storativity for all hydrolithologic units in layer 1 was specified to equal 1 because of the
potential for groundwater ponding (INTERA, 2014). MODFLOW uses the storativity instead of the
specific yield when groundwater head exceeds the top elevation in a cell. Setting storativity to a
unit value forces MODFLOW to calculate the depth of ponded water as if porosity equalled 1,
which is the appropriate situation for water above ground surface. Specifying a value less than 1
causes the depth of ponded water to be unrealistically large and thus can have unwanted effects
on estimates of groundwater fluxes.

4.3.5

Transport Boundary Conditions

Just as boundary conditions are required for solving the groundwater flow equation, boundary
conditions are also required for the advection-dispersion equation. Active Mg sources were limited
to Pit 3 and the R3 Deeps backfilled workings (Figures 4.1 and 4.2). Specified concentration
boundary conditions for Mg at a constant-in-time concentration of 5,595 mg/L were assigned to
Pit 3 model cells with tailings and to cells representing the R3 Deeps stopes backfilled with
cemented PAF with tailings (ERA, 2013e; INTERA, 2014, Section 3.2.2; Figure 4.5B and C). The
top elevation of Pit 3 tailings was conservatively kept at -20 m RL rather than setting it to the lower
integrated design closure elevation of -25 m RL (Section 4.1). Active leaching of Pit 3 shallow
waste rock was prescribed in layers 1 through 9 where shallow waste rock is present in Pit 3
(Appendix A; Figures 4.1 and 4.5). Mg concentration depended on whether the Pit 3 waste rock
cell was in the vadose zone or in the saturated zone (INTERA, 2014; Figure 4.2).
As described in Section 3.2.1, vadose zone waste rock will leach with time-varying Mg
concentrations depending on the vadose zone thickness, recharge rate, and residence time. Based
on the vadose zone thickness expected for the shallow waste rock (Figure 4.9), two different sets
of Mg concentrations in waste rock leachate were specified for the top of Pit 3 backfill. The
leachate concentration was time-varying in the southwestern portion of the Pit 3 backfill where
vadose zone thickness was expected to be roughly 4 to 10 m, whereas the leachate concentration
was set as constant in the northeastern part of Pit 3 where the vadose zone was less than 4 m in
thickness (Figures 4.9 and 4.10). These zones correspond to the two zones on Pit 3 backfill
depicted in Figure 4.9. Leachate concentrations for the two different recharge zones in vadose
zone (layer 1) waste rock were simulated using the recharge package. For the low-permeability
waste rock cap unit, the longer fluid residence time causes the Mg leachate concentrations in the
thick vadose zone to increase to 1,060 mg/L for the first 280 years and 75 mg/L thereafter, while
the Mg leachate concentration in the thin vadose zone is a constant 75 mg/L (Section 3.2.1 and
Figure 4.10).
Model cells in Pit 3 containing saturated waste rock in layers 2 through 9 were simulated with
specified concentration boundary condition cells set to a constant-in-time concentration of 60 mg/L
Mg (Figure 4.10). Specified concentration boundary condition cells were only assigned to Pit 3
waste rock cells in layers 2 through 9 located along the upgradient perimeter of the pit (INTERA,
2014). Thus groundwater flowing into Pit 3 would encounter these specified concentration
boundary condition cells and receive the desired 60 mg/L Mg concentration. This minimised the
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amount of solute incorrectly removed from the domain by the boundary condition when
groundwater with a concentration above 60 mg/L, such as that from the vadose zone waste rock,
flows into cells with the specified concentration boundary condition, which by definition resets the
concentration to 60 mg/L.
Rescaling of solute loading is necessary for composite grid cells in which the CRF backfill in the
vent or decline has a higher K than the surrounding material. Otherwise, the solute loading
produced by simulating a 3-m-diameter vent shaft using a 25-m-wide grid block will greatly
overestimate the solute loading from the actual vent shaft. The rescaling is a function of the volume
of the vent or decline source, the volume of the composite grid cell, the seepage velocity in the
vent or decline, and the seepage velocity for the composite grid cell. Seepage velocity, also called
groundwater velocity or average linear groundwater velocity, is the rate of movement of a
conservative solute in groundwater. To simplify the rescaling, it was conservatively assumed that
the differences in seepage velocities can be ignored and water and solute fluxes rescaled using
only the volume fraction, which is the ratio of the vent (or decline) volume to the composite grid cell
volume. As stated above, the volume fraction for vents is 1% and that for decline is 6%. Using the
volume fractions only as the rescaling factors will produce very conservative estimates of solute
flux for these mine structures. Incorporating the differences in seepage velocities between the
vents (or decline) and the ancestral Magela sands and weathered rock into the correction factors
will yield much smaller values, at least one order of magnitude smaller, than the volume fractions.
Solutes were only allowed to leave the model domain through a limited number of boundary
condition cells. Groundwater and solutes could discharge into Magela Creek though the GHB cells
in layer 1, through the evapotranspiration boundary condition to prevent trapping by
evapoconcentration, and through the drain cells used to represent surface seepage. Solutes could
also leave the domain through the drain cells in layer 2 at the downstream end of Magela Creek
and through the specified concentration boundary cells. Losses through the specified concentration
boundary cells were minimised by simulating each solute source separately and then summing up
all the mass loadings to Magela Creek.

4.3.6

Transport Properties

Dispersivity values, which are used to describe the amount of spreading in a groundwater plume
by the dispersion process, were assigned based on the flow path length between Magela Creek
and the sources in Pit 3 and R3 Deeps. Except for the interface between tailings and shallow
waste rock in Pit 3, the longitudinal dispersivity was set to 10 m, and transverse horizontal and
vertical dispersivities were set to 1 m and 0.1 m, respectively, everywhere in the model domain
(INTERA, 2014). It was determined that using these dispersivity values in the model layers at the
interface between tailings and shallow waste rock greatly overestimated the amount of solute
moving from tailings into shallow waste rock by dispersion (dispersive solute flux), so reduced
dispersivity values were assigned to the model cells along this interface by matching an analytical
estimate of the dispersive solute flux across the interface (INTERA, 2014). This approach to
specifying dispersivity values provided representative results for transport of solutes and loadings
to Magela Creek.
A value of 7.86 x 10-6 m2/d was used for the coefficient of diffusion for Mg in porous geologic
media, which defines the rate that molecules diffuse through the groundwater based on differences
in concentration alone (INTERA, 2014). It was calculated as the product of the free-water diffusion
coefficient of 6.1 x 10-5 m2/d at 25°C, which describes diffusion of Mg in pure water, and a
tortuosity of 0.13, which characterises the tortuous flow paths groundwater must follow through
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pores. Effective porosity values for the hydrolithologic units, which are needed to calculate the
seepage velocities, are shown in Table 4.2.

4.3.7

Assumptions

The three-dimensional flow and solute transport models were constructed on the basis of a number
of assumptions. In addition to the assumptions inherent in solving the groundwater continuity
equation and advection-dispersion transport equation for porous media with the finite difference
method used in the MODFLOW-SURFACT code (HydroGeoLogic, 1996a and b), the major
assumptions in the model include the following:
1. Leaching from only shallow waste rock in Pit 3 is evaluated. Leaching from low-grade rock in
the underfill is assumed to be negligible compared to the brine and tailings sources.
2. The low-permeability waste rock cap is constructed so that it acts as a barrier to recharge and
to groundwater inflow from the upgradient landform waste rock.
3. The hydraulic conductivity of the low-permeability caps over the shallow waste rock and over
the tailings remains constant over the 10,000-year simulation period.
4. Leaching from landform waste rock and Pit 1 backfill is not considered for this assessment of
Pit 3 and R3 Deeps.
5. Surface seepage is conservatively simulated using drain boundary condition cells to remove
water and solutes from cells that have groundwater head in layer 1 that exceeds the top
elevation of the cell.
6. Evapoconcentration is not common in groundwater at the mine site, and simulated
evapoconcentration is a numerical artefact of the model; thus, adding solute removed from the
subsurface through the evapotranspiration boundary condition directly to Magela Creek is a
conservative approach for estimating impacts to the creek.
7. Groundwater heads in Pit 3 and R3 Deeps are in equilibrium with the climate and surrounding
groundwater flow system at the start of the post-closure period.

4.3.8

Variable-Density Model

To determine Mg loading to Magela Creek from migration of brine emplaced in the underfill, a
version of the flow and transport model was created to allow fluid density to vary. The model was
based on the constant-density predictive flow and transport model for Pit 3 and R3 Deeps using
MODFLOW-SURFACT (HydroGeoLogic, 1996a and b). The variable-density model contains all the
parameters and boundary conditions used in the constant-density model described above, but with
the necessary changes to appropriately simulate flow and transport with variable fluid density. The
most important and necessary change is to define a relationship between fluid density and the
concentration of TDS. In this relationship, fluid density is proportional to the TDS concentration. In
constant-density simulations, the modelling code first solves the governing equation for
groundwater flow for a given time (called a time step) and then solves the governing equation for
solute transport. In variable-density simulations, the MODFLOW-SURFACT code uses the TDS
concentration from the previous time step to determine the fluid density, then solves the
groundwater flow equation followed by the solute transport equation. Mg concentrations were
estimated from the simulated TDS concentrations using the ratio of Mg to TDS concentrations in
the parent brine: 53,670 mg/L Mg to 438,000 mg/L TDS yields a ratio of 0.12 (INTERA, 2014). The
variable-density predictive model is described in detail in Appendix H of INTERA (2014).
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4.3.9

Initial Conditions and Solver Parameters

According to the ERA closure plan, Pit 3 is expected to be dry or depressurised above the tailings
until the end of closure activities. Although backfilled, the R3 Deeps workings will also likely be
depressurised. At closure, removal of expressed tailings pore water from Pit 3 will cease and the
pit will re-saturate, as will the R3 Deeps workings. This could take an as yet unknown number of
years. Given that the assessment focused on solute transport from Pit 3 and R3 Deeps to Magela
Creek over a 10,000-year performance period, it was decided that the predictive simulations would
begin with the assumption that Pit 3 and R3 Deeps were fully re-saturated after coming into
equilibrium with future climate conditions (INTERA, 2014). Initial heads were developed by running
a flow-only version for 10,000 years and taking the final heads from that simulation as the initial
heads for the flow and transport simulations (INTERA, 2014). Initial Mg concentrations were
assumed to be zero outside Pit 3 and the R3 Deeps workings with backfill. Initial concentrations
were 60 mg/L in model cells containing Pit 3 shallow waste rock and R3 Deeps cells with CRF, and
5,595 mg/L in cells with tailings or cemented PAF with tailings.
Brine is to be injected into the Pit 3 underfill up to a maximum elevation -118 m RL. The brine
simulations represented the dense brine by setting the initial TDS concentration in the appropriate
Pit 3 underfill cells to the maximum TDS concentration (Section 3.2.3).
Both the groundwater continuity and advection-dispersion transport equations were solved with the
MODFLOW-SURFACT code (HydroGeoLogic, 1996a and b). MODFLOW-SURFACT’s PCG5
solver was used to solve the flow equation, and its adaptive total variation diminishing algorithm
was used to solve the transport equation. Head tolerance remained at 0.01 m. The transport
closure criterion was set to 0.0001 for the total variation diminishing algorithm.

4.4

RESULTS FROM PREDICTIVE MODELLING OF SOLUTE
TRANSPORT

Results from simulations of conservative Mg loading to Magela Creek for the Pit 3 and R3 Deeps
sources are presented below. Groundwater heads and water balances for the various backfill
components are discussed first, followed by Mg transport results for each of the backfill sources.
Estimated loadings for the reactive solutes U, Mn, Ra-226, TAN, NO3-N, total-P, and Po-210 from
scaling according to the long-term concentrations are presented next, followed by the sensitivity
analyses to understand how solute loading varies with the hydraulic conductivity of the R3 Deeps
backfill and with the recharge rate for landform waste rock. The last sub-section presents the
models’ mass balance errors.

4.4.1

Groundwater Heads and Water Balances for Predictive Model

Shallow groundwater heads for the Pit 3 and R3 Deeps closure design after 10,000 years are
shown in Figure 4.11A. The simulated shallow heads show negligible differences, except for
expected differences near Pit 3, with shallow heads predicted for the Ranger site without R3 Deeps
and without the low-permeability caps (INTERA, 2014). Overall, shallow groundwater flows from a
topographic high in the southwest across Pit 3 toward Magela Creek and across Pit 1 toward
Corridor Creek (Figure 4.11A).
Deep groundwater heads display a similar pattern to the shallow groundwater heads, as is
expected for a topography-driven flow system (Figure 4.11B). The simulated deep heads show
only small differences with deep heads predicted for the Ranger site without R3 Deeps (INTERA,
2014). From the highest heads in the southwest, groundwater flows toward the north and east in
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response to the discharge points in the creeks, north through Pit 3 and the R3 Deeps workings,
and eventually to Magela Creek (Figure 4.11B). As expected, groundwater gradients are simulated
as downward beneath topographic highs in the southwest corner of the model domain and
southeast of Pit 3. Gradients are upward beneath topographic lows represented by creeks and the
billabong. The relatively high hydraulic conductivity of the Deeps water-producing zone and the
access tunnels acts as a focus volume for deep groundwater flow (Figure 4.11B).
Using the post-processing budget tool available in Groundwater Vistas, water balances were
calculated for the ancestral Magela sands and the backfill materials in Pit 3 and R3 Deeps. Each
water balance calculation provides the inflows and outflows to the material of interest from the
adjacent materials, storage changes, and boundary conditions. Examination of the water balances
can provide valuable insight into the controls on transport from the pit and the underground workings.
Table 4.3 and Figure 4.12 summarise the inflows and outflows to the shallow waste rock in Pit 3
above the tailings. Of the 545 m3/day of total inflow to the shallow waste rock hydrolithologic unit,
72% comes from landform waste rock and the LMS carbonate unit between the two pits, and 16%
comes from recharge (Table 4.3 and Figure 4.12). Thus, Pit 3 receives the largest proportion of its
inflow from recharge on upgradient landform waste rock and the resulting throughflow within the
landform waste rock and the underlying carbonate (INTERA, 2014). Evapotranspiration (37%),
discharge to the ancestral Magela sands (36%), and loss to surface seepage (21%) are the largest
outflow components (Table 4.3 and Figure 4.12). The end result is a high-permeability flow path
into the shallow waste rock at Pit 3’s southern perimeter driven by recharge on the permeable
landform waste rock and a much lower permeability pathway at Pit 3’s northern perimeter that
allows groundwater to discharge to the surface or flow through the ancestral Magela sands to the
Magela Creek sediments.
Table 4.3 Pit 3 Shallow Waste Rock Inflows and Outflows
Flow Component

Inflow

Outflow

m3/day

% total

m3/day

% total

8.98E+01

16

NA

NA

NA

NA

2.03E+02

37

Ancestral Magela sands

4.44E+00

1

1.97E+02

36

Landform waste rock

4.20E+01

8

1.51E-01

<1

Weathered rock

6.09E+01

11

2.70E+01

5

Pit 3 tailings

2.57E-03

<1

5.43E-03

<1

Pit 3 tailings cap

6.38E-02

<1

3.74E-01

<1

Lower Mine Sequence carbonate between Pit 1 and Pit 3

3.47E+02

64

4.22E+00

1

Undifferentiated shallow bedrock

4.34E-02

<1

6.45E-03

<1

Drains (Surface Seepage)

NA

NA

1.13E+02

21

Shafts

NA

NA

2.46E-01

<1

Total

5.45E+02

Recharge
Evapotranspiration

5.45E+02

NA = Not applicable
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The water balance for Pit 3 tailings reveals that total inflow and outflow are very small, less than
0.2% of flow through the shallow waste rock (Tables 4.3 and 4.4 and Figures 4.12 and 4.13). Total
inflow and outflow is roughly 0.8 m3/day, equal to 800 litres per day (L/day), with almost 50%
coming down through the overlying tailings cap, almost 30% coming up from the underfill, and the
remainder coming from the surrounding weathered rock and bedrock (Table 4.4). More than half of
the outflow is to the UMS carbonate north of Pit 3, with the remainder divided between the
surrounding bedrock, weathered rock, underfill, and tailings cap (Table 4.4 and Figure 4.13).
Table 4.4 Pit 3 Tailings Inflows and Outflows
Inflow

Flow Component

Outflow

m3/day

% total

m3/day

% total

Pit 3 tailings cap

3.74E-01

46

6.38E-02

8

Pit 3 shallow waste rock

5.43E-03

1

2.57E-03

<1

Pit 3 underfill

2.44E-01

30

6.61E-02

8

Deep weathered bedrock

1.50E-01

18

7.21E-02

9

Undifferentiated shallow bedrock

3.78E-02

5

1.81E-01

22

Upper Mine Sequence

2.62E-03

<1

3.47E-03

<1

Lower Mine Sequence

1.77E-04

<1

3.65E-04

<1

Lower Hanging Wall Sequence

1.97E-04

<1

6.90E-04

<1

NA

NA

4.26E-01

52

Upper Mine Sequence carbonate of north Pit 3
Total

8.14E-01

8.16E-01

NA = Not applicable

Total inflows and outflows for the underfill and the R3 Deeps mine elements are significantly
smaller than those leaving Pit 3 waste rock and tailings. Outflow from Pit 3 underfill is roughly
0.25 m3/day (250 L/d), whereas outflow from the backfilled stopes is on the order of 0.001 m3/day,
equal to 1 L/d (Table 4.5 and Figure 4.14). Outflows from the decline and vents are 0.094 and
0.090 m3/day (94 and 90 L/d), respectively, after applying the volume correction factors.
Table 4.5 R3 Deeps Stopes Inflows and Outflows
Flow Component

Inflow

Outflow

m3/day

% total

m3/day

% total

Upper Mine Sequence

9.20E-06

1

3.73E-04

32

Lower Mine Sequence

1.82E-04

16

1.85E-05

2

Deeps water-producing zone

7.81E-05

7

4.98E-04

43

Tunnels

8.99E-04

77

2.81E-04

24

Total

1.17E-03

1.17E-03
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The water balance fluxes can be used to calculate the time required for one pore volume of
groundwater to pass through the shallow waste rock and the tailings sources. The number of pore
volumes that pass through a source in the 10,000-year assessment period being evaluated is one
indicator of the strength (mass released) of that source, but it is limited to the relative importance
based on groundwater flow only because it neglects the effect of dispersive fluxes from the sources.
Using the model grid, tailings are estimated to comprise 2.86 x 107 m3. Given the tailings have an
assumed effective porosity of 0.45 m3/m3 (Table 4.2), one tailings pore volume is 1.29 x 107 m3.
Groundwater outflow from the tailings was 0.82 m3/day (Table 4.4). Over a 10,000-year period, only
0.23 pore volumes pass through the tailings. In comparison, about 390 pore volumes pass through
the shallow waste rock, and 0.34 pore volumes will pass through the Pit 3 underfill during
10,000 years. Less than 1% of a pore volume will flow through the R3 Deeps stopes, whereas
35 pore volumes will pass through the vents, and almost 7 pore volumes will pass through the
decline in the 10,000-year assessment period.
In summary, groundwater flows rather quickly through the shallow waste rock at approximately
545,000 L/d, but flow through Pit 3 tailings is on the order of 800 L/d. Steady flow rates through
R3 Deeps workings are much smaller still. Over the 10,000-year simulation period, 390 pore
volumes will pass through the Pit 3 waste rock, 0.23 pore volumes through Pit 3 tailings, and
0.34 pore volumes through Pit 3 underfill. In the same time, 0.003 pore volumes will pass through
the R3 Deeps stopes, 35 pore volumes through the vents, and 7 pore volumes through the decline.

4.4.2

Mg Loading from Pit 3 Waste Rock Source

Examination of the water balance can provide valuable insight into the groundwater flow system,
but the assessment’s primary performance metric is total solute loading to Magela Creek. The
relative contributions to the total Mg loading from direct discharge to Magela Creek surface water
(the GHB boundary condition cells and evapotranspiration boundary condition) and surface
seepage (drain boundary condition cells) are also discussed in the next sub-sections.
Maps of the shallow Mg plume from shallow waste rock in Pit 3 over time reveal that vadose zone
leaching causes elevated groundwater concentrations in the western pit backfill through
approximately the first 300 years, but concentrations return to background conditions thereafter
(Figure 4.15). Groundwater concentrations of Mg are much less in the ancestral Magela sands or
Magela Creek sediments for the entire simulation period, compared to the western pit backfill, and
fall below 60 mg/L after about 300 years (Figure 4.15). The groundwater Mg plume from Pit 3
shallow waste rock reaches the Magela Creek sediments within 10 years after the simulation start,
and then continues to move downgradient through those sediments until it equilibrates with the
dilute recharge, surface water seepage, and groundwater discharge (Figure 4.15). The Mg plume
from Pit 3 shallow waste rock is located in the shallow sub-surface throughout the entire
10,000-year period (Figure 4.16). Mg concentrations exceed 60 mg/L within the solid black contour
lines and are less than that outside the solid contour lines in Figures 4.15 and 4.16. The horizontal
extent of the shallow plume in model layer 1 appears to stabilise in the first 400 years such that
concentrations greater than or equal to 60 mg/L are only found in the Pit 3 area thereafter
(Figure 4.15). In vertical cross-section, the plume volume with concentrations greater than 60 mg/L
changes very slowly, whereas the dilute (< 60 mg/L) plume continues to expand downward because
of slight downward head gradients immediately downgradient of Pit 3 (Figure 4.16). It is important to
understand that the groundwater Mg concentrations from Pit 3 shallow waste rock after 300 years
would not be distinguishable from background groundwater Mg concentrations caused by leaching of
the bedrock and weathered rock along and beneath Magela Creek. These results are very similar to
those presented in INTERA (2014) for Pit 3 shallow waste rock without R3 Deeps.
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Mg loading to Magela Creek from the Pit 3 shallow waste rock varies over time (Figure 4.17). Mg
loading to the creek rises to a peak annual loading of approximately 25,000 kg/yr during the first
300 years and then declines to a steady annual loading of 11,900 kg/yr (Figure 4.17). Averaged
over the 10,000-year simulation period, Mg loading to Magela Creek from Pit 3 shallow waste rock
is roughly 12,200 kg/yr (Table 4.6). The long-term annual loading corresponds to a Mg
groundwater concentration that is less than 60 mg/L, which is within the range of background
concentrations (Section 3). Most of the Mg loading reaches Magela Creek via the direct transport
pathway of groundwater discharge to Magela Creek surface water, with roughly one quarter of the
loading reaching the creek through the indirect surface seepage transport pathway (Figure 4.17
and Table 4.6).
Table 4.6 Average Annual Mg Loading for Waste Rock and Tailings Sources
Average Annual Mg Loading During the 10,000-Year Period (kg/yr)

Pathway

Waste Rock Source

Tailings Source

Brine Source

All Pit 3 Sources

Magela Creek Surface Water

9.21E+03

1.36E+03

3.32E+00

1.06E+04

Surface Seepage

3.01E+03

2.36E+02

7.39E-01

3.25E+03

Total

1.22E+04

1.59E+03

4.06E+00

1.38E+04

4.4.3

Mg Loading from Pit 3 Tailings Source

As discussed in Appendix H of INTERA (2014), tailings porewaters have sufficiently high
concentrations to cause potential density effects, warranting comparison of constant-density
simulations, which are relatively straightforward, with variable-density simulations, which are
computationally challenging. Results from the INTERA (2014) variable-density modelling
demonstrated that there are negligible differences between constant-density and variable-density
simulations of transport from the tailings source. Therefore, potential impacts from tailings Mg
loading to Magela Creek were assessed using the simpler constant-density simulations.
Compared to the shallow waste rock source, Mg leaching from the Pit 3 tailings source creates a
much smaller and more dilute Mg plume in shallow groundwater between Pit 3 and Magela Creek
(Figure 4.18). During the first 1,000 years, shallow groundwater concentrations for tailings Mg are
always much less than 60 mg/L at the pit margin, the ancestral Magela sands, and in the adjacent
Magela Creek sediments (Figure 4.18). After 1,000 years, shallow groundwater concentrations
increase in an area of Magela Creek sediments that is downstream of the ancestral Magela sands
(Figure 4.18). This increase is primarily caused by the relatively rapid migration of Mg from the
tailings through the north UMS carbonate unit, which is more permeable than the surrounding
hydrolithologic units. Thereafter, groundwater and Mg migrate to the model’s northern no-flow
boundary, which forces deep groundwater flow and Mg solutes up to the creek (Figure 4.19). In the
absence of the imposed northern model boundary, a smaller amount of the deep groundwater and
Mg shown in Figure 4.19 would be forced up to Magela Creek.
Even though the tailings Mg source concentration is much greater than that for shallow waste rock,
Mg loading from Pit 3 tailings reaches a steady loading of about 1,800 kg/yr over the last several
thousand years (Figure 4.20). Tailings Mg loading to the creek via surface seepage constitutes a
small fraction of the total tailings Mg loading, whereas tailings Mg loading through groundwater
discharge to Magela Creek surface water is the dominant transport pathway (Figure 4.20).
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Averaged over the 10,000-year simulation period, Mg loading to Magela Creek from Pit 3 tailings is
roughly 1,600 kg/yr (Table 4.6), but it would likely not increase to the magnitude shown in the
absence of the model’s northern no-flow boundary condition. These results are very similar to
those presented in INTERA (2014) for Pit 3 tailings without R3 Deeps.
Combining the Pit 3 Mg loadings from shallow waste rock and tailings yields a total Mg loading of
13,800 kg/yr averaged over the 10,000-year simulation period (Table 4.6). The average total Mg
loading from tailings is only 12% of the average total long-term Mg loading predicted for Pit 3
(Table 4.6). The surface seepage transport pathway accounts for 3,250 kg/yr, which is 24% of the
average total Mg loading from Pit 3 shallow waste rock and tailings.

4.4.4

Mg Loading from Pit 3 Brine Source

Results from the variable-density three-dimensional flow and transport modelling demonstrated
that the emplacement of brine into Pit 3 underfill leads to a negligible Mg loading to Magela Creek.
Emplacing the dense brine into the base of Pit 3 up to elevation -118 m RL is estimated to cause a
breakthrough of Mg at Magela Creek with a maximum rate of 34 kg/yr at 10,000 years
(Figure 4.21). Averaged over the 10,000-year simulation period, Mg loading from Pit 3 brine is
4 kg/yr (Table 4.6)
The long breakthrough time results from the long travel path the brine must take to reach Magela
Creek. Initially the brine migrates downward, then downward and laterally. The brine flow path
occurs primarily within the low hydraulic conductivity bedrock units. The low hydraulic conductivity
and low hydraulic gradients towards Magela Creek coupled with downward density-induced
gradients beneath Pit 3 lead to the large travel times. The maximum annual Mg loading rate from
the brine is approximately 0.2% of the total Mg loading estimated for Pit 3 tailings and waste rock.
As a result, the Mg loading from the brine is considered negligible in terms of the overall Mg
loading to Magela Creek.
The potential for brine to flow from the depressurisation boreholes and increase Mg loading to
Magela Creek was also evaluated. Bores were drilled into the Pit 3 walls to release water pressure
and minimise geotechnical problems during mining, 19 of which are below the maximum brine
elevation and are oriented toward Magela Creek. Calculations indicated that the amount of Mg
leaving Pit 3 through the 19 depressurisation boreholes oriented toward Magela Creek is very
small relative to the total amount of Mg leaving the underfill. Roughly 3% of total brine Mg mass
leaving the underfill in 10,000 years is estimated to migrate through the 19 depressurisation bores.
The small amount of brine that escapes through the depressurisation bores is entering relatively
low-permeability bedrock hydrolithologic units, is still more than 100 m below Magela Creek, and is
expected to migrate downward because of fluid density effects. Given the relatively small
percentage of Mg expected to migrate through the bores and the expected downward driving force,
the impact on Mg loading to Magela Creek from brine migration through the depressurisation bores
is considered to be negligible. Results for the brine source are essentially the same as those for
the model without including the underground workings (INTERA, 2014) because there is little
change in the head distribution between the two predictive models.

4.4.5

Mg Loading From R3 Deeps Sources

R3 Deeps stopes backfilled with cemented PAF with tailings are the source with the greatest mass
and source concentration. The Mg groundwater plume resulting from leaching of the stopes backfill
is restricted to depths far below the elevation of Magela Creek by the stopes’ depth and low
hydraulic conductivity of the deep bedrock hydrolithologic units (Figure 4.22). The deep
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groundwater plume moves relatively rapidly within the access tunnels and Deeps water-producing
zone over the first 1,000 years, but remains below elevation -250 m RL even after 10,000 years
(Figure 4.22). The groundwater Mg plume from the stopes does not extend above elevation -180 m
RL at any location by 10,000 years. The Mg loading value from the cemented PAF with tailings in
the stopes predicted to occur at the end of 10,000 years is approximately 0.0002 kg/yr (Figure
4.23), whereas the average loading over all 10,000 years is an order of magnitude smaller (Table
4.7). Accordingly, Mg loading to Magela Creek from the R3 Deeps stopes is negligible for the entire
10,000-year period as it is much less than one gram per year during that time.
Table 4.7 Average Annual Mg Loading for Stopes, Decline, and Vent Shafts
Average Annual Mg Loading During the 10,000-Year Period (kg/yr)

Pathway

Stopes Source

Vent Source

Decline Source

Magela Creek Surface Water

2.48E-05

1.86E+00

1.20E+00

Surface Seepage

5.45E-09

8.91E-04

1.67E-04

Total

2.48E-05

1.86E+00

1.20E+00

Mg loadings from the R3 Deeps vents and decline are larger than that from the stopes, but still
negligible. Mg loading from the decline is estimated to reach a steady 1.2 kg/yr, and that from the
vents is estimated to reach 1.9 kg/yr (Figures 4.24 and 4.25; Table 4.7). These loading estimates
for the vents and decline are likely overestimates because they were rescaled with the volume
fraction only instead of using a much smaller correction factor that would account for the significant
reductions in seepage velocity in the CRF as compared to the shallow rock and surficial materials.
Backfilling of the R3 Deeps stopes with cemented PAF with tailings and the vents and decline with
CRF will have a negligible impact on Mg loading to Magela Creek (Figure 4.26). The total Mg
loading from all R3 Deeps workings is about 3 kg/yr, which is approximately 0.02% of the
combined loading of 13,800 kg/yr from all sources in Pit 3 and R3 Deeps.

4.4.6

Reactive Solute Loadings from Pit 3 and R3 Deeps Sources

Long-term average annual solute loadings to Magela Creek were estimated for the U, Mn, Ra-226,
TAN, NO3-N, total-P, and Po-210 solutes by scaling to the long-term source concentration and
solute loading for Mg (INTERA, 2014). For the waste rock source, this calculation first requires
appropriately averaging the long-term concentrations from vadose zone waste rock and saturated
waste rock. Weighting the concentrations by the amount of water flowing through the Pit 3 vadose
zone waste rock cap, i.e., recharge, and by the remaining amount of water flowing through
saturated waste rock (total inflow – recharge) provides a mass conservative average (INTERA,
2014). For the waste rock cap, recharge represented 16% of inflow, leaving 84% of total inflow as
the estimated flow through the saturated waste rock (Table 4.3). Applying these weights to the
long-term vadose zone source concentration of 75 mg/L and the long-term saturated waste rock
concentration of 60 mg/L yields a flow-weighted average long-term Mg concentration of 62.4 mg/L
(Table 4.8). No averaging was necessary for the Pit 3 tailings or R3 Deeps sources because they
are in the saturated zone and act as a single steady source (Table 4.8).
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Table 4.8 Long-Term Source Concentrations for Reactive and Non-Reactive Solutes
Tailings and Cemented
PAF with Tailings

Shallow Waste Rock
COPC

Saturated Zone
Concentration
(mg/L)

FlowWeighted1
Average
Concentration
(mg/L)

Magnesium

7.50E+01

6.00E+01

6.24E+01

Uranium

5.00E-01

9.00E-03

8.76E-02

1.40E-03

5.63E-01

1.01E-04

1.50E-04

1.76E+02

3.28E-03

Manganese

1.20E+00

4.60E-02

2.31E-01

3.70E-03

8.49E+02

1.52E-01

7.67E-04

2.00E+04

3.73E-01

Radium-226

2.18E-08

2.41E-09

5.51E-09

8.83E-11

1.89E-07

3.38E-11

4.01E-11

2.51E-06

4.67E-11

TAN

1.40E-01

1.40E-01

1.40E-01

2.24E-03

4.91E+02

8.78E-02

2.33E-03

7.97E+03

1.48E-01

NO3-N

4.80E-01

4.80E-01

4.80E-01

7.69E-03

3.98E-01

7.11E-05

8.00E-03

8.25E+00

1.54E-04

Total-P

6.00E-02

6.00E-02

6.00E-02

9.62E-04

3.67E-01

6.56E-05

1.00E-03

4.01E+00

7.47E-05

2.24E-10

4.01E-14

No Data

2.15E-09

4.01E-14

1 Vadose

No Data

Tailings
Concentration
(mg/L)

Ratio of
Reactive and
Mg
Concentrations

Ratio of
Reactive and
Mg
Concentrations

Brine Source

Vadose Zone
Concentration
(mg/L)

Po-210

Ratio of
Reactive and
Mg
Concentrations

CRF

5.60E+03

Brine
Concentration
(mg/L)

Ratio of
Reactive and
Mg
Concentrations

5.37E+04

zone and saturated waste rock flow fractions for shallow waste rock with low-permeability cap: 16% and 84%.

Ratios of reactive solute long-term source concentration to Mg long-term source concentration
were calculated and used as multipliers to linearly scale the average annual long-term solute
loading for Mg into average annual long-term solute loading for U, Mn, Ra-226, TAN, NO3-N, total-P,
and Po-210. The ratios for the various sources are found in the Table 4.8 columns labelled “Ratio
of Reactive and Mg Concentrations.” Scaling the long-term average annual loading from Mg
(Tables 4.6 and 4.7) with the ratios from Table 4.8 produced estimates of long-term average
annual loading of reactive solutes to Magela Creek (Tables 4.9 and 4.10). This linear scaling is a
valid approach given the rapid breakthrough times and long-term steady source concentrations
egressing from Pit 3 (INTERA, 2014).
Table 4.9 compares the average annual loadings of Mg, U, Mn, Ra-226, TAN, NO3-N, total-P, and
Po-210 for Pit 3 waste rock, tailings, and brine sources. Loadings of all reactive solutes to Magela
Creek from Pit 3 brine are negligible because the brine loading represents less than 1% of the
loading from Pit 3 shallow waste rock and tailings (Table 4.9). Uranium loading to Magela Creek is
estimated be 17 kg/yr from all Pit 3 sources, of which about 99% originates from Pit 3 shallow
waste rock (Table 4.9). Manganese loading to Magela Creek from Pit 3 tailings is approximately
240 kg/yr, whereas loading from waste rock is approximately 45 kg/yr, yielding a combined loading
from Pit 3 of 290 kg/yr (Table 4.9). Mass loading of Ra-226 to Magela Creek is estimated to be on
the order of 1 milligram per year for the combined Pit 3 waste rock and tailings sources (Table 4.9).
TAN mass loading is estimated to be 170 kg/yr, of which 82% originates from tailings (Table 4.9).
NO3-N mass loading is 94 kg/yr, and total-P loading is 12 kg/yr from both waste rock and tailings,
with very small contributions from tailings (Table 4.9). The total Po-210 loading from Pit 3 is
negligible with a value of 6.4 x 10-11 kg/yr (Table 4.9), which equals 1.1 x 1010 mBq/L.
As shown in Table 4.10, annual loadings of U, Mn, Ra-226, TAN, NO3-N, total-P, and Po-210 from
the R3 Deeps sources are negligible. At most, reactive COPC loadings from R3 Deeps sources
constitute less than 0.03% of the reactive COPC loadings from the Pit 3 sources.
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Table 4.9 Long-Term Annual Loading to Magela Creek for Pit 3 Reactive and Non-Reactive Solutes

Magnesium
Magela Creek surface water
Surface seepage

Waste Rock
Source

Annual Long-Term Solute Loading (kg/yr)
Tailings Source
Brine Source

All Pit 3
Sources

9.2E+03
3.0E+03

1.4E+03
2.4E+02

3.3E+00
7.4E-01

1.1E+04
3.2E+03

Total

1.2E+04

1.6E+03

4.1E+00

1.4E+04

Uranium
Magela Creek surface water
Surface seepage

1.3E+01
4.2E+00

1.4E-01
2.4E-02

1.1E-02
2.4E-03

1.3E+01
4.3E+00

Total

1.7E+01

1.6E-01

1.3E-02

1.7E+01

Manganese
Magela Creek surface water
Surface seepage
Total

3.4E+01
1.1E+01
4.5E+01

2.1E+02
3.6E+01
2.4E+02

1.2E+00
2.8E-01
1.5E+00

2.4E+02
4.7E+01
2.9E+02

Radium-226
Magela Creek surface water
Surface seepage
Total

8.1E-07
2.7E-07
1.1E-06

4.6E-08
8.0E-09
5.4E-08

1.6E-10
3.5E-11
1.9E-10

8.6E-07
2.7E-07
1.1E-06

Total Ammonia Nitrogen as N
Magela Creek surface water
Surface seepage
Total

2.1E+01
6.8E+00
2.7E+01

1.2E+02
2.1E+01
1.4E+02

4.9E-01
1.1E-01
6.0E-01

1.4E+02
2.8E+01
1.7E+02

Nitrate as N
Magela Creek surface water
Surface seepage
Total

7.1E+01
2.3E+01
9.4E+01

9.7E-02
1.7E-02
1.1E-01

5.1E-04
1.1E-04
6.2E-04

7.1E+01
2.3E+01
9.4E+01

Total Phosphorus as P
Magela Creek surface water
Surface seepage
Total

8.9E+00
2.9E+00
1.2E+01

8.9E-02
1.5E-02
1.0E-01

2.5E-04
5.5E-05
3.0E-04

8.9E+00
2.9E+00
1.2E+01

NA
NA
NA

5.4E-11
9.4E-12
6.4E-11

1.3E-13
3.0E-14
1.6E-13

5.4E-11
9.5E-12
6.4E-11

Polonium-2101
Magela Creek surface water
Surface seepage
Total
1

The ratio for Mg/Po-210 was only present for brine, and was used for Po-210 scaling calculations for tailings.
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Table 4.10 Long-Term Annual Loading of Reactive and Non-reactive Solutes to Magela Creek for R3 Deeps and Pit 3 Sources
Annual Long-Term Solute Loading (kg/yr)
Pit 3 Sources

R3 Deeps Sources

Magnesium
Magela Creek surface water
Surface seepage
Total

1.1E+04
3.2E+03
1.4E+04

3.1E+00
1.1E-03
3.1E+00

Uranium
Magela Creek surface water
Surface seepage
Total

1.3E+01
4.3E+00
1.7E+01

4.6E-04
1.6E-07
4.6E-04

Manganese
Magela Creek surface water
Surface seepage
Total

2.4E+02
4.7E+01
2.9E+02

2.3E-03
8.1E-07
2.3E-03

Radium-226
Magela Creek surface water
Surface seepage
Total

8.6E-07
2.7E-07
1.1E-06

1.2E-10
4.2E-14
1.2E-10

Total Ammonia Nitrogen as N
Magela Creek surface water
Surface seepage
Total

1.4E+02
2.8E+01
1.7E+02

7.1E-03
2.5E-06
7.1E-03

Magela Creek surface water
Surface seepage
Total

7.1E+01
2.3E+01
9.4E+01

2.4E-02
8.5E-06
2.4E-02

Total Phosphorus as P
Magela Creek surface water

8.9E+00

3.1E-03

Surface seepage
Total

2.9E+00
1.2E+01

1.1E-06
3.1E-03

Magela Creek surface water

5.4E-11

9.9E-19

Surface seepage
Total

9.5E-12
6.4E-11

2.2E-22
9.9E-19

Nitrate as N

Polonium-2101

1

4.4.7

The ratio for Mg/Po-210 was only present for brine, and was used for Po-210 scaling calculations for tailings.

Parameter Sensitivity Analyses

Three sets of sensitivity analyses simulations were carried out to evaluate how Mg loading from the
backfilled R3 Deeps workings would change with changes in key parameters. The key parameters
included the hydraulic conductivity values for the cemented PAF with tailings and the CRF and the
hydraulic conductivity value of the Deeps water-producing zone. As recharge on the permeable
landform waste rock drives groundwater flow toward Magela Creek and is responsible for a large
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portion of groundwater flowing into and through Pit 3 (Section 4.4.1), the amount of recharge on
the landform waste rock was also treated as a key parameter.
Mg loading to Magela Creek from the R3 Deeps stopes was still negligible when the hydraulic
conductivity of the cemented PAF with tailings was increased tenfold from 5.4 x 10-4 m/d to
5.4 x 10-3 m/d (Figure 4.27). Annual loading for the higher cemented PAF with tailings K was less
than 0.1 kg/yr at the end of 10,000 years (Figure 4.27). Mg loading to Magela Creek from the
R3 Deeps vents and decline also remained negligible when the hydraulic conductivity of the CRF
was increased tenfold from 5.4 x 10-4 m/d to 5.4 x 10-3 m/d (Figure 4.28).
The Deeps water-producing zone encompasses some of the stopes, but there is significant
uncertainty in its hydraulic conductivity. The second sensitivity analysis evaluated the effect on
solute loading from the stopes from uncertainty about in the hydraulic conductivity of 10-3 m/d
estimated for the Deeps water-producing zone. Increasing the hydraulic conductivity of the Deeps
water-producing zone from 10-3 m/d, which gave a Mg loading from stopes of 2.5 x 10-5 kg/yr, to
10-2 m/d did not change the Mg loading from the stopes to Magela Creek.
For the impact assessment, recharge on the permeable landform waste rock was quantified by
assuming a PF of 0.1 for the landform waste rock, i.e., recharge through the landform waste rock
equals 10% of precipitation. This value is not well constrained by either the literature or the flow
model calibration. Consequently, INTERA evaluated the changes in total solute loading to the
creek for precipitation factors of 0.05 and 0.15 relative to the 0.1 PF base line.
Solute loading to Magela Creek from Pit 3 shallow waste rock increases as recharge on the
landform waste rock increases (Table 4.11). Average annual Mg loading from Pit 3 waste rock with
a 0.1 PF is about 12,200 kg/yr; about 8,700 kg/yr with a 0.05 PF, which is a 29% decrease from
the 0.1 PF base line; and about 14,800 kg/yr with a 0.15 PF, which is a 21% increase over the
0.1 PF base line (Table 4.11). Thus, raising recharge on the upgradient landform waste rock raises
the amount of groundwater and solutes flowing through Pit 3 beneath the waste rock cap towards
Magela Creek, thereby decreasing the performance of the waste rock cap somewhat. Overall,
solute loading decreases and waste rock cap performance improves as recharge on landform
waste rock decreases. This suggests that reducing inflow along the southern perimeter of Pit 3
could significantly reduce the amount of Mg loading from waste rock to Magela Creek.
Table 4.11 Sensitivity of Waste Rock and Tailings Mg Loadings to Recharge on Landform Waste Rock
Pit 3 Mg Loading to Magela Creek (kg/yr)
Pathway

Landform Waste Rock
Precipitation Factor = 0.05

Landform Waste Rock
Precipitation Factor = 0.10

Landform Waste Rock
Precipitation Factor = 0.15

Magela Creek Surface Water

7.70E+03

9.21E+03

1.03E+04

Surface Seepage

1.00E+03

3.01E+03

4.56E+03

Total

8.70E+03

1.22E+04

1.48E+04

Magela Creek Surface Water

1.62E+03

1.36E+03

1.34E+03

Surface Seepage

2.44E+02

2.36E+02

2.20E+02

Total

1.86E+03

1.59E+03

1.56E+03

Shallow Waste Rock

Tailings
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Unlike the Pit 3 waste rock, increasing recharge on the landform waste rock causes Pit 3 tailings
Mg loading to decrease (Table 4.11). Average annual tailings loading with a base line 0.10 PF is
approximately 1,590 kg/yr (Table 4.11). However, the loading increases to 1,860 kg/yr if PF is
reduced to 0.05, a 17% increase from base line, and the loading decreases to 1,560 kg/yr if the PF
is increased to 0.15, a 2% decrease over base line (Table 4.11). Examination of head plots
revealed that the larger PF values caused more downward flow through the Pit 3 shallow waste
rock to the tailings cap than for PF = 0.05. With PF = 0.05, reduced recharge led to reduced
downward flow, which in turn allowed a slight increase in flow up through the tailings into the
shallow waste rock. These slight changes in groundwater flow direction through the tailings yielded
small differences in tailings Mg loading to Magela Creek. Tailings Mg loading remains smaller than
that from waste rock for all tested PF values.
Changing recharge on the landform waste rock caused a similar pattern of loading changes for the
cemented PAF with tailings and CRF, but in all cases, Mg loading from the R3 Deeps backfill was
negligible, representing no more than 0.03% of Mg loading from Pit 3 sources. Increasing recharge
on landform waste rock causes very small decreases in Mg loading from the deeper R3 Deeps
source, cemented PAF with tailings in stopes, whereas it causes a small increase in Mg loading
from the shallower R3 Deeps source, CRF in vents and the decline (Table 4.12). Mg loading from
cemented PAF with tailings in the R3 Deeps stopes remains less than one gram per year (Table
4.12). Mg loading from all CRF backfill (vents plus decline) continues to be negligible whether the
recharge rate is increased or decreased (Table 4.12).
Table 4.12 Sensitivity of Cemented PAF with Tailings and CRF Mg Loadings to Recharge on Landform Waste Rock
R3 Deeps Mg Loading to Magela Creek (kg/yr)
Pathway

Landform Waste Rock
Precipitation Factor = 0.05

Landform Waste Rock
Precipitation Factor = 0.10

Landform Waste Rock
Precipitation Factor = 0.15

Magela Creek Surface Water

4.38E-05

2.48E-05

1.74E-05

Surface Seepage

1.76E-08

5.45E-09

2.63E-09

Total

4.39E-05

2.48E-05

1.74E-05

Magela Creek Surface Water

2.93E+00

3.06E+00

3.15E+00

Surface Seepage

6.25E-04

1.06E-03

1.57E-03

Total

2.93E+00

3.06E+00

3.15E+00

Cemented PAF with Tailings
(Stopes)

Cemented Rock Fill
(Vents and Decline)

4.4.8

Mass Balance Errors

Mass balance errors for water and solutes were consistently very small for all simulations. For the
constant-density simulations, water balance errors did not exceed 0.02%, which is much less than
the most stringent recommendation of 0.5% set out in the Australia Groundwater Modelling
Guidelines (Section 2.5 in Barnett et al., 2012), and solute mass balance errors did not exceed
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2 x 10-6% for all simulations, which is far less than the 1% maximum recommended for solute
transport in the Australia Groundwater Modelling Guidelines (Section 10.8 in Barnett et al., 2012).
For the variable-density simulations, water balance errors did not exceed 0.1%, and solute mass
balance errors did not exceed 6 x 10-7% for all simulations.

5.

SUMMARY

INTERA evaluated the potential impacts from the integrated closure design for the Ranger mine’s
Pit 3 and the proposed R3 Deeps underground uranium mine, located near Jabiru, Northern
Territory, Australia. Pit 3 is to be closed by backfilling with low-grade rock underfill, then tailings, a
low-permeability tailings cap, shallow waste rock, and a low-permeability waste rock cap.
Approximately 2 gigalitres of brine will be injected into the low-grade rock underfill. The proposed
R3 Deeps underground mine will be closed by backfilling the stopes with cemented paste
aggregate fill (PAF) with tailings. The decline and ventilation shafts will be backfilled with cemented
rock fill (CRF) up to ground surface, whereas the access tunnels to the stopes will not be
backfilled.
Impacts were defined as the mass loading to Magela Creek of magnesium (Mg), uranium (U),
manganese (Mn), radium-226 (Ra-226), total ammonia as nitrogen (TAN), nitrate as nitrogen (NO3-N),
total phosphorus (total-P), and polonium (Po-210) that leach into groundwater from the waste rock,
tailings, brine, cemented PAF with tailings, and CRF used to backfill Pit 3 and R3 Deeps. Loading
of Mg to Magela Creek from the backfill materials was quantified by modifying and applying a
three-dimensional numerical model of groundwater flow and transport that had previously been
used to evaluate impacts from Pit 3 closure in the absence of R3 Deeps (INTERA, 2014). Loadings
of U, Mn, Ra-226, TAN, NO3-N, total-P, and Po-210 were estimated by scaling Mg loading using
ratios of long-term source concentrations. Modelling of solute transport revealed that leaching from
R3 Deeps backfill materials, compared to Pit 3 backfill, will have a negligible additional impact on
the Mg, U, Mn, Ra-226, TAN, NO3-N, total-P, and Po-210 loading to Magela Creek, even with the
conservative modelling approach and assumptions that underpin the simulations of solute egress
from the backfilled R3 Deeps mine. For all COPCs, loadings from R3 Deeps were less than 0.03%
of the loadings from Pit 3 sources. Modelling also demonstrated that closure of the R3 Deeps mine
will not cause any significant changes to Mg, U, Mn, Ra-226, TAN, NO3-N, total-P, and Po-210
loading to Magela Creek from the Pit 3 tailings, waste rock, or brine. This section presents
INTERA’s conclusions organised according to the assessment objectives described in Section 1.1.

5.1

OBJECTIVE 1

Extend the hydrogeologic conceptual models for conservative and reactive transport at the mine
site to include the R3 Deeps mine workings.
As described in INTERA (2014), the hydrogeologic conceptual model for the Ranger mine site was
recently updated to incorporate a number of improvements to previous conceptual models.
Updates included changes to the hydrogeologic framework, new hydraulic property measurements,
a new understanding of groundwater dynamics, the addition of surface seepage as a new
important hydrogeologic flow process, and a more extensive review of available groundwater head
and hydraulic property data. This conceptual model formed the basis for assessing potential
impacts to Magela Creek from Pit 3 closure scenarios (INTERA, 2014). For the assessment of
R3 Deeps closure, the INTERA (2014) conceptual model was extended to incorporate the
hydraulic properties, transport properties, and solute source behaviour for the R3 Deeps mine

Final Report: Solute Egress Modelling for ERA Ranger 3 Deeps Mine Closure/ Final/ March 2014

54

workings. The extended hydrogeologic conceptual model serves as the foundation for assessing
potential impacts to Magela Creek from the integrated closure of R3 Deeps and Pit 3.
In summary, the most important drivers for Ranger hydrology are climate and surface water.
Precipitation provides inflow to both surface water and groundwater systems. Evapotranspiration
acts as an outflow mechanism. Recharge appears to be relatively rapid during the first two months
of the wet season and slower thereafter. Evapotranspiration also appears to drive rapid declines in
heads during the initial months of the dry season, after which head declines are usually slower. In
general, topography drives groundwater from south to north across the Ranger site toward Magela
Creek. Surface water-groundwater dynamics change with the seasons to act as either an outflow
or an inflow to either domain. After mine closure, groundwater and solutes from the pits may
discharge to the surface via surface seepage in some areas.
Groundwater flow through the Ranger mine can be divided into two systems. The shallow
groundwater flow system is driven by recharge, evapotranspiration, surface water-groundwater
interactions, and topography within the mantle of relatively permeable alluvium and weathered
rock. The deep groundwater flow system is driven by topography and interaction with the shallow
flow system, but flux rates are small because the bedrock units are much less permeable than the
shallow units.
The geologic units present in the Ranger area have been grouped into hydrolithologic units based
on each unit’s lithology, degree of weathering, and most importantly, hydraulic properties.
Hydrolithologic properties that influence groundwater flow include hydraulic conductivity, specific
yield, and specific storage. Bedrock hydrolithologic units include the Hanging Wall Sequence,
Upper Mine Sequence, Lower Mine Sequence, Nanambu Complex, MBL zone, Pit 1 permeable
zone, north Upper Mine Sequence carbonate, Lower Mine Sequence carbonate zone, and the
Deeps water-producing zone. Surficial hydrolithologic units include alluvial sediments in the creek
beds and billabongs, ancestral Magela sands, waste rock, and weathered rock.
New hydrolithologic units were introduced to represent the R3 Deeps mine workings and mine
backfill materials to be used in closing the mine. Mine workings are categorised as stopes, access
tunnels, vent shafts, and the decline. The mined-out stopes will be backfilled with cemented paste
aggregate fill (PAF) with tailings. Cemented rock fill (CRF) will be used to backfill the vent shafts
and decline up to ground surface. The access tunnels will not be backfilled.

5.2

OBJECTIVE 2

Define the COPC source terms for solutes leached from the cement and mine material mixtures to
be used to backfill R3 Deeps.
Mg, U, Mn, Ra-226, TAN, NO3-N, total-P, and Po-210 are the constituents of potential concern
(COPCs) for Pit 3 backfill materials and R3 Deeps backfill materials. The waste rock, tailings, and
brine used to backfill Pit 3 are sources of the COPCs. COPC leaching from Pit 3 waste rock,
tailings, and brine uses the source-term models determined for a potential impact assessment of
Pit 3 only (INTERA, 2014). The cemented PAF with tailings and CRF that will be used to backfill
the R3 Deeps mine are also sources of the COPCs.
Leaching from R3 Deeps cemented PAF with tailings and CRF is expected to be similar to leaching
from tailings or waste rock, respectively, because most of the paste backfill will be either tailings or
waste rock. CRF is expected to leach solutes in similar fashion to saturated 1s waste rock, and the
cemented PAF with tailings is expected to leach in the same way as the Pit 3 tailings backfill.
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The assumption that CRF and cemented PAF with tailings will leach at the same concentrations as
their component mine wastes is conservative because of the cement additives. Mixing cement
additives with the mine wastes to create the cemented PAF with tailings and CRF would, if
anything, tend to lower Mg, U, and Mn source concentrations compared to analogous systems
involving just crushed rock or tailings without the cement.

5.3

OBJECTIVE 3

Construct a predictive three-dimensional numerical model of groundwater flow and conservative
solute transport from the cemented PAF with tailings backfill and the CRF backfill, and apply it to
quantify estimates of loading rates of COPCs from the R3 Deeps backfill to Magela Creek.
The impact assessment for the integrated closure of Pit 3 and R3 Deeps follows the modelling
approach used in INTERA (2014) to assess impacts from the closure of Pit 3 in the absence of the
R3 Deeps mine. As for the conceptual model, changes were limited to incorporating the sources
and property changes required to simulate closure of R3 Deeps. The modelling approach is
consistent for both assessments: Pit 3 only (INTERA, 2014) versus Pit 3 integrated with R3 Deeps
(this report). The same hydrogeologic framework, hydrogeologic processes, and time scales are
represented in the conceptual and numerical models.
The numerical modelling approach for predictive transport of Mg conservatively allows for direct
and indirect transport of water and solutes to Magela Creek. Indirect transport to Magela Creek
occurs through surface seepage in which groundwater and solutes that are simulated in the model
as “ponded” are removed and tracked by the drain boundary condition cells and assumed to reach
Magela Creek. Direct groundwater and solute discharge to Magela Creek surface water is defined
as migration through the boundary condition cells representing Magela Creek and removal via the
evapotranspiration boundary condition of solutes and water that are also assumed to reach Magela
Creek.
The modelling approach adopted a steady stress model to assess the closure design. Steady
stresses refer only to groundwater flow, not to solute transport. The steady stresses were
calculated using the same 22-year historical record that was used to create the monthly stresses
for the calibration model and preliminary predictive simulations in the INTERA (2014) model.
Employing average steady driving forces for groundwater flow made it computationally feasible to
simulate flow and transport over the entire 10,000-year assessment period and to simulate threedimensional flow and transport under variable-density conditions, which is required to simulate
migration of the Pit 3 brine.
Post-processing of model results provides annual solute loading contributions from the following
transport pathways:
•

Groundwater discharge through the drain boundary condition cells representing surface
seepage.

•

Groundwater discharge to the boundary condition cells representing Magela Creek surface
water combined with solute discharge through the evapotranspiration boundary condition.

•

The sum of the above two component loadings, called the total solute loading.

The primary criterion or performance metric for assessing the closure designs is the total solute
loading.
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The modelling approach captured potential impacts to Magela Creek from the dense brine
emplaced in the Pit 3 underfill by simulating the flow and transport of brine and Mg under variabledensity conditions. Loading of brine solutes to Magela Creek is tracked through the same direct
and indirect transport pathways discussed above.
The modelling approach uses volume averaging of hydraulic and transport properties to address
the small size of the R3 Deeps vent shafts, decline, and tunnels relative to the model grid cells.
Vents occupy roughly 1% of a grid cell volume, whereas the tunnels and decline occupy
approximately 6% of any grid cell volume. Thus, grid cells containing these mine structures
(backfilled or open) should behave as a composite of the parent rock and the mine structure.
Effective property values were calculated using volume-weighted averages of the properties for the
mine structure and for the parent hydrolithologic unit in each grid cell.
Composite grid cells with the vent and decline solute sources required rescaling of the simulated
loading from these sources depending of the hydraulic properties of the component materials. In
the real world, only the back-filled 3-m-wide vent leaches solutes. In the numerical model,
however, the entire grid cell volume leaches at the specified concentration. Rescaling the solute
loadings ensures that leaching from the model cell reasonably represents leaching from the realworld volume. The volume fractions of the vents and decline were used to rescale Mg loading.
A new three-dimensional numerical model of groundwater flow and transport was constructed to
represent the integrated closure of Pit 3 and R3 Deeps workings according to the same process
used in INTERA (2014). The new model that quantifies Mg loading from the closure of Pit 3 and R3
Deeps and the INTERA (2014) model used to quantify Mg loading from Pit 3 alone share the same
domain, grid discretization, flow boundary conditions, simulation period, Pit 3 backfill, and
modelling code.
Model grid cells were intersected with the three-dimensional data files depicting the R3 Deeps
decline and mine workings. Hydraulic conductivity, porosity, and specific yield for composite grid
cells were estimated using volume-weighted averaging of the parent material property and the
paste backfill property.
Active Mg sources were limited to Pit 3 and the R3 Deeps backfilled workings. Specified
concentration boundary conditions for Mg at a constant-in-time concentration of 5,595 milligrams
per litre (mg/L) were assigned to Pit 3 model cells with tailings and to cells representing the
R3 Deeps stopes backfilled with cemented PAF with tailings. Mg leaching from vadose zone waste
rock in Pit 3 was simulated using the recharge boundary condition and time-varying concentrations
driven by pyrite oxidation. Mg leaching from saturated Pit 3 shallow waste rock and R3 Deeps CRF
backfill was simulated using specified concentration boundary conditions set to a constant-in-time
concentration of 60 mg/L.
Mg loading to Magela Creek from the dense brine emplaced in the Pit 3 underfill was quantified
with the three-dimensional numerical model by simulating the flow and transport of brine under
variable-density conditions. Brine was represented as an initial condition with a maximum elevation
of -118 m RL in the Pit 3 underfill. The brine’s higher viscosity was included in the simulations.

5.4

OBJECTIVE 4

Calculate and compare simulated solute loadings to Magela Creek from the R3 Deeps closure
design with simulated solute loadings from the Pit 3 closure design that includes low-permeability
caps over the tailings and shallow waste rock.
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Simulated shallow groundwater heads for the Pit 3 and R3 Deeps integrated closure design
demonstrate that shallow groundwater flows from a topographic high in the southwest across Pit 3
and R3 Deeps toward Magela Creek and across Pit 1 toward Corridor Creek. The simulated
shallow heads show negligible differences with shallow heads predicted for the Ranger site without
R3 Deeps (INTERA, 2014).
Deep groundwater heads display a similar pattern to the shallow groundwater heads, as is
expected for a topography-driven flow system. From the highest heads in the southwest,
groundwater flows toward the north and east in response to the discharge points in the creeks,
north through Pit 3 and the R3 Deeps workings, and east across Pit 1. As expected, groundwater
head gradients are simulated as downward beneath topographic highs in the southwest corner of
the model domain and southeast of Pit 3. Groundwater head gradients are upward beneath
topographic lows represented by creeks and the billabong.
A post-processing tool was used to generate water balances for the Pit 3 and R3 Deeps backfill
materials. Average outflow from Pit 3 shallow waste rock is 545 m3/day, average outflow from Pit 3
tailings is 0.8 m3/day, and average outflow from Pit 3 underfill is 0.25 m3/day. Average outflows are
much smaller for the R3 Deeps backfill materials: average outflow for stopes is 0.001 m3/day and
0.09 m3/day for the vents and decline. Over the 10,000-year simulation period, 390 pore volumes
will pass through the Pit 3 waste rock, 0.23 pore volumes through the Pit 3 tailings, and 0.34 pore
volumes through the Pit 3 underfill. In the same time, 0.003 pore volumes will pass through the R3
Deeps stopes, 35 pore volumes through the vents, and 7 pore volumes through the decline.
Predictions of the shallow Mg plume evolution from Pit 3 shallow waste rock over time reveal that
vadose zone leaching causes elevated groundwater concentrations in the western Pit 3 backfill
through the first 300 years, but concentrations return to background conditions thereafter.
Groundwater Mg concentrations are much less in the ancestral Magela sands or Magela Creek
sediments for the entire simulation period, and fall below 60 mg/L after about 300 years. The
groundwater Mg plume reaches the Magela Creek sediments within 10 years after the simulation
start, and then continues to move downgradient through those sediments as it equilibrates with the
dilute recharge, surface water seepage, and groundwater discharge. The Mg plume does not
migrate below the shallow sub-surface throughout the entire 10,000-year period. These results are
very similar to those presented in INTERA (2014) for Pit 3 shallow waste rock without R3 Deeps.
Mg loading to Magela Creek from the Pit 3 shallow waste rock varies over time. It rises to a peak
average loading of approximately 25,000 kg/yr of Mg during the first 300 years, and then declines
to a steady average annual loading of 11,900 kg/yr. The long-term annual loading corresponds to a
Mg groundwater concentration that is less than 60 mg/L, within the range of background
groundwater concentrations.
Mg loading to Magela Creek from the Pit 3 tailings source creates a smaller and more dilute Mg
plume in shallow groundwater than the Pit 3 shallow waste rock source over the first 1,000 years.
Shallow groundwater concentrations for Mg are always less than 60 mg/L at the pit margin, the
ancestral Magela sands, and in the adjacent Magela Creek sediments. After 1,000 years, shallow
groundwater concentrations exceed 60 mg/L in an area of Magela Creek sediments that is
downstream of the ancestral Magela sands.
Even though the tailings Mg source concentration is much greater than that for shallow waste rock,
Mg loading from Pit 3 tailings reaches a steady loading of about 1,800 kg/yr over the last several
thousand years. Tailings Mg loading to the creek via surface seepage constitutes a small fraction
of the total tailings Mg loading, whereas tailings Mg loading through groundwater discharge to
Magela Creek surface water is the dominant transport pathway. Averaged over the 10,000-year
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simulation period, Mg loading to Magela Creek from Pit 3 tailings is roughly 1,600 kg/yr, but it
would likely not increase to the magnitude shown in the absence of the model’s northern no-flow
boundary condition. These results are very similar to those presented in INTERA (2014) for Pit 3
tailings without R3 Deeps.
Mg loading to Magela Creek from the brine emplaced in the Pit 3 underfill is negligible. The
variable-density simulations showed that the maximum Mg loading of 34 kg/yr occurred at the end
of the 10,000-year simulation period. Brine migration through the Pit 3 depressurisation boreholes
is negligible and unchanged from the INTERA (2014) model results.
Mg leaching to Magela Creek from the R3 Deeps stopes creates a deep groundwater plume that
does not reach above elevation -180 m RL over 10,000 years. Mg loading to Magela Creek from
the stopes is less than 1 gram per year.
Mg loadings to Magela Creek from the R3 Deeps vents and decline are larger than the loadings
from the stopes, but still negligible. Mg loading from the decline is estimated to reach a steady
1.2 kg/yr, and that from the vents is estimated to reach 1.9 kg/yr. These loading estimates for the
vents and decline are likely overestimates because they were rescaled with the volume fraction
instead of using a much smaller correction factor that would account for the differences in seepage
(groundwater) velocity in the CRF as compared to the shallow rock and surficial materials.
Backfilling of the R3 Deeps stopes with cemented PAF with tailings and the vents and decline with
CRF will have a negligible impact on Mg loading to Magela Creek. The total Mg loading from all
R3 Deeps workings is about 3 kg/yr, which is about 0.02% of the combined loading of 13,800 kg/yr
from all sources in Pit 3.
Mass balance errors were consistently very small and were far below recommended error values in
the Australian Groundwater Modelling Guidelines (Barnett et al., 2012). Water balance errors did
not exceed 0.1%, and solute mass balance errors did not exceed 2 x 10-6% for all simulations.
Long-term average annual reactive solute loadings to Magela Creek were estimated for U, Mn,
Ra-226, TAN, NO3-N, total-P, and Po-210 by scaling to the long-term source concentration and
solute loading for Mg. Loadings of all reactive solutes to Magela Creek from Pit 3 brine are negligible
because the brine loading represents less than 1% of the loading from Pit 3 shallow waste rock and
tailings. Uranium loading to Magela Creek is estimated to be 17 kg/yr from all Pit 3 sources, of which
about 99% originates from Pit 3 shallow waste rock. Manganese loading to Magela Creek from Pit 3
tailings is approximately 240 kg/yr, whereas loading from shallow waste rock is approximately
45 kg/yr, yielding a combined loading from Pit 3 of 290 kg/yr. Mass loading of Ra-226 to Magela
Creek is estimated to be on the order of 1 milligram per year, which is 4 x 1010 milliBecquerel per
year (mBq/yr), for the combined Pit 3 shallow waste rock and tailings sources. TAN mass loading is
estimated to be 170 kg/yr, of which 82% originates from tailings. NO3-N mass loading is 94 kg/yr, and
total-P loading is 12 kg/yr from both waste rock and tailings, with very small contributions from Pit 3
tailings. The total Po-210 loading is negligible at 6 x 10-11 kg/yr (1 x 1010 mBq/yr).
Loadings of the all reactive solutes from the R3 Deeps sources are negligible. At most, reactive
COPC loadings from R3 Deeps sources constitute less than 0.03% of the reactive COPC loadings
from the Pit 3 sources. The loading from R3 Deeps backfill materials is about
5 x 10-4 kg/yr for U, 2 x 10-3 kg/yr for Mn, 1 x 10-10 kg/yr (4 x 106 mBq/yr) for Ra-226, 7 x 10-3 kg/yr
for TAN, 2 x 10-2 kg/yr for NO3-N, 3 x 10-3 kg/yr for total-P , and 1 x 10-18 kg/yr (1.7 x 102 mBq/yr)
for Po-210. Based on the negligible solute loadings determined for the R3 Deeps sources, changes
to the numbers or volumes of the decline, vents, and stopes are expected to also have negligible
loadings to Magela Creek.
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Three sets of sensitivity analyses simulations were carried out to evaluate how Mg loading from the
backfilled R3 Deeps workings would change with changes in key parameters. The key parameters
included the hydraulic conductivity values for the cemented PAF with tailings and the CRF, the
hydraulic conductivity value of the Deeps water-producing zone, and the amount of recharge on
the landform waste rock.
Mg loading to Magela Creek from the backfilled R3 Deeps stopes was still negligible when the
hydraulic conductivity of the cemented PAF with tailings was increased tenfold from 5.4 x 10-4 m/d
to 5.4 x 10-3 m/d. Mg loading to Magela Creek from the backfilled R3 Deeps vents and decline also
remained negligible when the hydraulic conductivity of the CRF was increased tenfold from
5.4 x 10-4 m/d to 5.4 x 10-3 m/d.
The Deeps water-producing zone encompasses some of the stopes, and its estimated hydraulic
conductivity of 10-3 m/d is much higher than the values of the surrounding bedrock. Increasing the
hydraulic conductivity of the Deeps water-producing zone from 10-3 m/d to 10-2 m/d did not change
the Mg or reactive solute loadings from the backfilled stopes to Magela Creek.
Changing recharge on the landform waste rock used to create the final landform topography near
Pits 1 and 3 does not have a significant effect on Mg loading from cemented PAF with tailings or
CRF. Mg loading from cemented PAF with tailings in the R3 Deeps stopes remains less than
1 gram per year. Mg loading from all CRF backfill (vents plus decline) continues to be negligible
whether the recharge rate is increased or decreased.
In summary, modelling of solute transport revealed that leaching from R3 Deeps backfill materials
will have a negligible additional impact on the Mg, U, Mn, Ra-226, TAN, NO3-N, total-P, and
Po-210 loading to Magela Creek, even with the conservative modelling approach and assumptions
implemented in the assessment presented here. Solute loadings from R3 Deeps backfill are
estimated to be no greater than 0.03% of the solute loadings from Pit 3 backfill. Modelling also
demonstrated that the closed R3 Deeps mine will not cause any significant changes to Mg, U, Mn,
Ra-226, TAN, NO3-N, total-P, and Po-210 loading to Magela Creek from the Pit 3 tailings, waste
rock, or brine.
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Figure 2.3: East-West Geologic Cross Section Through Pit 1
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Figure 2.6: 3D Block Diagram of Ranger Mine Geology and Hydrology
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Figure 2.8: Geomorphology of Magela Creek, Georgetown Creek, and Georgetown Billabong
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Figure 2.10: Mean Daily Stage and Flows for Magela Creek: 1988 to 2012
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Figure 2.11: Mean Daily Stage for Corridor Creek and Georgetown Billabong
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Figure 2.12: Cross Section Showing Inflow Measurements: Looking East
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Figure 2.13: Cross Section Showing Packer Testing Results for Bores R3D41 and R3D45
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Figure 4.1A: R3 Deeps Underground Mine
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Figure 4.1B: R3 Deeps Underground Mine
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Figure 4.2: Transport Sources and Mitigation Elements
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Figure 4.5A: Cross Section Through Model Column 63
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Figure 4.5B: Cross Section Through Model Column 72
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Figure 4.5C: Cross Section Through Model Column 90
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Figure 4.5D: Schematic Diagram Showing Grid Cells for Decline, Stopes and Vent Shafts
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Figure 4.6: Monthly Precipitation and Evapotranspiration Stresses Over 22-Year Period
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Figure 4.7: Recharge and Evapotranspiration Zones for Predictive Model
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Figure 4.8: Drain Locations for Surface Seepage
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Figure 4.9: Vadose Zone Thickness in Pit 3 Backfill
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Figure 4.10: Waste Rock Leachate Concentrations Over Time in Pit 3 Backfill

S:\Projects\ERA_Ranger_R3Deeps\Task5_Impacts\report\FinalR3D\Figures\Section_4\Fig04-10.xlsx

9

0

10

1

14

15
17

19

12

11

13

16

6

2

19

11

20

12

25

11

18
25

21

26
12

12

24
2

1

29

28

22

23

2

26
26
27

12
1

24

3

25

11

4

31

12

12

32

18

2

19

1

33
34

22 2 1
24

20
22

23

21

30

22

24
23
23

21
21

21 21

17

17

0

27
3

35

±

500

250

0

500
Metres

Groundwater Head Contour 1 m Interval
Pit 1 outline
Pit 3 outline
Model domain

Figure 4.11A: Groundwater Heads in Layer 1 at 10,000 Years for
Steady Stress Predictive Model
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Figure 4.11B: Groundwater Heads in Layer 24 at 10,000 Years for
Steady Stress Predictive Model
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Figure 4.12: Water Balance for Pit 3 Shallow Waste Rock
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Figure 4.13: Water Balance for Pit 3 Tailings
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Figure 4.14: Water Balance for R3 Deeps Stopes
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Figure 4.15: Shallow Groundwater Mg Concentrations From Waste Rock Over Time: Plan View
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Figure 4.16: Groundwater Mg Concentrations From Waste Rock Over Time: Cross Section View
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Figure 4.17: Mg Loading From Pit 3 Shallow Waste Rock to Magela Creek
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Figure 4.18: Shallow Groundwater Mg Concentrations From Tailings Over Time: Plan View
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Figure 4.19: Groundwater Mg Concentrations From Tailings Over Time: Cross Section View
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Figure 4.20: Mg Loading From Pit 3 Tailings to Magela Creek
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Figure 4.21: Mg Loading From Pit 3 Brine to Magela Creek
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Figure 4.22: Groundwater Mg Concentrations From R3 Deeps Cemented PAF with
Tailings Over Time: Cross Section View
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Figure 4.23: Mg Loading From R3 Deeps Cemented PAF with Tailings to Magela Creek
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Figure 4.24: Mg Loading From R3 Deeps CRF in Decline to Magela Creek
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Figure 4.25: Mg Loading From R3 Deeps CRF in Vent Shaft to Magela Creek
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Figure 4.26: Comparison of Total Mg Loading From Waste Rock and Tailings Sources and R3 Deeps Sources
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Figure 4.27: Mg Loading From R3 Deeps Stopes with Higher
Cemented PAF with Tailings K
S:\Projects\ERA_Ranger_R3Deeps\Task5_Impacts\report\FinalR3D\Figures\Section_4\Fig04-27.xlsx

Magela
Creek
Surface
Water

Surface
Seepage

Total
Loading

Figure 4.28: Mg Loading From R3 Deeps Vents and Decline with Higher CRF K
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Appendix A: Hydrolithologic Unit Maps for
R3 Deeps Numerical Model Layers
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Figure A.01: Hydrolithologic Unit Maps for Predictive Model Layers: Layer 01
S:\Projects\ERA_Ranger_R3Deeps\GIS\MapDocuments\R3Dreport\AppendixA_HLU\AppA_HydrolithMap.mxd Date: 3/7/2014
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Figure A.02: Hydrolithologic Unit Maps for Predictive Model Layers: Layer 02
S:\Projects\ERA_Ranger_R3Deeps\GIS\MapDocuments\R3Dreport\AppendixA_HLU\AppA_HydrolithMap.mxd Date: 3/7/2014
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Figure A.03: Hydrolithologic Unit Maps for Predictive Model Layers: Layer 03
S:\Projects\ERA_Ranger_R3Deeps\GIS\MapDocuments\R3Dreport\AppendixA_HLU\AppA_HydrolithMap.mxd Date: 3/7/2014
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Figure A.04: Hydrolithologic Unit Maps for Predictive Model Layers: Layer 04
S:\Projects\ERA_Ranger_R3Deeps\GIS\MapDocuments\R3Dreport\AppendixA_HLU\AppA_HydrolithMap.mxd Date: 3/7/2014
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Figure A.05: Hydrolithologic Unit Maps for Predictive Model Layers: Layer 05
S:\Projects\ERA_Ranger_R3Deeps\GIS\MapDocuments\R3Dreport\AppendixA_HLU\AppA_HydrolithMap.mxd Date: 3/7/2014
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Figure A.06: Hydrolithologic Unit Maps for Predictive Model Layers: Layer 06
S:\Projects\ERA_Ranger_R3Deeps\GIS\MapDocuments\R3Dreport\AppendixA_HLU\AppA_HydrolithMap.mxd Date: 3/7/2014
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Figure A.07: Hydrolithologic Unit Maps for Predictive Model Layers: Layer 07
S:\Projects\ERA_Ranger_R3Deeps\GIS\MapDocuments\R3Dreport\AppendixA_HLU\AppA_HydrolithMap.mxd Date: 3/7/2014
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Figure A.08: Hydrolithologic Unit Maps for Predictive Model Layers: Layer 08
S:\Projects\ERA_Ranger_R3Deeps\GIS\MapDocuments\R3Dreport\AppendixA_HLU\AppA_HydrolithMap.mxd Date: 3/7/2014
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Figure A.09: Hydrolithologic Unit Maps for Predictive Model Layers: Layer 09
S:\Projects\ERA_Ranger_R3Deeps\GIS\MapDocuments\R3Dreport\AppendixA_HLU\AppA_HydrolithMap.mxd Date: 3/7/2014
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Figure A.10: Hydrolithologic Unit Maps for Predictive Model Layers: Layer 10
S:\Projects\ERA_Ranger_R3Deeps\GIS\MapDocuments\R3Dreport\AppendixA_HLU\AppA_HydrolithMap.mxd Date: 3/7/2014
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Figure A.11: Hydrolithologic Unit Maps for Predictive Model Layers: Layer 11
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