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3.3.3 Landforms and soils 
The landscape around the Project is dominated by Quaternary sandplains and dunefields (Tile, 2006) over Tertiary and 
Neoproterozoic sediments of the Officer Basin and Proterozoic rocks of the Musgrave Province.  The landscape is 
characterised by sand dunes, particularly in the northeast, small scale calcrete ridges to the south, and low relief rocky 
hills that outcrop to the east, west and north of the Project area (Figure 4).   

Internally draining claypans are common in low lying areas (see Figure 3) and micro-relief calcareous soils are 
expected to be widely occurring in these low lying areas.  Colluvial slopes and outwashes occur adjacent to elevated 
areas, where they occur.  

3.3.4 Hydrology 
The Project area is characterised by poorly defined surface water catchments and disconnected ephemeral drainages 
(Figure 3). The ‘normal’ condition of Project area catchments is dry, and there are no permanent surface water bodies 
or watercourses.  When sufficient rainfall occurs to generate runoff, sheet flow is expected to be the dominant form 
of surface water discharge.  However, there are areas where rainfall runoff will collect and flow particularly where 
there are successions of interconnected low-lying terrains, most of which terminate in clay pans. 

The predominance of sandy soils, shallow calcrete horizons and groundwater salinity concentrations of generally less 
than 3,000 mg/L suggest relatively high rates of infiltration in the Project area.  However, groundwater recharge (the 
deficit between infiltration and evapotranspiration) is expected to occur episodically, following short intense rainfall 
events that generate runoff and ponding.  

3.4 Geology 

3.4.1 Overview 
The landscape around the Project is dominated by Quaternary sandplains and dunefields (Magee, 2009), which have 
been deposited over Tertiary sediments and Proterozoic rocks of the Musgrave Province of Western Australia, within 
which the Project is located. The Musgrave Province extends into the northwest of South Australia and the southwest 
of the Northern Territory (Figure 5).  At its southern boundary, the Musgrave Province is unconformably overlain by 
sedimentary rocks of the Officer Basin.  Its geological setting is typified by high grade metamorphosed volcanic and 
igneous Mesoproterozoic rocks and protoliths, (e.g. the Giles Complex; Figure 6), that have been intruded by mafic 
and felsic rocks (Magee, 2009). Deformation during the Cambrian produced east trending crustal-scale faults and 
shear zones across the Musgrave Province, with the major example being the Woodroffe Thrust (Figure 6).  In the 
Project area, metamorphic and plutonic igneous rocks of the Musgrave Province typically underlie younger 
sedimentary deposits.  Faulting is present, such as the north – south trending Jameson Fault, which runs through the 
western end of the Nebo deposit. 

The Officer Basin is on the southern margin of the Project area and has been infilled with sediments up to 8,000 m 
thick (DMIRS, 2018).  The Basin extends from the Pilbara in the northwest of Western Australia across to central South 
Australia (Figure 5). The origin of the infill sediments is dominated by shallow marine to coastal deposition that 
comprises sequences of carbonates, silty and sandy siliciclastics, and evaporites (DMIRS, 2018).  However, Rockwater 
(2012a) suggests the shallowest lithologies, at least, have fluvial and aeolian origins.  

There is little to no exposure of Officer Basin sediments owing to a thick cover of Quaternary aeolian sediments.  
Closer to the margins of the Musgrave Province, Tertiary outwash fans may be common and these may extend for 
some distance out on to the Officer Basin.   
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Figure 5 Project area geological setting (adapted from Haines et al., 2008)  

 

Figure 6 Project area geological setting (after DMIRS, 2018)  
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The Musgrave Province has been heavily modified since the Proterozoic, having been folded, faulted and eroded.  
Palaeorivers were eroded into the basement strata within the Kadgo Palaeovalley that underlies much of the Project 
area.  During the Mid to Late Tertiary, the eroded landscape and palaeochannels were infilled with sedimentary 
deposits.  Figure 7 shows a representation of the pre- and post-Tertiary transformation of the Musgrave Province.  The 
buried palaeochannels comprise channel fill sands and gravels, bounding silts and clays and overlying calcretes, with 
the sand sequences being the primary target for development of the Project water supply.  Figure 8 shows the 
mapped Kadgo Palaeovalley with palaeochannel basal (pseudo-)elevations derived from aerial electromagnetic 
surveys that are likely constrained by any significant clayey sequences.  .  

 

Figure 7 Conceptual palaeochannel development at WMP (after Munday, 2014) 

Palaeochannel networks hosted within palaeovalleys are present over much of arid Australia, including the Project 
area (Kadgo Palaeovalley). Magee (2009) provides a summary of investigations and discussion of the stratigraphic and 
hydrogeologic characteristics of palaeochannels and states the composition of Tertiary palaeochannel infill sediments 
are uniform across the continent and generally consist of a two-part stratigraphic sequence of an Early Tertiary (Mid 
to Upper Eocene) fluvial basal sand unconformably overlain by Mid to Late Tertiary (Late Oligocene to Late Miocene) 
finer grained sediments. The palaeovalley infill and Quaternary sediments generally overlie deeply weathered bedrock 
and themselves are commonly affected by weathering processes and deposition of secondary duricrust materials such 
as calcrete, silcrete and ferricrete (Magee 2009). 
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A thin, but widespread layer of Quaternary colluvial, alluvial and aeolian sediments blanket much of the Project area 
and generally obscures the palaeovalley topography (Magee 2009).  

The following provides details of the geology of the Project area. 

3.4.2 Proterozoic 
Bedrock within the Project area is composed of Proterozoic igneous and metamorphic rocks including granitic and 
gabbroic intrusions, granulite, schist and gneiss (Daniels et. al., 1970; Cooper 1:250,000 geological map sheet). At the 
Nebo-Babel deposit, the ore is hosted by gabbro-gabbronorite intruded into orthogneiss. 

Pilot groundwater investigations for the Project (OZL ref. WM-5100-WTR-REP-0014) encountered gabbro, 
gabbronorite, dolerite and orthogneiss in bores drilled to the base of palaeochannel sediments.  Where encountered, 
the basement was described as fresh to extremely weathered (saprolite and saprock). Gabbro, gabbronorite and 
orthogneiss were also encountered in stygofauna bores at the Nebo-Babel deposits where sedimentary cover can be 
thin (Babel). 

3.4.3 Permian 
Daniels et. al. (1970: Cooper 1:250,000 geological map sheet) indicates Permian sandstones occur to the south of the 
Project, but these were not encountered during the pilot groundwater investigations (OZL ref. WM-5100-WTR-REP-
0014). The rocks are described as sandstone, porcelaneous siltstone and pebble beds of fluvioglacial and glacial origin. 

3.4.4 Tertiary 
Tertiary sediments occur as palaeochannel infill and are not exposed at the surface within the Project area. Pilot 
groundwater investigations (OZL ref. WM-5100-WTR-REP-0014) found the palaeochannel system hosted within the 
Kadgo Palaeovalley is infilled with an interbedded sequence of sands, gravels, silts, clays and calcretes, with a thick 
clay band separating a lower sequence (the Pidinga Formation) from an upper sequence (the Garford Formation).   
The Tertiary palaeochannel infill is summarised in Table 2. 

Table 2 Summary of Kadgo Palaeochannel infill sediments  

Era Epoch Geological unit Description 
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Upper Palaeovalley sequence – 
Garford Formation 

Fine grained, low energy, mostly lacustrine environments. 
Interbedded fine-grained sand, silt and clay 
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Basal fluvial unit –  
Pidinga Formation 

High energy fluvial sands and gravels commonly carbonaceous 
with lignites and finer-grained interbeds 

Notes: 1. Source: Magee (2009) 

The lower sequence (Pidinga Formation) has been identified in bores drilled into the main palaeochannel (6 of the 13 
bores drilled in 2018). The unit is generally between 66 and 86 m thick, although at WMPW10 (see OZL ref. WM-5100-
WTR-REP-0014 for location) the lower sequence is only 36 m thick. The sediments are characterised by sub-rounded 
to sub-angular quartz and mafic gravel and sand, with silt and subordinate clay. The sediments are unconsolidated to 
moderately cemented and the sequence sits unconformably on Proterozoic bedrock that ranges from fresh to 
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weathered (saprolite/saprock). A thick clay layer identified in geophysical (gamma) logs, and less so in lithological logs, 
marks the upper boundary of the lower sequence, with contact likely to be unconformable.  However, the nature of 
the contact has not been observed in drill cuttings.   

The separating clay layer is 10 to 20 m thick and is recognised by a pronounced gamma peak in borehole gamma logs 
between 90 and 125mbgl (Figure 9). Drill cuttings for the identified intervals are varied and have been logged as 
gravelly clay, sandy clay, siltstone and clay, or as clay interbedded with sand, silt and gravel. Without the borehole 
gamma logs, the clay band is not readily identifiable as a specific unit that can be correlated between boreholes. The 
separating clay band has been attributed to the Garford Formation. 

 

Figure 9  Palaeochannel bore gamma logs WMPW 01, 02, 08, 13, 10 & 12 
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The upper sequence (Garford Formation) is encountered in all boreholes and, above the separating clay layer, is 
characterised by interbedded, poorly sorted lithic (mafic) and quartz gravel and sand; silt and clay. The upper 
sequence is 70 to 90 m thick. In bores where the clay band is absent or not readily identified, the entire sedimentary 
sequence is attributed to the Garford Formation. In these cases, thickness ranges from 25 to 150 m depending on 
depth to basement. The upper sequence is overlain by Quaternary calcrete, aeolian, fluvial and colluvial sediments. 

While the upper sequence and the separating clay layer have been attributed to the Garford Formation and the lower 
sequence to the Pidinga Formation, no palynological or other chronological evidence has been obtained to assist with 
this classification.  

3.4.5 Quaternary 
Except where Proterozoic bedrock outcrops, a thin layer of Quaternary colluvial, alluvial and aeolian sediments and 
calcrete blanket the Project area (and palaeovalley) to the extent that the palaeochannel system is not apparent 
within the landscape. The Quaternary cover is assumed to generally be 0 to 15 m thick, but it was not possible to 
differentiate between the Quaternary cover and the underlying Garford Formation in drill cuttings or downhole 
gamma logs. Calcrete has been encountered at or near surface in most boreholes and is generally 3 to 6 m thick but 
occasionally up to 16 m thick. Deeper bands of calcrete 2 to 4 m thick were intersected at depths up to 140 m below 
ground level within the upper and lower sequences. The age of formation for these duricrusts has not been 
determined.  

Colluvial, alluvial and aeolian sediments consist of quartz (Fe stained), mafic and other lithic grains ranging from 
granule sized gravel to fine sand and silt with little clay. Grains range from sub-angular to rounded. The sediments 
range from unconsolidated to moderately cemented.      
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Section 4 Hydrogeological baseline 

4.1 Hydrostratigraphy 
The hydrostratigraphy of the Project area has been defined by the drilling and logging of a 41 bores (see Figure 10 and 
Figure 11), and comprises three hydrostratigraphic units (HSUs; oldest to youngest): 

 A low permeability fractured and weathered (saprock) rock unit (aquitard) represented by the Proterozoic 
igneous and metamorphic basement rocks 

 A confined to semi-confined aquifer hosted within the Pidinga Formation consisting, where present, of 
interbedded semi-consolidated silts and clays (siltstones and claystones) and coarser alluvial sediments 
(sandstones and siltstones) 

 An unconfined to semi confined aquifer hosted within the Garford Formation, consisting of interbedded semi-
consolidated alluvial sediments, typically comprising interbedded clays and silty sands and gravels (silty 
sandstones), and calcrete sequences where these are present below the water table 

Table 3 summarises the aquifer properties derived from aquifer test analyses presented in OZL ref. WM-5100-WTR-
REP-0014. 

Table 3 Summary of aquifer test analyses  

Aquifer / lithology Hydraulic conductivity, K 
(m/d) Transmissivity, T (m2/d) Storativity, S 

Garford 1 to 3 34 to 100 

Where unconfined: Specific yield 
0.05 - 0.14  
Where semi-confined: Specific 
storage: 4 x 10-4 

Pidinga  0.01 to 5 0.1 to 294 - 

Metamorphosed gabbro 
basement 0.001 0.05 [1] - 

Notes: 1.  Assuming 50 m thickness 

The lower palaeochannel (Pidinga) aquifer is semi-confined and has variable hydraulic properties (i.e. it is very 
heterogeneous) and is not always present within the Kadgo Palaeovalley. At bore WMPW08 (Figure 11), the Pidinga 
aquifer consists of a confined, low hydraulic conductivity cemented gravel with a very low transmissivity of 0.2 m2/d.  
A similar estimated for transmissivity has been derived at WMPW11. Elsewhere, however, the estimates of hydraulic 
properties for the Pidinga aquifer are higher with derived transmissivity values in the: 

 12 to 60 m2/d range at WMPW10 and WMPW12, and  

 215 to 294 m2/d range at WMPW01, WMPW02 and WMPW13 

Storativity values could not be ascertained due to the lack of observation bores screened within the same unit.  

The upper palaeochannel (Garford) aquifer is unconfined to semi-confined with hydraulic conductivity values in the 1 
to 3 m/d range and transmissivity values ranging from 34 to 100 m2/d. Storativity estimates range from 4 x 10-4 where 
semi-confined, to 0.05 to 0.14 where unconfined.  

The Quaternary aeolian cover is largely unsaturated, and even where saturation does occur, it is unlikely to be 
significant in terms of water supply potential. Likewise, shallow calcrete deposits occur above the water table, but 
where these deposits extend below the water table they might represent reasonable yielding small-scale aquifers 
having limited available drawdown (saturation). 
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4.2 Groundwater quantity and flow 

4.2.1 Overview 
Table 4 and Table 5 present groundwater level and airlift yield data for the completed 28 stygofauna monitoring 
bores, 13 pilot water supply and groundwater control bores, and the New Camp Bore.  Groundwater levels for both 
the stygofauna and pilot water supply bores were gauged during the period 01/10/18 to 07/10/18.  Groundwater 
head data (as mAHD) are also shown Figure 10 and Figure 11.  

Table 4 Stygofauna monitoring bore groundwater data 

Bore no. SWL [1] 

(mbgl) 
pH EC [2]  

(µS/cm) 
Airlift [3] 

(L/s) 
 Bore no. SWL [1] 

(mbgl) 
pH EC [2]  

(µS/cm) 
Airlift [3] 

(L/s) 

WMPS01 7.19 8.04 1,574 0.40  WMPS15 6.10 8.11 1,231 0.11 

WMPS02 5.00 8.13 993 0.30  WMPS16 5.49 7.92 1,323 0.52 

WMPS03 6.00 8.17 1,562 0.40  WMPS17 6.87 8.03 1,339 0.4 

WMPS04 4.02 7.91 1,860 1.00  WMPS18 6.26 7.96 1,386 0.33 

WMPS05 5.20 7.85 1,473 1.00  WMPS19 22.53 - - - 

WMPS06 6.07 8.07 865 0.45  WMPS20 6.96 7.99 2,490 0.47 

WMPS07 5.52 7.82 891 0.40  WMPS21 8.17 7.65 2,270 0.40 

WMPS08 5.26 8.12 810 0.28  WMPS22 8.33 7.93 2,730 0.40 

WMPS09 6.46 8.15 978 0.18  WMPS23 6.39 7.92 4,442 0.66 

WMPS10 6.01 8.08 1,691 <0.1  WMPS24 4.10 8.07 1,266 0.50 

WMPS11 5.62 7.94 1,722 0.20  WMPS25 14.51 8.16 1,134 0.10 

WMPS12 4.85 7.97 868 0.24  WMPS26 4.17 7.51 3,030 0.70 

WMPS13 6.02 7.91 1,051 0.22  WMPS27 8.22 7.8 1,290 0.30 

WMPS14 5.49 8.06 960 0.18  WMPS28 5.50 7.51 4,620 0.50 

Notes: 1.  Static water level   
  2.  Salinity as electrical conductivity 
  3.  During bore development works 

Table 5 Pilot water supply and groundwater control bore groundwater data 

Bore no. SWL [1] 

(mbgl) 
pH EC [2]  

(µS/cm) 
Airlift [3] 

(L/s) 
 Bore no. SWL [1] 

(mbgl) 
pH EC [2]  

(µS/cm) 
Airlift [3] 

(L/s) 

WMPW01 4.04 7.63 3,230 20  WMPW08 3.09 8.43 2,880 0.4 

WMPW02 5.11 7.58 1,446 13  WMPW09 14.28 8.23 1,135 1.3 

WMPW03 5.50 7.96 1,070 <0.1  WMPW10 2.73 7.85 2,510 7.0 

WMPW04 5.63 7.88 986 10  WMPW11 7.65 8.16 1,468 0.6 

WMPW05 6.96 8.15 2,580 4.3  WMPW12 6.09 8.28 2,730 10.2 

WMPW06 7.71 8.02 2,630 5.6  WMPW13 2.84 8.42 2,640 17.0 

WMPW07 7.67 8.09 2,990 1.8  New Camp 
Bore 4.55 8.01 894 8.0 

Notes: 1.  Static water level, mbgl – metres below ground level  
  2.  Salinity as electrical conductivity   
 3.  During bore development works 
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Figure 12 presents hydrographs for selected bores installed as part of the groundwater investigation program (refer to 
Figure 10 and Figure 11 for locations).  The earliest data (around October 2018) shown on the hydrographs are manual 
gaugings, whilst the latter data have been recorded using dedicated pressure transducer data loggers (PTDLs). 

 
Figure 12 Groundwater hydrographs for selected observation bores (note: y-axes are to different scales) 

 

Figure 13 presents a model generated depth to water table map for the Project area.  As expected, the water table is 
shallowest beneath low topography areas that are typically associated with the alignment of the Kadgo Palaeochannel 
and its tributaries. 
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4.2.2 Hydraulic gradients 

Horizontal 

The following observations are made for the different bores installed as part of the groundwater studies conducted 
for the Project: 

 Stygofauna bores (Figure 10; installations of between 11 and 35 m deep)  

– Groundwater levels vary between around 4.1 to 8.3 mbgl, and elevations (pressure heads) range from a 
high of 484 mAHD at bore WMPS01 in the northeast of the Project area to a low of 426 mAHD at bore 
WMPS28 in the southwest 

– The data presented in Figure 10 show a steady groundwater elevation decline to the southwest at an 
average gradient of approximately 0.001, which equates to 10 m vertically over 9 km horizontally   

 Pilot water supply and groundwater control bores (Figure 11; installations of between 36 and 198 m deep)  

– Groundwater levels for the pilot supply water bores are largely dependent on topographic elevation, and 
range between around 2.7 and 14.3 mbgl 

– The data presented in Figure 11 show a steady groundwater elevation decline to the southwest at an 
average gradient of approximately 0.001, which is consistent with the water table gradient (Figure 10) and 
the head separation between bores WMPW13 and WMPW12 (Figure 12) 

Vertical 

Along the Kadgo Palaeochannel, Pidinga aquifer groundwater elevations are typically one to two metres higher than 
the Garford aquifer, which hosts the water table, suggesting the deeper aquifer is semi-confined.  The data presented 
in Figure 12 show: 

 Upward hydraulic pressures of almost 2 m head between the Pidinga aquifer and the water table (Garford 
aquifer), indicating evapotranspiration is removing groundwater from the palaeochannel groundwater system 

 Small upward hydraulic pressures of around 0.1 m head between basement and the water table (Garford 
aquifer) in the area of the proposed mine, indicating the palaeochannel drains the basement groundwater 
system 

4.2.3 Airlift yields 
Airlift yields during development of the stygofauna bores were variable, ranging from less than 0.1 to 1 L/s. There is no 
apparent spatial trend associated with the airlift yields reported for the stygofauna bores. 

Airlift yields measured during development of pilot bores screening the palaeochannel aquifers were widely variable, 
ranging from 0.4 up to 20 L/s.  The single basement (gabbro) bore, WMPW03 at Nebo pit, reported an airlift yield of 
less than 0.1 L/s. There is no apparent spatial trend associated with airlift yield distribution. 

4.2.4 Groundwater flow 
The groundwater flow system at West Musgrave is dominated by throughflow along the Kadgo Palaeovalley (from the 
northeast to the south), through both the Garford and Pidinga HSUs, and discharge to Officer Basin sediments to the 
south of the Project area.  The clay layer between the two units is likely to be a leaky unit1, making the Pidinga aquifer 

 
 
1 The hydrogeological setting for the Challenger Gold Project in South Australia’s northwest Gawler Craton is similar to the Project, 
with both the Garford and Pidinga Formations hosting palaeochannel aquifers bounded by basement rocks.  After 17 years of 
pumping from the Pidinga Formation aquifer, depressurisation has induced leakage from the overlying clayey aquitard and 
adjoining basement (fractured) rocks (WPG, 2017) and this leakage serves to sustain the mine and process water demand.   
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semi-confined, with the overlying Garford Formation semi-confined grading to unconfined.  The basement gabbroic 
strata are likely drained by the Garford and Pidinga aquifers. 

There is limited time series groundwater head data available in the area.  However, the low groundwater gradient, 
shallow groundwater levels, relatively high estimates of palaeochannel aquifer hydraulic conductivity, as well as an 
absence of springs and groundwater surface expression suggests groundwater level fluctuation is relatively low across 
seasons.  

4.3 Groundwater quality 

4.3.1 Overview 
Groundwater samples have been collected for laboratory analysis from each of the stygofauna monitoring bores 
during their airlift development and from the pilot water bores during the pumping test program.  Details of the 
sampling and analysis program are presented in OZL ref. WM-5100-WTR-REP-0014, and a summary of results is 
presented in Table 6 to Table 8.   

4.3.2 Hydrochemistry of groundwater sampled from the stygofauna bores 
Water samples were taken from each of the 28 stygofauna bores except for bore WMPS19, which is in the northwest 
of the WMP study area and did not yield sufficient water to take a sample. The water samples were analysed for pH, 
electrical conductivity (EC), alkalinity and major ions. In addition, the stygofauna bores were sampled for a broad 
range of hydrocarbons to assess any potential for introduction by the drilling process.  The sampling methodology is 
detailed in report WM-5100-WTR-REP-0014. All water samples were free of hydrocarbons, with the exception of 
WMPS15 which reported 100 mg/L of C10 to C16 chain total recoverable hydrocarbons (TRH). The low levels of 
potential contaminants (hydrocarbons) indicate the drilling and construction activities are unlikely to have impacted 
shallow water quality or the integrity of subsequent stygofauna sampling activities. 

Most of the stygofauna bore water samples report low salinity groundwater in the potable to slightly brackish range (1 
to 2,300 µS/cm).  Six groundwater samples were reported in the slightly to moderately brackish range (2,300 to 
15,400 µS/cm). 

The groundwater samples are predominantly of sodium-chloride/bicarbonate type.  Approximately half the bores 
report groundwater having elevated sodium concentrations, i.e. above 180 mg/L (Australian Drinking Water Guideline 
(ADWG) aesthetic based value) and about one third of bores report chloride concentrations above 250 mg/L (ADWG 
aesthetic based limit).  High sulfate concentrations were reported for groundwater sampled from WMPS23 and 
WMPS28 (see Figure 10 for location) at 430 and 460 mg/L, respectively.   The majority of the groundwater samples 
show elevated concentrations of nitrate, between 50 to 130 mg/L, with all samples except for those collected from 
WMPS01, WMPS25, WMPS26, WMPS27 and WMPS28 exceeding the ADWG nitrate health based limit (50 mg/L).  High 
nitrate values are a known local groundwater phenomenon, with nitrate treatment required for the Jameson 
community water supply (personal communication with WA Department of Health, 2018).   

Figure 14 to Figure 16 present expanded Durov plots for groundwater sampled from the stygofauna monitoring bores. 
The plotted data show the groundwater samples cluster in two water type sub-fields.  Bores WMPS01, WMPS10, 
WMPS11, WMPS20, WMPS23, WMPS26 and WMPS28 plot in the 9th water type sub-field which indicates end point 
waters, i.e. waters that are predominantly sodium and chloride dominant, hydrochemically static and unlikely to be 
much influenced by mixing and active recharge.  The remainder of the groundwater samples plot in the 6th water type 
sub-field that is sulfate dominant (this water type is not frequently encountered), which indicates probable mixing 
influences. 
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Table 6 Laboratory hydrochemistry results for stygofauna monitoring bores 

Analyte WMPS01 WMPS02 WMPS03 WMPS04 WMPS05 WMPS06 WMPS07 WMPS08 WMPS09 WMPS10 WMPS11 WMPS12 WMPS13 WMPS14 

Sample date 8/7/18 7/7/18 6/7/18 3/7/18 2/7/18 28/6/18 28/6/18 29/6/18 30/6/18 1/7/18 1/7/18 27/6/18 24/6/18 24/6/18 

pH 8.3 8.2 8.3 8.2 8.2 8.2 8.0 8.2 8.2 8.2 8.2 8.2 8.2 8.3 

EC (µS/cm) 1,900 1,200 1,800 2,200 1,600 970 1,000 960 1,200 2,000 2,100 1,000 1,200 1,100 

Alkalinity (CaCO3) 250 200 300 330 290 180 180 170 190 200 200 180 220 240 

Carbonate 1 <1 13 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 

Bicarbonate 300 240 340 400 360 220 220 210 230 250 240 220 260 290 

Chloride 430 150 250 350 200 110 120 110 160 330 390 120 150 120 

Sulphate 250 81 140 170 130 57 66 62 86 160 180 69 82 68 

Calcium 52 45 67 75 48 32 31 33 41 41 69 34 46 48 

Magnesium 42 36 52 54 48 22 23 20 27 31 49 21 31 29 

Sodium 240 130 230 280 220 120 130 120 150 280 270 120 150 120 

Potassium 36 20 8.8 41 14 19 22 18 23 43 42 20 15 11 

Nitrate, NO₃ 28 53 68 83 130 89 89 87 83 90 99 87 98 81 

Note: Units are mg/L, except for EC which is µS/cm and pH which is measured in pH units 

1 – Total dissolved solids at 180°C 
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Table 7 Laboratory hydrochemistry results for stygofauna monitoring bores 

Analyte WMPS15 WMPS16 WMPS17 WMPS18 WMPS19 WMPS20 WMPS21 WMPS22 WMPS23 WMPS24 WMPS25 WMPS26 WMPS27 WMPS28 

Date of sample 25/6/18 25/6/18 26/6/18 26/6/18 - 22/7/18 12/7/18 22/7/18 20/7/18 19/7/18 17/7/18 17/7/18 16/7/18 15/7/18 

pH 8.4 8.3 8.3 8.3 - 8.3 8.3 8.3 8.3 8.5 8.3 8.1 8.2 8.2 

EC (µS/cm) 1,400 1,500 1,500 1,600 - 2,400 2,600 2,600 4,300 1,300 1,100 3,100 1,200 4,500 

Alkalinity (CaCO3) 280 240 240 230 - 320 360 390 520 280 200 430 210 460 

Carbonate 6 <1 <1 <1 - <1 3 <1 <1 14 <1 <1 <1 <1 

Bicarbonate 330 300 290 280 - 390 430 480 630 310 240 520 260 560 

Chloride 170 190 210 230 - 390 430 440 900 170 150 520 180 880 

Sulphate 86 99 110 110 - 220 240 250 430 79 74 290 97 460 

Calcium 38 49 48 54 - 82 82 81 100 62 48 110 61 120 

Magnesium 40 37 38 39 - 72 73 70 100 35 26 83 28 130 

Sodium 190 200 210 210 - 270 330 320 510 130 130 380 140 560 

Potassium 20 18 19 22 - 32 39 46 69 25 23 50 20 60 

Nitrate, NO₃ 100 110 120 120 - 120 32 100 84 63 28 41 32 27 

Note: Units are mg/L, except for EC which is µS/cm and pH which is measured in pH units 

1 – Total dissolved solids at 180°C 
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Table 8 Laboratory hydrochemistry results for pilot water supply bores  

Analyte (mg/L) WMPW01 WMPW02 WMPW03 WMPW04 WMPW05 WMPW06 WMPW07 WMPW08 WMPW09 WMPW10 WMPW11 WMPW12 WMPW13 New Camp 
Bore 

Sample date 14/11/18 9/11/18 5/11/18 3/11/18 7/9/18 28/9/18 23/9/18 24/11/18 24/01/19 17/12/18 22/01/19 26/01/19 20/11/18 31/01/19 

pH (pH units) 7.8 7.9 7.8 7.9 8.0 7.9 7.9 7.8 7.8 7.9 7.8 7.9 7.8 7.7 

EC (µS/cm) 3,000 1,400 1,000 940 2,400 2,500 2,900 2,500 1100 2,500 1500 2800 2,400 920 

Alkalinity (CaCO3) 290 190 180 170 350 380 450 140 230 230 120 250 220 180 

Aluminium <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 

Arsenic <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

Barium 0.027 0.044 0.052 0.045 0.034 0.031 0.030 0.041 0.052 0.037 0.048 0.035 0.035 0.065 

Bicarbonate 360 230 220 210 430 470 550 170 270 280 140 300 270 220 

Cadmium <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Calcium 83 72 50 34 74 77 82 140 51 130 91 110 110 35 

Chloride 640 230 130 120 400 420 510 580 150 480 250 540 510 100 

Chromium 0.003 0.001 <0.001 0.002 0.002 0.002 0.001 <0.001 0.003 0.002 <0.001 0.002 0.002 0.002 

Copper 0.001 0.002 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.003 <0.001 0.001 <0.001 0.002 <0.001 

Cobalt <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.012 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

Fluoride - - - - - - - 0.5 1.6 0.3 0.4 0.5 0.6 1.1 

Iron <0.005 <0.005 <0.005 0.007 <0.005 <0.005 <0.005 0.020 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 

Lead 0.002 0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

Manganese 0.001 0.001 0.017 <0.001 <0.001 <0.001 <0.001 0.210 0.002 <0.001 0.16 <0.001 <0.001 0.002 

Magnesium 79 39 25 22 70 76 80 62 25 66 25 74 73 19 

Mercury <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 

Molybdenum 0.004 0.002 0.003 0.002 0.002 0.002 0.003 0.010 0.011 0.002 0.004 0.003 0.003 0.002 

Nickel <0.001 <0.001 0.001 0.002 <0.001 <0.001 <0.001 0.014 0.001 <0.001 0.001 <0.001 <0.001 <0.001 

Nitrate as NO₃ 62 78 62 79 130 130 120 21 72 61 22 63 69 49 

Potassium 49 14 16 19 33 37 53 20 22 22 9.5 28 23 17 
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Analyte (mg/L) WMPW01 WMPW02 WMPW03 WMPW04 WMPW05 WMPW06 WMPW07 WMPW08 WMPW09 WMPW10 WMPW11 WMPW12 WMPW13 New Camp 
Bore 

Selenium 0.002 0.001 0.001 <0.001 0.006 0.008 0.003 0.002 0.003 0.008 0.005 0.008 0.009 0.002 

Silver <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

Silicon as Si 29 29 28 39 39 40 41 15 - 23 - - 26 - 

Sol Silicon (SiO2) 61 62 61 83 83 85 87 32 73 50 46 47 55 83 

Sodium 430 150 120 120 300 330 400 300 120 260 140 330 270 110 

Sulfate 330 130 93 68 220 240 260 330 75 270 180 280 240 52 

Uranium 0.008 0.003 0.005 0.004 0.005 0.006 0.009 0.004 0.005 0.005 <0.001 0.004 0.005 0.003 

Vanadium 0.024 0.024 0.004 0.011 0.029 0.030 0.036 <0.001 0.014 0.016 0.022 0.024 0.020 0.012 

Zinc 0.011 0.021 0.120 0.027 <0.005 <0.005 <0.005 1.400 0.011 0.029 0.016 0.010 0.014 <0.005 

Note: Units are mg/L, except for EC which is µS/cm and pH which is measured in pH units 
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Figure 14  Expanded Durov Diagram WMPS 01 to 09 
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Figure 15  Expanded Durov Diagram WMPS 10 to 18 
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Figure 16  Expanded Durov Diagram WMPS 20 to 28 
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Stiff patterns presented in Figure 17 graphically illustrate the relative proportions of major ions in analysed 
groundwater samples.  The patterns show two general groupings with the water samples having concentrations of 
chloride above 300 mg/L, sulfate above 150 mg/L and sodium above 260 mg/L forming one group comprising 
WMPS01, WMPS04, WMPS10, WMPS11, WMPS20, WMPS21, WMPS22, WMPS23, WMPS26 and WMPS28 (see 
Figure 10 for locations).  The second group comprises the remainder of water samples having lower concentrations of 
chloride, sulfate and sodium. 

4.3.3 Hydrochemistry of groundwater sampled from the pilot water bores 
Groundwater samples were taken from each of the pilot water bores and analysed for major ions, pH, EC, alkalinity 
and a suite of metals including iron. Groundwater EC readings vary between 920 µS/cm at the New Camp Bore, which 
access the Garford aquifer north of Nebo pit and 3,000 µS/cm at WMPW01 in the northeast of the WMP area (Pidinga 
aquifer; Figure 11). Six groundwater samples (collected from WMPW02, WMPW03, WMPW04, WMPW09, WMPW11 
and the New Camp Bore; Figure 11) reported salinity concentrations in the potable to slightly brackish range 
(2,300 µS/cm).  The remaining eight groundwater samples reported salinity concentrations in the slightly brackish 
water range, ranging from 2,400 to 3,000 µS/cm (brackish water is generally classified as being from 2,300 to 
15,400 µS/cm). Hardness in groundwater samples from WMPW02, WMPW03, WMPW04, WMPW08, WMPW11 and 
New Camp Bore was reported at low concentrations (CaCO3 alkalinities of less than 200 mg/L), with the remainder of 
reported at concentrations between 220 to 450 mg/L CaCO3 alkalinity, indicating hard waters that can cause scaling 
problems in pipework. 

The groundwater samples are predominantly of sodium chloride type (WMPW01, WMPW02, WMPW05, WMPW06, 
WMPW07, WMPW08, WMPW10, WMPW11, WMPW12 and WMPW13) but three water samples (WMPW03, 
WMPW04 and WMPW09) are sodium chloride/bicarbonate type, and the New Camp Bore reports sodium bicarbonate 
type groundwater. Sodium concentrations exceed the 180 mg/L ADWG aesthetic based value in groundwater sampled 
from all bores except WMPW02, WMPW03, WMPW04, WMPW09, WMPW11 and the New Camp Bore (Figure 11) and 
all groundwaters report chloride concentrations at or above the 250 mg/L ADWG aesthetic based limit, except 
WMPW02, WMPW03, WMPW04, WMPW09 and the New Camp Bore (Figure 11). Sulfate concentrations exceed the 
250 mg/L ADWG aesthetic based limit in groundwater sampled from WMPW01, WMPW07 and WMPW12 (Figure 11) 
at values between 260 to 330 mg/L SO4. All of the groundwater samples report elevated concentrations of nitrate of 
between 61 to 130 mg/L, exceeding the ADWG nitrate health based limit of 50 mg/L, except for WMPW08 and 
WMPW11 (Figure 11) where concentrations of less the 23 mg/L were reported, and New Camp Bore where a 
concentration of 49 mg/L  was reported. Groundwater sampled from bores WMPW08 and WMPW11 reported 
manganese levels of 0.21 mg/L and 0.16 mg/L, which exceed the ADWG aesthetic limit of 0.1 mg/L. All other 
determinants were reported below the relevant ADWG health and aesthetic limits, which illustrates the generally 
good groundwater quality within the palaeochannel aquifers. 

Figure 18 and Figure 19 present expanded Durov plots for groundwater sampled from the pilot water bores. The 
plotted data show groundwater samples are distributed in three water type sub-fields. Bores WMPW01, WMPW02, 
WMPS08, WMPW12 and WMPW13 (Figure 11) plot in the 9th water type sub-field, indicating end point waters which 
are chemically static and little influenced by throughflow or recharge. Bores WMPW03, WMPW04, WMPW05, 
WMPW06, WMPW07, WMPW09 and New Camp Bore (Figure 11) plot in the 6th water type sub-field indicating 
probable mixing influences. The remaining bores (WMPW10 and WMPW11) plot in the 8th water type sub-field, 
which are chloride dominant and may indicate reverse ion-exchange of sodium and chloride waters. 

Major ion data are also plotted on Stiff patterns in Figure 20.  Bores WMPW03, WMPW04, WMPW09 and New Camp 
Bore form a distinct grouping, with relatively low proportions of chloride, sulfate and sodium. Stiff patterns for 
groundwater samples collected from WMPW05, WMPW06 and WMPW07 are similar to one another, reflecting their 
screening of the Garford aquifer within 2 km of each other. Bores WMPW01, WMPW08, WMPW10, WMPW12 and 
WMPW13 all have higher proportions of chloride and sodium to other major ion concentrations.  Bores WMPW02 and 
WMPW11 have similar proportions of major ions, with less chloride and sodium dominance and a larger relative 
proportion of calcium.  
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Figure 17 Stiff plots for stygofauna bores WMPS01 to 28 
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Figure 18  Expanded Durov Diagram WMPW03, 04, 05, 06, 07, 09 and New Camp Bore 
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Figure 19  Expanded Durov Diagram WMPW01, 02, 08, 10, 11, 12 and 13 
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Figure 20  Stiff Plots for water bores WMPW01 to 13 and New Camp Bore 

The groundwater quality for the WMP area can be considered generally good, particularly considering its inland 
location within an arid climate zone.  The lowest salinity groundwater found is contained within the palaeochannel 
arm that overlies the proposed Nebo pit.  Nitrate values are elevated throughout the area and groundwater is 
predominantly of sodium-chloride type.  The groundwater is suitable for a large variety of uses from potable water 
supply (with denitrification treatment) in its lowest salinity areas to general process water elsewhere. 
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4.4 Groundwater recharge 
Groundwater recharge will occur predominantly via rainfall infiltration to palaeovalley sediments and, possibly to a 
lesser extent, to outcropping and sub-cropping bedrock. The rate of recharge will be constrained by 
evapotranspiration losses from the soil reservoir.  Further, it is likely that only higher intensity/duration rainfall events 
that result in surface ponding or ephemeral flow will result in significant recharge, with rainfall from lesser events 
evaporating prior to or soon after infiltration.   

Recharge has been calculated using the chloride mass balance method (Eq. 1; Wood, 1999), which assumes: 

 Chloride in groundwater originates only from precipitation 

 Chloride is conservative in the system 

 The chloride mass flux is constant over time and there is no recycling or concentration of chloride within the 
aquifer 
 

𝑞𝑞 = 𝑃𝑃.𝐶𝐶𝐶𝐶𝑝𝑝
𝐶𝐶𝐶𝐶𝑔𝑔𝑔𝑔

            Eq.1 

where: 𝑞𝑞 = 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑔𝑔𝑔𝑔𝑟𝑟ℎ𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 (𝐿𝐿𝑇𝑇−1) 
𝑃𝑃 = 𝑔𝑔𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑔𝑔𝑜𝑜 𝑝𝑝𝑔𝑔𝑔𝑔𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝𝑔𝑔𝑔𝑔𝑔𝑔𝑝𝑝𝑔𝑔𝑔𝑔 (𝐿𝐿𝑇𝑇−1) 
𝐶𝐶𝐶𝐶𝑝𝑝 = 𝑔𝑔𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑟𝑟𝑔𝑔𝑔𝑔𝑟𝑟𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑝𝑝𝑔𝑔𝑔𝑔 𝑔𝑔𝑜𝑜 𝑟𝑟ℎ𝐶𝐶𝑔𝑔𝑔𝑔𝑝𝑝𝑔𝑔𝑔𝑔 𝑝𝑝𝑔𝑔 𝑝𝑝𝑔𝑔𝑔𝑔𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝𝑔𝑔𝑔𝑔𝑔𝑔𝑝𝑝𝑔𝑔𝑔𝑔 (𝑀𝑀𝐿𝐿−3) 
𝐶𝐶𝐶𝐶𝑔𝑔𝑔𝑔 = 𝑔𝑔𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑟𝑟𝑔𝑔𝑔𝑔𝑟𝑟𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑝𝑝𝑔𝑔𝑔𝑔 𝑔𝑔𝑜𝑜 𝑟𝑟ℎ𝐶𝐶𝑔𝑔𝑔𝑔𝑝𝑝𝑔𝑔𝑔𝑔 𝑝𝑝𝑔𝑔 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 (𝑀𝑀𝐿𝐿−3) 
 

Two rainfall samples have been collected and analysed for chloride concentration, returning chloride values less than 
the LOR of 1 mg/L (see Table 1 for results), which is consistent with CSIRO’s ‘New insights to the chemical and isotopic 
composition of rainfall across Australia' (2012).  The CSIRO report presents weighted average chloride concentrations 
of rainfall for different localities (see Figure 21).  Meekatharra, Halls Creek and Alice Springs are considered the most 
relevant sites to the Project area and the CSIRO Rainfall Chloride Concentrations for these sites are 0.73, 0.46 and 0.72 
mg/L, respectively.  

 

 

Figure 21  Rainfall analysis sites - adapted from CSIRO (2012) 
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For the Project, a rainfall chloride concentration of 1mg/L (i.e. the LOR) has been adopted for calculation estimating 
recharge, which adopts the annual average rainfall of 181 mm (see Section 3.2.3). However, as groundwater recharge 
is only likely to occur during and following higher intensity rainfall events, the 1% Annual Exceedance Probability (AEP) 
72hr storm value of 222mm has also been used to consider recharge rates from episodic events. Table 9 shows the 
calculated recharge based on the reported groundwater chloride concentrations for each of the bores sampled.  The 
chloride mass balance provides an estimate of groundwater recharge of between around 0.7 and 1 mm/yr 
(approximately 0.4 to 0.5%). 

Table 9 Calculated groundwater recharge using chloride mass balance method 

Bore ID Groundwater 
Chloride  mg/L 

Rainfall 
Chloride   mg/L 

Average 
Rainfall 
mm/yr 

1Recharge % Recharge 
mm/yr 

Rainfall 
1%AEP 72hr 

(mm) 

Recharge 
mm/72hr 

WMPS01 430 1 181 0.23% 0.42 222 0.52 

WMPS02 150 1 181 0.67% 1.21 222 1.48 

WMPS03 250 1 181 0.40% 0.72 222 0.89 

WMPS04 350 1 181 0.29% 0.52 222 0.63 

WMPS05 200 1 181 0.50% 0.91 222 1.11 

WMPS06 110 1 181 0.91% 1.65 222 2.02 

WMPS07 120 1 181 0.83% 1.51 222 1.85 

WMPS08 110 1 181 0.91% 1.65 222 2.02 

WMPS09 160 1 181 0.63% 1.13 222 1.39 

WMPS10 330 1 181 0.30% 0.55 222 0.67 

WMPS11 390 1 181 0.26% 0.46 222 0.57 

WMPS12 120 1 181 0.83% 1.51 222 1.85 

WMPS13 150 1 181 0.67% 1.21 222 1.48 

WMPS14 120 1 181 0.83% 1.51 222 1.85 

WMPS15 170 1 181 0.59% 1.06 222 1.31 

WMPS16 190 1 181 0.53% 0.95 222 1.17 

WMPS17 210 1 181 0.48% 0.86 222 1.06 

WMPS18 230 1 181 0.43% 0.79 222 0.97 

WMPS20 390 1 181 0.26% 0.46 222 0.57 

WMPS21 430 1 181 0.23% 0.42 222 0.52 

WMPS22 440 1 181 0.23% 0.41 222 0.50 

WMPS23 900 1 181 0.11% 0.20 222 0.25 

WMPS24 170 1 181 0.59% 1.06 222 1.31 

WMPS25 150 1 181 0.67% 1.21 222 1.48 

WMPS26 520 1 181 0.19% 0.35 222 0.43 

WMPS27 180 1 181 0.56% 1.01 222 1.23 

WMPS28 880 1 181 0.11% 0.21 222 0.25 

WMPW01 640 1 181 0.16% 0.28 222 0.35 

WMPW02 230 1 181 0.43% 0.79 222 0.97 

WMPW03 130 1 181 0.77% 1.39 222 1.71 

WMPW04 120 1 181 0.83% 1.51 222 1.85 

WMPW05 400 1 181 0.25% 0.45 222 0.56 

WMPW06 420 1 181 0.24% 0.43 222 0.53 

WMPW07 510 1 181 0.20% 0.35 222 0.44 

WMPW08 580 1 181 0.17% 0.31 222 0.38 

WMPW13 510 1 181 0.20% 0.35 222 0.44 
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Bore ID Groundwater 
Chloride  mg/L 

Rainfall 
Chloride   mg/L 

Average 
Rainfall 
mm/yr 

1Recharge % Recharge 
mm/yr 

Rainfall 
1%AEP 72hr 

(mm) 

Recharge 
mm/72hr 

Average    0.46% 0.83  1.02 

Geomean    0.38% 0.7  0.85 

1 Recharge % is derived from (Clp)/Clgw and is independent of rainfall  
 

4.5 Groundwater and surface water interactions 
Groundwater is relatively shallow throughout the Project area and typically ranges between depths of 3 to 8 mbgl, 
although there are elevated areas where groundwater levels are around 14 to more than 22 mbgl, e.g. at the locations 
of bores WMPS19 and WMPS25/WMPW09 (see Figure 10 and Figure 11).  Note that the stygofauna bores screen the 
water table aquifer, which is generally the Garford aquifer in the palaeochannel areas, whilst the pilot water bores 
screen either the Garford or Pidinga aquifers.  The depth to groundwater is shown in Figure 22 for the stygofauna 
bores and in Figure 23 for the pilot water bores. 

Despite the shallow nature of groundwater in the Project area, no permanent or semi-permanent wetlands, seeps, 
springs or partially saturated playas have been identified in any of the areas where Project groundwater investigations 
have been undertaken.   

OZL has consulted with Traditional Owners (TOs) to understand whether or not there are springs located within the 
Project area or the broader landscape.  The TOs have not identified any springs, but have indicated there are two 
rockholes located within the development envelope of the proposed mine.  Appendix A presents the results of an 
assessment of the potential for interaction between these rockholes and groundwater.  The rockholes have been 
identified as surface water features that do not interact with groundwater.  

Whilst groundwater recharge is expected to occur across the Project area, apart from groundwater discharge to 
Officer Basin sediments, groundwater discharge is only likely to occur where plants are able to access and transpire 
groundwater or the water table is shallow enough to allow evaporative losses via capillary rise. 

4.6 Kadgo Palaeovalley water balance 
A conceptual water balance has been calculated for the Kadgo Palaeovalley sediments to semi-quantify groundwater 
system inputs and outputs at a sub-regional scale.  The water balance has been calculated for the entire area of the 
palaeovalley sediments up to the point just before they discharge into the Officer Basin to the south, below which the 
Kadgo Palaeovalley has split into two (see Figure 24). The calculation relies on the following key parameters: 

 Estimates of the hydraulic conductivity for the palaeochannel aquifers and basement 

 Estimated recharge rates and area over which recharge occurs 

 Estimates of hydraulic gradient (based on water table elevation data at, and distance between, bores WMPW10 
and WMPW122; see Figure 24) and a maximum likely hydraulic gradient between WMPW12 and the Officer 
Basin (to the south)3  

 Estimated cross-sectional area of the palaeochannel aquifer(s) at the ‘point’ of palaeochannel discharge to the 
Officer Basin  

 An assumption the groundwater system is in dynamic equilibrium, i.e. groundwater storage does not vary 

 

 
 
2 Minimum hydraulic gradient of 0.0015 
3 Maximum probable hydraulic gradient of 0.002 
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A summary of the water balance is presented in Table 10 and details are presented as Appendix B.  The calculation 
indicates the average groundwater discharge rate from the Kadgo Palaeovalley to the Officer Basin is likely in the 
range 2.3 and 3.1 ML/d. 

 
Figure 24 Water balance locality plan 

 

Table 10 Kadgo Palaeovalley water balance (m3/d) 

Input / Output Input / Output Type Value (m3/d) 

Inputs 

Direct rainfall recharge (palaeovalley area only) 5,475 

Groundwater inflow from basement strata 69 

Total Inputs 5,544 

Outputs 
i = 0.0015[1] 

Groundwater throughflow out of palaeovalley (West and East 
channels) 

2,303 

Evapotranspiration (palaeovalley area only, balancing term) 3,241 

Total Outputs 5,544 

Outputs 
i = 0.002 

Groundwater throughflow out of palaeochannel (West and East 
channels) 3,070 

Actual evapotranspiration (palaeovalley area only, balancing term) 2,474 

Total Outputs 5,544 

Notes: 1.  Hydraulic gradient 
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4.7 Conceptual hydrogeological model 
Figure 25 presents a schematic conceptual hydrogeological model of the Project area.  The following describes the 
essential components of the conceptualisation: 

1. Rainfall events sufficient to result in runoff are erratic, usually associated with cyclonic depressions moving down 
from north-western Australia, or low pressure cells moving up from the Great Australian Bight 

2. Rainfall runoff from elevated outcropping basement strata is likely to be channelised in colluvial material, 
possibly with relatively high infiltration on colluvial slopes.  These recharge areas, where they exist, are on the 
margins of the Kadgo Palaeovalley system in the Project area 

3. Rainfall runoff from dunes is likely to be relatively minimal due to high infiltration rates into the aeolian sands 

4. Sheet flow over relatively flat and gently undulating landscapes is likely to occur during more intense rainfall 
events 

5. Some potential for channelised flow along ill-defined drainage lines with potential infiltration into underlying 
palaeochannel sediments 

6. Surface ponding in mostly disconnected clay pans likely occurs during and following major storm events 

7. Evaporation losses of surface water (following rainfall events) and evapotranspiration losses from soil water 
reservoir (vadose zone) 

8. Root uptake of soil water, as well as shallow groundwater that is accessible to plants 

9. Infiltration and recharge to the water table occurs from surface ponding, channelised flow and general runoff 
when it occurs, which is likely to only occur during and following larger precipitation events  

10. Minor groundwater flow into the palaeochannel sediments from the gabbroic basement strata is likely, but the 
poor aquifer characteristics of the gabbro likely make this a minor component of the overall water regime 
compared to surface water infiltration 

11. Groundwater leakage through the clay-rich interbedded zone between the Garford and Pidinga aquifers will be 
important for maintaining groundwater pressures during pumping from either aquifer, should that pumping 
occur 

12. Groundwater throughflow down the Kadgo Palaeovalley to the south predominantly through both the Garford 
and Pidinga aquifers  

13. Stygofauna are present within the palaeochannel sediments and the basement gabbro strata (Babel pit area) 

14. Rockholes situated on basement outcrops, collecting surface runoff over the outcrop surface 
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Figure 25  Conceptual hydrogeological model of the Project area 
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Section 5 Environmental values 

5.1 Overview 
Any changes to physical and quality aspects of groundwater resources, or to the physical characteristics of 
groundwater systems as a consequence of development of the Project have the potential to adversely affect existing 
and possible future EVs that are exposed to these changes. Two broad categories of EVs are defined under the 
Environmental Protection Act 1986: 

 Ecosystem health 

 Beneficial use 

Table 11 presents the EVs identified by WA EPA (2018) as well as an indication of whether they have been identified in 
the Project area. The following sections present an overview of existing and possible future groundwater EVs that 
might be exposed to changes to the groundwater baseline.  They include all groundwater EVs identified within and 
downstream of the mine development envelope. 

Table 11 Identified Project area environmental values 

Environmental value1 Details 

Ecosystem 
health 

RAMSAR listed wetlands  None identified 

Conservation category or Resource 
enhancement wetlands  None identified 

Directory of Important Wetlands in 
Australia wetlands  None identified 

Environmental Protection Policies 
wetlands  None identified 

Wild rivers  None identified 

Poorly represented wetlands in 
Conservation reserves system  None identified 

Springs and pools  Localised rock holes[2] disconnected from groundwater, and 
supported by localised surface water run-off 

Ecosystems supporting significant 
flora, vegetation and fauna 

 Stygofauna 
 Troglofauna have been identified, however water table 
elevation is unlikely to be important in sustaining environmental 
water requirements (habitat humidity levels)[3] 
 Terrestrial vegetation 

Ecosystems supporting significant 
amenity, recreation and cultural[4] 
values 

 Terrestrial vegetation, likely has cultural value especially along 
dreaming trails  [4] [5] 
 Stygofauna does not have any cultural value [4 

Saline lakes, estuaries and near 
shore ecosystems  None identified 

Downstream marine ecosystems  None identified 
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Environmental value1 Details 

Beneficial 
use 

Drinking water supplies  Jameson water supply is assumed to be drawn from palaeovalley 
aquifers 

Significant current or potential 
water supplies 

 Kadgo Palaeovalley, some potential for future water supply 
development 

Water supplies supporting 
significant commercial activities, 
e.g. mining and pastoral 

 None identified, the proposed Wingellina Project is located 
further to the east near the border with South Australia and 
Northern Territory, but is sufficiently distant to not be impacted by 
the Project, and there are no oil and gas exploration or production, 
or pastoral activities in the broader Project area 

Inland waters with high levels of 
active and passive recreation 
including multiple use wetlands 

 None identified  

Inland waters with significant 
cultural[4] or aesthetic values   None identified  

Notes: 1. WA EPA (2018)  
  2. Culturally sensitive and not able to be mapped 
  3. pers. comm., Stuart Halse, Bennelongia 
  4. pers. comm., Bryony Nicholson, Anthropologist, Ngaanyatjarra Council 
  5. Cultural values associated with vegetation will be discussed further in the Flora and Vegetation environmental factor 

No part of the Project area is identified as being within a proclaimed groundwater area under the Rights in Water and 
Irrigation Act (RIWI) 1914.4 

5.2 Ecosystem health 
The following provides details of possible ecosystem health EVs in the Project area:  

 Stygofauna 

– Appendix A presents a summary of findings from the stygofauna assessment undertaken at the Project area 
(Bennelongia, 2020), and the following outlines key findings and interpretations of the assessment 

- 30 species of stygofauna have been identified from 63 (of 100 sampled) locations (Figure 26) 

- There are two key habitats for stygofauna in the Project area – (i) saturated Kadgo palaeovalley 
sediments and calcretes, and (ii) saturated fractured rock (gabbronorite and gneiss) 

- Stygofauna are accepted as having obligate groundwater dependence and a high degree of potential 
sensitivity to altered groundwater resource condition, particularly where vertical habitat is restricted 
(e.g. open fractures) 

  

 
 
4 http://www.water.wa.gov.au/__data/assets/pdf_file/0019/1675/86307.pdf 

http://www.water.wa.gov.au/__data/assets/pdf_file/0019/1675/86307.pdf
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 Terrestrial GDEs 

Some vegetation associations (see Figure 27 for map showing vegetation associations surveyed within the Project 
infrastructure corridors) that occur where plant rooting depth may allow access to groundwater may be sensitive to 
groundwater level decline in response to mine water affecting activities ( 

– Figure 13 presents a depth to water table map for the Project area) 

– Appendix A presents a detailed assessment of available information and data concerning the potential for 
terrestrial groundwater dependent ecosystems (GDEs) to occur within the Project area, and the following 
outlines key findings of the assessment 

- The Project area is located in an arid part of Western Australia, with low average annual rainfall and 
very high potential annual evaporation, meaning there is potentially a large annual soil water deficit 

- An increasing groundwater salinity trend along the Kadgo palaeovalley groundwater flowpath suggests 
either evaporative discharge from a shallow water table, plant groundwater use (evapotranspiration) 
or both 

- Consistent base level green fractional cover observed in remotely sensed imagery persists over periods 
of below-average rainfall, suggesting sustained access to water by some vegetation components of the 
landscape (sourced from a large soil reservoir, groundwater or both) 

- A literature review combined with a spatial analysis of depth to water table has identified eight 
mapped vegetation associations in the Project area might represent terrestrial GDEs (Figure 27) 

Obligate dependence 

o Eremophila duttonii Shrubland 

Facultative dependence 

o Complex of Acacia kempeana Shrubland and Hard pan Mulga Woodland  

o Calcrete Platform Hummock Grassland Acacia eremophila variant 

o Calcrete Platform Hummock Grassland Melaleuca eleuterostachya variant 

o Calcrete Corymbia opaca Woodland 

o Complex of Low Mallee Woodland and M. glomerata A. kempeana Shrubland 

o Complex of M. glomerata A. kempeana Shrubland and Hard pan Mulga Woodland 

o Complex of Sand plains with Wattles other than Mulga over Spinifex and Calcrete Platform 
Hummock Grassland 

– Threatened Flora have not been identified in the Project area 

– Eleven Priority listed plant species have been identified within the vegetation associations  

- None have been identified as being components of ecosystems likely to be obligate GDEs 

- Eight (Priority 3) species have been identified as being components of ecosystems likely to be 
facultative GDEs being potentially groundwater dependent (see Attachment A, Table 6, Western 
Botanical (2020), Table 14 ) 
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Error! Reference source not found. presents summary details of possible ecosystem health EVs. 

Table 12 Groundwater related environmental values – Ecosystem health 

Environmental 
value 

Reliance Comment[1] 

Stygofauna [2]  30 species of stygofauna have been identified from 63 locations across the Project area. 
Stygofauna communities are totally reliant on groundwater, although some degree of 
resilience is expected to removal of some portion of vertical habitat (i.e. reduced water 
table elevation). 

Terrestrial 
vegetation  [2] [3] 

 A number of vegetation associations have been identified as possibly requiring access to 
groundwater to meet some or all of their water requirements (1 association with obligate 
dependence and seven with facultative dependence). These vegetation associations have 
been observed growing across the swales between calcrete platforms, and will likely have 
cultural value especially where they coincide with dreaming trails [4]. 

Key:   a high degree of reliance expected 
    some degree of reliance expected 
    low to negligible degree of reliance expected, if any 
Notes: 1. Refer Appendix A for details 
  2. Ecosystems supporting significant flora, vegetation and fauna 
  3. Ecosystems supporting significant amenity, recreation and cultural values 
 4. pers. comm., Bryony Nicholson, Anthropologist, Ngaanyatjarra Council 

5.3 Beneficial use 
The following provides details on the possible beneficial use EVs in the Project area:  

 Jameson water supply - the Jameson community, which is located more than 30 km the north of the WMP 
(Figure 28), utilises an existing groundwater supply, which comprises two bores that are assumed to access a 
shallow palaeovalley aquifer (possibly the Garford)  

 Kadgo Palaeovalley potential future water supply - the Kadgo Palaeovalley hosts aquifers that may represent 
prospective water supply resources  

Table 13 presents summary details of possible beneficial use EVs. 

Table 13 Groundwater related environmental values – Beneficial use 

Environmental value Reliance Comment 

Jameson water supply [1] [2]  Jameson township relies on groundwater for domestic potable supply, but occurs 
outside the development envelope.  The community water supply is sourced from 
two bores located approximately 3.7 km north northeast of Jameson and about 30 
km north of the proposed Nebo and Babel pits.  It is understood, that bottled water 
is currently used for potable supply. 

Camp water supply  The West Musgrave Camp relies on groundwater for all domestic water supply 
(except bottled water is used for potable supply). Given this is a project related 
supply, it is not considered further. 

Kadgo Palaeovalley [2]  Other than for Jameson township, there are no other existing uses of Kadgo 
Palaeovalley aquifers.  However, future development may occur, at which time the 
degree of reliance may change. 

Key:   a high degree of reliance expected 
    some degree of reliance expected  
    low to negligible degree of reliance expected, if any 
Notes: 1. Drinking water supplies 
  2. Significant current or potential water supplies  
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Inputs Source Value Calculation Description
Input from direct rainfall recharge - palaeochannel only
Palaeochannel area (km2) in groundwater flow model 2,400 Equivalent to 49 by 49 km
Rainfall (mm/a) 181 Average rainfall
Recharge (%) 0.46 From chloride mass balance
Palaeovalley rainfall recharge (m3/d) 5,475
Input from direct rainfall recharge - metamorphic basement strata
Average basement hydraulic conductivity (m/d) 0.001 1x10-3 m/d from WMPW03
Average palaeochannel thickness (m) 130 Average palaeochannel depth
Average groundwater depth (mbgl) 5 Averaged groundwater depth
Approximate palaeochannel length (km) 250 Approximate length including major tributaries
Average inflow groundwater gradient 0.0011 Overall palaeovalley groundwater gradient of 0.0011

Inflow (m3/d)
Total inflow from basement (m3/d) 69 Flow from both sides of palaeochannel
Total inputs (m3/d) 5,543

Outputs - Scenario 1 Source Value Calculation Description
Groundwater throughflow out of palaeovalley
Hydraulic conductivity (m/d) Garford Fm 2 Averaged from pumping tests

Pidinga Fm 3 Averaged from pumping tests
Groundwater gradient 0.0015 Local steepening of gradient between WMPW10 and WMPW12

Outflow (m3/d)
Palaeovalley cross-sectional area - West channel (m2) Garford Fm 600,000 1,800 Calculated

Pidinga Fm 15,000 68 Calculated
Other
Total 615,000 1,868

Palaeovalley cross-sectional area - East channel (m2) Garford 145,000 435 Calculated
Total throughflow (m3/d) 2,303
Calculated evapotranspiration
Evapotranspiration (m3/d) 3,241 Balancing term between inputs and throughflow
Total outputs (m3/d) 5,543

Outputs - Scenario 2 Source Value Calculation Description
Groundwater throughflow out of palaeovalley
Hydraulic conductivity (m/d) Garford Fm 2 Averaged from pumping tests

Pidinga Fm 3 Averaged from pumping tests
Groundwater gradient 0.002 Maximum probable gradient between WMPW12 and Officer Basin

Outflow (m3/d)
Palaeovalley cross-sectional area - West channel (m2) Garford Fm 600,000 2,400 Calculated

Pidinga Fm 15,000 90 Calculated
Other
Total 615,000 2,490

Palaeovalley cross-sectional area - East channel (m2) Garford 145,000 580 Calculated
Total throughflow (m3/d) 3,070
Calculated evapotranspiration
Evapotranspiration (m3/d) 2,473 Balancing term between inputs and throughflow
Total outputs (m3/d) 5,543



West Musgrave Copper and Nickel Project 

EPA Section 38 Referral Supporting Document 
 

 

West Musgrave Project   /  EPA Section 38 Referral Supporting Document 

 Groundwater Flow Modelling  

 

 



Suite 2, Level 1B, 682 Murray Street 
West Perth WA 6005 
Telephone: +61 8 9486 1208 

i 
WM-5100-WTR-REP-0034 

OZ Minerals Exploration Pty Ltd 

West Musgrave Project (10 Mtpa) Pre-feasibility 
Study- Groundwater flow modelling 
20 July 2020 



 
 
 
Suite 2, Level 1B, 682 Murray Street 
West Perth WA 6005 
Telephone: +61 8 9486 1208 
 
 
 
 

 ii 
WM-5100-WTR-REP-0034 

July 20, 2020 
Project Number: 1000103.2000 

 
Justin Rowntree 
Environment and Approvals Lead – West Musgrave 
 
OZ Minerals  
2 Hamra Drive 
Adelaide Airport  SA  5950 

 

 

Dear Justin 

RE: West Musgrave Project (10 Mtpa) pre-feasibility study- groundwater flow modelling  

CDM Smith Australia Pty Ltd (CDM Smith) is pleased to present the accompanying report that documents the 
groundwater modelling undertaken for the West Musgrave Project pre-feasibility study. The model has been 
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Glossary of terms 
Terms  
Alluvial aquifer A deposit of gravel sand, silt and/or clay particles laid down by physical 

processes in river channels or on floodplains that stores and transmits water 
through intergranular voids 

Advection The process by which solutes are transported by the motion of flowing 
groundwater 

Anisotropy The condition under which one or more of the hydraulic properties of an 
aquifer vary according to the direction of flow 

Aquifer A saturated or partially saturated hydrostratigraphic unit that is sufficiently 
permeable to transmit useful quantities of water 

Aquifer (confined) A fully saturated aquifer that is overlain by a confining (low permeability) 
hydrostratigraphic unit, and where the groundwater pressure is higher than 
the base of the confining unit 

Aquifer (unconfined) An aquifer whose upper water surface (water table) is at atmospheric 
pressure, sometimes referred to as a water table aquifer 

Aquitard A layer in the geological profile that separates two aquifers and restricts the 
flow between them, in unconsolidated (regolith) aquifers it is generally clay 

Australian Height Datum (mAHD) The reference point for all elevation measurements, used for water levels in 
bores and aquifers, and ground elevation 

Bedrock (or basement) The solid rock beneath the soil and superficial rock, a general term for solid 
rock that lies beneath soil, loose sediments, or other unconsolidated material 

Bore (water) An artificial excavation put down by any method for the purposes of 
withdrawing water from underground aquifers. A bored, drilled, or driven 
shaft, or a dug hole whose depth is greater than the largest surface dimension 
and whose purpose is to reach underground water  

Boundary condition – fixed head Also known as constant or specified head. . A boundary condition for a 
groundwater model where the head is known and specified at the boundary 
of the flow field, and the model computes the associated groundwater flow 

Boundary condition – specified flow Also called a constant flux boundary. The boundary condition for a 
groundwater flow model where a flux across the boundary of the flow region 
is known and specified, and the model computes the associated aquifer head 

Boundary condition – head dependent A boundary condition for a groundwater model where the relationship 
between the head and the flow at a boundary is specified, and the model 
computes the groundwater flux for the head conditions applying 

Calibration The process by which the independent variables (parameters) of a numerical 
model are adjusted, within realistic limits, to produce the best match between 
simulated and observed data (usually water-level values). This process 
involves refining the model representation of the hydrogeologic framework, 
hydraulic properties, and boundary conditions to achieve the desired degree 
of correspondence between the model simulations and observations of the 
groundwater flow system 
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Digital elevation model (DEM) A digital representation of the earth’s surface in terms of elevation values (X, 
Y, Z where Z represents the surface elevation) 

Discharge The volume of water that passes a given location within a given period of 
time. Usually expressed in cubic feet per second 

Drawdown The distance between the static water level and the potentiometric surface of 
water table or confined aquifers in response to the taking of groundwater, 
e.g. via pumping 

Evaporation The process of liquid water becoming water vapor, including vaporization 
from water surfaces, land surfaces, and snow fields, but not from leaf 
surfaces, see transpiration 

Evapotranspiration The sum of evaporation and transpiration 

Groundwater The water contained in interconnected pores, gaps or fractures located below 
the water table in an unconfined aquifer or located in a confined aquifer 

Groundwater, confined Groundwater under pressure significantly greater than atmospheric, with its 
potentiometric surface higher than bottom of a bed with hydraulic 
conductivity distinctly lower than that of the material in which the confined 
water occurs 

Groundwater dependent ecosystem Natural ecosystems that require access to groundwater to meet all or some of 
their water requirements so as to maintain their communities of plants and 
animals, ecological processes and ecosystem services 

Groundwater recharge Inflow of water to a groundwater reservoir from the surface, infiltration of 
precipitation and its movement to the water table is one form of natural 
recharge, also the volume of water added by this process 

Groundwater, unconfined Water in an aquifer that has a water table that is exposed to the atmosphere 

Hydraulic conductivity Generally, the rate at which a material allows water to move through it, he 
larger the hydraulic conductivity, the smaller the resistance to water 
movement and the greater the ease with which water flows in response to 
pressure gradients 

Hydraulic gradient The rate of change in total head per unit distance in a given direction.  The 
direction of gradient is that yielding the maximum rate of decrease in head 

Hydrology A science dealing with the properties, distribution and circulation of water  

Hydrostratigraphic unit A body of rock that forms a distinct hydrologic unit with respect to its porosity 
and hydraulic conductivity 

Igneous rocks Rocks formed from cooling magma as either intrusive, (beneath the ground 
surface), or extrusive (exiting into the atmosphere) 

Life of Mine (LOM) The projected duration of ore mining activities from initial excavation through 
to the cessation of mining 

Metamorphic rock Rock that results from the alteration of pre-existing rocks in response to 
extreme heat and pressure 

Model, conceptual Identifies hydrostratigraphic units and boundary conditions for a particular 
study area.  Describes in simple terms how groundwater systems interact with 
other groundwater systems, surface water systems and ecosystems 
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Model, mathematical / numerical Simulates groundwater flow indirectly by means of governing equations 
considered representative of the physical process occurring in the system, in 
addition to equations describing heads or flow along the model boundaries.  
Mathematical models can be solved analytically or numerically 

Palaeochannel A landform occurring within an inactive river or stream system that has been 
inset into a palaeovalley and infilled by younger sediments, the deepest part 
of which may be infilled with relatively coarse clastic materials, depending on 
the depositional environment (see thalweg and palaeovalley) 

Palaeovalley An ancient valley that may have hosted one or more palaeoriver systems, now 
partially or completely buried by fine to coarse sediments, e.g. the Kadgo 
Palaeovalley 

pH A measure of the relative acidity or alkalinity of water, water with a pH of 7 is 
neutral, lower pH levels indicate increasing acidity, while pH levels higher than 
7 indicate increasingly basic solutions 

Permeability The ability of a material to allow the passage of a liquid, such as water 
through rocks - permeable materials, such as gravel and sand, allow water to 
move quickly through them, whereas poorly permeable material, such as clay, 
don't allow water to flow freely 

Phreatic zone See ‘Zone of saturation’  

Phreatophyte Plant that draws water from groundwater or the capillary zone to maintain 
vigour and function 

Porosity A measure of the water-bearing capacity of subsurface rock. With respect to 
water movement, it is not just the total magnitude of porosity that is 
important, but the size of the voids and the extent to which they are 
interconnected, as the pores in a formation may be open, or interconnected, 
or closed and isolated. For example, clay may have a very high porosity with 
respect to potential water content, but it constitutes a poor medium as an 
aquifer because the pores are usually so small 

Piezometric surface The imaginary line where a given reservoir of fluid will "equalize out to" if 
allowed to flow; a potentiometric surface is based on hydraulic principles 

Potentiometric surface See ‘Piezometric surface’ 

Precipitation Rain, hail, sleet, dew, and frost 

Recharge boundary An aquifer system boundary that adds water to the aquifer. Streams and lakes 
are typically recharge boundaries 

Saprock Chemically weathered rock 

Saturated zone See 'Zone of saturation' 

Sediment Usually applied to material in suspension in water or recently deposited from 
suspension. In the plural the word is applied to all kinds of deposits from the 
waters of streams, lakes, or seas. 

Sedimentary rock Rock formed of sediment, and specifically: (1) sandstone and shale, formed of 
fragments of other rock transported from their sources and deposited in 
water; and (2) rocks formed by or from secretions of organisms, such as most 
limestone. Many sedimentary rocks show distinct layering, which is the result 
of different types of sediment being deposited in succession. 



Glossary of terms 

 ix 
WM-5100-WTR-REP-0034  

Seepage (i) The slow movement of water through small cracks, pores, interstices, etc., 
of a material into or out of a body of surface or subsurface water (ii) The loss 
of water by infiltration into the soil from a canal, ditches, laterals, 
watercourse, reservoir, storage facilities, or other body of water, or from a 
field 

Soil water Any water held in the soil as a vapour, liquid or solid 

Solute A substance that is dissolved in another substance, thus forming a solution. 

Specific storage The volume of water released from one unit volume of the aquifer under one 
unit decline in head. This is related to both the compressibility of the aquifer 
and the compressibility of the water itself 

Specific yield The ratio of the volume of water a rock or soil will release by gravity drainage 
to the volume of rock or soil 

Storativity The volume of water an aquifer releases from or takes into storage per unit 
surface area of the aquifer per unit change in head, it is equal to the product 
of specific storage and aquifer thickness (also called storage coefficient) 

Stygofauna Any fauna that live in groundwater systems or aquifers, such as caves, fissures 
and vughs 

Transmissivity The capacity of a rock to transmit water under pressure, the coefficient of 
transmissivity is the rate of flow of water, at the prevailing water 
temperature, in cubic metres per day, through a vertical strip of the aquifer 
one metre wide, extending the full saturated thickness of the aquifer under a 
unit hydraulic gradient 

Uncertainty analysis The quantification of uncertainty in model results due to incomplete 
knowledge of model aquifer parameters, boundary conditions or stresses 

Unsaturated zone The zone immediately below the land surface where the pores contain both 
water and air, but are not totally saturated with water. These zones differ 
from an aquifer, where the pores are saturated with water. 

Water balance An evaluation of all the sources of supply and the corresponding discharges 
with respect to an aquifer or a drainage basin 

Water table The surface between the unsaturated and saturated zones of the subsurface 
at which the hydrostatic pressure is equal to that of the atmosphere 

Weathered Worn, disintegrated, or changed in colour or composition, by the action of the 
elements 

Zone of saturation The pores of soil or rock are saturated with water 

 

 

 

 

 

 

https://water.usgs.gov/edu/dictionary.html#a
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Abbreviations 
ADWG Australian Drinking Water Guidelines 

AEM Airborne electromagnetic survey 

BoM Bureau of Meteorology 

CDFM Cumulative deviation from mean 

CZI Cassini Resources Limited 

DEM Digital elevation model 

DMIRS Department of Mines, Industry Regulation and Safety 

DWER Department of Water and Environmental Regulation 

GHB General head boundary 

GL/yr Gigalitres per year 

JV Joint venture 

L/s Litres per second 

LOM Life of mine 

m/d Metres per day 

m3/d Cubic metres per day (equivalent to kilolitre per day; kL/d) 

mAHD Metres above Australian height datum 

mbgl Metres below ground level 

mg/L Milligrams per litre 

ML/d Megalitres per day 

mm/yr Millimetres per year 

Mtpa Million tonnes per annum 

OZL OZ Minerals Exploration Pty Ltd  

PFS Prefeasibility study 

RMS Root mean square error 

SILO Scientific information for land owners 

SP Stress period 

SRMS Scale root mean square error 

TSF Tailings storage facility 

WMP West Musgrave Project 

WRD Waste rock dump 
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Section 1 Introduction 
OZ Minerals Exploration Pty Ltd (OZL) has entered into a Joint Venture (JV) with Cassini Resources Limited (CZI) to 
develop the West Musgrave Project (WMP). CDM Smith has been engaged by JV to undertake water-related studies to 
assist with pre-feasibility level assessments for the WMP. 

The WMP is located in Western Australia, near the South Australian and Northern Territory borders (Figure 1). The 
project will involve the mining and processing of the Nebo-Babel Ni-Cu-PGE sulfide deposits with potential operation 
for approximately 26 years at 10 Mtpa mill throughput. The development of the WMP requires around 7 GL/yr of 
water to meet construction and operational demands. The preferred water supply option investigated as part of the 
pre-feasibility studies (PFS) are the Kadgo Palaeovalley aquifers. 

 

Figure 1 WMP locality map (Source: OZL) 

This report describes the development of a numerical groundwater flow model of the WMP area, which occurs within 
the Kadgo Palaeovalley The model has been developed to predict: 

 Dewatering requirements to inform management at Babel and Nebo open cut pits during the life of mine (LOM) 

 Drawdown impacts to the palaeovalley and basement groundwater systems from dewatering and 
depressurisation of the two open cut pits 

 Potential water supply opportunities and regional drawdown impacts of the proposed water supply borefield in 
the Kadgo Palaeovalley 

 Pit lake formation and groundwater recovery post-mining 

 Flowlines for assessing the fate of possible leachate that might arise from the proposed tailings storage facility 
(TSF) and waste rock landforms (WRL) 
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The model uses existing available information and data regarding palaeochannel extent and hydraulic properties for 
different HSUs and the conceptualisation derived from those datasets.  
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Section 2 Physical Setting 

2.1 Topography and hydrology 
The Project area is characterised by relatively flat topography over the Kadgo Palaeovalley.  The ground surface slopes 
gently away from the ranges in the northeast where elevations of around 625 mAHD occur towards the south where 
elevations of around 435 mAHD occur at the border with the Officer Basin (Figure 2).  Topography data for this Project 
has been sourced from JAXA AW3D30 DEM1. This raster dataset has a resolution of 30 m horizontally. 

Surface drainage is poorly defined. There are no permanent surface water bodies or watercourses. Ephemeral 
drainage can occur within the Musgrave Ranges following a significant rainfall event but, typically, when sufficient 
rainfall occurs to generate runoff sheet flow is expected to be the dominant form of surface water discharge.  

2.2 Climate 
Daily rainfall data has been sourced from Scientific Information for Land Owners (SILO). This database contains climate 
data from 1889 to now and comprises interpolated estimates from observation. Point data at WMP (26.10S, 127.90E) 
has been downloaded for use in assessing the climate setting for the Project area.  

Figure 3 shows the average annual rainfall and cumulative deviation from mean (CDFM) at WMP. Average annual 
rainfall at the site approximates 181 mm/yr. The CDFM also shows a long-term shift in rainfall patterns, with the 
period from 1974 to now reporting annual rainfalls typically higher than the average.  

Figure 4 presents the long-term average monthly rainfall and monthly evaporation data. The analysis of the data 
highlights that rainfall at WMP is extremely variable but has a clear summer dominance. Annual pan evaporation is 
estimated to be 3,250 mm and average annual potential evapotranspiration is estimated to be around 2,650 mm/yr 
(BOM 2005). 

2.3 Geology 
A detailed description of the geological setting for the WMP is presented in OZL ref. WM-5100-WTR-REP-0014 and 
WM-5100-ENV-REP-0003. 

The WMP is located within the Musgrave Province of Western Australia. The Province extends into the northwest of 
South Australia and southwest of the Northern Territory. At its southern boundary the Musgrave Block is 
unconformably overlain by sedimentary rocks of the Officer Basin. 

The Musgrave Province is composed of igneous and metamorphic rocks which form a regional fractured rock aquifer 
of highly variable yield and generally limited resource (Magee 2009). At the Nebo-Babel deposit, the ore is hosted in 
gabbro-gabbronorite intruded into orthogneiss, with the host rocks described as fresh to extremely weathered 
(saprolite and saprock; OZL ref. WM-5100-WTR-REP-0014). 

 

                                                             
 
1 https://www.eorc.jaxa.jp/ALOS/en/aw3d30/index.htm 
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Figure 2 Regional topography 
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Figure 3 Annual rainfall and CDFM at WMP 

 

Figure 4 Average monthly rainfall and evaporation 
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Multiple palaeodrainage systems originate from the Musgrave Province, including the Kadgo Palaeovalley at WMP. 
This palaeovalley rises to the northwest of WMP and drains into the Officer Basin to the south (Figure 2), it is buried 
by Tertiary sediments and also hosts an inset palaeoriver system that is infilled with an interbedded sequence of 
sands, gravels, silts, clays and calcretes, with a thick clay band separating a lower sequence (Pidinga Formation) from 
the upper sequence (Garford Formation) (WM-5100-WTR-REP-0014).  The infilled palaeoriver system hosts 
palaeochannel aquifers hosted by the Garford and Pidinga Formations, which are separated by a relatively thick clay 
sequence (Table 1).  The aquifers  are the primary target for development of the WMP water supply.  Low lying 
topography of the palaeovalley is typically overlain by Quaternary calcretes, aeolian sand and playa deposits (Zang and 
Stoian 2006).  

Table 1 Kadgo palaeochannel infill sediments 

Era Period Sub 
Period Epoch Geological unit Description 
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Garford Formation  
(upper palaeochannel 
sequence) 

Fine grained, low energy, mostly lacustrine 
environments. Interbedded fine-grained sand, silt and 
clay.   Thick basal clay sequence. 

Pa
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e 

M
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- t
o 

Up
pe

r-
Eo

ce
ne

 Pidinga Formation  
(basal palaeochannel 
sequence) 

High energy fluvial sands and gravels commonly 
carbonaceous with lignites and finer-grained interbeds 
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Section 3 Conceptual Hydrogeological Model 

3.1 Overview 
The central palaeovalleys draining south and east of the Musgrave Province and across the Officer Basin are poorly 
understood (Magee 2009). CDM Smith undertook groundwater related studies and investigations for the WMP to 
develop a hydrogeological baseline for the Project (OZL ref. WM-5100-ENV-REP-0003).  This baseline provides the 
basis for the development of the groundwater model described in this report. 

3.2 Hydrostratigraphy 
The hydrostratigraphy of the study area comprises three units (oldest to youngest): 

 A low permeability fractured and weathered (saprock) rock unit (aquitard) represented by the Proterozoic 
igneous and metamorphic basement rocks 

 A confined to semi-confined aquifer hosted within the Pidinga Formation consisting, where present, of 
interbedded semi-consolidated silts and clays (siltstones and claystones) and coarser alluvial sediments 
(sandstones and siltstones), the lower basal clay sequence of the Garford Formation forms the confining unit to 
this aquifer 

 An unconfined to semi confined aquifer hosted within the Garford Formation, consisting of interbedded semi-
consolidated alluvial sediments, typically comprising interbedded clays and silty sands and gravels (silty 
sandstones), and calcrete sequences where these are present below the water table   

The lower palaeochannel aquifer (Pidinga Formation) is variable is heterogeneous (variable aquifer properties) and is 
not always present within the Kadgo Palaeovalley.  

Table 2 summarises the aquifer properties derived from aquifer test analyses presented in OZL ref. WM-5100-WTR-
REP-0014. Detailed discussion of the hydrogeological setting for the Project is presented in OZL ref. WM-5100-ENV-
REP-0003. 

Table 2 Summary of aquifer test analysis 

Aquifer / lithology Hydraulic conductivity, K 
(m/d) Transmissivity T (m2/d) Storativity, S 

Garford aquifer 1 to 3 34 to 100 

Where unconfined: 
Specific yield 0.05 - 0.14  
Where semi-confined: 

Specific storage 4 x 10-4 

Pidinga aquifer  0.01 to 5 0.1 to 294 Not available 

Metamorphosed gabbro basement 0.001 0.05 Not available 

Exploration drilling suggests the Garford aquifer is 70 to 90 m thick. In bores where the clay band is absent or not 
readily identified, the entire sedimentary sequence is attributed to the Garford Formation and thickness can reach 
150 m. The separating clay layer is 10 to 20 m thick. The Pidinga aquifer, where present, is generally between 66 and 
86 m thick.  

The delineation of the Kadgo Palaeovalley is a critical component of the conceptual hydrogeological model. A GeoTEM 
(airborne transient electromagnetic) survey has been conducted to help map the Kadgo Palaeovalley’s extent (see 
Figure 2).  
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3.3 Groundwater flow system 
The groundwater flow system at West Musgrave is dominated by throughflow along the Kadgo Palaeovalley, through 
both the Garford and Pidinga aquifer units, and discharge to Officer Basin sediments to the south of the WMP area.  
The clay layer between the two units is likely to be a leaky unit, making the Pidinga Formation semi-confined, with the 
overlying Garford Formation semi-confined grading to unconfined.  The basement gabbroic strata is drained by the 
Garford and Pidinga aquifers. 

Groundwater exploration work indicates the water table is reasonably shallow in low lying areas, possibly intersecting 
the shallow calcrete sequence in parts of the study area and is a subdued reflection of topography. Groundwater 
levels in bores drilled to investigate the presence or absence of stygofauna and bores drilled to investigate water 
supply potential range between 2.7 and 14.3 mbgl. The measurements, when converted to pressure heads 
(elevations), show a steady groundwater gradient of approximately 0.001 from north to south, which equates to a 
change of 10 m vertically over 9 to 10 km horizontally, with flow lines converging along the Kadgo Palaeovalley. Figure 
5 shows the groundwater heads (elevations) measured in the stygofauna bores across the study area. Groundwater 
flow is interpreted to be toward the south and southwest, which is consistent with data downloaded from the Water 
Information Reporting (WIR) from the Department of Water and Environmental Regulation (DWER). This dataset also 
suggests the water table is at greater depth in the ranges to the northeast (~20 m deep).  

3.4 Recharge and discharge mechanisms 
High evaporation rates combined with small but highly variable rainfall rates suggests groundwater recharge might be 
episodic. Recharge is expected to occur following short intense rainfall events that generate runoff and surface 
pooling. The predominance of sandy soils, shallow calcrete horizons and groundwater salinity concentrations 
generally less than 3,000 mg/L suggests relatively high rates of infiltration in the WMP area (albeit episodic).  
Evapotranspiration losses from the vadose zone are also likely to be relatively high. 

Groundwater recharge in the WMP area has been estimated using the chloride mass balance equation (OZL ref. WM-
5100-ENV-REP-0003). The analysis provides an estimate of groundwater recharge of between around 0.5 to 1 mm/yr, 
which corresponds to approximately 0.46% of average annual rainfall (181 mm, see Section 2.2).  Other studies for 
Musgrave Basin have estimated groundwater recharge to be between 0.05% and 19% of average annual rainfall 
(Magee 2009). 
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Figure 5 Groundwater elevations and inferred flow direction 

Inferred groundwater convergence 
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Section 4 Hydrostratigraphic Model 

4.1 Background 
A 3D hydrostratigraphic model of the WMP area and Kadgo Palaeovalley has been built in Leapfrog Works. This 
software package integrates geological data from different sources and formats to generate surfaces and volumes 
representing hydrostratigraphic units (HSUs) that are to be represented in the groundwater model (see Section 4.5).  

4.2 Input data 
Stratigraphic information has been obtained from 14 boreholes (13 pilot water bores and the New Camp Bore) in the 
Kadgo Palaeovalley that intersect the Kadgo Palaeochannel (see Figure 6 for a locality plan).  The dataset incorporates 
lithological and down-hole gamma logs to delineate the key HSUs (see Section 3.2). The Garford Formation is often 
characterised by the presence of a clay sequence at its base. This clay sequence is between 10 and 21 m thick (based 
on gamma logs). 

In addition, a GeoTEM (airborne transient electromagnetic) survey and four ground-based gravity survey lines are 
available to assist in inferring depths to basement in the Kadgo Palaeovalley at locations other than the pilot bores. 
Figure 6 shows the location and extent of these datasets. 

4.3 Boundaries 
The Leapfrog model has been developed over an area large enough to encompass the groundwater flow model 
domain. Figure 7 presents a 3D view of the hydrostratigraphic model with existing lithological logs as an overlay. The 
grey contours represent the base of the Kadgo Palaeovalley. 

4.4 Base of the Kadgo Palaeovalley 
A digital elevation model (DEM) of the surface defining the contact between the host rock and the Kadgo Palaeovalley 
has been derived by subtracting the GeoTEM depth (see Figure 6) from topographic DEM. This DEM has been 
compared to the logs to make sure both datasets are consistent. It was found the GeoTEM survey often 
underestimated the depth of the palaeochannels with differences of between 18 and 90 m observed (and an average 
of approximately 50 m). The discrepancy has been attributed to the presence of the clay layer (a conductor) at the 
base of the Garford Formation.  

The lithological logs for the pilot bores show the palaeochannel(s) are deeper than previously inferred from the 
GeoTEM survey, particularly where the palaeochannel thalweg is lower than the clay layer (i.e. within the Pidinga 
Formation. To fix this, the base of the palaeochannels have been ‘lowered’ to be consistent with the lithological logs. 
Where lithological logs are not available, an average extra depth of approximately 50 m is assumed for each 
palaeochannel.  This change was only applied along the narrow central part of the Kadgo Palaeovalley (inferred as the 
palaeochannel, which is considered conservative but reasonable based on the data available and the modelling 
objectives. 
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Figure 6 Kadgo Palaeovalley elevation and stratigraphic data 
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Figure 7 3D view of Leapfrog hydrogeological model 
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4.5 HSU extent 
The Pidinga aquifer, overlying clay aquitard and Garford aquifer extend to the southern boundary of the Leapfrog 
model. The southernmost bore WMPW12 (see Figure 6), located 6 km north of the southern boundary of the model, 
has been lithologically logged and shows the three units to occur there. In this conceptual model, these three units are 
assumed to be present along the deepest parts of the palaeovalley. There are no data or information available for this 
study to assume otherwise or to conceptualise the contact between the palaeovalley and the Officer Basin to the 
south. 

Around the WMP the Pidinga aquifer is conceptualised as commencing to the south of Nebo pit once this minor 
palaeochannel tributary joins the main tributary that enters the main palaeochannel within the Kadgo Palaeovalley 
less than 10 km south of proposed Nebo pit. The available AEM imagery suggests a deepening of the palaeochannel 
thalweg at this point (on Figure 6 where the palaeochannel base falls below 400 mAHD south of the proposed pits). 
This is also supported by the passive seismic and gravity geophysical data (Kelvin Blundell Geophysical Consulting, 
2018). The palaeochannel sediments logged at bores WMPW03 and WMPW04 (in the northern part of the proposed 
Nebo pit, see Figure 6) have been lithologically logged as Garford Formation only. Bore WMPW06, located further 
south of Nebo, has been lithologically logged with the three units present. Because of this, the palaeochannel is 
assumed to be wholly Garford Formation in the area of Nebo pit. 
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Section 5 Groundwater Model Development 

5.1 Background 
The numerical groundwater flow model is designed to simulate groundwater system response to active dewatering 
and mining at the proposed Babel and Nebo open cut pits, the possible fate of any leachate that reaches the water 
table from mine waste landforms, and groundwater abstraction from the water supply borelfield for the LOM. The 
model also simulates groundwater recovery post-mining and the formation of lakes in the pit voids where they remain 
open. 

5.2 Modelling software 
The groundwater model has been developed using MODFLOW-SURFACT (HydroGeologic 1998) software. MODFLOW-
SURFACT was chosen based on its robustness and capability to handle unsaturated and saturated flow. The input data 
files were prepared using the graphical user interface Groundwater Vistas Version 6.96 (ESI 2011). 

5.3 Model grid and boundary conditions 
The model comprises a total of 718,680 cells, with 226 rows, 318 columns and 10 layers. There are 572,690 active 
model cells covering an area of 7,942 km2. The model has a grid size of 500 m by 500 m outside of the mine area, and 
a finer grid resolution of 50 m by 50 m is specified at the proposed Babel and Nebo pits to provide higher resolution 
for representing mining activities. 

The model domain incorporates basement rocks, the Kadgo Palaeovalley sediments and the northern most extent of 
the Officer Basin sediments (approximately 38 km south of the WMP near the southern extent of the GeoTEM survey), 
with boundaries set far enough away to minimise boundary-induced effects during simulation of mine water affecting 
activities (WAAs). The model domain is shown on Figure 8. The model boundaries are described as follow: 

 The western, northern and eastern boundaries are delineated approximately at surface water divides. This is on 
the assumption the water table is controlled by topography and these boundaries act as groundwater flow 
divides in the basement rock unit. These boundaries are set as a no flow boundaries in the groundwater model. 

 A west to east line was chosen for the southern boundary near the border with the Officer Basin. This boundary 
is considered far enough down-gradient of the simulated mine and palaeochannel borefield to minimise impacts 
on model predictions. A general head boundary condition (GHB) is assigned to ensure regional flow towards the 
south within the Garford and Pidinga aquifers of the Kadgo Palaeovalley. For the GHB, an external head value of 
415 mAHD is prescribed at a distance of 5 km downstream of the southern model boundary. This is based on a 
groundwater level decline to the southwest of approximately 0.001 m/m (see Section 3.3). Gauging of the 
southern bores, WMPS28 and WMPW12, reports a water table elevation of 425.5 mAHD in the Garford aquifer, 
and a piezometric head of 425 mAHD in the Pidinga aquifer. These bores are located approximately 5 km from 
the southern model boundary and 10 km from the GHB external head.  

The layers in the groundwater model are designed to reflect the hydrostratigraphic model (see Section 3.2) and to 
capture the final pit shell geometry at the proposed pits: 

 Layer 1 represents the Garford aquifer in the palaeochannels and basement rock elsewhere. The top of this layer 
is the topographic surface. The bottom of the Garford Formation is consistent with the Leapfrog model. Outside 
of the palaeochannels in the basement rock unit, the layer elevation has been linearly interpolated based on the 
elevation of the Garford aquifer. This bottom layer 1 elevation was modified at Babel pit to an elevation of 
400 mAHD. 
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Figure 8 Groundwater model boundary 
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 Layer 2 represents the clay aquitard in the palaeochannels and basement rock elsewhere. The bottom of the clay 
aquitard is consistent with the Leapfrog model. Outside of the palaeochannels in the basement rock unit, the 
layer elevation has been linearly interpolated based on the elevation of the clay unit. The layer bottom elevation 
was modified at Nebo pit to incorporate the final pit shell elevation to provide resolution for the final pit void to 
simulate post-mining recovery. For Babel pit, a bottom elevation of Layer 2 at 350 mAHD is specified.  

 Layer 3 represents the Pidinga aquifer in the palaeochannels and basement rock elsewhere. The bottom of the 
Pidinga aquifer is consistent with the Leapfrog model, including adjustments made to represent the Pidinga 
aquifer beneath the Layer 2 clay unit (see Section 4.4). Outside of the palaeochannels, the layer elevation has 
been linearly interpolated based on the elevation of the aquifer. This bottom of Layer 3 elevation was modified 
at Babel pit to an elevation of 300 mAHD. 

 Layers 4 to 10 of the model domain represents the basement rock unit. The bottom of the model is set at an 
elevation of -350 mAHD. The basement rock unit is subdivided into seven layers to capture the deepening of 
Babel pit over time and to achieve a good representation of the final pit shell geometry. Layers 4 to 9 have 
bottom elevations of 250, 160, 120, 80 and -100 mAHD respectively. 

5.4 Model calibration 

5.4.1 Overview 
Model calibration involves changing the values of model hydraulic properties within reasonable bounds until model 
outputs fit historical measurements, such that the model can be accepted as a reasonable representation of the 
physical system of interest (Barnett et al. 2012). For this Project, a steady state calibration is performed to match, as 
closely as possible, measured groundwater heads and gradients (Figure 5).  

5.4.2 Calibration approach 
The steady state model represents pre-mining conditions at WMP. The targets used for the steady state calibration 
include groundwater head data collected between 01/10/2018 and 07/10/2018 at 28 stygofauna bores and 13 pilot 
water bores (OZL Ref. WM-5100-ENV-REP-0003). 

Aquifer testing was performed at the pilot bores to assist in deriving estimates of hydraulic (aquifer) properties of the 
HSUs represented in the model (see Section 5.4.3). These properties are current best estimates and are not part of the 
calibration process. Groundwater recharge rates for the palaeovalley and basement rocks are the only properties that 
have been varied as part of the manual steady state calibration. 

5.4.3 Hydraulic properties 
Table 3 summarises the selected hydraulic properties based on aquifer test analyses (OZL Ref. WM-5100-ENV-REP-
0003) and the literature (Johnson, 1967). 

Table 3 Estimates of hydrogeological properties derived from aquifer testing and the literature 

Hydrogeological unit Horizontal hydraulic 
conductivity Kh 

(m/day) 

Vertical hydraulic 
conductivity Kv 

(m/day) 

Specific storage (1/m) Specific yield 
(-) 

Garford Formation 2 0.2 4.00e-4 0.13 

Clay unit 0.001 0.0001 1.00e-5 0.01 

Pidinga Formation 3 0.3 5.00e-5 0.05 

Basement rock 0.001 0.001 1.00e-6 0.005 
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5.4.4 Groundwater recharge and evapotranspiration 
Different groundwater recharge rates over the palaeochannels and basement rocks have been simulated in the model, 
consistent with the conceptual hydrogeological model and mapped surficial geology. A good fit with water level 
targets was achieved for a groundwater recharge rate of 0.8 mm/yr over the palaeovalley sediments and 0.08 mm/yr 
in the basement rocks. These rates correspond respectively to approximately 0.5% and 0.05% of average annual 
rainfall (Section 2.2), respectively. 

An evapotranspiration rate of 2,650 mm/yr (see Section 2.2) and an extinction depth of 3 m is also represented in the 
model. Groundwater is removed from the model domain by evapotranspiration only where the water table lies above 
the prescribed extinction depth, with the rate increasing progressively to the maximum as the water table lies closer 
to the surface. 

5.4.5 Calibration statistics 
Steady state calibration statistics are illustrated by comparing the measured and simulated groundwater heads at 
41 bores (including pilot and stygofauna bores). The difference between simulated and observed values is termed the 
residual. A positive residual indicates the model is under-predicting heads, whilst a negative residual indicates the 
model is over-predicting heads. Ideally, the residual should centre on zero. Figure 9 presents the calibration statistics 
for the calibrated WMP groundwater model, with the scatter plot on the left comparing simulated and observed 
groundwater heads, and the histogram to the right the distribution of residuals. The colour of the points on the 
scatter plot indicates the unit the bore is screened in; blue points are in the Garford aquifer, yellow points in the 
Pidinga aquifer and red points in the basement rock. The root mean square error (RMS) and scale root mean square 
error (SRMS) are 1.99 m and 3.3% respectively. 

  

Figure 9 Model calibration scatter plot and histogram 

5.4.6 Steady state simulated water table elevation 
The predicted steady state water table elevation contours (pre-mining) are presented in Figure 10. The simulated 
water table is a subdued reflection of topography, with basement groundwater flowing towards the Kadgo 
Palaeovalley and then a general flow towards the south, which is consistent with the hydrogeological 
conceptualisation presented in Section 3. 
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Figure 10 Steady state water table
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Figure 11 shows the predicted steady state depth to water table surface for the model domain. As indicated 
previously, evapotranspiration is applied in the model where the water table is within 3 m of the surface. Those cells 
where evapotranspiration is applied at steady state are contoured in black. 

The steady state heads are used as the initial conditions for the predictive transient simulations. 

5.4.7 Steady state water balance 
Table 4 summarises the steady state model water balance. The water balance data for the Kadgo Palaeovalley and 
basement rocks are reported separately. The modelling predicts that 60 % of the applied groundwater recharge is 
removed by evapotranspiration (see Figure 11). These cells only represent a small fraction of the model domain, but 
the evapotranspiration rate applied (2,650 mm/yr) greatly exceeds the groundwater recharge rates. 

The steady state model water balance has a net volumetric discrepancy (error) between inflow and outflow of 
0.46 m3/d, representing less than 0.01% of total fluxes (error). 

Table 4 Steady state calibration water balance 

  Kadgo palaeovalley 
(m3/day) 

Basement rock 
(m3/day) 

Total (m3/day) 

In
flo

w
 

Recharge  6,192 1,128 7,320 

TOTAL 6,192 1,128 7,320 

O
ut

flo
w

 Evapotranspiration -3,877 -203 -4,080 

GHB -3,240 0 -3,240 

TOTAL -7,117 -203 -7,320 

A water balance analysis of the Kadgo Palaeovalley was also performed over the same area as the conceptual water 
balance presented in OZL ref. WM-5100-ENV-REP-0003. Table 5 presents the comparison. The recharge, 
evapotranspiration and southern outflow components are consistent between the models. The basement rock inflow 
to the palaeochannels is underestimated in the conceptual water balance. This might be due to the approximation in 
the shape and length of the palaeochannels in the conceptual water balance. Nevertheless, the overall water balance 
of the Kadgo Palaeovalley is consistent between the two models. 

Table 5 Steady state water balance of the Kadgo Palaeovalley (m3/d) 

Water balance component Steady state model Conceptual water balance  

Recharge inflow 5,448 5,475 

Evapotranspiration outflow -3,877 -3,460 

Basement rock inflow 763 69 

Southern outflow -2,334 -2,084 
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Figure 11 Steady state depth to water table 
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Section 6 Groundwater Model Predictions 

6.1 Background 
Groundwater model predictions cover the operational phase of the WMP during construction, mining activities and 
the post-mining closure recovery period:  

 The predictive operational period runs for 28 years (2 years of construction prior to LOM year 1, and 26 years of 
mining). The initial groundwater conditions at the beginning of the simulation correspond to the calibrated 
steady state (see Section 5.4.6). Annual stress periods are used for the model during operations. 

 The post-mining closure period runs for 1,000 years after the end of mining. The model runs for a long period to 
make sure it captures the whole recovery of the groundwater system back to a new dynamic equilibrium (steady 
state).  

 The groundwater recharge rates adopted for the steady state calibration are assumed for the operational and 
post-mining periods (constant over time, see Section 5.4.4). 

6.2 Open pit mining simulations and dewatering 

6.2.1 Overview 
The operational phase simulates mining of the proposed Babel and Nebo open cut pits over the LOM of 26 years. The 
operational phase includes an initial 2 year construction period (LOM year -2 and -1, refer Table 6). Construction 
activities will require up to 2 ML/d (OZL Ref. WM-5100-WTR-REP-0019) of water, which will be met by abstractions 
from the in-pit and ex-pit palaeochannel dewatering bores at Nebo (no dedicated dewatering bores are anticipated 
for Babel due to the relatively low permeability of the basement rocks and the absence of a palaeochannel aquifer at 
that location).  Both Babel and Nebo pits will incorporate (in-pit) sump pumping to manage groundwater inflows to 
the pits. The Nebo ex-pit dewatering bores are simulated to remain operational over the LOM for both of the 
transient model options, as too is sump pumping. 

The post-mining closure phase simulates recovery of the groundwater system after the end of mining in the proposed 
Babel and Nebo open cut pits. The current mine plan (OZL, December 2019) has the final pit void in Babel remaining, 
where a pit lake will ultimately form. Two options are considered for Nebo2 - the first option assumes a pit lake will 
form in the final pit void, while the second option assesses the outcome where Nebo is backfilled and Babel remains 
open. 

6.2.2 Operational phase 
Open pit mining is represented in the model using MODFLOW-SURFACT Seepage Face (RSF4) package. The elevations 
of the seepage face cells are set equal to the elevation of the pit floor, which change over time (deepen) as mining 
progresses in each of the pits. The seepage face package is used to ensure that hydraulic heads do not rise above the 
pit floor when the seepage face cells are active (and represent volumes of water removed by sump pumping). No 
discharge occurs where and when the computed hydraulic head is below the pit floor.  Deepening of the pits in the 
model from ground elevation to the final pit layout follows the schedule presented in Table 6 and shown in Figure 12, 
which is an approximation of the mine plan (OZL, December 2019). The deepening of the proposed Nebo and Babel pit 
floors compared to the elevation of seepage cells is shown in Figure 13.  

                                                             
 
2 To assist in developing mine and closure plans that mitigate impacts to regional water resources 
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Table 6 Simulated mining schedule 

LOM year Babel main floor elevation 
(mAHD) 

Nebo floor elevation  
(mAHD) 

Description of mining activity 

-2 - - 
Construction 

-1 - - 

1 460 470 

Active pit development 

2 450 440 

3 450 430 

4 450 420 

5 440 390 

6 430 320 

7 430 320 

8 420 320 

9 410 320 

10 400 320 

11 390 310 

12 380 310 

13 370 310 

14 360 290 

15 340 290 

16 320 290 

17 290 290 

18 250 290 

19 200 290 

20 150 290 

21 70 290 

22 

10 290 

23 

24 

25 

26 Processing stockpiled ore 
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Figure 12 Simulated Babel and Nebo mining schedules 
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Figure 13 Simulated Babel and Nebo pit bases and seepage cells elevations 

Construction period water supply bore abstractions are simulated using the MODFLOW-SURFACT Fracture-Well 
(FWL4) package. This package has the capacity to automatically adjust the pumping rate of simulated bores as the 
water level approaches the assigned base of the bore in response to the aquifer system being overdrawn. A total of 11 
dedicated in-pit and ex-pit dewatering bores are simulated in the model with a maximum pumping rate of 1.9 ML/d 
(22 L/s) per bore. The model automatically scales down the pumping rate if a bore cannot sustain pumping at the 
initial (design) rate. Three in-pit bores are proposed to provide construction water supply and advanced dewatering 
and will be phased out of service when mining starts (LOM year 1). This means eight ex-pit dewatering bores will be 
pumping around the margins of Nebo throughout the entire LOM, from years 1 to 26, as well as during the two years 
prior to mining starting if the in-pit bores cannot meet demand at any one time.  Table 7 presents the predicted 
average annual groundwater inflows and dewatering rates for the proposed Babel and Nebo pits. 

Table 7 Predicted average annual groundwater inflows and dewatering rates at Babel and Nebo pits (ML/d) 

Mining year Babel in-pit sumps Nebo in-pit sumps Nebo dewatering  Total dewatering 

-2 0.00 0.00 1.30 1.30 

-1 0.00 0.00 2.01 2.01 

1 0.12 0.00 16.89 17.01 

2 0.22 0.30 10.39 10.91 

3 0.16 0.16 7.64 7.96 

4 0.12 0.09 6.26 6.48 

5 0.21 5.05 3.39 8.65 

6 0.14 2.75 2.69 5.58 

7 0.15 2.53 2.42 5.10 

8 0.20 2.91 2.24 5.35 
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Mining year Babel in-pit sumps Nebo in-pit sumps Nebo dewatering  Total dewatering 

9 0.22 2.84 2.09 5.15 

10 0.24 2.76 1.96 4.96 

11 0.37 2.70 1.86 4.93 

12 0.36 2.61 1.77 4.75 

13 0.37 2.54 1.69 4.60 

14 0.39 2.48 1.62 4.48 

15 0.48 2.50 1.55 4.54 

16 0.50 2.39 1.49 4.38 

17 0.56 2.38 1.43 4.38 

18 0.56 2.34 1.38 4.29 

19 0.61 2.26 1.34 4.21 

20 0.63 2.18 1.30 4.11 

21 0.69 2.11 1.27 4.06 

22 0.63 2.05 1.23 3.91 

23 0.61 2.02 1.20 3.83 

24 0.59 1.99 1.17 3.75 

25 0.58 1.96 1.14 3.68 

26 0.00 0.00 1.39 1.39 

 

6.2.3 Post-mining closure  

Overview 

Pit lakes will form in pit voids after mining (and dewatering) is completed as a result of . The pit lakes will recover to an 
elevation where inflows (incident rainfall and groundwater inflow) are balanced by evaporative losses from the water 
body surface.   

Two management options are considered after the end of mining at WMP. The first option assumes the final pit voids 
in Nebo and Babel will remain open after completion of mining, and pit lakes will ultimately form in both pits. The 
second option looks at the possibility of backfilling Nebo to above the pre-mine water table elevation so that 
evaporation does not constrain water table recovery at this location. Both management options have been simulated 
to predict regional groundwater system recovery post-mining to the different management options. 

Babel pit 

A final pit lake elevation for Babel is predicted to be approximately 175 mAHD and it is estimated this will be reached 
approximately 100 years after the end of mining. Under this closure option, net evaporative losses from the fully 
recovered Babel pit lake is predicted to average 0.25 ML/d (2.9 L/s) in perpetuity. 

Nebo pit 

For option 1, which assumes no backfilling occurs to above the pre-mining water table, the final pit lake elevation is 
predicted to be approximately 370 mAHD, with the new dynamic equilibrium being reached approximately 80 years 
after the end of mining.  Under this closure option, evaporative losses from the fully recovered pit lake 80 to 500 years 
post mining are predicted to average 1.19 ML/d (13.8 L/s) in perpetuity. 



Section 6 Groundwater Model Predictions 

 26 
WM-5100-WTR-REP-0034  

For option 2, backfilling of Nebo pit is predicted to result in the water table at this location recovering close to pre-
mining conditions and no net losses of groundwater from the palaeochannel aquifer after closure.  

6.2.4 Water table drawdown 
The model configuration described so far in this report is the base case and uses the best estimates of hydraulic 
properties from the available data.  Figure 14 shows the modelled water table drawdown contours, principally the 
palaeovalley sediments, but also basement, around Nebo and Babel pits at the start of mining (i.e. following two years 
of construction demand abstractions). Drawdown at Nebo pit is predicted to reach a maximum of around 5 m and the 
cone of depression propagates preferentially north and south following the alignment of the palaeochannel in this 
area. Figure 14 also presents the predicted water table drawdown contours for the end of mining (LOM year 26). 
Drawdown at the end of mining propagates north and south along the local palaeochannel, but has also spread 
outwards into the basement strata. Maximum drawdown at the end of mining is around 100 m at the perimeter of the 
pits..   

Figure 15 presents the predicted water table drawdown contours at complete recovery after the end of mining for 
both option 1 (no backfilling of Nebo pit) and option 2 (backfilling of Nebo pit). At complete recovery after mining with 
no backfilling of Nebo, the area of drawdown extends a considerable distance to the north and the south, due to the 
significant ongoing evaporative losses from Nebo pit lake (sustained by palaeochannel losses). When Nebo pit is 
backfilled, the area of drawdown at steady state is significantly reduced. 

6.2.5 Solute fate and transport 
Particle tracking using the MODPATH software code (Pollock 1994) has been undertaken to simulate the potential fate 
(conservatively assuming advective transport only) of any leachate that may enter the water table from beneath the 
proposed tailing storage facility (TSF), waste rock dumps (WRD) and the backfilled Nebo pit. Particle tracking has been 
performed on the post-mining recovery (new steady state) model for both management options described in Section 
6.2.3. Figure 16 presents the predicted particle tracks, showing: 

 The flowfield beneath the TSF and northern (Babel) WRD are captured by Babel pit. 

 The flowfield beneath the southern (Babel) WRD are also captured by Babel pit. 

 The greater part of the flowfield from the beneath the Nebo WRD and . Part of the flowfield from beneath the 
eastern WRD and through the backfilled Nebo pit is predicted to also be captured by Babel pit, but part of the 
flowfield is also predicted to migrate to the south of the WMP and join the regional palaeochannel system. 
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Figure 14 Predicted water table drawdown at the start and end of mining  
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Figure 15 Predicted water table drawdown at full recovery (new steady state) for Nebo pit closure options 1 and 2  
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Figure 16 Predicted particle tracks (steady state) 
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6.3 Water supply borefield 

6.3.1.1 Overview 

The development and operation of the WMP requires water to meet construction and operational demands (including 
mining and processing) throughout the LOM. Groundwater inflows to Babel and Nebo pits, and groundwater 
dewatering at Nebo will be used at the mine to meet part of this demand (primary supply options). Makeup water 
(supplementary supply option) will be sourced from a water supply borefield that sources water from the Kadgo 
Palaeovalley palaeochannel aquifers.  

6.3.2 Operational 
The makeup water required from the water supply borefield has been estimated based on an average maximum of 
7.4 GL/yr (20.4 ML/d; OZL ref. WM-5100-WTR-REP-0019) mine water demand less the amount of water supplied from 
mine dewatering (and any water recycled from the TSF decant). Table 8 details the average annual water demand at 
the mine and from where this water will be sourced based on model dewatering predictions (note: the data exclude 
water recycled from the TSF due to uncertainty associated with seasonality of evaporation rates, so the numbers 
presented are conservative). 

Table 8 Mine water demand vs. mine dewatering and Northern Borefield makeup water (ML/d) 

Mining 
year 

Mine water demand 1 Groundwater inflows to 
sumps at Nebo and Babel 

Groundwater from 
dewatering bores at 

Nebo  

Makeup water from 
Northern Borefield 

-2 1.3 0.0 1.3 0.0 

-1 2.0 0.0 2.0 0.0 

1 20.3 0.0 13.2 7.2 

2 20.4 0.1 8.9 11.4 

3 20.4 0.1 6.8 13.5 

4 20.4 0.1 5.9 14.4 

5 20.4 2.8 2.9 14.8 

6 20.4 2.6 2.5 15.2 

7 20.4 2.5 2.3 15.6 

8 20.4 2.9 2.2 15.4 

9 20.4 2.8 2.0 15.6 

10 20.4 2.8 1.9 15.7 

11 20.4 2.8 1.8 15.8 

12 20.4 2.8 1.7 15.9 

13 20.4 2.7 1.7 16.0 

14 20.4 2.7 1.6 16.1 

15 20.4 2.7 1.5 16.2 

16 20.4 2.7 1.5 16.3 

17 20.4 2.7 1.4 16.3 

18 20.4 2.7 1.4 16.4 
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Mining 
year 

Mine water demand 1 Groundwater inflows to 
sumps at Nebo and Babel 

Groundwater from 
dewatering bores at 

Nebo  

Makeup water from 
Northern Borefield 

19 20.4 2.7 1.3 16.4 

20 20.4 2.7 1.3 16.4 

21 20.4 2.7 1.3 16.4 

22 20.4 2.7 1.2 16.5 

23 20.4 2.6 1.2 16.6 

24 20.4 2.6 1.2 16.7 

25 20.4 2.5 1.1 16.8 

26 20.4 0.0 1.7 18.7 
Notes: 1. The maximum mine water demand is taken as 7.4 GL/yr (20.4 ML/d) throughout the operational years of the mine 
(years 1 to 26), see OZL ref. WM-5100-.WTR-REP-0019 

The simulated borefield comprises 10 production bores screened in the Pidinga Formation (an 11th contingency bore is 
allowed for but not simulated).  The location of the bores has been preliminarily selected based on two criteria: 

 The inferred thalweg of the palaeochannel where the Pidinga is present and has a reasonable thickness / 
transmissivity to support target pumping rates. 

 Minimum spacing of 2 km between the bores to reduce borefield interference effects. 

The ten bores are simulated in the northern part of the Kadgo Palaeovalley, to the east-northeast of the mine (the 
Northern Borefield; see Figure 17). Groundwater investigations reported in OZL ref. WM-5100-WTR-REP-0014 have 
found the Pidinga aquifer in the northern Kadgo Palaeovalley might be more prospective than in the south (OZL Ref. 
WM-5100-ENV-REP-0003).  Simulated pumping is distributed evenly between the 10 bores and follows the schedule 
presented in Table 8 for the water supply borefield. 

The borefield is simulated in the groundwater model using the MODFLOW-SURFACT Fracture-Well Package (FWL5). 
This package can automatically adjust the pumping rate of individual bores as the pumping water level approaches the 
base of the bore. Bore completions have been set at 10 m above the basal elevation of the Pidinga Formation at the 
location of each simulated well. Another advantage of this package is its capacity to simulate head at the bore using a 
logarithmic well function to depict flow from the matrix block (model cell) to the well node. This means no grid 
refinement is required to derive a relatively precise drawdown (in modelling terms) at each simulated bore. 

Model results suggest the approximately 20.4 ML/d mine and process water demand (see Table 8) can be met from 
the palaeochannel borefield(s) by targeting the Pidinga Formation over LOM (either as supplementary supply to the 
Nebo dewatering borefield, or as the primary supply).  The model predicts a total maximum abstraction rate of 
16.2 ML/d from the Northern Borefield (c.f. the maximum supplementary demand of 18.7 ML/d shown in Table 8), 
suggesting an additional 11th production bore may be required in the Northern Borefield to sustain production if, for 
example, water is not recovered from the TSF decant. 

Figure 17 shows predicted water table (Garford aquifer) drawdown contours at the end of mining and Figure 18 shows 
predicted drawdown contours in the (confined) Pidinga aquifer at the same time. The following highlights key 
outcomes in terms of interference potential: 

 Drawdown due to groundwater abstraction from the Northern Borefield is predicted to be contained mostly 
within the extent of the palaeochannel system to the east of the mine, with drawdown predicted to extend a 
relatively small distance into the bounding basement groundwater system.   

 The maximum predicted water table drawdown (i.e. within the overlying Garford aquifer) as a result of operating 
the Northern Borefield (i.e. pumping from the Pidinga aquifer) is less than 10 m, which is predicted to occur 
between 2 and 5 years after mining has ceased due to the Garford aquifer continuing to drain to the semi-
dewatered Pidinga aquifer below it.   
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Figure 17 Predicted drawdown at the water table at the end of mining  
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Figure 18 Predicted drawdown in the Pidinga Formation and basement strata at the end of mining 
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 The predicted drawdown in the Pidinga aquifer at the end of mining shows maximum drawdowns within the 
Northern Borefield (resolution averaged over model cell size)3 are predicted to exceed 150 m in the northern-
most extent of the borefield and more than 50 m in the southern portion. 

 At the mine, for a scenario where Nebo and Babel pits remain as voids right through to completion of mining, the 
water table is predicted to be drawn down by more than 50 m around each of the pits. 

6.3.3 Post-mining recovery 
Groundwater abstraction from the Northern Borefield will cease at the end of mining (end of LOM year 26) and 
recovery of the groundwater system will commence. The model predicts it will take at least 400 years for the 
groundwater system to recover (i.e. assuming a residual water table drawdown of less than 0.5 m as the 
measurement criteria) in the area of the Northern Borefield. If, however, the two pits were to remain open during the 
closure period, groundwater levels around Nebo and Babel pits will never recover to pre mining levels. 

Figure 19 presents the predicted water table drawdown contours at the time when a new dynamic equilibrium is 
established with no backfilling of Nebo pit and shows complete recovery in the Northern Borefield. However, due to 
the formation of the two pit lakes, the area of influence of continued evaporative water losses from the mine pits 
extends to around 20 to 27 km from the pits. 

Figure 20 shows the predicted water table drawdown contours at the time when a new dynamic equilibrium is 
established with backfilling of Nebo pit and consequently, only evaporative losses from the Babel pit lake. The area of 
influence is considerably reduced compared to not backfilling Nebo pit (see Figure 19) and is principally confined to 
the basement strata to the north, northwest and west of Nebo pit for a distance of up to around 10 km. 

For the backfilled Nebo (preferred) management option, Figure 21 to Figure 23 present the predicted water table 
drawdown at 25, 50 and 100 years post mining, and Figure 24 shows hydrographs for model simulated observation 
bores, which demonstrate the dynamic nature of the recovery period for both management options, where active 
drawdown continues in areas around the Northern Borefield even after pumping ceases. This is in response to 
groundwater recovery from within the borefield footprint drawing on water from outside the footprint, even after 
mining has ceased. The figures show: 

 Significant recovery occurs in the Northern Borefield area within 25 years of closure.  Water table drawdown is 
largely confined to the palaeochannel and drawdown in some parts of the borefield is predicted to occur for a 
few years after the end of mining.  

 Significant recovery also occurs around Nebo pit within 25 years of closure due largely to contributions from the 
Garford aquifer north and south of the pit, after which the rate of water table rebound slows.  

 Very little, if any, recovery is observed at Babel pit due to low permeability bounding rocks and ongoing 
evaporative losses. 

 

                                                             
 
3 Not to be confused with drawdowns that might be expected close to each production bore 
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Figure 19 Predicted final post-mining drawdown at the water table, no backfilling of Nebo
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Figure 20 Predicted final post-mining drawdown at the water table, with backfilling of Nebo 
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Figure 21 Predicted water table drawdown 25 years post mining 
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Figure 22 Predicted water table drawdown 50 years post mining 
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Figure 23 Predicted water table drawdown 100 years post mining 
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Figure 24 Model observation bore hydrographs – base case 
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6.4 Transient water balance 
Components of the transient model water balance during and post-mining are presented in Figure 25 and Figure 26 
(note, this analysis assumes the proposed Nebo pit is not backfilled). In these graphs, a negative value represents a 
flux out of the groundwater system (i.e. a loss, hydraulic heads decline) while a positive value represents a flux of 
water into the groundwater system (i.e. a gain, hydraulic heads rise). The change in storage is positive because the 
change represents a loss of water from the initial (pre-mine) groundwater system. The model mass balance is 
demonstrated through the counter-balance between the sum of outflows (Nebo dewatering, Northern Borefield 
abstraction, outflow to mine pits, evapotranspiration and boundary outflow) and change in storage. 

During the LOM (Figure 25), total outflow of groundwater from aquifers due to dewatering at Nebo, outflows to mine 
pits and abstraction from the Northern Borefield is predominantly balanced by a reduction in aquifer storage. 
Recharge is essentially constant and there is a very minor decrease in evapotranspiration associated with drawdown 
of the water table. During mining there is no discernible change in outflow across the model boundary (at the Officer 
Basin).  

Post-mining (Figure 26), net outflow and change in groundwater storage approach but do not reach zero, indicating 
groundwater storage is not fully recovered after 1000 years, but close to. There is very minor increase in 
evapotranspiration over the initial 400 to 500 years of post-mining recovery associated with gradual rebound of the 
water table. Predicted outflow to the mine pits is effectively constant after 100 to 200 years. Reduction in boundary 
outflow over the 1000-year simulation period is negligible. 

 

Figure 25 LOM model water balance (Nebo backfilled)  
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Figure 26 Model water balance post mining (Nebo backfilled)  
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Section 7 Uncertainty analysis 

7.1 Overview 
The following section applies to the uncertainty analysis undertaken on an earlier version of the base case model 
(based on an older mine plan, which assumed a LOM of 22 years and advanced dewatering of Nebo).  The outcomes 
are relevant for the revised mine plan presented in this report.  

It has been judged that the model predictions will likely be most sensitive to the storage properties of the HSUs 
represented by the model, and to assess this an uncertainty analysis has been undertaken on the groundwater flow 
model to:  

 Investigate the impact of varying aquifer storage values on modelled drawdown. 

 To provide more certainty the base case modelled aquifer storage parameters used are reasonable. 

 To provide confidence in the ability of the Northern Borefield to supply the anticipated LOM demand of around 
17 ML/d (approximately 6.2 GL/yr; OZL ref. WM-5100-WTR-REP-0019). 

Two uncertainty simulations are presented in this section and compared with the base case (earlier) model 
predictions. They explore the potential effects of variation in aquifer storage properties on water supply certainty for 
the project and the associated head drawdown in aquifers due to mining and water supply development, as follows: 

1. Base case –uses the adopted values of hydrogeological properties described earlier in this report and with all 
make-up water supplied from the Northern Borefield. 

2. Low storage case – identical to the base case except for a smaller value of specific storage in the Pidinga 
aquifer and smaller values of specific yield in the Pidinga and Garford aquifers. 

3. High storage case – identical to the base case except for a larger value of specific storage in the Pidinga 
aquifer and larger values of specific yield in the Pidinga and Garford aquifers. 

The hydrogeological properties used for each simulation are listed in Section 7.3.1. 

7.2 Simulation details 
As indicated above, the simulations used for uncertainty analysis are based on an earlier mine plan.  Details of the 
numerical simulations used are listed below: 

 Each simulation uses 25 annual stress periods (SP): 

– SP1 – represents the steady state, pre-mining initial condition 

– SP2 to 3 – represent pre-mining palaeochannel dewatering at Nebo over a period of 2 years 

– SP4 to 25 – represent the original 22-year LOM 

 The simulated total mine and process demand is 19.2 ML/d (7 GL/yr) 

 Nebo dewatering bores operate continuously over the LOM as a primary mine and process supply, and the pit is 
kept ‘dry’ over that period (i.e. continuous pumping and sumping operations for the LOM) 

 All LOM make-up water is supplied from the Northern Borefield 

 The total water demand is met from the following sources: 

– Nebo dewatering bores operating over the LOM at maximum potential pumping rates of 22 L/s/bore but 
limited by pumping levels as described below: 

 The dewatering bores are represented using the MODFLOW-SURFACT Fracture Well 4 Package 
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 Permissible drawdown at the dewatering bores is set equal to 2 m above the modelled base of the 
palaeochannels (the Garford aquifer is only present at Nebo), representing a practical limit on 
dewatering operations using bores 

 The realised pumping rates are calculated dynamically during the simulation and are less than 
22 L/s/bore if the desired drawdown targets are achieved 

 There are eleven dewatering bores with locations shown on the drawdown maps (see Section 7.4) 
comprising three in-pit bores active from 2 years pre-mining and ceasing at the start of mining and 
eight ex-pit bores that are active continuously from 2 years pre-mining until the end of mining 

– Babel and Nebo pit groundwater inflows, represented using the MODFLOW Drain Package, with the 
evolving pits kept dry over the LOM 

– Northern Borefield production 

 The production bores are represented using the MODFLOW-SURFACT Fracture Well 5 Package, 

 Permissible drawdown at production bores is set equal to 10 m above the base of Pidinga Formation 
at each bore location 

 The total annual borefield pumping rate is calculated as the difference between the demand target of 
7 GL/yr and the sum of all other water supplied from dewatering and pit drainage operations 

 The borefield consists of 10 production bores with locations shown on the drawdown maps (see 
Section 7.4) 

 The total borefield pumping is initially distributed evenly between all production bores and then 
governed by limitations applied by available drawdown as pumping proceeds. 

7.3 Aquifer properties 

7.3.1 Summary hydrogeological properties 
Hydrogeological properties used for the base, low storage and high storage cases are listed below in Table 9. The base 
case model uses hydrogeological properties adopted from the existing predictive modelling. Only aquifer storage 
values were varied in the uncertainty analysis. 

Table 9 Hydrogeological properties 

Property Base case Low storage case High storage case 

Kh – Garford Fm [m/d] 2.0 

Kh – Clay confining unit [m/d] 0.001 

Kh – Pidinga Fm [m/d] 3.0 

Kh – Basement [m/d] 0.001 

Kv – Garford Fm [m/d] 0.2 

Kv – Clay confining unit [m/d] 0.0001 

Kv – Pidinga Fm [m/d] 0.3 

Kv – Basement [m/d] 0.001 

Ss – Garford Fm [1/m] 0.0004 

Ss – Clay confining  unit [1/m] 0.00001 

Ss – Pidinga Fm [1/m] 0.00005 0.000005 0.0005 

Ss – Basement [1/m] 0.000001 

Sy – Garford Fm [-] 0.13 0.1 0.2 



Section 7 Uncertainty analysis 

 45 
WM-5100-WTR-REP-0034  

Property Base case Low storage case High storage case 

Sy – Clay confining unit [-] 0.01 

Sy – Pidinga Fm [-] 0.05 0.03 0.1 

Sy – Basement [-] 0.005 
Kh – horizontal hydraulic conductivity,  Kv – vertical hydraulic conductivity,  Ss – specific storativity,  Sy – specific yield,  
shaded cells - indicate changes from the base case values 

7.3.2 Garford aquifer 
In the uncertainty analysis the specific yield of the Garford aquifer is varied between 0.1 and 0.2, with the base case at 
0.13, which is slightly lower than the specific yield estimate derived from the New Camp Well aquifer testing data. A 
specific yield of 0.1 is at the lower limit for fine sand, and a specific yield of 0.2 is at the upper limit for silt.4  Fine to 
coarse grained sands have lower and upper limits for specific yield of around 0.1 to 0.2 and 0.3 to 0.35, respectively. 

Storativity was not changed, as the Garford Formation is unconfined. 

7.3.3 Clayey aquitard 
For the clayey aquitard that separates the Garford and Pidinga aquifers, specific yield was not changed for the 
uncertainty analysis and remained at 0.01, consistent with values identified in the literature.  Storativity is also 
unchanged at 0.00005.  Whilst the Garford Formation is partially or fully saturated, the clay sequence will respond in a 
semi-confined  manner, meaning that Sy is never invoked in model simulations (or reality). 

Currently there are no site hydraulic data for this unit, but the adopted value for the model is consistent with that 
used for modelling of the Challenger Palaeochannel, which hosts the same hydrostratigraphy as the Kadgo 
Palaeovalley.5  There is more than 20 years of pumping and groundwater system response data from the Challenger 
Project by which to consider how the WMP system will respond to pumping, and has been considered as part of the 
WMP conceptualisation. 

A clayey profile is observed in all drillholes completed to sufficient depth along the Kadgo Palaeodrainage targeted for 
water supply development.  In some holes the profile is described as silty/sandy/gravelly CLAY, and the remainder are 
described as CLAY.  Average thickness of this profile is 50 m or more.  Of the 11 pilot holes drilled in the main 
palaeochannel, evidence of the clay sequence has been observed in all holes.  The conceptualisation of the 
depositional environment for the palaeochannel sediments in the WMP area, and elsewhere where the Garford and 
Pidinga Formations occur, suggests it is reasonable to assume the clayey profile is consistent across the alignment of 
the main palaeochannel. 

Downhole gamma logs (presented in OZL ref. WM-5100-ENV-REP-0003) are interpreted to confirm the existence of 
the intervening clay sequence between the Garford and Pidinga Formations and, in addition, show the interbedded 
nature (i.e. alternating coarser clastics with clay interbeds) throughout the Garford and Pidinga aquifers. Downhole 
gamma logs can be used to identify the presence of clay sequence, but do not replace visual logging of cuttings as the 
primary means of determining whether clays are present in the profile. 

The drawdown that will occur in the Garford aquifer (upper aquifer system) in response to pumping from the Pidinga 
(lower aquifer system) will be dependent on abstraction rate, the extent of depressurisation of the Pidinga aquifer, 
and the vertical permeability (Kv) and thickness of the clay profile.  Analysis of aquifer testing data (e.g. constant rate 
aquifer testing) shows there is evidence of very slight leakage from the confining clay profile in response to pumping 
from the Pidinga, consistent with a very low Kv of the clayey profile.  The adopted value of 0.0001 m/d is considered 
appropriate based on this observation (and is consistent with the literature). The adopted hydraulic conductivity (K) 
values used in the modelling err on the side of conservatism, i.e. the values are consistent with the upper estimates 
for clay and lower estimates for silt in the literature (e.g. Fetter, 1988), and it is considered they are sufficiently 

                                                             
 
4 Johnson, A.I.  1967. 
5 Dominion Mining Limited.  2009.   
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constrained (see the typical response description in regard to 'leakage' in the drilling and testing completion report; 
OZL ref WM-5100-WTR-REP-0014). 

7.3.4 Pidinga aquifer 
In the uncertainty analysis, Pidinga aquifer specific yield is varied between 0.03 and 0.1, with the base case at 0.05.  
Storativity is varied between 0.000005 and 0.0005, which is an order of magnitude either side of the base case at 
0.00005. The Pidinga aquifer is composed of interbedded sands, silts and clays with gravel in places. Specific yield at 
0.03 is at the lower limit for sandy clay (mud) and specific yield at 0.1 is at the upper limit for sandy clay. Sandy clay, 
silt and fine sand have lower and upper limits for specific yield of around 0.03 to 0.1, 0.03 to 0.19 and 0.1 to 0.28, 
respectively6. 

7.4 Uncertainty analysis results 

7.4.1  Low storage case 
Table 10 lists the predicted annual contributions from water sources to a simulated water demand used for 
uncertainty analysis of 19.2 ML/d (7 GL/yr) over the LOM for the low storage case. These results are also shown 
graphically in Figure 27.   

The 19.2 ML/d water demand is sourced from the Northern Borefield, dewatering bores installed around and inside 
Nebo pit and direct seepage into both Nebo and Babel pits. Prior to mining commencing, the Nebo dewatering bores 
initially produce up to 16.66 ML/d, but this rapidly drops off reaching 4.9 ML/d in Year 3, 2.0 ML/d in Year 6 and then 
declining gradually to 1.0 ML/d in Year 22 at the end of LOM. Seepage into the two pits declines from around 2.7 ML/d 
in Year 5, to 2.5 ML/d at end of LOM. The Northern Borefield is able to supplement these groundwater supplies to 
make up the 19.2 ML/d (7 GL/yr) water demand, producing between 13.1 ML/d in Year 1 and 15.3 ML/d in Year 14. 
However, from Year 15 onwards, production from the Northern Borefield declines as the palaeochannel is 
progressively dewatered and the full 19.2 ML/d (7 GL/yr) water demand cannot be supplied (i.e. for the uncertainty 
analysis model scenario). The shortfall in water supply ranges from 0.1 ML/d in Year 15 to 0.7 ML/d in Year 22. 

Table 10 Low storage case predicted annual water supply contributions (ML/d) 

Mining year Groundwater inflows 
to sumps at Nebo and 

Babel 

Groundwater from 
dewatering bores at 

Nebo  

Makeup water from 
Northern Borefield 

Total1 

-1 - 16.6 - 16.6 

0 - 9.3 - 9.3 

1 0.0 6.0 13.1 19.2 

2 0.1 5.5 13.7 19.2 

3 0.1 4.9 14.2 19.2 

4 0.1 4.5 14.5 19.2 

5 2.7 2.4 14.1 19.2 

6 2.4 2.0 14.7 19.2 

7 2.2 1.9 15.0 19.2 

8 2.6 1.8 14.8 19.2 

9 2.6 1.7 14.9 19.2 

10 2.5 1.6 15.0 19.2 

11 2.6 1.5 15.0 19.2 
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Mining year Groundwater inflows 
to sumps at Nebo and 

Babel 

Groundwater from 
dewatering bores at 

Nebo  

Makeup water from 
Northern Borefield 

Total1 

12 2.6 1.5 15.2 19.2 

13 2.5 1.4 15.3 19.2 

14 2.5 1.3 15.3 19.2 

15 2.5 1.3 15.3 19.1 

16 2.5 1.2 15.2 19.0 

17 2.5 1.2 15.1 18.9 

18 2.5 1.2 15.1 18.8 

19 2.5 1.1 15.0 18.7 

20 2.5 1.1 15.0 18.7 

21 2.5 1.1 15.0 18.6 

22 2.5 1.0 15.0 18.5 
Note: 1 The mine water demand is taken as 7 GL/yr (19.2 ML/d) throughout mine years 1 to 22 

Shaded cells indicate water supply deficit 

 

 

Figure 27 Low storage case - predicted annual water supply contributions 

Drawdown maps for the low storage case are shown in Figure 28,  Figure 29 and Figure 30. 

7.4.2 High storage case 
Table 11 shows the predicted annual contributions from all water sources over the LOM for the high storage case. 
These results are also shown graphically in Figure 31. 
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As with the low storage case, the 19.2 ML/d (7 GL/yr) water demand is sourced from the Northern Borefield, 
dewatering bores at Nebo pit and seepage into both Nebo and Babel pits. Before the start of mining, the Nebo 
dewatering bores produce up to 18.5 ML/d, but this rate declines to 6.7 ML/d in Year 3, 3.0 ML/d in Year 6 and then 
gradually reduces to 1.5 ML/d in Year 22 at the end of LOM. Seepage into the two pits reduces from 3.9 ML/d in Year 
5, to 2.9 ML/d at end of LOM. Unlike the low storage case, the Northern Borefield is predicted to be able to 
supplement these groundwater supplies to make up the 19.2 ML/d (7 GL/yr) water demand throughout the LOM, 
producing between 10.7 ML/d in Year 1 and 14.8 ML/d in Year 22. 

Drawdown maps for the low storage case are shown in Figure 28, Figure 29 and Figure 30. 
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Figure 28 Uncertainty analysis – predicted water table drawdown at the start of mining 
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Figure 29 Uncertainty analysis – predicted water table drawdown at the end of mining 

 

  



Section 7 Uncertainty analysis 

 51 
WM-5100-WTR-REP-0034  

 

Figure 30 Uncertainty analysis – predicted drawdown in the Pidinga aquifer and basement strata at the end of 
mining 
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Table 11 High storage case predicted annual water supply contributions (ML/d) 

Mining year Groundwater inflows 
to sumps at Nebo and 

Babel 

Groundwater from 
dewatering bores at 

Nebo  

Makeup water from 
Northern Borefield 

Total1 

-1 - 18.5 - 18.5 

0 - 14.8 - 14.8 

1 0.0 8.4 10.7 19.2 

2 0.1 7.4 11.7 19.2 

3 0.1 6.7 12.4 19.2 

4 0.2 6.2 12.8 19.2 

5 3.9 3.7 11.6 19.2 

6 2.9 3.0 13.3 19.2 

7 2.7 2.7 13.8 19.2 

8 3.0 2.5 13.6 19.2 

9 3.0 2.4 13.8 19.2 

10 3.0 2.2 14.0 19.2 

11 3.0 2.1 14.0 19.2 

12 3.0 2.0 14.1 19.2 

13 3.0 1.9 14.3 19.2 

14 2.9 1.9 14.4 19.2 

15 3.0 1.8 14.4 19.2 

16 2.9 1.8 14.5 19.2 

17 2.9 1.7 14.5 19.2 

18 2.9 1.6 14.6 19.2 

19 2.9 1.6 14.7 19.2 

20 2.9 1.6 14.7 19.2 

21 3.0 1.5 14.7 19.2 

22 2.9 1.5 14.8 19.2 
Note: 1 The mine water demand is taken as 7 GL/yr (19.2 ML/d) throughout mine years 1 to 22 

Shaded cells indicate water supply deficit 
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Figure 31 High storage case - predicted annual water supply contributions 

7.5 Uncertainty analysis summary 
Table 12 summarises the average LOM modelled dewatering abstraction rates at Nebo, the Nebo and Babel pits’ 
inflow (seepage) rates and the abstraction rate from the Northern Borefield for the low and high storage cases and 
the base case.  In the low storage case: 

 Bore dewatering rates at Nebo are predicted to be 11% lower than the base case 

 Nebo pit inflows are predicted to be 7% lower than the base case  

 Pit inflows at Babel are predicted to be unchanged 

 Abstraction rates for the Northern Borefield are predicted to be 2% higher than the base case because other 
water sources provide less water to meet demands  

In the high storage case:  

 Bore dewatering rates at Nebo are predicted to be 21% higher than the base case  

 Nebo pit inflows are predicted to be 13% higher,  

 Pit inflows at Babel are predicted to be unchanged 

 Abstraction rates for the Northern Borefield are predicted to be 6% lower than the base case, because other 
water sources provide more water to meet demands 
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Table 12 Comparison of modelled simulations (ML/d) 

Average over LOM [ML/d] Base case Low storage case High storage case 

Nebo dewatering bores 3.4 3.0 4.1 

Nebo pit inflows 1.9 1.8 2.1 

Babel pit inflows 0.3 0.3 0.3 

Northern Borefield 13.3 13.6 12.5 

The following key conclusions are drawn from the uncertainty modelling: 

 The target water supply of 19.2 ML/d (7 GL/yr) is met for the base case and the high storage case 

 The target water supply of 19.2 ML/d (7 GL/yr) is not met for the low storage case from mining year 15 onwards, 
but only by around 0.8 GL/yr or approximately 4%. This is due to insufficient capacity of the Northern Borefield in 
its current configuration and as represented in the modelling. 

 The high storage case results in a reduction in the extent of the area impacted by groundwater head drawdown 
around the Nebo and Babel pits and the Northern Borefield, compared to the base case. 

 The low storage case results in increases in the areal extent of drawdown compared to the base case. 

 

The uncertainty analysis demonstrates the effect different aquifer storage properties may have on predicted water 
management volumes and aquifer drawdown impacts (aerial and vertical extent).  The analysis indicates the proposed 
water supply is likely to be met by the Northern Borefield, but the number of production bores and the borefield 
footprint may vary.  In addition, the area over which drawdown extends is also sensitive to storage properties but not 
significantly.  The base case is considered a reasonable basis from which to assess groundwater effects associated with 
the Project. 
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Dear Justin 

RE: West Musgrave Project pre-feasibility study – Groundwater effects assessment report 

This report presents details of the West Musgrave Project groundwater effects assessment, which assesses the 
potential exposure of environmental values to changes in the groundwater regime as a result of mine development 
and operations.  The effects assessment acknowledges the considerations and requirements of the WA Environmental 
Protection Authority Environmental Factor Guideline for Inland Waters.  The effects assessment utilises the National 
Water Commission (NWC) framework to structure the report in a logical manner that addresses local and cumulative 
effects of mining on environmental values via a source-pathway-receptor approach.  

The significance of potential effects that have been identified in this report are assessed separately in the 
environmental risk assessment (part of the Referral to the EPA under Section 38 of the EP Act).  

We trust the report meets your expectations.  If you have any questions, please do not hesitate to call. 

 

Sincerely 

 

 

Amy Aird 
Project Hydrogeologist 
 
p. +61 433 308 327 
e. airda@cdmsmith.com 
 

Paul Howe 
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Glossary of terms and abbreviations 
Terms 

Aquifer A saturated or partially saturated hydrostratigraphic unit that is sufficiently permeable to 
transmit useful quantities of water 

Aquitard A layer in the geological profile that separates two aquifers and restricts the flow 
between them, in unconsolidated (regolith) aquifers it is generally clay 

Aquifer (confined) A fully saturated aquifer that is overlain by a confining (low permeability) 
hydrostratigraphic unit, and where the groundwater pressure is higher than the base of 
the confining unit 

Aquifer (unconfined) An aquifer whose upper water surface (water table) is at atmospheric pressure, 
sometimes referred to as a water table aquifer 

Basement Lowest or basal rock unit occurring within a region, comprising rock 

Beneficial use A use of the environment (water) that provides a social or economic value; a type of 
‘environmental value’ 

Bore A hole sunk into the ground and completed for the abstraction of water or for 
observation purposes 

Capillary fringe The zone immediately above the water table, where water is drawn upward by capillary 
action 

Claypan A dense, compact, slowly permeable layer in the subsoil having a much higher clay 
content than the overlying material, from which it is separated by a sharply defined 
boundary 

Cone of depression A depression in the groundwater table or potentiometric surface that has the shape of an 
inverted cone, and develops around a bore from which water is being withdrawn.  It 
defines the area of influence of a bore, spring or wetland.  

Contact water Water that has come into contact with areas possibly contaminated by operations and 
support activities (mining, milling, processing, chemicals and hazardous goods storages, 
etc.), and may require treatment before use or release to the environment, see also ‘non-
contact water’ 

Dewater/dewatering 
(Mine) 

Removal of groundwater from storage 

Also used to refer to the process of lowering groundwater levels to control inflows to a 
mine  

Direct effect Change from the baseline condition (e.g. altered groundwater quantity, altered 
groundwater quality, altered interaction with surface water, aquifer disruption) 

Discharge The volume of water that passes a given location within a given period of time, can be 
expressed as cubic metres per second, cubic metres per day or megalitres per day; A flux 
of water to the environment 

Drawdown The distance between the static water level and the surface of the water table in 
response to the taking of groundwater, e.g. via pumping 

Ecological function Any process or set of processes that can change (over time) an ecological system 

Ecological services The services and benefits that humans derive from ecological systems, including oxygen 
production, carbon stores and water purification 
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Ecosystem Term used to describe species in an environment and their relationship with one another 
and the non-living (abiotic) community 

Ecosystem 
composition 

The variety of living things found within an ecosystem 

Ecosystem (health) 
condition 

The state of ecological systems, which includes their physical, chemical, and biological 
characteristics and the processes and interactions that connect them 

Ecosystem resilience  Resilience relates to the capacity of an ecosystem that is adversely affected by a 
disturbance to recover to its prior condition (e.g. for leaves to recommence normal rates 
of photosynthesis) 

Ecosystem resistance  Resistance relates to the capacity of an ecosystem to resist/adapt to change (e.g. by eco-
physiological means such as increasing leaf water potentials to overcome the effect of 
water table drawdown, or reducing canopy area to minimise transpiration rates) 

Ecosystem services Fundamental characteristic of ecosystems related to conditions and processes necessary 
for maintaining ecosystem integrity, which implies intact abiotic components (e.g. soils 
and water), biodiversity and resilience to natural successional cycles (e.g. fire, flooding, 
predation).  Ecosystem function will include such processes as decomposition, nutrient 
cycling and production.  It is generally considered that maintenance of biodiversity is 
integral to ecosystem function. The term is sometimes used interchangeably with 
ecosystem condition. 

Effect See direct effect or indirect effect 

End of mining At completion of mining and processing activities 

Environmental value Values or uses of the environment that are important for a healthy ecosystem or for 
public benefit, welfare, safety or health 

Environmental water 
requirement (EWR) 

Water regime needed to maintain a particular composition, structure and level of 
ecological function and ecosystem service provision 

Ephemeral Lasting only a short time; short lived; transitory 

Evapotranspiration The process by which water is transferred from the land to the atmosphere by 
evaporation from the soil and other surfaces and by transpiration from plants 

Facultative GDE Facultative GDEs require access to groundwater in some landscapes, but in other 
landscapes can utilise alternate sources of water to maintain ecosystem function, i.e. 
access to groundwater is not critical in determining ecosystem occurrence in the 
landscape (compare with obligate GDE) 

Groundwater  The water contained in interconnected pores, gaps or fractures located below the water 
table in an unconfined aquifer or located in a confined aquifer. 

Groundwater 
dependant ecosystem 

Natural ecosystems that require access to groundwater to meet all or some of their 
water requirements so as to maintain their communities of plants and animals, ecological 
processes and ecosystem services 

Groundwater 
dependant ecosystem 

Natural ecosystems that require access to groundwater to meet all or some of their 
water requirements on a permanent or intermittent basis so as to maintain their 
communities of plants and animals, ecological processes and ecosystem services 

Groundwater 
discharge 

The movement of groundwater from the subsurface to the surface 

Impact Adverse effect to an EV 
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Indirect effect Environmental Value response to changed surface water resource condition (direct 
effect) 

Non-contact water Water that has not come into contact with areas possibly impacted by operations and 
support activities, and may not require treatment before use or release to the 
environment; See also ‘non-contact water’ 

Obligate GDE Obligate GDEs are ecosystems that rely on groundwater for maintenance of some part or 
all of their ecosystem function.  This reliance can be continual, seasonal or episodic 
(compare with Facultative GDE), and access to groundwater is crucial in determining 
ecosystem occurrence in the landscape. 

Palaeochannel A landform occurring within an inactive river or stream system that has been inset into a 
palaeovalley and infilled by younger sediments, the deepest part of which may be infilled 
with relatively coarse clastic materials, depending on the depositional environment (see 
thalweg and palaeovalley) 

Palaeoriver An inactive, ancient river or stream system, an infilled and buried palaeoriver is referred 
to as a palaeochannel 

Palaeovalley An ancient valley that may host one or more palaeoriver systems, now partially or 
completely buried by fine to coarse sediments, e.g. the Kadgo Palaeovalley 

Riparian vegetation Vegetation found in the riparian zone, considered different to terrestrial vegetation 

Riparian zone Riparian zones border creeks, rivers, lakes, wetlands or other bodies of water. Often, 
there is close interaction of surface water and groundwater within riparian zones. 

Rooting depth The soil depth from which a fully grown plant can easily extract most of the water needed 
for transpiration 

Runoff The part of the water cycle that flows over land as surface water instead of being 
absorbed into groundwater or evaporating 

Saturated zone The zone in which the voids in the rock or soil are filled with water. Sometimes referred 
to as the ‘phreatic’ zone. 

Seep A source of water at the ground surface supplied by groundwater discharge 

Sheet flow Relatively high-frequency, low-magnitude overland flow occurring in a continuous sheet 
and is restricted to laminar flow conditions 

Soil moisture Water occurring in the pore spaces between the soil particles in the unsaturated zone 
from which water is discharged by the transpiration of plants or by evaporation from the 
soil 

Soil water Any water held in the soil as a vapour, liquid or solid 

Soil water reservoir/ 
storage 

The total amount of water that is stored in the soil above the water table and capillary 
fringe, can change with time depending on evapotranspiration and frequency of 
precipitation events 

Spring A source of water at the ground surface supplied by groundwater discharge 

Steady state Where variables that define groundwater system response to stress are unchanging in 
time 

Stygofauna Any fauna that live in groundwater systems or aquifers, such as pore spaces, caves, 
fissures and vughs 
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Subterranean 
ecosystem 

An ecosystem dependent on water held in aquifers (e.g. stygofauna) or inundated caves, 
also referred to as ‘aquifer and cave ecosystems’ 

Terrestrial vegetation Vegetation that grows on, in or from land, considered different to riparian vegetation 

Threatened flora Flora which are vulnerable to endangerment in the near future 

Transpiration  The process by which water absorbed by plants, usually through the roots, is evaporated 
into the atmosphere from the plant surface, principally from the leaves 

Troglofauna Terrestrial animals living in caves and other air-filled subterranean spaces 

Unconfined aquifer A water table aquifer 

Unsaturated zone The zone between land surface and the water table within which the moisture content is 
less than saturation (except in the capillary fringe) and pressure is less than atmospheric.  
Sometimes referred to as the vadose zone 

Vadose zone Unsaturated zone 

Vadophyte Plants which primarily use water held in the vadose zone (i.e. the soil water reservoir) for 
maintenance of ecosystem function 

Vegetation 
associations 

A grouping of plant species, or a plant community, that recurs across the landscape; 
Structural form and dominant species 

Vegetation complex Structural and floristic description linked to geomorphology 

Water table  The surface between the unsaturated and saturated zones of the subsurface at which the 
hydrostatic pressure is equal to that of the atmosphere 

Water affecting 
activity 

A development activity that has the potential to alter the water environment from the 
baseline and may therefore have an effect on dependent EVs. 

 

Abbreviations 

AHD Australian Height Datum 

bgl Below ground level 

AMD Acidic metalliferous drainage 

BoM Bureau of Meteorology 

CZI Cassini Resources Limited 

DMIRS Western Australian Department of Mines, Industry Regulation and Safety 

DTW Depth to (ground)water 

EOM End of mining 

EPA Western Australian Environmental Protection Authority 

EWR Environmental Water Requirement 

GDE Groundwater dependent ecosystem 

JV Joint venture 

LOM Life of Mine 
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MPP Mineral processing plant 

OZL OZ Minerals Exploration Pty Ltd 

ROM Run of Mine 

SS Steady state 

TSF Tailings storage facility 

WAA Water affecting activity 

WMP West Musgrave Project 

WRD Waste rock dump 

WWTP Wastewater treatment plant 

 

Units of measure 
ha Hectare 

mAHD Metres above Australian Height Datum 

mbgl  metres below ground level 

mg/L Milligrams per litre 

ML/d Megalitres per day, equivalent to 1,000 kilolitres per day 

mm/yr Millimetres per year 

Mtpa Million tonnes per annum 
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Section 1 Introduction 

1.1 Background 
OZ Minerals Exploration Pty Ltd (OZL) has entered into a Joint Venture (JV) with Cassini Resources Limited (CZI) to 
develop the West Musgrave Project (WMP or ‘the Project’), which is located in the remote east of Western Australia 
(around 1,300 km northeast of Perth), near the South Australian and Northern Territory borders (Figure 1).  The 
project will involve the mining and processing of the Nebo-Babel Ni-Cu-PGE sulfide deposits (Figure 1).  

 
Figure 1 WMP locality plan (source: OZL) 

1.2 Project description 
The WMP, as at the pre-feasibility stage, involves the following:  

 Two mine pits targeting their respective ore bodies 

– Nebo pit 

– Babel pit 

 A Life of Mine (LOM) of approximately 26 years, with a pre-mining construction period of 2 years and mining: 

– At Babel pit active across 25 years (LOM year -1 to yr 25) 

– At Nebo pit active across 7 years (LOM years 3 to 5, LOM year 11 and LOM years 16 to 18) 

 Dewatering of pits via dewatering bores and in-pit sumps 

 A water demand of around 7.4 GL/yr to meet construction and operational demands 
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– Construction demand of up to 2 ML/d (OZL Ref. WM-5100-WTR-REP-0019) will be met by abstractions from 
the Nebo pit (Figure 2) dewatering borefield  

– Operational demand of up to 20.4 ML/d (OZL Ref. WM-5100-WTR-REP-0019) will be met by mine water 
produced from the dewatering borefield and in-pit sumps, supplemented by abstractions from the 
Northern Borefield (refer Figure 2)Creation of landforms during operations for topsoil stockpiles, waste rock 
dumps and ore stockpile 

 Processing of ore at the Mineral Processing Plant (MPP), which will involve generation of tailings, and recovery of 
water for reuse and recycling 

 Management of contact water during mine and processing operations  

 Backfilling of Nebo at mine closure with waste rock or tailings 

 Capping and rehabilitation of landforms at mine closure 

 Formation of a pit lake within Babel pit following mine closure  

 Development of new roads, renewable energy infrastructure (solar and wind farms), the village and airstrip 

The project has been designed with consideration to findings of baseline and effects assessments (OZL ref. WM-5100-
ENV-REP-0003 and this report) so as to minimise or remove unacceptable impacts on identified environmental values 
(EVs).  Examples of superseded project design elements that are not considered feasible in terms of maintenance of 
EVs are presented in Appendix A, including limiting abstractions from the shallow water table aquifer and preventing 
formation of a legacy pit lake at Nebo after mine closure.  

The intended project design is presented in Figure 2. 

 
Figure 2 WMP layout (source: OZL) 
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1.3 Purpose and objective 
An important component of development of the proposed mine is understanding the associated direct effects on the 
baseline groundwater regime and the indirect effects this may cause to environmental values (EVs). This report 
presents an assessment of water-related effects (direct and indirect) caused by development activities associated with 
mine construction, operation and closure, and post-closure that will provide the basis for the environmental risk 
assessment, which will inform the Referral to the EPA under Section 38 of the EP Act (the ‘Referral’).  

This effects assessment will also provide a basis from which to design the layout of site infrastructure (including the 
mineral processing plant (MPP), water storages, waste management facilities (tailings and waste rock), as well as the 
mine village and airfield) and management of mine water. 

This effects assessment will be updated as required following any material changes to groundwater effects. 

1.4 Relevant legislation 
This report has been prepared in accordance with contemporary guidance of the WA Environmental Protection 
Authority (EPA), specifically Environmental Factor Guideline for Inland Waters, which defines the factor Inland Waters 
as the occurrence, distribution, connectivity, movement and quantity (hydrological regimes) of inland water including 
its chemical, physical, biological and aesthetic characteristics (quality), as well as regulatory policy under the Mining 
Act and Rights in Water and Irrigation Act. 

The objective of the Environmental Factor Guideline for Inland Waters is ‘to maintain hydrological regimes and quality 
of groundwater and surface water so that EVs are protected’. An EV is considered by the EPA as an ecosystem health 
condition or a beneficial use. The guidelines provide a reference for how Inland Waters should be considered in the 
assessment of impacts (i.e. adverse outcomes, or adverse ‘effects’).  

1.5 Groundwater effects assessment 

1.5.1 Background 
The National Water Commission (NWC) mining risk framework (Howe, 2011) has been adopted to provide structure 
for the groundwater effects assessment. The approach proposed by the NWC framework is consistent with the EPA 
(2018) guidelines for Inland Waters as shown (see Figure 3). The framework incorporates seven steps, the first five of 
which are addressed by this report: 

 Step 1 involves setting the context for assessing potential water-related effects arising from a proposed mining 
operation. 

 Step 2 involves the setting of management objectives. The project context is described in the groundwater 
baseline assessment (ref. WM-5100-ENV-REP-0003). Preliminary management objectives are presented in 
Section 3.2. 

 Steps 3 to 4 provide the source-pathway-receptor analysis for the effects assessment. Step 3 considers the direct 
groundwater effects linked to mine water affecting activities (WAAs), with the WAAs forming the ‘source’ 
component and the direct effects (altered water resource condition) forming the ‘pathways’ component. Step 4 
considers the potential exposure of EVs to direct effects, essentially forming the ‘receptor’ component of the 
analysis. The direct effects assessment is presented in Section 4, and the receptor (EV) exposure assessment is 
presented in Section 5. 
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Figure 3 Flowchart for assessing the effects of mining on water resources (Fuentes et al., 2014)  
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 Step 5 brings together the outcomes of Steps 3 and 4 to complete the effects assessment and involves identifying 
threats posed to EVs identified as being at risk from mine WAA (noting that for an effect to occur to an EV, an 
exposure pathway must exist between a WAA and the EV).  Threat assessment is central to the typical 
environmental approvals process (Moran et al, 2010), serving to assess the actual consequences arising from 
WAAs - not just in terms of direct effects (altered water resource condition) but more importantly in terms of 
possible EV response (such as loss of biodiversity or reduced water access for other users) and engagement with 
stakeholders.  

 Step 6 (risk characterisation) involves making an informed decision as to the potential for adverse effects to arise 
to EVs as a result of mine development. This is where the task of communicating risk management strategies to 
stakeholders commences. The nature of water resources does not always lend complete certainty to risk 
characterisation in regard to understanding the way the system works and how it will respond to WAAs. This risk 
communication is presented in subsequent reports, and is not addressed by this effects assessment report. 

 Monitoring activities implemented for all stages of Project life that are supported by data evaluation and analysis 
(Step 7) is a fundamental component of any effects assessment process, i.e. the assessment of risk posed to an 
EV is ongoing during mining and for some time after closure. If necessary, based on the monitoring and 
evaluation program, it may be that management objectives need to change, or the effects assessment needs to 
be revisited during the life of the mine.   

1.5.2 Regulator assessment requirements 
Table 1 presents an overview of the ‘considerations’ for assessment of impacts outlined in the EPA Inland Waters 
factor and Western Australian Department of Mining, Industry Regulation and Safety (DMIRS) Statutory Guidance for 
Mining Proposals (DMIRS, 2020).  The table also provides references to the framework step and supporting 
information provided in relevant OZL reports or sections of this report. Table 2 provides references to locations for all 
‘information required for an EIA’, according to the Inland Waters guideline.  

Table 1 EPA Inland Waters guideline - Considerations for Environmental Impact Assessment 

EPA guideline considerations Effects assessment 
step[1] 

OZL report reference 

Current state of knowledge of inland waters of the State Step 1 • Groundwater 
baseline report[2] 

• Summary provided in 
Section 3 of this 
report 

Baseline hydrological regime and quality, at the proposal or scheme site, 
and downstream and/or the surrounding water resource 

Step 1 • Groundwater 
baseline report[2] 

• Summary provided in 
Section 3 of this 
report 

Pathways through which the hydrological regime and water quality may be 
impacted 

Step 3 and Step 4 • Section 4 and Section 
5 of this report 

Water dependent environmental values which are potentially impacted Step 5 • Groundwater 
baseline report[2] 

• Section 5 of this 
report 
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EPA guideline considerations Effects assessment 
step[1] 

OZL report reference 

Significance of the potential impacts on the dependent environmental 
values in the context of location, regional cumulative impacts, climate, and 
other relevant issues discussed in this guideline 

Step 2 and Step 6 • Section 3.2 of this 
report 

• Environmental risk 
assessment (included 
in the Referral) 

Whether the impacts to the hydrological regime or water quality are 
considered in the context of any published water quality criteria or 
standards, or appropriate criteria or standards are developed 

Step 6 and Step 7 • Groundwater 
baseline report[2] 

• Environmental risk 
assessment (included 
in the Referral) 

Whether all analyses are undertaken to a standard consistent with 
recognised published guidance and appropriate accreditation 

n/a • This report 

• Groundwater 
baseline report[2] 

• Groundwater flow 
modelling report[3] 

• Hydrogeochemistry 
report[4] 

Application of the mitigation hierarchy to avoid and minimise impacts to 
inland waters, where possible 

Step 2 and Step 7 • The Referral 

Level of confidence in predicting the residual environmental impacts Step 6 • Environmental risk 
assessment (included 
in the Referral) 

Risk to environmental values should the predictions be incorrect and 
whether adequate contingency measures have been considered 

Step 6 and Step 7 • Environmental risk 
assessment (included 
in the Referral) 

Whether proposed mitigation and contingency measures are technically 
and practically feasible 

Step 7 • The Referral 

DMIRS guideline considerations Effects assessment 
step1 

OZL report reference 

Mining activities are designed, operated, closed, decommissioned and 
rehabilitated in an ecologically sustainable manner 

Steps 1 through 7 • This report 

• Environmental risk 
assessment (included 
in the Referral) 

Notes:  1. As per Figure 3 
2. Groundwater baseline report, OZL ref. WM-5100-ENV-REP-00033. Groundwater flow modelling report, OZL ref. WM-
5100-WTR-REP-0034  
4. Hydrogeochemistry report, OZL ref. WM-5100-ENV-REP-0008 

Table 2 EPA Inland Waters guideline - Information required for EIA 

Information required OZL report reference 

Description of studies and surveys of surface water and/or 
groundwater systems and proposed buffers 

• Surface water baseline report[1] 

• Groundwater baseline report[2] 

• Buffers not applicable, as no wetlands or waterways 
are present 
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Information required OZL report reference 

Characterisation of the surface water and/or groundwater systems, 
including climatic influences on water availability and, where 
relevant, location, hydrology, water quality, catchment boundaries, 
geology, hydrogeology, and connectivity, locally and regionally 

• Surface water baseline report[1] 

• Groundwater baseline report[2] 

Description of the environmental values of the surface or 
groundwater systems 

• Surface water baseline report[1] 

• Groundwater baseline report[2] 

Information on the water to be used in the proposal or scheme, and 
other current and potential water use in the area 

• Surface water baseline report[1] 

• Groundwater baseline report[2] 

Description of how excess water is to be disposed of and how this 
might impact the environment 

• No excess water planned 

• Discussed in section 4.1 of this report.  

• Site Wide Water Balance report[3] 

Characterisation of the waste generated, the pathways for potential 
contamination, and quantification of how the proposal or scheme 
will impact water quality, where necessary through the use of 
models 

• Hydrogeochemistry study report[4] 

• Summary provided in section 4.3 of this report 

• Summary provided in surface water effects report[5] 

Modelling the impact of water abstraction and use for the proposal 
or scheme on water regimes and other users, including the 
assumptions and uncertainties of the modelling and supporting data 

• Groundwater flow modelling report[6] 

• Summary provided in section 4.3 of this report 

Predictions of the changes to surface and groundwater water 
regimes as a result of the proposal or scheme 

• Groundwater flow modelling report[6] 

• Surface water effects report[5] 

• Summary provided in section 4.3 of this report 

The potential consequences of any hydrological or water quality 
changes on downstream waters such as estuaries or the marine 
environment 

• Hydrogeochemistry study report[4] 

• Surface water effects report[5] 

• Summary provided in section 4.3 of this report 

Predictions of the likely impacts of water use and changing water 
quality on water dependent ecosystems and other environmental 
values 

• Hydrogeochemistry study report[4] 

• Surface water effects report[5] 

• Summary provided in section 4.3 of this report 

Evaluation of the significance of the potential impacts (direct, 
indirect and cumulative) of the proposal or scheme on inland waters 
in a local and regional context 

• The Referral 

Description of the approach to maintaining bore integrity for bores 
which intercept multiple aquifers 

• The Referral 

• Also discussed in section 4.1 of this report. 

Description of monitoring, mitigation, management, closure and 
rehabilitation arrangements 

• The Referral 

Information on the predicted outcome of the proposal or scheme 
against the environmental objective for inland waters and discuss 
whether there is likely to be a significant residual impact 

• The Referral 

Description of the adaptive management and/or contingency 
planning in the instance that predictions are incorrect. 

• The Referral 

Notes:  1. Surface water baseline report, OZL ref. WM-5100-ENV-REP-0002 
2. Groundwater baseline report, OZL ref. WM-5100-ENV-REP-0003 
3. Site Wide Water Balance report, OZL ref. WM-5100-WTR-REP-0019 
4. Hydrogeochemistry report, OZL ref. WM-5100-ENV-REP-0008 
5. Surface water effects report, OZL ref. WM-5100-WTR-REP-0006 
6. Groundwater flow modelling report, OZL ref. WM-5100-WTR-REP-0034 
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Section 2 Supporting data and information 
The key water-related documents prepared for the Project that support or are supported by this effects assessment 
are:  

 West Musgrave Project Pre-feasibility Study –Environmental and pilot water supply drilling, construction and 
testing completion report (CDM Smith, 2020, OZL ref. WM-5100-WTR-REP-0014) 

 West Musgrave Project Pre-feasibility Study –Groundwater baseline assessment report (CDM Smith, 2020, OZL 
ref. WM-5100-ENV-REP-0003) 

 West Musgrave Project (10 Mtpa) Pre-feasibility Study –Groundwater flow modelling (CDM Smith, 2020, OZL ref. 
WM-5100-WTR-REP-0034) 

 West Musgrave Project Pre-feasibility Study –Surface water baseline report (CDM Smith, 2020, OZL ref. WM-
5100-ENV-REP-0002) 

 West Musgrave Project Pre-feasibility Study –Surface water effects assessment report (CDM Smith, 2020, OZL 
ref. WM-5100-ENV-REP-0006) 

 West Musgrave Project Pre-feasibility Study – Site Wide Water Balance (CDM Smith, 2020, OZL ref. WM-5100-
WTR-REP-0019) 

 West Musgrave Project Pre-feasibility Study - Hydrogeochemical assessment (CDM Smith, 2020, OZL ref.WM-
5100-ENV-REP-0008 

 West Musgrave Project Mine Plan December 2019 (OZ Minerals, 2019) 

Additional sources of information and data relied upon to prepare this report are provided in 6.5.  

 



Section 3 Context setting 

 9 
WM-5100-ENV-REP-0007-3.docx  

Section 3 Context setting 

3.1 Physical setting 
Details of the physical environment of the Project area are presented in the groundwater and surface water baseline 
reports (OZL ref. WM-5100-ENV-REP-0003 and WM-5100-ENV-REP-0002).   

No part of the Project area is identified as being within a proclaimed groundwater area under the Rights in Water and 
Irrigation Act (RIWI) 1914. 

3.2 Management objectives 
As per the EPA guidance for Inland Waters (EPA, 2018) and DMIRS guidance (DMIRS, 2020), the key objective for 
Project groundwater management is as follows: 

 Maintain the hydrological regimes and quality of groundwater and surface water so that environmental values 
are protected 

EVs are defined in EPA (2018) as water dependent ecosystems, amenity, cultural values, recreation, public drinking 
water supplies, and agriculture and industry (e.g. mining) use of water.  In broad terms then, the effects assessment 
presented in this report is required to take into account the maintenance of the beneficial use of water resources, and 
the maintenance of ecological services.   

To address the overall objective of Project water management, the EPA requires consideration of the following (EPA, 
2019): 

 Development activities (or mine water affecting activities (WAAs)) that have the potential to alter hydrological 
regimes and impact on water dependent ecosystems and other EVs 

 Waste management approaches to minimise discharge to the environment 

 The effect of water use, land management and waste discharge on water quality, local hydrological regimes and 
EVs supported by inland waters 

3.3 Preliminary identification of environmental values 
Table 3 presents the EVs specified by EPA (2018) that are to be considered by this effects assessment, as well as an 
indication of whether they have been identified in the Project area (via the baseline studies, OZL Ref WM-5100-WTR-
REP-0002 and WM-5100-ENV-REP-0003). The identified EVs listed in Table 3 that are relevant to the surface water 
effects assessment are discussed further in Section 5. 

Table 3 Preliminary identified Project area environmental values 

Environmental value1 Details 

Ecosystem 
health 

RAMSAR listed wetlands  None identified 

Conservation category or Resource 
enhancement wetlands  None identified 

Directory of Important Wetlands in 
Australia wetlands  None identified 

Environmental Protection Policies 
wetlands  None identified 
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Environmental value1 Details 

Wild rivers  None identified 

Poorly represented wetlands in 
Conservation reserves system  None identified 

Springs and pools  Localised rock holes[2] disconnected from groundwater, and 
supported by surface water run-off from small basement outcrops 

Ecosystems supporting significant 
flora, vegetation and fauna 

 Stygofauna 
 Troglofauna have been identified, however water table 
elevation is unlikely to be important in sustaining environmental 
water requirements (habitat humidity levels)[3] 
 Terrestrial vegetation 

Ecosystems supporting significant 
amenity, recreation and cultural 
values 

 Terrestrial vegetation, likely has cultural value especially along 
dreaming trails  [4] [5] 
 Stygofauna and troglofauna do not have any cultural value [4] 

Saline lakes, estuaries and near 
shore ecosystems  None identified 

Downstream marine ecosystems  None identified 

Beneficial 
use 

Drinking water supplies  Jameson water supply drawn from palaeovalley aquifers 

Significant current or potential 
water supplies  Kadgo Palaeovalley potential water supply 

Water supplies supporting 
significant commercial activities, 
e.g. mining and pastoral 

 None identified 

Inland waters with high levels of 
active and passive recreation 
including multiple use wetlands 

 None identified  

Inland waters with significant 
cultural or aesthetic values  

 None identified, localised rock holes[2] are disconnected from 
groundwater and supported by surface water run-off from small 
basement outcrops 

Notes: 1. EPA (2018) 
  2. Culturally sensitive and not able to be mapped 
  3. pers. comm., Stuart Halse, Bennelongia 
  4. pers. comm., Bryony Nicholson, Anthropologist, Ngaanyatjarra Council 
  5. Cultural values associated with vegetation will be discussed further in the Flora and Vegetation environmental factor  
  section of the Referral 
   Not identified or not relevant, not considered further in effects assessment 
   Relevant, considered in effects assessment 
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Section 4 Direct effects assessment 

4.1 Overview 
According to the NWC framework (Howe, 2011), direct effects are changes to physical and/or quality aspects of 
groundwater, or the changes to the physical characteristics of groundwater systems, as a consequence of WAAs. 
WAAs are any activity that have the potential to alter groundwater conditions from the baseline, for example, the 
taking of groundwater for water supply, or dewatering / depressurisation of aquifers to manage mine water. The NWC 
framework defines four categories of direct effects to groundwater arising from WAAs:  

 Altered groundwater quantity  

 Altered groundwater quality  

 Altered surface water – groundwater interactions 

 Physical disruption of aquifers 

Table 4 provides the development activities (also referred to as WAAs) outlined in the EPA Inland Waters guidelines 
that have the potential to impact on Inland Waters and the relevance of each to the WMP groundwater effects 
assessment. Those relevant to the effects assessment are described in more detail in the following sections.  

Table 4 EPA guideline development activities that have potential to impact on Inland Waters 

EPA guideline development activity (WAAs)  

Relevance to 
WMP 
groundwater 
effects 
assessment 

Justification 

Dewatering of aquifers where there are potential impacts to 
groundwater dependent ecosystems   

Disposal of mine dewater to surface water systems, where this may 
significantly alter the hydrology of the streams, with consequent 
impacts to aquatic or riparian ecosystems 

 
Water in excess to project needs is 
not anticipated (OZL ref. WM-5100-
WTR-REP-0019) 

Additional abstraction of groundwater for consumptive uses 
including water supply and agriculture, which impact on 
groundwater dependent ecosystems, connected surface water 
systems and other water values (for example where the movement 
of the seawater interface is altered) 

  

Drilling of bores that intercept a number of aquifers, without 
adequate safeguards to prevent breaching of natural seals or 
connecting aquifers 

 

Although some production bores will 
be drilled through multiple (x2, 
palaeochannel) aquifers, bore 
construction will be in accordance 
with the minimum construction 
requirements (NUDLC, 2011) in order 
to provide adequate safeguards. 
Bore integrity is therefore not 
considered further in this effect 
assessment.  

Construction of dams or other water off-takes on surface water 
systems, which significantly affect downstream flows, aquatic and 
riparian ecosystems or create barriers to fauna movement 

 Not proposed. 
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EPA guideline development activity (WAAs)  

Relevance to 
WMP 
groundwater 
effects 
assessment 

Justification 

Diversion of surface water systems, for example to access mineral 
resources or to divert poor water quality away from water supply 
dams 

 

Diversion bunds will be used to 
divert water around mine surfaces 
and infrastructure to reduce the 
potential for contact water 
generation. This is considered in the 
surface water effects assessment 
(OZL ref. WM-5100-ENV-REP-0006).  

Construction or significant modification to drainage systems which 
intercept groundwater and have consequent impacts for dependent 
ecosystems, including those where drainage water is discharged 

 
Interaction of groundwater and 
surface water does not occur in the 
Project area. 

Direct discharge of waste to surface water systems  Not proposed. 

Discharge of waste to groundwater aquifers via infiltration or 
aquifer injection  

Waste storages may provide a 
source for potentially contaminated 
seepage to groundwater. 

Discharge of waste to storage or evaporative basins, where there is 
potential for overflow or leakage  

Although processing waste will be 
discharged to the TSF, sufficient 
embankments will be constructed to 
provide safeguards for overflow. This 
is considered in the surface water 
effects assessment (OZL ref. WM-
5100-ENV-REP-0006). Potential for 
seepage from waste landforms is 
considered (OZL ref. WM-5100-ENV-
REP-0008). 

Dewatering discharges where the water quality (temperature, 
heavy metals, carbonates) is a concern  

Dewatering waters will be used as a 
priority for mine and process supply 
(OZL ref.WM-5100-WTR-REP-0019). 
Discharges to the environment are 
not proposed. 

New or changed land uses, which lead to offsite discharge of wastes 
such as nutrient generating activities on low nutrient retentive soils  

Surface water management and 
waste landforms may increase 
sediment load in runoff. Wastewater 
treatment plant (WWTP) will treat 
sewage, and so no increased nutrient 
load expected for groundwater. 
Landfill will only take domestic 
waste. 
Considered in the surface water 
effects assessment (OZL ref. WM-
5100-WTR-REP-0006). 

Irrigated agriculture – salinisation and/or contamination by 
pesticides/herbicides  Not proposed. 

The creation of pit lakes after the completion of mining  

Nebo pit will be backfilled to prevent 
formation of a lake.  Babel pit will 
not be backfilled.  Addressed in this 
report and OZL ref. WM-5100-ENV-
REP-0008. 

Any activity which alters the land surface or dewaters aquifers and 
exposes acid sulfate soils or creates acid rock drainage  Addressed in this report and OZL ref. 

WM-5100-ENV-REP-0008. 
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EPA guideline development activity (WAAs)  

Relevance to 
WMP 
groundwater 
effects 
assessment 

Justification 

Any drainage construction directly impacting on wetlands or 
waterways or which leads to the discharge of drainage water to 
wetlands or waterways 

 No wetlands or defined waterway. 

Any activity that would impact water quality or quantity on water 
dependent ecosystems, for example where vegetation clearing 
could lead to erosion or sedimentation and increased turbidity in 
wetlands and waterways 

 

Addressed in this report 
(groundwater dependent 
ecosystems; GDEs) and the surface 
water effects assessment (OZL ref. 
WM-5100-WTR-REP-0006). 
Will be considered in the Referral. 

The creation of a road or urban related infrastructure that may 
result in the filling of a wetland, clearing of wetland vegetation or 
alteration of the drainage into or from a wetland. 

 No wetlands or defined waterways. 

 Not relevant, not considered in effects assessment  
 Relevant, not considered further based on justification provided 
 Relevant, considered in effects assessment 

4.2 Mining related groundwater affecting activities 

4.2.1 Overview 
Mining related (ground)water affecting activities, or WAAs are those development activities that have the potential to 
interact with groundwater and alter groundwater conditions from the baseline. The following provides a description 
of each element of the proposed (conceptual) development. Figure 2 presents the location of related infrastructure 
(current as at 6 December 2019).  

4.2.2 Mine excavation 
Mining will take place in two major open cut mine pits (Figure 2): 

 Babel pit 

– Located on the southwest side of the WMP site,  intersecting shallow sedimentary cover and basement  

– Comprises two sub-pits 

 Nebo pit 

– Located on the east side of the WMP site, intersecting palaeovalley sediments and basement 

Figure 4 presents the December 2019 LOM plan and schedule. 
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Figure 4 Life of mine plan and schedule 

4.2.3 Mine dewatering 
The LOM for the WMP is approximately 27 years (active mining over LOM years -1 to 25, and processing over LOM 
years 1 to 26), as shown on Figure 4. Over this time-frame, groundwater (and surface water) management will be 
required to allow safe and dry mining conditions, involving: 

 Limited pumping using the Nebo pit dewatering system (11 dewatering bores, comprising three in-pit and eight 
ex-pit bores) will commence approximately two years in advance of mining to provide a water supply for 
construction activities.  

 Dewatering of the Nebo pit using dedicated palaeochannel dewatering bores and in-pit sumps for LOM mine and 
mineral processing water supplies, with design dewatering rates for production bores ranging from around 1.3 to 
16.9 ML/d and for pit sumps ranging from around 0.2 to 5 ML/d (see Figure 5 and OZL ref. WM-5100-WTR-REP-
0034) 

 Dewatering of Babel pit will take place using in-pit sumps which, and these will commence operation once the 
depth of the mine pit reaches the water table (projected as LOM year 3), dewatering bores are not proposed due 
to the low permeability of basement rocks, however in-pit sump dewatering rates range from around 0.1 to 
0.7 ML/d (OZL ref. WM-5100-WTR-REP-0034) 

Details of the dewatering schedule for Babel and Nebo pits are presented in the groundwater flow modelling report 
(OZL ref. WM-5100-WTR-REP-0034). Figure 5 presents the likely schedule.  The abstractions from the dewatering 
borefield are determined by the need to draw the water table below the pit floors to provide safe and efficient mining 
conditions. 
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Figure 5 Predicted dewatering and water supply schedule 

4.2.4 Mine and process water supply 
The primary water supply for the WMP will be sourced from water recovered from the TSF, RO-reject water, 
sedimentation ponds etc. (when available) and from mine dewatering (sumps and bores).  The Northern Borefield 
(Figure 2) will supplement these supplies.  The following provides design details for the borefield: 

 Up to 11 production bores, located 10 to 20 km east-northeast of the proposed mine, drawing water from the 
Pidinga aquifer of the Kadgo Palaeovalley 

 Average daily production ranging between 7.2 and 18.7 ML/d 

Figure 5 presents the likely pumping schedule for the water supply borefield. Abstractions are determined largely by 
the deficit between mine dewatering volumes, and mine and process water demand (estimated at around 20.4 ML/d).  
Details are presented in the groundwater flow modelling and Site Wide Water Balance reports (OZL ref. WM-5100-
WTR-REP-0034 and WM-5100-WTR-REP-0019).  

4.2.5 Potential contaminant sources 

Tailings, waste rock and stockpiles 

The WMP will comprise the following waste landforms (refer Figure 2): 

 A single TSF:  

– Either a lined or unlined facility 

– Located upstream of Babel pit, over relatively low permeability basement  

– Forms a potential source of seepage to the underlying water table 

 Three waste rock dumps (WRDs): 

– One to the southeast of Babel, one to the north of Babel and one to the north of Nebo  

– Form potential sources of seepage to the underlying water table 
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Hydrogeochemical modelling of the fate and transport of constituents in seepage that might emanate from mine 
waste landforms (TSF and WRDs; OZL ref. OZL ref.WM-5100-ENV-REP-0008) has found that: 

 Around 10% of waste rock and ore is characterised as potentially acid forming (PAF)  

 The materials stored in the TSF are expected to demonstrate low reactivity and potential for forming acidic (or 
hazardous) metalliferous drainage (AMD), but may generate neutral mine drainage (NMD) if a wet tails storage 
approach is adopted (MBS, 2020a) 

 The materials stored in the WRDs will be encapsulated to mitigate potential for AMD 

 The waste landforms will be capped and rehabilitated at mine closure, to mitigate ongoing effects associated 
with possible seepage and stability. 

The WMP will also comprise the following stockpiles: 

 Topsoil, unlikely to present as a potential source of contaminants  

 Low Grade ore, which forms a potential source of seepage to the underlying water table  

– High grade weathered sulfite ore will be stored in PV1 stockpiles located on the ROM, which will be bunded 
so that any contact water generated will be captured and pumped to the TSF or sediment pond – this ore 
will be processed in batches 

– Low grade weathered sulfite ore (that isn’t processed) will be encapsulated in WRDs as soon as possible to 
mitigate the potential for AMD (refer MBS, 2020b for possible management approach), in the same manner 
as PAF materials 

MPP 

Ore processing also presents as a potential source of contaminants.  However, engineering design will take this into 
account so as to provide appropriate containment and prevent accidental release of contaminants to the environment 
from the MPP. 

Supporting facilities 
Supporting infrastructure having the potential to affect groundwater include (refer Figure 2): 

 The village and village domestic waste landfill, which is proposed to be located to the north of the TSF, will be 
designed to meet industry standards and will likely be unlined 

 Wastewater treatment plant, where sewage will be treated thereby reducing possible seepage of nutrients to 
the water table that would be typical of an unlined sewage farm l 

 Hazardous goods and chemicals stores, including fuels (final locations not yet determined, but the greater 
proportion will be located within the MPP and mine services area), these will be engineered such that accidental 
release to the environment of harmful chemicals and liquids is prevented 

 ROM pads, power infrastructure, access and haul roads and/or other constructed low permeability surfaces 

 Pipelines, including tailings discharge, tailings returns and water supply, which will be monitored for leaks using a 
variety of methods ranging from visual inspections to flow or pressure metering 

 

 

 

 
 
1 Pyrite-violarite  
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Exposure 

Exposure pathways that could lead to EV impact due to potential for degradation of water quality are expected to be 
limited to those associated with direct human contact with waste rock or tailings seepage (OZL ref. WM-5100-ENV-
REP-0008). 

4.2.6 Mine pit(s) at closure 
The final pit void at Babel will remain open post closure, and a pit lake will ultimately form and recover to a dynamic 
equilibrium elevation, where inflows due to rainfall and groundwater are balanced by evaporative outflow.  Nebo pit 
will be backfilled to at least the pre-mine water table elevation, meaning evaporation from an open water body will 
not govern water table recovery at Nebo.   

Details of pit recovery scenarios and an alternative scenario (where both pits remain open to form pit lakes) are 
presented in the groundwater flow modelling report (OZL ref. WM-5100-WTR-REP-0034) and Appendix A.   

For Babel pit: 

 The recovered (dynamic equilibrium) pit lake elevation is predicted to be around 175 mAHD, compared to pre-
mine ground surface elevation of 460 mAHD, and base of palaeochannel aquifer elevation of around 400 mAHD 
(OZL ref. OZL ref. WM-5100-WTR-REP-0014) 

 Long-term evaporative losses from recovered pit lake surface are predicted to be around 0.25 ML/d 

 Pit lake water constituents are expected to evapo-concentrate over time 

For Nebo pit: 

 Groundwater recovery of the backfilled void to around the pre-mine water table elevation is expected 

 No ongoing evaporative losses expected 

4.2.7 Site wide water balance 
Figure 6 presents the site wide water balance for the Project (source: OZL ref. WM-5100-WTR-REP-0019).  The figure 
shows estimated: 

 Average daily water demands for 

– The MPP is 18.3 ML/d 

– Other site uses (e.g. ) range between 1.1 and 2 ML/d 

 Cumulative water demand over the life of the Project is 192 GL 
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Figure 6 Site wide water balance for construction, mining and processing 

4.3 Direct effects 

4.3.1 Overview 
Table 5 describes the linkage(s) between each of the potential WAAs (listed in Section 4.2) and the applicable 
potential direct effect(s). Details regarding the assessment of each of the direct effects has on groundwater resource 
condition is presented in the following sections.  

4.3.2 Groundwater quantity 
The assessment of the potential for altered groundwater quantity to occur in the Project area has been undertaken 
using groundwater flow modelling (as indicated above), where each of the WAAs have been simulated.  Predicted 
end-of-mining groundwater drawdowns for the water table aquifers (Garford palaeovalley aquifer and basement) and 
the confined Pidinga palaeovalley aquifer and basement are presented as Figure 7 and Figure 8. 

Figure 7 (water table aquifer and basement) shows: 

 Water table drawdowns around the mine pits of more than 100 m around Babel pit and more than 50 m around 
Nebo pit, with drawdown (assuming the 0.5 m drawdown contour2 is representative) extending around 13 km 
north to south (along the alignment of the Kadgo Palaeochannel tributary, centred on the mine pits) and around 
10 km west to east (in basement and the palaeochannel) 

 
 
2 The 0.5 m drawdown contour is considered to represent the extent of the cone of depression (drawdown) given drawdown less 
than this could be within the range of seasonal fluctuation or influenced by numerical model error  
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 Water table drawdowns in the Northern Borefield area range below 10 m, with drawdown (again assuming the 
0.5 m drawdown contour is representative) extending around 25 km north to south (along the alignment of the 
Kadgo Palaeochannel) and up to around 18 km west to east (in basement and the palaeochannel) 

Figure 8 (confined aquifer and basement) shows: 

 Groundwater pressure drawdowns in the Northern Borefield area range above 150 m at the northern end of the 
borefield and around 50 m at the southern end, with drawdown (again assuming the 0.5 m drawdown contour is 
representative) extending to more than 35 km north to south (along the alignment of the Kadgo Palaeochannel) 
and up to around 18 km west to east (in basement and the palaeochannel) 

Figure 9 presents model predicted hydrographs for simulated observation bores located near to the proposed mine 
pits (scenario – Babel pit remains open and Nebo backfilled from closure onwards).  As noted in the figure, the 
simulated observation bores screen either the Garford or Pidinga (palaeovalley) aquifers, or the basement 
groundwater system.  Consistent with the drawdown contours shown on Figure 7 and Figure 8, Figure 9 also shows: 

 Northern Borefield - the rate of drawdown near production bores pumping from the deeper Pidinga aquifer is 
relatively steep compared to the overlying (unpumped) Garford aquifer, demonstrating the hydraulic properties 
of the intervening clayey aquitard (refer OZL re. WM-5100-WTR-REP-0014) will effectively mitigate propagation 
of drawdown into the shallow system on which potential GDEs will be reliant 

 Mine (dewatering) Borefield- the rate of drawdown downstream of the mine pits within the Garford aquifer 
(targeted for active dewatering) is relatively rapid compared to that occurring in the basement although, 
ultimately total drawdown in the basement (refer OBS03) exceeds that of the palaeovalley (refer OBS01 and 
OBS02) because  

– The depth of mining at Babel pit (situated in basement rock) is deeper than that at Nebo pit (which is 
situated primarily in palaeovalley sediments) 

– Babel pit remains open for the entire simulation while Nebo pit is backfilled at mine closure 
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Table 5 Possible groundwater WAAs for the WMP and associated direct affects  

WAA 
Direct effects 

Quantity Quality Interactions with surface water Aquifer disruption 

Mine excavation Mine pits • n/a[1] 
 

• Potential exposure of PAF 
materials 

• n/a 

 

• Open pit(s) will completely 
remove a portion of aquifer 
and will interrupt groundwater 
flow regimes within the 
different HSUs 

Mine dewatering Mine pits • Ex-pit bores and in-pit bores 
and sumps will reduce 
groundwater levels and 
pressures in bounding 
materials, abstractions will be 
used on site (predominantly by 
the MPP and dust suppression) 

• Potential exposure of PAF 
materials 

• n/a 

 

• Dewatering will interrupt 
groundwater flow regimes 
within the different HSUs 

 

Mine pit(s) at 
closure 

Babel - open pit • Groundwater will flow to pit 
voids under gradients 
established by evaporative 
discharge from the void and 
any water body formed within 

• Water collecting within open 
voids will evapo-concentrate, 
and diffusion of solutes may 
occur to the basement 
groundwater system 

• n/a 

 

• Open pit(s) will interrupt 
groundwater flow regimes 
within the different bounding 
HSUs 

Nebo - backfilled 
pit 

• Backfilled void will consume 
groundwater in the short- to 
mid-term until the water table 
recovers (close to pre-mine 
level)  

• Once water levels recover, 
groundwater will flow from the 
void, potentially impacting 
physico-chemical water quality 
and downstream water 
chemistry (due to mobilised 
potentially backfill impacted 
waters) 

• n/a 

 

• Depending on hydraulic 
conductivity of backfilled 
materials, pre-mine flowlines 
may not re-establish to pre-
mine condition 
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WAA 
Direct effects 

Quantity Quality Interactions with surface water Aquifer disruption 

Mine and process 
water supply 

Mine development 
envelope 

• Groundwater pumping will 
depressurise the target aquifer 
(Pidinga) and partially dewater 
the overlying aquifer (Garford) 

• Dewatering and 
depressurisation of basement 
groundwater system will also 
occur (much less than the 
palaeovalley aquifer) 

• Depressurisation of pumped 
aquifers may induce inflows of 
poorer quality water from 
connected aquifers/contaminant 
sources 

• n/a 
 

• n/a 

 

Materials 
storages 

TSF, WRDs and 
stockpiles 

• Potential for localised  
increased infiltration and 
possible water table mounding 

• Potential to generate 
contaminated seepage 

• n/a 

 

• Hydraulic loading of 
palaeovalley sediments may 
result in altered hydraulic 
properties (due to 
compaction) 

Supporting 
facilities 

Hazardous goods 
and chemical stores 

• n/a 

 

• Accidental releases from 
hazardous goods and chemicals 
stores have potential to seep to 
groundwater 

• n/a 
 

• n/a 

 

Village waste 
facilities 

• Village domestic landfill has 
potential to seep to 
groundwater 

• Village landfill have potential to 
seep to groundwater 

• Sewage will be treated by WWTP 

• n/a 
 

• n/a 
 

Construction of low 
permeability 
surfaces 

• Reduced infiltration of water, 
particularly over small playas 
(clay pans) which likely 
represent areas of localised 
enhanced recharge  

• Reduced infiltration of DO and 
nutrients, particularly over small 
playas (clay pans) which likely 
represent areas of localised 
enhanced recharge 

• n/a 

 

• n/a 

 

Notes: 1.  Not applicable or assessed 
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Figure 10 presents the predicted post-mine stabilised water table drawdown contours, which occurs around 100 years 
post mining. The figure shows a cone of depression remains around Babel pit due to ongoing evaporative losses from 
the pit lake. 

4.3.3 Groundwater quality 
Hydrogeochemical modelling of the fate and transport of seepage from potential contaminant sources (refer 
OZL ref WM-5100-WTR-REP-0008) has found:  

 PAF 

– PAF rock accounts for around 10% of the waste rock, indicating there is some potential for acid generation 
if PAF material is exposed to oxidation via dewatering or through seepage into the open excavation during 
and post-mining 

 TSF 

– The concentration of nickel in TSF seepage is predicted to be above freshwater (ANZECC/ARMCANZ, 2000) 
and drinking water (ADWG, 2011) criteria 

– Concentrations of elements in TSF seepage are predicted to be below freshwater (ANZECC/ARMCANZ, 
2000) and drinking water (ADWG, 2011) criteria, indicating an unacceptable change to water quality in 
response to tailings management does not exist for all seepage constituents other than nickel 

– All TSF seepage will occur within the Babel Pit zone of the water table drawdown in perpetuity (Figure 10, 
Figure 11 and Figure 12) and, as a result, groundwater impacted by TSF seepage will be restricted to the 
area between the TSF and Babel pit  

 WRD  

– Vertical seepage from the WRDs will travel through a 5 m thick NAF layer at the base of the landforms 

– Beneath the Babel WRDs  

 With the exception of nickel, the concentration of E and E, which present groundwater flowpaths for 
simulated constituents released from the Project WRDs) 

 Figure 11 and Figure 12 show Babel pit will effectively capture any seepage impacted groundwater 
from beneath the Babel WRDs, as a result groundwater impacted by seepage from these WRDS will be 
restricted to the area between them and Babel pit 

– Beneath the Nebo WRD 

 The concentrations of simulated seepage constituents are predicted below the relevant water quality 
criteria at the base of the NAF layer (see Figure 11 and Figure 12) 

 Whilst some impacted groundwater flowpaths are not captured by Babel pit, the quality of 
groundwater that might flow downstream of the Project area (via the Garford aquifer) is predicted to 
not pose a threat to EVs (based on the adopted water quality criteria) 
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 Pit lake 

– The pit lake will capture the greater proportion of seepage impacted groundwater moving from beneath 
the TSF and WRDs, and through the backfilled Nebo pit, presenting an effective closure mechanism 

– Concentrations of seepage constituents in the pit lake, as well as salinity, will increase over time due to 
evapo-concentration (final salinity concentrations are predicted to approach X00,000 mg/L), but pit water 
will not interact with palaeochannel (or shallow basement) groundwater because the recovered pit lake 
level (175 mAHD) is some 225 m below the base of the palaeochannel near Nebo pit (refer Section 4.2.6) 

– Pit lake acidity will be likely be similar to groundwater (the primary source of water maintaining the 
recovered elevation), which is around neutral, and is expected to have a buffering capacity against mild acid 
generation in perpetuity as alkalinity will be evapo-concentrated in the pit lake 

– Diffusion of metals, or density driven flow, from the pit lake water body to the adjacent basement 
groundwater system are the only reasonable processes that can impact on groundwater quality adjacent to 
Babel pit, but only the basement can be impacted in this way (see previous bullet for discussion re: head 
difference between deep basement and base of palaeochannel aquifer) 

Figure 9 shows that, due to pumping from the Pidinga aquifer at the Northern Borefield, a vertical hydraulic gradient 
between the Pidinga and Garford will form that has the potential to induce inflow from the Garford to the Pidinga 
aquifer. However, the quality of these waters are similar and therefore the effect of mixing of water from the two 
aquifers is not considered significant in terms of water quality.  

4.3.4 Surface water and groundwater interactions 
Groundwater is shallow throughout the WMP area, generally ranging between 3 and 8 m below ground level (mbgl).  
Despite the shallow nature of groundwater, no wetlands, seeps, springs or playas have been identified that interact 
with groundwater (OZL ref. WM-5100-ENV-REP-0003).  

4.3.5 Aquifer disruption 
Excavations at Nebo and Babel pits will completely remove a portion of the aquifers hosted by the different 
stratigraphy occurring in these areas, i.e. fractured and weathered basement at Babel and Nebo, and palaeochannel at 
Nebo. 

The Kadgo Palaeochannel tributary aquifer (comprising only the Garford aquifer) will be completely disrupted by the 
Nebo pit (excavation and dewatering) during mining.  It is planned to backfill the Nebo pit after mining with either 
tailings or waste rock so that long-term evaporative losses from the palaeochannel aquifer are prevented.  However, 
the hydraulic properties of the backfilled materials will likely be different to the pre-mine condition, and this could 
possibly result in subtle flow field variation from the pre-mine condition (although this is unlikely to be significant).  

Babel pit will be opened up into basement rocks, and will not interact directly with the palaeochannel aquifer.  
Basement rocks have been shown to be of relatively low permeability but will transmit groundwater at low rates.  
There are no plans to backfill Babel pit, and so it will permanently disrupt the basement groundwater system by acting 
as a long-term evaporative groundwater sink. 
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Section 5 Environmental value exposure assessment 

5.1 Overview 
Any changes to physical and quality aspects of groundwater resources, or to the physical characteristics of 
groundwater systems as a consequence of development of the Project have the potential to adversely affect existing 
and possible future EVs that are exposed to these changes. As already outlined in Section 1.4, two broad categories of 
EVs are defined under the Environmental Protection Act 1986: 

 Ecosystem health 

 Beneficial use 

The following presents an overview of existing and possible future groundwater-related EVs that might be exposed to 
changes from the groundwater baseline (OZL ref. WM-5100-ENV-REP-0003).  They include all EVs identified within and 
downstream of the mine development envelope.    

5.2 Environmental values 

5.2.1 Ecosystem health 
The baseline groundwater report (OZL ref. WM-5100-ENV-REP-0003) has identified potentially sensitive GDEs in the 
Project area, and these are described in Table 6. The following provides brief details of their occurrence: 

 Stygofauna (refer to Bennelongia, 2020, for sampling methodology, results and discussion) 

– As at January 2020, 30 species have been identified at 63 (of 100 sampled) locations 

– Including annelid worms, amphipods, a protojanirid isopod, syncarids, cyclopoid copepods, harpacticoid 
copepods, ostracods and nematode (see OZL ref. WM-5100-ENV-REP-0003) 

– Habitat comprises saturated palaeovalley sediments and fractured or weathered basement (see OZL ref. 
WM-5100-WTR-REP-0014) 

 Vegetation associations within, but not confined to, the surveyed mine development envelope range from 
grasslands to shrublands and woodlands (see OZL ref. WM-5100-ENV-REP-0003), and  

– Whilst vegetation will be reliant on soil water to meet some or all of their EWRs (see OZL ref. WM-5100-
ENV-REP-0003), some plant species are expected to require access to groundwater (either seasonally or 
following extended drought periods), when it is available (Figure 13 presents a locality plan showing these 
vegetation associations) 

– Threatened Flora have not been identified in the Project area (Western Botanical, 2020) 

Figure 13 presents the spatial distribution of potentially groundwater dependent vegetation within the surveyed mine 
development envelope, and stygofauna across the Project area. 
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5.2.2 Beneficial use 
The following beneficial uses have been identified within the Project area, as outlined in Table 6 and shown in Figure 
14:  

 Jameson water supply - the Jameson community to the north of the WMP utilises an existing water supply, 
comprising 2 bores that are assumed to access shallow palaeovalley sediments (i.e. likely the Garford aquifer) 

 Kadgo palaeovalley potential future water supply - the baseline groundwater report (OZL ref. WM-5100-ENV-REP-
0003) has identified the Kadgo palaeovalley comprises aquifers that may represent prospective water supply 
resources 

5.2.3 Summary 
Table 6 Presents a summary of the identified groundwater-related EVs that may be affected by WAAs associated with 
the WMP. 

Table 6 Groundwater related environmental values 

Environmental value Reliance Comment[1] 

Ecosystem 
health 

Stygofauna [2]  30 species of stygofauna have been identified from 63 locations 
across the Project area. Stygofauna communities are totally 
reliant on groundwater, although some degree of resilience is 
expected to removal of some portion of habitat (i.e. reduced 
water table elevation).  
Habitat comprises saturated palaeovalley sediments, and 
fractured or weathered basement. 

Terrestrial vegetation [2] [3]  A number of vegetation associations have been identified as 
possibly requiring access to groundwater to meet some or all of 
their water requirements.  These vegetation associations have 
been observed growing across the swales between calcrete 
platforms, and will likely have cultural value especially where 
they coincide with dreaming trails [4]. 
Cultural values associated with vegetation will be discussed 
further in the Flora and Vegetation environmental factor section 
of the Referral. 

Beneficial use Jameson water supply [5] [6]  Two production bores, currently utilised for domestic potable 
water supply for the Jameson community located up hydraulic 
gradient from the Project.  

Kadgo Palaeovalley [6]  Other than for Jameson township, no other existing uses of 
Kadgo Palaeovalley aquifers has been identified. However, 
future development may occur, at which time the degree of 
reliance may change.  

Key:   a high degree of reliance expected     some degree of reliance expected  
  low to negligible degree of reliance expected, if any 

Notes:  1.  Refer WM-5100-ENV-REP-0003 for details  
2.  Ecosystems supporting significant flora, vegetation and fauna 
3.  Ecosystems supporting significant amenity, recreation and cultural values 
4.  pers. comm., Bryony Nicholson, Anthropologist, Ngaanyatjarra Council 
5.  Drinking water supplies 
6.  Significant current or potential water supplies 
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5.3 Exposure pathways 
An exposure pathway describes the process by which a direct effect can alter baseline groundwater conditions such 
that an EV’s environmental water requirement (EWR) are impacted (an indirect effect).  For example: 

 Mine dewatering causes drawdown of the water table (direct effect), an effects pathway exists if  

– Drawdown reduces or removes access to groundwater by phreatophytic vegetation (EV) 

– Saturated thickness of fractured basement is reduced resulting in reduction or removal of stygofauna (EV) 
habitat  

 Clearance of terrestrial vegetation to allow construction of mine-related infrastructure will have an effect on 
distribution of vegetation species within the development envelope, but vegetation clearance is not considered a 
direct groundwater effect associated with a WAA and, so, is not considered in the EV exposure assessment 

Table 7 presents a summary of possible exposure pathways between direct effects and potentially sensitive 
groundwater-related EVs that have been identified in the Project area.  Figure 15 provides context for the information 
presented in Table 7. 
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Table 7 Possible exposure pathway for potential groundwater related EVs 

Environmental 
value Direct effect (exposure pathway) Indirect (EV) effect Active pathway for WMP 

Carried 
forward to 
threat 
assessment  

Stygofauna 

Quantity 

Water table drawdown – 
mine dewatering 

Lowering of the water table reduces available habitat, the scale of this 
effect reduces away from the location of groundwater abstractions 

Yes, permanent but potential 
backfilling of Nebo may constrain 
threat extent 

 

Water table drawdown – 
water supply borefield 

Yes, during mining (active) and 
during post-mining recovery 
(passive) period 

 

Reduced infiltration of 
water, DO and nutrients 
– construction of low 
permeability surfaces 

Low permeability surfaces (within the development envelope) will restrict 
infiltration of rainwater, possibly having some local effects on depth to 
water table 

Yes, but insignificant in comparison 
to area affected by pit dewatering 
(active and passive) 

 

Increased infiltration – 
materials storages 

Increased permeability of landforms may increase the quantity of 
infiltration, resulting in water table mounding, potentially increasing the 
available habitat 

 

Increased infiltration – 
supporting facilities 

Infiltration from village facilities has the potential to increase the quantity 
of groundwater recharge locally  

Quality 

Changes to physico-
chemical groundwater 
quality – mine-related 
waste facilities 

Seepage from stockpiles, waste landforms and facilities (TSF and WRDs, 
backfilled pits) has the potential to limit access to EWRs in relation to 
groundwater quality  

Yes, however dewatering during 
mining (active) and post-closure 
evaporative losses (passive) will 
constrain threat extent and 
effected areas are within the 
clearance footprint 

 

Changes to physico-
chemical groundwater 
quality – support facilities 

Seepage from support facilities (village waste treatment facilities, and 
hazardous goods and chemical storages) has the potential to limit access 
to EWRs in relation to groundwater quality 

Yes, but storage facilities will be 
engineered to minimise and 
contain accidental releases 

 

Changes to physico-
chemical groundwater 
quality – exposure of PAF 
material 

Lowering of the water table may expose PAF material and limit access to 
EWRs in relation to groundwater quality 

No, modelling indicates pit lake pH 
will buffer the effect of mild acid 
generation 
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Environmental 
value Direct effect (exposure pathway) Indirect (EV) effect Active pathway for WMP 

Carried 
forward to 
threat 
assessment  

Reduced infiltration of 
water, DO and nutrients 
– construction of low 
permeability surfaces 

Low permeability surfaces (within the development envelope) will restrict 
infiltration of rainwater, possibly having some local effects on 
groundwater quality 

Yes, but insignificant in comparison 
to area affected by pit dewatering 
(active and passive) 

 

Aquifer 
disruption 

Pit development Complete removal of habitat within the mine pit footprint will occur, 
backfilling of Nebo pit will not replace in-situ properties Yes, but area threatened by pit 

dewatering (active and passive) 
extends beyond the mining 
footprint 

 

Hydraulic loading 
Reduced pore space for habitat, beneath waste facilities overlying 
palaeovalley aquifer (water table typically does not occur in basement 
cover materials) 

 

Terrestrial 
vegetation  

Quantity 

Water table drawdown – 
mine dewatering Lowering of the water table reduces access to EWRs required to sustain 

phreatophytic vegetation EWRs, the scale of which reduces away from 
the location of groundwater abstractions 

Yes  

Water table drawdown – 
water supply borefield 

Yes, during mining and during post-
mining recovery period  

Reduced infiltration of 
water, DO and nutrients 
– construction of low 
permeability surfaces 

Low permeability surfaces (within the development envelope) will restrict 
infiltration of rainwater, possibly having some local effects on depth to 
water table 

Yes, but insignificant in comparison 
to area affected by pit dewatering 
(active and passive) 

 

Increased infiltration – 
materials storages 

Increased permeability of landforms may increase the quantity of 
infiltration. Potential water table mounding could cause water logging of 
shallow soil profile that could impact on vegetation reliant on soil water 
reservoir  

 

Increased infiltration – 
supporting facilities 

Infiltration from village facilities has the potential to increase the quantity 
of groundwater recharge locally  

Quality 

Changes to physico-
chemical groundwater 
quality – mine-related 
waste facilities 

Seepage from waste landforms and facilities (TSF and WRDs, backfilled 
pit) have the potential to limit access to EWRs in relation to groundwater 
quality  

Yes, however dewatering during 
mining (active) and post-closure 
evaporative losses (passive) will 
constrain threat extent and 
effected areas are within the 
clearance footprint 
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Environmental 
value Direct effect (exposure pathway) Indirect (EV) effect Active pathway for WMP 

Carried 
forward to 
threat 
assessment  

Changes to physico-
chemical groundwater 
quality – support facilities 

Seepage from support facilities (village waste treatment facilities, and 
hazardous goods and chemical storages) has the potential to limit access 
to EWRs in relation to groundwater quality 

Yes, but storage facilities will be 
engineered to minimise and 
contain accidental releases 

 

Changes to physico-
chemical groundwater 
quality – exposure of PAF 
material 

Lowering of the water table may expose PAF material and limit access to 
EWRs in relation to groundwater quality 

No, pit lake pH likely to buffer the 
effect of mild acid generation  

Jameson water 
supply drawn 
from palaeovalley 
aquifer 

Quantity 

Water table drawdown – 
mine dewatering and pit 
lake Potential for lowering of the water table to reduce continued access to 

water for pumping (reduces available drawdown and yield) 

No, Jameson supply bores are 
located outside the predicted zone 
of drawdown (refer to Figure 15) 

 

Water table drawdown – 
water supply borefield  

Quality 

Changes to physico-
chemical groundwater 
quality – mine-related 
water effecting activities 

Potential influence on potability of abstracted water due to: 

• Lowering of the water table drawing water from connected aquifers 
or existing contaminated sources hosting poorer quality water (e.g. 
community wastewater) 

• Migration of potentially contaminated seepage from mining related 
areas and supporting infrastructure 

 

Changes to physico-
chemical groundwater 
quality – exposure of PAF 
material 

Lowering of the water table may expose PAF material, which may acidify 
recharging water and influence the aquifer’s potability.  

Kadgo Palaeo 
valley potential 
water supply 

Quantity 

Water table drawdown – 
mine dewatering and pit 
lake Lowering of the water table reduces potential access to water for 

pumping (reduces available drawdown and yield) 

Predicted drawdown extends along 
the palaeovalley (refer to Figure 
15) 

 

Water table drawdown – 
water supply borefield  
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Environmental 
value Direct effect (exposure pathway) Indirect (EV) effect Active pathway for WMP 

Carried 
forward to 
threat 
assessment  

Quality 

Changes to physico-
chemical groundwater 
quality – mine-related 
water effecting activities 

Lowering of the water table may draw water from connected aquifers or 
existing contaminated sources hosting poorer quality water, which may 
influence/limit the potential uses of abstracted water.  

 

Changes to physico-
chemical groundwater 
quality – mine-related 
waste facilities 

Seepage from waste landforms and facilities (TSF and WRDs, backfilled 
pit) have the potential to limit future potential uses due to altered 
groundwater quality  

Yes, however dewatering during 
mining (active) and post-closure 
evaporative losses (passive) will 
constrain threat extent and 
effected areas are within the 
clearance footprint 

 

Changes to physico-
chemical groundwater 
quality – exposure of PAF 
material 

Lowering of the water table may expose PAF material, which may acidify 
recharging water and influence the aquifer’s potability 

No, modelling indicates pit lake pH 
will buffer the effect of mild acid 
generation 
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Section 6 Threat and opportunity assessment 

6.1 Overview 
In response to direct effects caused by mine related WAAs on groundwater resources, e.g. deeper water tables in 
response to evaporative losses from mine pits (short to long-term) and groundwater pumping (life-of-mine), EV access 
to water (quantity and quality) may be impacted such that EWRs cannot be met (indirect effects). The threat 
assessment brings together the direct effects and EV exposure assessments to provide the basis from which to assess 
consequences (described in the Referral) arising from development activities (mine WAAs).  This assessment involves 
consideration of direct effects (altered groundwater resource condition, such as water table depth and groundwater 
quality) and, importantly, EV (or indirect) effects, such as loss of biodiversity or reduced water access by third parties 
(Howe, 2011). 

6.2 Inherent threats to groundwater 
In a pre-mining sense, the primary inherent threat posed to groundwater resources in the Project area include: 

 Climate variability (see OZL ref. WM-5100-ENV-REP-0002), with extended periods of drought likely to result in 
reduced infiltration of rainwater to fill the soil reservoir and inflows to internally draining playas (ecosystems, 
GDEs included, in the area will have developed resilience and resistance mechanisms to deal with this variability) 

 Pest and weed invasion (e.g. camels, Buffel Grass and Ruby Dock) 

From an anthropological perspective, pre-existing development is uncommon apart from the existence of tracks. 
Jameson township is located some 30 km to the north of the development envelope and there is no pastoral activity 
in the area.  

6.3 Degree of existing stress on groundwater in response to mining 
There are no mines existing within 100s of kilometres of the proposed WMP. The closest approved mine (but not 
currently being developed) is the Wingellina Nickel Project, located approximately 125 km northeast of WMP. As such, 
pre-existing mine-related WAAs are not likely to result in cumulative effects alongside the proposed WMP. 

6.4 Potentially threatened environmental values 

6.4.1 Stygofauna 
The threat assessment for stygofauna assumes adverse effects may arise in response to: 

 Drawdown of the water table, due to pumping and evaporative losses from open water bodies resulting in a loss 
of (vertical) habitat 

 Seepage from facilities holding mine-related wastes impacting on groundwater quality 

As a first pass for assessing effects to stygofauna communities, a nominal 30% or more loss of habitat is considered to 
constitute a moderate-high threat to stygofauna EV depending on extent of habitat dewatering and aquifer 
homogeneity, regardless of species (pers. comm. Stuart Halse, Bennelongia, 18 October 2019). This approach is based 
on the theory that stygofauna resistance to change (e.g. by moving up and down the water column) is not 
compromised if 70% of habitat is maintained to provide a refuge from which to recolonise the upper aquifer should 
water table levels recover (resilience).   
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Given the lack of stygofauna toxicology data, a change in groundwater quality that can be assumed to constitute 
having a possibly adverse effect on stygofauna will need to be based on the ANZECC water quality guidelines for 
freshwater ecosystems (pers. comm. Stuart Halse, Bennelongia, 18 October 2019).   

Within the development envelope, stygofauna are present in fractured and weathered basement rock, as well as 
palaeovalley sediments. The inferred depth of stygofauna habitat is approximately 30 m from the ground surface 
(pers. comm. Stuart Halse, Bennelongia, 18 October 2019). Because the water table is typically within a few metres of 
the ground surface across the Kadgo Palaeovalley, a loss of 30% habitat is approximately equivalent to around 10 m of 
water table drawdown (Figure 16).  

Figure 17 presents the potential spatial extent of stygofauna habitat that may be threatened at any time during the 
LOM and post-closure, in relation to a change in groundwater quantity (water table drawdown) or quality (exceedance 
of relevant guideline criteria). As shown:  

 A 30% loss of habitat (as indicated by the greater than 10 m water table drawdown footprint at the end of 
mining (EOM) and post-closure final steady state) is predicted to occur over an area of approximately 57 km2 (see 
Figure 17) 

 Less than 30% loss of habitat is expected elsewhere, including at the Northern Borefield, where pumping will 
occur from the deeper Pidinga aquifer and water table drawdown is not predicted to exceed 10 m at any time 
within the borefield footprint) 

 The potential footprint of altered groundwater quality is represented by the maximum extent of nickel transport 
in groundwater (the only potential leachate constituent predicted to exceed adopted criteria, refer OZL ref. WM-
5100-ENV-REP-0008) is restricted to the area around Babel pit and the Babel WRDs and covers an area of less 
than 30 km2) 

6.4.2 Terrestrial vegetation 
Western Botanical (2020) has mapped 38 different vegetation associations across the Project area in total (extending 
from Jameson in the north to the Officer Basin in the south), 29 of which occur within the development envelope 
(Figure 1 and Figure 13) and 33 of which occur with the numerical model domain that is described in the Project 
groundwater modelling report (OZL ref. WM-5100-WTR-REP-0034).  All of these mapped associations have been 
interpreted to include one or more plant species that are likely to have some potential for groundwater use (refer OZL 
ref. WM-5100-ENV-REP-0003, Appendix A) based on: 

 The pre-mining depth to water table where the associations are present, and  

 The height of the dominant species within each association (as a proxy for plant rooting depth).  

Any association that includes a species that is considered to use groundwater, even if only episodically or to meet a 
portion of its environmental water requirements, is considered a potential GDE. However, a terrestrial GDE’s degree 
of dependence, or more importantly, resistance to altered groundwater condition (either quantity or quality), can be 
qualified based on its occurrence in the landscape, as follows: 

 Where an association occurs only in areas where the water table is accessible by the root zone, it is classified as 
an obligate GDE and therefore is expected to have a relatively low resistance to changes in water table depth 

 Where an association occurs across the landscape in areas with varying depths to water table, ranging from less 
than a few metres (likely within plant root zones) to sometimes more than 10 m (likely deeper than plant root 
zones), it may be considered a facultative GDE and therefore as having a developed resistance to changes in 
water table depth 

 Where an association is present only where the water table is deeper than 10 m, and likely outside the plant root 
zone, it can be considered vadophytic and therefore insensitive to changes in water table depth 
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Figure 16 Conceptualisation of threat to stygofauna 
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Only vegetation associations considered to demonstrate facultative or obligate dependence on groundwater are 
considered further in the threat assessment presented here. The qualitative assessment described in the baseline 
groundwater report (OZL ref. WM-5100-WTR-REP-0003) has identified eight potential terrestrial GDEs within the 
Project area (Figure 13) that may be affected if an exposure pathway exists between these vegetation associations 
and the direct water effects associated with mine WAAs: 

 Obligate GDE 

– Eremophila duttoni Shrubland 

 Facultative GDEs 

– Complex of Acacia kempeana Shrubland and Hard pan Mulga Woodland 

– Calcrete Corymbia opaca Woodland 

– Calcrete Platform Hummock Grassland with Acacia eremophila 

– Calcrete Platform Hummock Grassland with Melaleuca eleuterostachya 

– Complex of Low Mallee Woodland and M. glomerata A. kempeana Shrubland 

– Complex of M. glomerata A. kempeana Shrubland and Hard pan Mulga Woodland 

– Complex of Sand plains with Wattles other than Mulga over Spinifex and Calcrete Platform Hummock 
Grassland 

In general, it is assumed the level of threat posed to the capacity of terrestrial GDEs to have ongoing access to EWRs 
will be higher where baseline (pre-mining) water tables are shallower and, based on Froend and Loomes (2005): 

 The lower the water table, the lower the requirement for groundwater and the more tolerant vegetation is to 
water table decline 

 Although there may be some groundwater use where water tables are more than 10 mbgl, groundwater use 
from these depths is expected to be negligible in terms of meeting EWRs 

 Where baseline water tables are less than 10 mbgl, a drawdown of more than around 2 m, regardless of the rate 
of change, might result in discernible change to ecosystem distribution or composition 

Figure 18 and Figure 19 present the potential spatial extent of threat posed to terrestrial GDEs at the EOM and final 
steady state post-closure, due to a change in groundwater quantity (water table drawdown) or quality (exceedance of 
relevant guideline criteria). Figure 9 shows model observation bore hydrographs and demonstrates the rate of 
groundwater recovery post-closure.  

Figure 18 shows at the EOM: 

 No terrestrial GDEs occur within the mine pits cone of depression (represented by the 0.5 m contour) at the EOM  

 Calcrete C. opaca Woodland and Complex of Sand plains with Wattles other than Mulga over Spinifex and 
Calcrete Platform Hummock Grassland occur within the cone of depression associated with the Northern 
Borefield but are predicted to experience less than 5 m drawdown at the water table (i.e. Garford formation) 

 All other identified potential terrestrial GDEs occur outside the predicted zone of drawdown 

Figure 19 shows at the final steady state post-closure: 

 Calcrete C. opaca Woodland is the only GDE that occurs within the remaining cone of depression, which is due to 
long-term evaporative losses from Babel pit  

– Approximately 54 ha of this GDE is predicted to experience some level of threat associated with drawdown 
(represented by 0.5 m of drawdown)  

 The water table fully recovers at the Northern Borefield 
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 Backfilling of Nebo pit is effective in managing vertical and spatial extent of drawdown associated with mine 
dewatering/depressurisation (full recovery of the water table occurs at the final steady state) 

 As described in Section 6.4.1, the potential footprint of altered groundwater quality below relevant guideline 
criteria is represented by the maximum extent of Nickel migration (the only potential leachate solute predicted 
to exceed guideline criteria, refer OZL ref. WM-5100-ENV-REP-0008), without respect to groundwater flow 
(which provides a conservative potential threat footprint 

– No terrestrial GDEs occur within the potential footprint of groundwater quality exceedance 

Figure 9 demonstrates that significant drawdown recovery occurs within around 20 years post-mining at the borefield, 
where potential GDEs have been identified.  

These results demonstrate the Project’s water supply design, backfilling approach, as well as waste landform design 
and positioning will be effective in managing potential indirect effects to terrestrial GDEs.  
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6.4.3 Kadgo Palaeovalley existing and potential water supply 
Potential threats to water supply are associated with a loss of available drawdown for abstractions or altered water 
quality which may limit the potability or future uses of abstracted water. These threats can be defined as: 

 A reduction in available drawdown of more than 50% 

– For the Project area, this equates to around 30 m of drawdown 

 An exceedance of the most stringent relevant water quality criteria 

– For the Project area, this is the ADWG (2011) drinking water criterion guideline 

Figure 20 and Figure 21 show the potential spatial extent of threat posed to existing and potential future beneficial 
uses at EOM and final steady state post-closure due to a change in groundwater quantity (water table and confined 
aquifer drawdown) or quality (exceedance of relevant guideline criteria). As shown,  

 Modelling indicates the Jameson water supply will not be affected by Project related drawdown during or post-
mining 

 The Kadgo Palaeovalley is predicted to experience 

– More than 30 m of drawdown of the water table around the mine pits (over a total area of less than 
10 km2) at the end of mining 

– More than 30 m of drawdown of the water table around the mine pits (over a total area of less than 
20 km2) at final steady state post-closure 

– Altered groundwater quality3 above the drinking water guideline criteria over a total area of around 12 km2 
of palaeovalley sediments if groundwater capture by Babel pit is not considered 

 In effect though, Babel pit will capture seepage impacted groundwater from beneath the TSF and 
Babel WRDs such that there is no threat posed to potential future groundwater users due to changed 
water quality 

 

 
 
3 as represented by the maximum extent of Nickel (the only potential leachate solute predicted to exceed guideline criteria, refer 
OZL ref. WM-5100-ENV-REP-0008), ignoring the capture zone of Babel pit (which provides a conservative potential threat footprint 
as groundwater) 
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6.5 Opportunities 
Opportunities related to groundwater management in the Project area are limited, largely because of the 
undeveloped nature of the Project area, but the WMP does present the following opportunities: 

 Collection of groundwater data (quantity and quality) that can be used to improve the knowledge-base for 
remote groundwater systems of Western Australia 

 Alternative long-term water supply for the Jameson community and possible future enterprises, e.g. tourism 

 Effective mine waste management if Nebo pit is backfilled 
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Sensitivity scenarios 
The following provides a summary of sensitivity scenarios considered in the Pre-feasibility study that have helped to 
define the intended proposed project (as described in the main body of this report).  

Abstractions from Garford formation for water supply 
A scenario has been modelled which simulates abstractions for water supply from both the Garford formation 
(palaeovalley water table aquifer) and the Pidinga formation (confined palaeovalley sediments).  

Figure A1 presents the predicted hydrographs for simulated observation bores located near to the proposed mine pits 
and Northern Borefield. As noted in the figure, the simulated bores screen either the Garford or Pidinga (palaeovalley) 
aquifers, or the basement groundwater system. These results show minor variation to water table drawdown 
predicted for the basecase model (i.e. where water supply abstractions occur only from the Pidinga formation).  

These results show minor reduction in risk posed to EVs as a result of pumping only from the Pidinga aquifer.  
However, the Project will progress with the most conservative approach (i.e. pumping only from Pidinga formation). 
The option of pumping from the Garford formation can be further explored as part of ongoing feasibility studies. 

No- backfilling of Nebo pit 

A scenario has been modelled which simulates no-backfilling of Nebo pit, resulting in an open void that remains a 
groundwater sink in perpetuity, along with Babel pit.  

Figure A2 presents the predicted water table drawdown contours at complete recovery (at around 100 years post 
mining) after EOM. As shown, the area of drawdown extends a considerable distance to the north and the south, due 
to the significant ongoing evaporative losses from Nebo pit lake as well as Babel pit lake. If Nebo pit is backfilled 
(simulated in the basecase model), the area of drawdown at the post-closure steady state is much reduced as ongoing 
evaporative losses from Nebo pit are prevented (and Nebo has the larger capacity (5x) for evaporative losses 
compared to Babel; see earlier discussion in this Section). 

Conclusion 
These results demonstrate that the simulated sensitivity scenarios represent less conservative project options and 
would likely result in greater threat to identified EVs and therefore these options have been discounted as feasible.  
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Figure A1 Predicted post-closure steady state drawdown at the water table 
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Figure A2 Predicted post-closure steady state drawdown at the water table 
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Dear Justin, 

RE: West Musgrave Project pre-feasibility study – Surface water baseline report 

This report presents details of the West Musgrave Project hydrological baseline assessment, which describes the pre-
mining surface water environment.  The description of the hydrological baseline forms the basis for assessing the 
potential surface water effects arising from the different mine water affecting activities associated with the proposed 
Project. 

We trust the report meets your expectations.  If you have any questions, please do not hesitate to call. 

Sincerely, 

 

Amy Aird 
Project Hydrogeologist – Project Manager 
 
p. +61 433 308 327 
e. airda@cdmsmith.com 
 

Paul Howe 
Principal Hydrogeologist  
 
p. +61 407 740 559 
e. howepj@cdmsmith.com 
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Executive summary 
Background 
OZ Minerals Exploration Pty Ltd has entered into a Joint Venture with Cassini Resources Limited to develop the West 
Musgrave Project, which is located in the remote east of Western Australia, approximately 1,300 km northeast of 
Perth near the South Australian and Northern Territory borders.  The project will involve the mining and processing of 
the Nebo-Babel Ni-Cu-PGE sulfide deposits.   

This report presents the surface water baseline for the WMP, including a characterisation of surface water catchments 
the mine and supporting infrastructure will likely interact with, rainfall runoff (directions, volumes and heights) and 
surface water quality (where and when it occurs).  This information is important for maintaining, as much as possible, 
hydrological and hydrogeological regimes so that environmental values within the Project area are protected.  The 
surface water baseline forms the basis assessing effects on the hydrological regime that might result in response to 
development and closure of the Project. 

The report will assist in informing the Referral to the Western Australian Environmental Protection Authority under 
Section 38 of the EP Act, and has been prepared in accordance with contemporary guidance of the Western Australian 
Environmental Protection Authority (EPA).  Specifically, the report acknowledges the Environmental Factor Guideline 
for Inland Water. 

Physical setting 

Topography and landscape 

The Project area sits within a broad surface catchment that is relatively consistent with the underlying Kadgo 
Palaeovalley and is characterised by relatively flat topography, ranging from lows of around 430 mAHD at the 
southern end of the Project tenements, where Musgrave Province rocks are overlain by Officer Basin sediments, to a 
high of around 625 mAHD in the ranges to the northeast of the proposed mine.  

The landscape around the Project is characterised by sand dunes, particularly in the northeast, small scale calcrete 
ridges to the south, and low relief rocky hills that outcrop to the east, west and north of the main Project area.  
Internally draining clay pans are common in low lying areas and micro-relief calcareous soils are expected to be widely 
occurring in these low lying areas.  Colluvial slopes and outwashes occur adjacent to elevated areas where they occur.  

Climate 

The Project area experiences a broad temperature regime, with average daily temperatures ranging from minimums 
of around 12°C to highs of around 30°C. 

Mean rainfall for the Project area ranges between 100 and 200 mm/yr, with most rainfall likely to occur during the 
summer and autumn months.  The SILO database for the Project area indicates average annual rainfall approximates 
181 mm/yr.  However, the average does not adequately describe the significant climate variability that exists in the 
Project area, e.g. the period from 1974 to the present has been significantly wetter than years prior to 1974, and 80% 
of years have a total rainfall ranging between 100 and 400 mm. 

Larger rainfall events are most likely related to monsoonal events being drawn down from the tropics by low-pressure 
systems in the Great Australian Bight.  However, low pressure cells moving up from the Great Australian Bight also 
generate rainfall events. 

The mean annual pan evaporation rate for the Project area ranges between 3,200 and 3,600 mm), which is more than 
20 times the mean annual rainfall.  Average evaporation rates greatly exceed average rainfall rates in every month of 
the year 
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Surface water baseline 

Overview 

The site does not have defined watercourses or discernible drainage channels, meaning that when runoff occurs 
(following large rainfall events) it typically takes the form of sheet flow.  Ponding of rainfall is not often observed 
following a rainfall event, suggesting relatively high rates of infiltration and/or high evaporation rates. 

The Project area is located close to the southern end of a local surface water catchment, and the potential direction 
for runoff is generally north to south within the catchment.  Aerial laser survey data with expected vertical accuracy of 
0.1 m, covering 53 km² around the proposed mine site has defined topography, and the greater area beyond this has 
been supplemented by lower resolution Japan Aerospace Exploration Agency Digital Elevation Model data. 

Catchment modelling 

An industry standard approach to flood modelling has been utilised to generate catchments, hydrographs, flood 
depths, flood velocity and water surface level maps for the Project area catchment to develop a surface water 
baseline.  The Bureau of Meteorology has been used as a source for determining rainfall Intensity Frequency Duration 
(IFD) data, daily rainfall data for various meteorological stations in the West Musgrave region, Southern Hemisphere 
Tropical Cyclone information and Australian Rainfall & Runoff (ARR) Data Temporal Patterns. 

A rainfall routing model has been used to generate sub catchment hydrographs for each of the selected rainfall 
events.  Hydrologic modelling (using XP-RAFTS® software) has been undertaken to generate flood hydrographs for a 
range of rainfall intensities.  Hydraulic modelling (using HEC-RAS® software) has been undertaken for prediction of 
flood depths and velocities for the same range of rainfall intensities. 

The hydrologic and hydraulic model results indicate the following in relation to baseline surface water dynamics: 

 When runoff is generated, sheet flow is expected to be the dominant form of runoff across the broader Project 
area because there are significant areas without well-defined channels 

 There are areas within the development envelope where rainfall runoff will collect and flow after intense rainfall 
events, particularly where there is a succession of interconnected low-lying terrains that form ill-defined 
drainages 

 Ponding across extensive areas is expected to occur due to the common presence of depressions in the terrain 
and the associated lack of well-formed drainages available to transport water away  

 The 5% AEP event (corresponding to a 48-hour, 133mm rainfall event) is predicted to result in potential flooding 
(up to about 1m deep) within the proposed development envelope, including around the proposed locations of 
the mineral processing plant and mine pits  

 The area between the two proposed pits (Babel and Nebo) forms a flow path during major flood events 

Modelling also shows rainfall events of greater than 5% Annual Exceedance Probability likely produce little or no 
runoff, and the chances of 1% and 0.1% AEP flood events occurring over the proposed 26 years life of mine are 23% 
and less than 3%, respectively.   

Conceptual hydrological model 

A conceptual hydrological model has been developed for the Project area.  The following lists the essential elements 
of the model: 

1. Rainfall events sufficient to generate runoff are erratic (with a less than 5% Annual Exceedance Probability), 
usually associated with cyclonic depressions moving down from northwestern Australia or low pressure cells 
moving up from the Great Australian Bight 

2. Rainfall runoff occurs from the rare rock outcrops and is likely to be channelised, with relatively high infiltration 
on colluvial slopes 
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3. Rainfall runoff from dunes is likely to be relatively minimal due to high infiltration potential 

4. Sheet flow is typical over the low relief, relatively flat and gently undulating landscape 

5. Some potential for channelised flow occurs along ill-defined drainage lines, e.g. between the proposed Babel and 
Nebo pits 

6. Terminal drainage clay pans (playas) are common within the landscape, presenting points of potentially 
enhanced infiltration from temporary (days to a few weeks) water ponding 

7. Evaporation of surface water (following rainfall events) and evapotranspiration (vegetation) losses from the soil 
water reservoir (vadose zone) occurs, and can be significant 

8. The normal catchment condition is arid, with no permanent open water bodies or streams 

Environmental values 
Environmental values identified for the Project area include: 

 Ecosystem health  

– Troglofauna 

 30 species identified from 63 (of 100 sampled) locations 

 Includes centipede, dipluran, beetle, pauropod and symphylan species 

 Habitat likely consists of unsaturated calcrete and fractured rock lithologies 

 Identified as having no significant cultural value 

– Terrestrial vegetation 

 Vegetation associations in the Project area predominantly include Calcrete Platform Hummock 
Grassland, Hardpan Mulga Woodland, Clay Pan Playa, Low Mallee Woodland, Sand Plains with Wattles 
other than Mulga, Sand Dune Acacia-Grevillea Shrubland  

 All plant species are expected to access the soil reservoir to meet some or all of their environmental 
water requirements  

 Potentially has cultural value, depending on species and proximity to dreaming trails 

 None of the vegetation associations occurring within the development envelope have been identified 
as threatened, although two Priority 1 (Aenictophyton anomalum, Indigofera warburtonensis) and nine 
Priority 3 (Acacia eremophila, Amaranthus centralis, Aristida jerichoensis var. subspinulifera, 
Chrysocephalum apiculatum subsp. Ramosum, Eragrostis spp. (x2), Goodenia asteriscus, Stackhousia 
clementii and Tephrosia sp.) plant species have been identified within the vegetation associations  

– Of the environmental values identified, only vegetation is considered to have a high degree of potential 
sensitivity to altered surface water resource condition 

– Rockholes that collect surface water runoff over outcropping basement are located in the area, but have 
been identified as being isolated from the broader surface water catchment the Project will interact with 

 Beneficial use – none identified 
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Glossary of terms and abbreviations 
Terms  

Australian Height Datum The reference point for all elevation measurements in this report; used for water levels 
in wells, aquifers, overland flows, and ground elevation 

Annual Exceedance 
Probability 

The probability of an event being equalled or exceeded within a year, expressed as a 
percentage 

Aquifer A saturated or partially saturated hydrostratigraphic unit that is sufficiently permeable 
to transmit useful quantities of water 

Basement Lowest or basal rock unit occurring within a region, comprising rock 

Beneficial use A use of the environment (water) that provides a social or economic value; a type of 
‘environmental value’ 

Bore An artificial excavation put down by any method for the purposes of withdrawing water 
from the underground aquifers, a bored, drilled, or driven shaft, or a dug hole whose 
depth is greater than the largest surface dimension and whose purpose is to reach 
groundwater supplies 

Claypan A dense, compact, slowly permeable layer in the subsoil having a much higher clay 
content than the overlying material, from which it is separated by a sharply defined 
boundary 

Contact water Water that has come into contact with areas possibly contaminated by operations and 
support activities (mining, milling, processing, chemicals and hazardous goods storages, 
etc.), and may require treatment before use or release to the environment; See also 
‘non-contact water’ 

Dewater/dewatering 
(mine) 

Removal of groundwater from storage, also used to refer to the process of lowering 
groundwater levels to control inflows to a mine 

Discharge The volume of water that passes a given location within a given period of time, can be 
expressed as cubic metres per second, cubic metres per day or megalitres per day 

Ecosystem Term used to describe species in an environment and their relationship with one 
another and the non-living (abiotic) community 

Ecosystem (health) 
condition 

The state of ecological systems, which includes their physical, chemical, and biological 
characteristics and the processes and interactions that connect them 

Environmental value Values or uses of the environment that are important for a healthy ecosystem or for 
public benefit, welfare, safety or health 

Environmental water 
requirement  

Water regime needed to maintain a particular composition, structure and level of 
ecological function and ecosystem service provision 

Ephemeral Lasting only a short time; short lived; transitory 
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Evaporation The process of liquid water becoming water vapor, including vaporization from water 
surfaces, land surfaces, and snow fields, but not from leaf surfaces, see transpiration 

Evapotranspiration The process by which water is transferred from the land to the atmosphere by 
evaporation from the soil and other surfaces and by transpiration from plants 

Flood An overflow of water onto lands not normally covered by water, flooding is temporary 

Flood A 1%AEP flood or rain event does not refer to a flood or rain event that occurs once 
every 100 years, but to a flood level or rain event having a 1 percent chance of being 
equalled or exceeded in any given year 

Groundwater The water contained in interconnected pores, gaps or fractures located below the 
water table in an unconfined aquifer or located in a confined aquifer. 

Groundwater dependant 
ecosystem 

Natural ecosystems that require access to groundwater to meet all or some of their 
water requirements so as to maintain their communities of plants and animals, 
ecological processes and ecosystem services 

Hydrology A science dealing with the properties, distribution and circulation of water 

Impact Adverse effect to an EV 

Infiltration Flow of water from the land surface into the subsurface 

Non-contact water Water that has not come into contact with areas possibly impacted by operations and 
support activities, and may not require treatment before use or release to the 
environment; See also ‘non-contact water’ 

Palaeochannel A landform occurring within an inactive river or stream system that has been inset into 
a palaeovalley and infilled by younger sediments, the deepest part of which may be 
infilled with relatively coarse clastic materials, depending on the depositional 
environment (see thalweg and palaeovalley) 

Palaeoriver An inactive, ancient river or stream system, an infilled and buried palaeoriver is referred 
to as a palaechannel 

Palaeovalley An ancient valley that may have hosted one or more palaeoriver systems, now partially 
or completely buried by fine to coarse sediments, e.g. the Kadgo Palaeovalley 

Precipitation Rain, hail, sleet, dew, and frost 

Priority flora The system by which Western Australia’s conservation flora are given a priority 

Riparian vegetation Vegetation found in the riparian zone 

Riparian zone Riparian zones are border creeks, rivers, lakes, wetlands or other bodies of water. 
Often, there is close interaction of surface water and groundwater within riparian 
zones. 
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Runoff The part of the water cycle that flows over land as surface water instead of being 
absorbed into groundwater or evaporating 

Saturated zone The zone in which the voids in the rock or soil are filled with water. Sometimes referred 
to as the ‘phreatic’ zone. 

Sediment Usually applied to material in suspension in water or recently deposited from 
suspension. In the plural the word is applied to all kinds of deposits from the waters of 
streams, lakes, or seas 

Sheet flow Relatively high-frequency, low-magnitude overland flow occurring in a continuous sheet 
and is restricted to laminar flow conditions 

Soil moisture Water occurring in the pore spaces between the soil particles in the unsaturated zone 
from which water is discharged by the transpiration of plants or by evaporation from 
the soil 

Soil water Any water held in the soil as a vapour, liquid or solid 

Soil water reservoir/ 
storage 

The total amount of water that is stored in the soil above the water table and capillary 
fringe, can change with time depending on evapotranspiration and frequency of 
precipitation events 

Spring A source of water at the ground surface supplied by groundwater discharge 

Surface water Water that is on the Earth's surface, such as in a stream, river, lake, or reservoir 

Terrestrial vegetation Vegetation that grows on, in or from land, considered different to riparian vegetation 

Threatened flora Flora which are vulnerable to endangerment in the near future 

Transpiration  The process by which water absorbed by plants, usually through the roots, is 
evaporated into the atmosphere from the plant surface, principally from the leaves 

Troglofauna Terrestrial animals living in caves and other air-filled subterranean spaces 

Unsaturated zone The zone between land surface and the water table within which the moisture content 
is less than saturation (except in the capillary fringe) and pressure is less than 
atmospheric.  Sometimes referred to as the vadose zone 

Vadose zone Unsaturated zone 

Vegetation associations A grouping of plant species, or a plant community, that recurs across the landscape; 
Structural form and dominant species 

Water affecting activity A development activity that has the potential to alter the water environment from the 
baseline and may therefore have an effect on dependent EVs. 

Water quality The chemical, physical, and biological characteristics of water, usually in respect to its 
suitability for a particular purpose 
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Water regime The prevailing pattern of water flow over a given time of a freshwater ecosystem, more 
specifically refers to the duration and timing of flooding resulting from surface 
water(overland flow), precipitation, and groundwater inflow 

Water table The surface between the unsaturated and saturated zones of the subsurface at which 
the hydrostatic pressure is equal to that of the atmosphere.   

Wetland A distinct ecosystem that is inundated by water, either permanently or seasonally, 
where oxygen-free processes prevail 

 

Abbreviations 

AHD Australian Height Datum 

AEP Annual exceedance probability 

bgl  Below ground level 

BoM Bureau of Meteorology 

CZI Cassini Resources Limited 

DMIRS Western Australian Department of Mines, Industry Regulation and Safety 

EC  Electrical conductivity 

EPA Western Australian Environmental Protection Authority 

EV Environmental value 

EWR Environmental Water Requirement 

GDE Groundwater dependent ecosystem 

JAXA Japan Aerospace Exploration Agency 

JV Joint venture 

LOM Life of Mine 

MPP Mineral processing plant 

OZL OZ Minerals Limited / OZ Minerals Exploration Pty Ltd 

PFS Prefeasibility studies 

ROM Run of Mine 

SILO Scientific information for landowners 

TSF Tailings storage facility 
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WAA Water affecting activity 

WMP West Musgrave Project 

WRD Waste rock dump 

 

Units of measure 
ha Hectare 

mAHD Metres above Australian Height Datum 

m bgl  Metres below ground level 

m/d Metres per day 

mg/L Milligrams per litre 

ML/d Megalitres per day, equivalent to 1,000 kilolitres per day 

mm/yr Millimetres per year 

Mtpa Million tonnes per annum 
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Section 1 Introduction 

1.1 Background 
OZ Minerals Exploration Pty Ltd (OZL) has entered into a Joint Venture (JV) with Cassini Resources Limited (CZI) to 
develop the West Musgrave Project (WMP, or ‘the Project’), which is located in the remote east of Western Australia 
(around 1,300 km northeast of Perth), near the South Australian and Northern Territory borders (Figure 1).  The 
project will involve the mining and processing of the Nebo-Babel Ni-Cu-PGE sulfide deposits (Figure 1).   

 
Figure 1 WMP locality plan (source: OZL) 

1.2 Project description 
The WMP, as at the pre-feasibility stage, involves the following:  

 Two mine pits targeting their respective ore bodies: 

– Nebo pit 

– Babel pit 

 A Life of Mine (LOM) of approximately 26 years, with a pre-mining construction period of 2 years and mining: 

– At Babel pit active across 25 years (i.e. LOM year -1 to year 25) 

– Mining at Nebo pit active across 7 years (LOM year 3 to 5, year 11, and year 16 to 18) 

 Dewatering of pits via dewatering bores and in-pit sumps 

 A water demand of around 7.5 GL/yr to meet construction and operational demands 

– Construction demand of up to 2 ML/d (OZL Ref. WM-5100-WTR-REP-0019) will be met by abstractions from 
the Nebo pit (Figure 2) dewatering borefield  
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– Operational demand of up to 20.4 ML/d (OZL Ref. WM-5100-WTR-REP-0019) will be met by mine water 
produced from the dewatering borefield and in-pit sumps, supplemented by abstractions from the 
Northern Borefield (refer Figure 2) 

 Creation of landforms during operations for topsoil stockpiles, waste rock dumps and ore stockpile 

 Processing of ore at the Mineral Processing Plant (MPP), which will involve generation of tailings, and recovery of 
water for reuse and recycling  

 Management of contact water generated during mine and processing operations 

 Backfilling of Nebo pit at mine closure with waste rock or tailings 

 Capping and rehabilitation of landforms at mine closure 

 Formation of a pit lake in Babel pit following mine closure  

 Development of new roads, renewable energy infrastructure (solar and wind farms), the village and airstrip 

The intended project design is presented in Figure 2 

 

Figure 2 WMP layout (source: OZL) 

1.3 Purpose and objective 
An important component of development of the proposed mine is understanding the hydrological (surface water) 
baseline as it relates to seeking project approvals, and the management of mine water and the layout of site 
infrastructure such as the mineral processing plant (MPP), water storages, waste management facilities (tailings and 
waste rock, landfill), as well as the mine village and airfield. This report presents the surface water baseline for the 
WMP, including a characterisation of surface water catchments that the mine and supporting infrastructure will likely 
interact with, including rainfall runoff (directions, volumes and heights) and surface water quality (where and when it 
occurs).  This information is important for maintaining, as much as possible, hydrological and hydrogeological regimes 
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so that environmental values within the Project area are protected, and ensuring mines are designed, operated and 
closed in an ecologically sustainable manner. 

The report will assist in informing the Referral to the EPA under Section 38 of the EP Act (the ‘Referral’), and has been 
prepared in accordance with contemporary guidance of the WA Environmental Protection Authority (EPA).  
Specifically, the report acknowledges the Environmental Factor Guideline for Inland Water, which defines the factor 
Inland Waters as the occurrence, distribution, connectivity, movement and quantity (hydrological regimes) of inland 
water including its chemical, physical, biological and aesthetic characteristics (quality). 

The report will also inform environmental and operational management strategies outlined in the Mining Proposal, 
which will be required by the Western Australian Department of Mines, Industry Regulation and Safety (DMIRS) in 
accordance with the Mining Act 1978. 
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Section 2 Physical setting 

2.1 Location  
The proposed mine is located in the remote and arid east of Western Australia (Figure 1), approximately 1,300 km 
north east of Perth and 100 km west of Surveyor General’s Corner, where Western Australia, South Australia and the 
Northern Territory meet. The approximate latitude and longitude of the proposed mine is 26.43°S and 128.18E 
(approximately 370 700E and 7 115 600N; AMG Zone 52). The Project area is defined by the development envelope 
(see Figure 1 and Figure 3).  

The Project area comprises existing exploration infrastructure including an exploration camp with facilities for 50 
personnel and a groundwater supply from a single bore (used for non-potable camp supplies). 

2.2 Topography  
The Project area sits within a broad surface catchment that is relatively consistent with the underlying Kadgo 
Palaeovalley.  The immediate Project area, comprising the mine and palaeochannels targeted for water supply 
development, is characterised by relatively flat topography, ranging from lows of around 430 mAHD at the southern 
end of the WMP tenements, where Musgrave Province is overlain by Officer Basin sediments, to a high of around 
625 mAHD in the ranges to the northeast of the proposed mine. The topography of the area around the WMP is 
shown in Figure 3. 

2.3 Soils and vegetation 
The landscape around the WMP is dominated by Quaternary sandplains and dunefields (Tile, 2006; Magee, 2009) over 
Tertiary and Neoproterozoic sediments of the Officer Basin and Proterozoic rocks of the Musgrave Province.  The 
landscape is characterised by sand dunes, particularly in the northeast, small scale calcrete ridges to the south, and 
low relief rocky hills that outcrop to the east, west and north of the main Project area.  Internally draining clay pans 
are common in low lying areas and micro-relief calcareous soils are expected to be widely occurring in these low lying 
areas.  Colluvial slopes and outwashes occur adjacent to elevated areas where they occur.  

A detailed characterisation of flora and vegetation has been undertaken by Western Botanical (2020). Figure 4 
presents a locality plan showing the distribution of different vegetation associations identified within and downstream 
of the development envelope (refer Western Botanical, 2020, for details of the vegetation associations key), which 
predominantly include: 

 Calcrete Platform Hummock Grassland (CPHG) –occurring on level to undulating plains comprising aeolian sands 
overlying calcrete  

 Hardpan Mulga Woodland (HPMW) - occurring  on red clayey sand hardpan plains, subject to sheet flow 

 Clay Pan Playa (CPP) – annual grasses and herbs occurring on small natural depressions that become inundated 
following rainfall events sufficient to generate runoff 

 Low Mallee Woodland (LMW) - occurring on medium red silty sand aeolian sand plains, hard pan or overlying 
calcrete 

 Sand Plains with Wattles other than Mulga (SAWS) – occurring on medium red silty sand aeolian sand plains, 
hard pan or overlying calcrete  

 Sand Dune Acacia-Grevillea Shrubland (SDAGS) – occurring on 2 to 20 m high sand dunes comprising fine red 
aeolian sand 
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Shrubland
MgAkS / HPMW Complex - Complex of MgAkS and 
HPMW
SAMU - Sandplain Mulga Woodland
SASP - Sandplain Spinifex
SAWS - Sand plains with Wa les other than Mulga 
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SAWS / CPHG Complex - Complex of SAWS and CPHG
SDAGS - Sand Dune Acacia Grevillea shrubland
SDAGS / AmmS  Complex - Complex of SDAGS and 
AmmS
SMS - Stony Mulga Shrubland
SS - Senna Shrubland
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2.4 Hydrology 
The Project area is characterised by poorly defined surface water catchments and disconnected ephemeral drainages. 
The ‘normal’ condition of the Project area catchments is dry, and there are no permanent surface water bodies or 
watercourses (Figure 3). 

2.5 Climate 

2.5.1 Data constraints 
The nearest climate station to the proposed mine is Warburton Airfield Meteorological Station (No. 013011), which is 
located approximately 110 km to the west. The Giles Meteorological Station (No. 013017), located around 132 km to 
the north, is understood to have the most comprehensive and reliable climate data though.  In this section, BoM 
mapping products and Scientific Information for Landowners (SILO) data have been used to describe climate 
conditions that are considered to be representative of the Project area.  

2.5.2 Temperature 
The Project area experiences a broad temperature regime, and according to BoM (2005): 

 The average annual daily minimum temperature likely ranges between 12 and 15°C 

 The average annual daily maximum temperature likely ranges between 27 and 30°C 

 The mean annual daily temperature likely ranges between 21 and 24°C.  

2.5.3 Rainfall 
Mean rainfall for the Project area is likely to range between 100 and 200 mm/yr (BoM, 2010), with most rainfall likely 
to occur during the summer and autumn months (averaging around 100 mm and more than 50 mm, respectively) in 
association with rain fronts forming across the continent from the northwest to the south. Rainfall during winter and 
spring months can be expected to range between 25 and 50 mm on average (BoM, 2010). 

The Warburton Airfield Meteorological Station (No. 013011) and the Giles Meteorological Station (No. 013017) 
commenced from 1940 and 1953, respectively. Detailed analysis of the annual and daily rainfalls at the Warburton 
and Giles stations is presented in Appendix A.1. 

It has been observed on site that ponding of rainfall is not often observed following a rainfall event.  This suggests one 
of three effects, rainfall runoff is limited due to: 

 High evaporation rates, or 

 Rapid infiltration, or 

 A combination of high evaporation rates and rapid infiltration  

Point daily rainfall data have been sourced from the SILO database for the Project area. The database contains climate 
data from 1889 to the present day and consists of interpolated estimates from observation.  Average annual rainfall at 
the site approximates 181 mm/yr, with a distinct summer dominance.   

Figure 5 shows long-term average monthly rainfall data for the Project area from SILO, which highlights that rainfall in 
the Project area is low and extremely variable across the years. Figure 5 also presents the average annual rainfall and 
cumulative deviation from mean (CDFM) rainfall, and showing multi-decadal climate / rainfall variability, with the 
period from 1974 to present being significantly wetter than the prior period. The average annual rainfall at the site 
derived from the SILO database after 1960 is approximately 232 mm/yr, an increase of 28% compared to average 
annual rainfall estimated after 1889. Notwithstanding, the design rainfall intensities used to estimate design flows at 
the site have been based on the 2016 BoM Intensity Frequency Duration (IFD; see Section 3.4.5). 
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Figure 5 Average annual rainfall and CDFM at West Musgrave 

2.5.4 Water chemistry 
The site does not have defined watercourses or discernible drainage channels, with observed rainfall events typically 
resulting in sheet flow conditions when runoff is generated.  Thus, there are limitations on the ability to collect surface 
water quality samples to define water chemistry.  Rainfall events during the study period April 2017 to October 2019 
did not result in concentrated surface water flow to enable the collection of surface water samples.  The Project plans 
to implement a surface water sampling program in the future. 

Two rainfall samples have been collected from the WMP area from a late spring rainfall event on 19th November 2018 
and a single rainfall samples has been collected on 4th January 2020. All samples were collected at the West Musgrave 
Camp from rainfall collectors located at the Core Farm and the main Laydown area. Table 1 displays the results of the 
subsequent laboratory analysis.   

In terms of EVs, rainfall water quality is expected to be suitable for all foreseeable values.  However, rainfall water 
quality may not be representative of surface water quality, e.g. salinity and nutrients. Surface water chemistry data 
are not yet available for the WMP area due to paucity of rainfall runoff events, i.e. samples have not been able to be 
collected.   

2.5.5 Evaporation 
The mean annual pan evaporation rate for the Project area ranges between 3,200 and 3,600 mm/yr (BoM, 2006), 
which is more than 20 times the mean annual rainfall.  BoM (2006) indicates evaporation rates over the: 

 Winter months are likely to range around 250 mm/month (averaging around 5 mm/d) 

 Summer months are likely to range around 450 mm/month (averaging around 14 mm/d). 

Figure 6 presents the long-term average monthly evaporation data from SILO and shows average annual evaporation 
rates greatly exceed average annual rainfall rates in every month of the year.  The data are consistent with the BoM 
mapping data described above.  
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Table 1  Laboratory reported water quality results (rainfall) 

Analyte Units Core Farm Laydown Camp 

Sample date  19/11/2018 19/11/2018 04/01/2020 

pH pH Units 6.5 6.4 6.3 

EC (µS/cm) µS/cm 33 29 <2 

Carbonate mg/L <1 <1 <1 

Bicarbonate mg/L 7 <5 <5 

Total alkalinity mg/L 6 <5 <5 

Chloride mg/L <1 <1 <1 

Sulphate mg/L 2 2 <1 

Nitrate, NO₃ mg/L 6.4 N.A. 0.2 

Nitrite, NO2 mg/L <0.05 N.A. N.A. 

Calcium mg/L 3.3 2.8 <0.2 

Magnesium mg/L 0.3 0.2 <0.1 

Sodium mg/L 0.8 <0.5 0.7 

Potassium mg/L 0.8 <0.1 0.7 

 

 

Figure 6 Average monthly evaporation versus average monthly rainfall 
 

2.5.6 Surface water and groundwater interactions 
OZL has consulted with Traditional Owners (TOs) to understand whether or not there are water bodies, wetlands or 
springs located within the Project Area or the broader landscape that might represent locations of surface water and 
groundwater interaction.  The TOs have not identified any of these water features, but have indicated there are two 
rockholes located within the development envelope of the proposed mine.   

 

      Monthly rainfall            Monthly evaporation 
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The rockholes cannot be located on maps for cultural reasons.  The groundwater baseline report (OZL ref. WM-5100-
ENV-REP-0003) describes the setting of these water features and concludes they are surface water features that do 
not interact with groundwater. The rockholes occur on basement outcrops above the surface of the surrounding sand 
plains and collect local rainfall runoff from the exposed basement.  They are disconnected from the surface 
catchments within which the outcrops occur. 
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Section 3 Surface water baseline 

3.1 Background 
An analysis has been undertaken to investigate the behaviour of surface water for the WMP site and local surrounds 
to evaluate any potential issues that may impact the mine infrastructure and local possibly sensitive EVs. Topographic 
data and aerial photography have been used to generate surface water models of the WMP catchment so surface 
water behaviour can be investigated, described and better understood. 

The WMP area is defined as arid with low rainfall and high evaporation, the infrequent occurrence of summer rainfall 
storm events can give rise to short duration high intensity rainfall. 

The WMP catchment topography is characterised by low relief, poorly defined surface water catchments and 
disconnected ephemeral drainage lines. The presence of clay pans and calcrete with a predominantly flat surface, i.e. 
small surface gradients, means that sheet flow following significant rainfall events is likely to be dominant.  

3.2 Rainfall  
As there are no rainfall data available for the WMP site at the time of writing this report, an analysis of the weather 
station rainfall data for the four nearest climate stations to the WMP site that hold sufficiently large records of rainfall 
data have been undertaken to derive characteristics of local rainfall events (as presented in Appendix A.1). The results 
have then been compared with the BoM SILO mapping data discussed in Section 2.4.3. The rainfall data show, at a 
regional-scale, that average yearly rainfall totals between around 180 to 250 mm, with 80% of years having a total 
rainfall ranging between 100 and 400 mm. 

The average monthly rainfalls for these stations are highest during the summer months of December, January and 
February and the shoulder months of March and November, ranging from 30 to 50 mm/month. The remaining months 
are likely to have average rainfalls ranging from 10 to 20 mm/month. The analysis of rainfall data highlights its locally 
variable nature across the region and shows that it is generally consistent with the BoM SILO mapping data discussed 
in Section 2.4.3. 

An analysis of the daily rainfall generated by SILO concludes high rainfall events, i.e. greater than 100mm, are likely to 
occur once every 10 years on average.  On site observations show surface ponding (shallow) and sheet flow occurring 
during and following large rainfall events (see Plate 1, which shows the results of a three-hour 96 mm rainfall event at 
the mine camp during 2008, and Plate 2, which shows approximately the same location, following an 80 mm rainfall 
event in January 2020). As shown, ponding is typically only observed in areas that have been disturbed, e.g. incised 
tracks and hardstand areas.  

Further analysis has been carried out comparing the coincidence of cyclonic depression events and the rainfall record 
from climate stations in the broader WMP site area.  This has shown that larger rainfall events are most likely related 
to monsoonal events drawn down from the tropics by low-pressure systems in the Great Australian Bight, generating 
thunderstorms. The analysis is presented as Appendix A.2. 



Section 3 Surface water baseline 

 12 
WM-5100-WTR-REP-0002-4.docx  

  

Plate 1 WMP post storm ponding (2008) 

 

Plate 2 WMP post storm ponding (2020) 
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3.3 Catchment modelling 

3.3.1 Introduction 
An industry standard approach to flood modelling has been utilised to generate catchments, hydrographs, flood 
depths, flood velocity and water surface level maps for the WMP catchment (see below, Sections 3.3 and 3.5 for 
details).  

BoM websites have been used to source: 

1. WMP site estimated rainfall Intensity Frequency Duration (IFD) data

2. Daily rainfall data for various meteorological stations

3. Southern Hemisphere Tropical Cyclone Data Portal information

4. Australian Rainfall & Runoff (ARR) Data Hub Temporal Patterns.

The hydrologic and hydraulic modelling has been conducted in terms of Annual Exceedance Probability (AEP) as is 
recommended by industry with the recent implementation of Australia Runoff and Rainfall 2019 (Ball et al. 2019). The 
change in terminology comes from a common misinterpretation of Average Recurrence Interval (ARI) terminology, in 
which it is erroneously assumed that a 1 in 10 year ARI, for example, will only occur exactly once in every ten years.  

The AEP better handles this by describing the probability of a magnitude flood event being exceeded in any given year 
as a percentage probability. However, there are some guidelines and analyses that have not adopted the AEP 
definition, which ultimately means the design standard for environmental dams, diversion drains, and culverts are still 
established in terms of Annual Recurrence Interval (ARI). The relationship between AEP and ARI is shown in Table 2.  

Table 2 Relationship between AEP and ARI 

Annual Exceedance 
Probability (AEP) 

Average Recurrence 
Interval (ARI) (year) 

10% 9.5 

5% 19.5 

2% 49.5 

1% 99.5 

0.1% 999.5 

Three standard AEP rainfall events have been selected for hydraulic modelling: 

 0.1% AEP

 1% AEP

 5% AEP

Rainfall events of greater than 5% AEP were not modelled as they appear to produce little or no surface flow. The 
chances of 1% and 0.1% AEP flood events occurring over the proposed 26 years life of mine (LOM) are 23% and less 
than 3%, respectively.  Typically, a 0.1% AEP flood immunity is used as a safety design likelihood for open pits. 

A rainfall routing model has been used to generate sub catchment hydrographs for each of the selected rainfall 
events. Details of the rainfall routing (hydrological) model are presented as Appendix A.  Using the derived sub 
catchment characteristics and the results of the rainfall hydrologic modelling, 2D hydraulic modelling of surface flows 
has been conducted using HEC-RAS® software. 

It is acknowledged there are inherent uncertainties in modelling, and this has been taken into account by adopting a 
conservative view of the modelled outcomes and subsequent interpretation of results. Since there are no local stream 
gauges or rainfall gauges with sufficient history, the flood models are not able to be calibrated. As the Australian 



Section 3 Surface water baseline 

 14 
WM-5100-WTR-REP-0002-4.docx  

Rainfall and Runoff (AR&R) and Regional Flood Frequency Estimation Model (RFFE) do not produce results for arid 
areas, the models are unable to be validated. However, observed sheet flow and shallow local water ponding near the 
Project site after a recent rainfall event (3 and 4 January 2020) has been compared to the model results, and indicated 
adopted model parameters are representative. Details of the comparison are discussed in Appendix A.  

The Initial Storm Losses and Continuing Storm Losses for the catchment have also been estimated as there are no 
recommended AR&R Storm Losses estimates for the WMP catchments. 

3.3.2 Surface water catchment 
Apart from the water supply borefield and associated pipelines and access roads (Figure 2), WMP infrastructure is 
located within eight lower sub-catchments of a local surface water catchment that comprises up to 33 sub-catchments 
(Figure 7; SC-15, SC-18, SC-20, SC-25, SC-27, SC-31, SC-32 and SC-33).  The runoff potential is generally from north to 
south within the broader catchment. 

Table 3 WMP catchment details 

Sub-catchment Area (ha) WMP infrastructure present 

SC-1 511 No 

SC-2 594 No 

SC-3 1,861 No 

SC-4 3,390 Yes (Jameson-Mine access road) 

SC-5 2,142 No 

SC-6 2,708 No 

SC-7 7,685 No 

SC-8 1,952 Yes (Jameson-Mine access road) 

SC-9 2,972 Yes (Jameson-Mine access road) 

SC-10 1,152 No 

SC-11 10,744 No 

SC-12 4,231 No 

SC-13 2,736 Yes (Jameson-Mine access road) 

SC-14 1,406 No 

SC-15 6,684 Yes (service road, wind farm) 

SC-16 576 No 

SC-17 1,211 No 

SC-18 2,619 Yes (village, airfield, TSF, WRD, service and haul roads) 

SC-19 704 Yes (service road) 

SC-20 1,875 Yes (Jameson-Mine access road, service roads) 

SC-21 622 No 

SC-22 1,029 No 

SC-23 1,294 No 

SC-24 1,376 No 

SC-25 1,355 Yes (Nebo pit, WRD, service roads) 



Section 3 Surface water baseline 

 15 
WM-5100-WTR-REP-0002-4.docx  

SC-26 793 No 

SC-27 1,316 Yes (service roads) 

SC-28 886 No 

SC-29 859 No 

SC-30 1,911 No 

SS-31 2,447 Yes (Babel and Nebo pits, MPP, TSF, WRD, service roads) 

SS-32 1,180 Yes (service roads, wind farm, solar farm) 

SS-33 775 Yes (service roads, wind farm, solar farm) 

Total area 73,596  

3.4 Hydrological model 

3.4.1 Methodology 
The aim of the hydrologic assessment is to produce flood hydrographs for input to hydraulic model simulations that 
will assist in predicting flood characteristics such as inundation depth, flood extent, and flow velocities.  

3.4.2 Software 
Hydrological modelling has been carried out using XP-RAFTS® software. Widely used throughout Australia, the 
software offers the user the flexibility to model catchments ranging from small urban systems through to entire river 
catchments. XP-RAFTS® uses the Laurenson hydrology method to calculate runoff hydrographs. The model is based on 
the routing of excess rainfall through a series of non-linear catchments.  

Model input parameters are related to various user-defined physical catchment characteristics such as catchment 
area, slope, and stream length.  

3.4.3 Topographic data 
Aerial laser survey data (LiDAR), with expected vertical accuracy of 0.1 m, covering 53 km² around the WMP mine site 
are available and the greater area beyond this has been supplemented by JAXA AW3D30 Digital Elevation Model 
(DEM) data.  Table 4 provides additional detail, and the extent of LiDAR survey and a 5 m surface elevation contour 
map of the WMP catchment is shown in Figure 7.   

The DEM generated for the Project area is sufficient for the hydrologic modelling, with LiDAR data covering all the 
proposed mine and supporting infrastructure.  

Table 4 Topographic data sources 

Source Comment 

AAM LiDAR Data AAM was engaged by WKC Spatial to undertake an aerial survey of the Ngaanyatjara-Giles site. 
To this end, airborne LiDAR data was captured from a fixed wing aircraft over the site on 18th and 
19th July 2015.   

JAXA AW3D30 DEM Data originating from the Japan Aerospace Exploration Agency (JAXA) have been used to provide 
information on ground elevations for the hydrologic modelling. The data were collected by earth 
observation satellites after processing and calibrating (such as geometrical calibration and 
correction on radiation volume). The resulting Digital Elevation Model (DEM) covers the entire 
world at 1 arc-second (approximately 30 m, depending on latitude) intervals. The DEM has 
generally been shown to provide a good representation of the larger scale topographic relief, 
although in areas of steep terrain or dense vegetation significant vertical errors may be present 
in the data.  
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3.4.4 Catchment details 
The WMP catchment boundary has been defined using the topographic data described in Section 3.4.3. From the 
catchment divide, close to Mantamaru (Jameson) to a point about 3 km downstream of WMP, the total catchment 
area is calculated to be approximately 735 km2. For implementation into XP-RAFTS® this area has been sub-divided 
into 33 sub-catchments ranging in area from 5 to 107 km2.  

For each sub-catchment, the steepness of the terrain is represented by calculating the equal-area slope of the main 
streamline from the catchment divide to the outlet. As expected for this type of terrain, equal-area slopes are 
generally flat, ranging from 0.1% to 1.1% but mostly less than 0.5%.  

3.4.5 Design rainfall intensity 
To simulate the variability of storm events, ten temporal patterns, referred to as “an ensemble” were tested for each 
storm duration, following the AR&R19 methodology. Design rainfall intensities have been determined from the BoM 
website using the 2016 Intensity Frequency Duration (IFD) chart. Table 4 shows a range of storm durations and design 
AEPs for the point rainfall intensities at the site Table 5. Note: the hydraulic model only assessed the 5%, 1% and 0.1% 
AEP design flood events. 

Table 5 WMP design rainfall intensity (mm/hr) data[1] 

Duration (hours) 
Annual Exceedance Probability 

20% 10% 5% 2% 1% 0.1% 

12  4.37 5.57 6.86 8.7 10.2  

24  2.79 3.57 4.41 5.59 6.57 10.3 

36  2.13 2.73 3.39 4.29 5.04  

48  1.74 2.24 2.78 3.53 4.15 6.58 

72  1.28 1.66 2.07 2.62 3.08  

96  1.01 1.31 1.64 2.08 2.45 4.92 

120  0.83 1.08 1.35 1.72 2.02  

144  0.70 0.91 1.14 1.45 1.7 3.92 

168  0.60 0.78 0.98 1.24 1.46  

Notes: 1. Source: BoM (2016) 

3.4.6 Hydrograph results 
The resulting hydrographs for the selected storm critical durations and design temporal patterns are shown in 
Figure 8, and have been used in the hydraulic model for the corresponding rainfall event. The 10% AEP hydrograph is 
difficult to see on Figure 8 as the predicted flows are very close to zero. 
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Figure 8 XP-RAFTS® Rainfall Event Hydrographs 

3.5 Hydraulic model 

3.5.1 Overview 
The aim of the hydraulic modelling is to characterise localised flood characteristics such as flood depth, extent and 
velocity, and provide the basis from which to assess the potential impact of the WMP on the baseline surface water 
regime and to illustrate potential issues with critical infrastructure layout and the mine pits.  Hydraulic modelling has 
been used to create thematic maps showing water depths and velocities. The key inputs for the hydraulic modelling 
are the flood hydrographs developed by the hydrological assessment of each rainfall event (see Appendix A). 

3.5.2 Software 
HEC-RAS® software has been used to model the open channel hydraulics of the WMP topography. HEC-RAS® is a 
comprehensive modelling system for simulating 2D free-surface flows. The numerical solution is based on the two-
dimensional implementation of the St. Venant equations and can handle both sub-critical and super-critical flows. The 
software is particularly useful in floodplain applications where out of bank flow paths are poorly defined and where a 
traditional 1D model would fail to capture the complex flow paths and transverse distribution of water levels and 
velocities that occur.  

3.5.3 Model details 
As discussed above, the model DEM is a combination of 1 m LiDAR data for the WMP and 30 m grid size JAXA DEM 
data. A nominal 20-metre grid cell size has been selected and allows for major topographic features to be captured 
without resulting in a prohibitively long model run times. Details of the topographic grid are listed in Table 6. 
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Table 6 HEC-RAS® Model Dimensions 

Item Description 

Notional Cell Size 20 m x 20m (LiDAR coverage); 50m x 50m elsewhere 

Coverage Area  140 km2
 

Map Projection MGA, Zone 52 

Default Manning’s n 0.06 

3.5.4 Results 
Hydrodynamic modelling has been used to create thematic maps showing water depths, surface levels and velocities, 
through input of the flood hydrographs developed by the hydrologic assessment. The 5% AEP, 1% AEP and 0.1% AEP 
design events were simulated using the HEC-RAS® model. As discussed earlier, design events more frequent than 5% 
AEP have not been considered as significant catchment runoff is not expected to occur (see Section 3.4.6) and, 
therefore, little or no flow is expected to be generated.  

The results are presented in Figure 9 to Figure 17. The figures show the generalised areas considered for positioning of 
infrastructure including mine infrastructure (e.g. TSF, WRDs, ROM pads), support infrastructure (airstrip, village) and 
renewables areas (wind and solar farms). Details of the proposed site layout, which have been designed with respect 
to the findings of this baseline modelling, are presented and assessed in the surface water effects report (OZL ref. 
WM-5100-ENV-REP-0006). 

Peak flood depths and velocities at several key locations around the mine site are shown in Table 7 and Table 8 
(locations of these locations are shown in Figure 9 to Figure 17).  

The hydrologic and hydraulic model results indicate the following in relation to baseline surface water dynamics: 

 Sheet flow is expected to be the dominant form of runoff across the broader WMP area because there are no 
well-defined channels 

 There are areas within the mine infrastructure area where rainfall runoff will collect and flow after intense 
rainfall events, particularly where there is a succession of interconnected low-lying terrains that form ill-defined 
drainages 

 Ponding across extensive areas is expected to occur due to the common presence of depressions (typically 
terminal) in the terrain and the associated lack of well-formed drainages available to transport water away  

 The 5% AEP event (corresponding to a 48-hour, 133mm rainfall event) is predicted to result in potential flooding 
(up to about 1m deep) within the proposed mine infrastructure area, including the area of the proposed MPP 
and pits (see Appendix A.6 for more detail) 

 Surface water flooding protection, erosion protection and storm water management is required within the WMP 
site to protect the mine pits, tailing storage facility, waste rock dumps and other areas such as the airstrip, village 
and ROM pad 

 The area between the two pits will form a flow path during major flood events 
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Table 7 Model key location peak flood depth (m) 

ID Description Easting (m) Northing (m) 0.1% AEP 1% AEP 5% AEP 

1 Accommodation village 367,781 7,117,908 0.15 0.08 0.02 

2 Airstrip 367,884 7,117,287 0.27 0.18 0.07 

3 TSF North 367,474 7,116,296 0.34 0.2 0.05 

4 Processing plant 370,659 7,113,643 2.64 1.91 1.36 

5 ROM 370,559 7,112,827 1.54 0.78 0.14 

6 Babel Pit 369,110 7,111,767 1.86 1.23 0.72 

7 Nebo WRD 371,998 7,114,707 1.41 0.93 0.45 

8 Nebo Pit (West edge) 372,994 7,113,238 1.81 1.17 0.2 

9 Nebo Pit (Est edge) 371,346 7,113,304 1.79 1.11 0.55 

10 Solar farm 375,570 7,110,150 1.01 0.42 0.12 

11 Wind farm 379,223 7,112,052 2.45 1.73 1.17 

 

Table 8 Model key location peak flood velocity (m/s) 

ID Description Easting (m) Northing (m) 0.1% AEP 1% AEP 5% AEP 

1 Accommodation village 367,781 7,117,908 0.42 0.28 0.14 

2 Airstrip 367,884 7,117,287 0.45 0.32 0.15 

3 TSF North 367,474 7,116,296 0.81 0.61 0.36 

4 Processing plant 370,659 7,113,643 0.42 0.25 0.1 

5 ROM 370,559 7,112,827 0.36 0.23 0.01 

6 Babel Pit 369,110 7,111,767 0.16 0.12 0.02 

7 Nebo WRD 371,998 7,114,707 1.05 0.79 0.55 

8 Nebo Pit (West edge) 372,994 7,113,238 0.11 0.08 0.06 

9 Nebo Pit (Est edge) 371,346 7,113,304 0.19 0.17 0.11 

10 Solar farm 375,570 7,110,150 0.39 0.24 0.08 

11 Wind farm 379,223 7,112,052 0.1 0.1 0.1 

 

For the 0.1% AEP design flood event:  

 Flood depths 

– The peak flood depths in the supporting infrastructure area are generally less than 0.5 m 

– The peak flood depths are up approximately 4 m and are greatest in the depressions between the proposed 
Nebo and Babel mine pits 

– The peak flood depths in the renewables area are up to approximately 2.5 m 

– Most of the supporting infrastructure, mine infrastructure and renewables areas are prone to inundation 
for this size event 
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 Flood velocities 

– The peak flood velocities north of the proposed airstrip are up 0.5 m/s 

– The peak flood velocities within the mine infrastructure and renewables areas are up to approximately 
1.6 m/s 

– Flow velocities are greatest along ill-defined north-south drainages through the central and lower western 
portions of the WMP area (between the proposed Nebo and Babel mine pits, and down gradient of Babel 
pit, respectively) 

For the 1% AEP design flood events: 

 Flood depths 

- The peak flood depths in the supporting infrastructure area are generally less than 0.2 m 

- The peak flood depths are up approximately 3.2 m, but most likely lower, and are greatest in the area 
between proposed Nebo and Babel mine pits 

- The peak flood depths in the renewables area are up to approximately 2 m 

- Most of the supporting infrastructure, mine infrastructure and renewables areas are prone to inundation for 
this event 

 Flood velocities 

– The peak flood velocities north of the proposed airstrip are up 0.4 m/s 

– The peak flood velocities within the mine infrastructure and renewables areas are up to approximately 
1.3 m/s 

– Flow velocities are greatest along ill-defined north-south drainages through the central and lower western 
portions of the WMP area 

For the 5% AEP design flood events: 

 Flood depths 

– The peak flood depths north of the airstrip and accommodation village are shallow and less than 0.1 m 

– The peak flood depths are up approximately 3 m, but most likely lower, in some areas between proposed 
Nebo and Babel mine pits but generally less than 1.5 m within the mine infrastructure area 

– The peak flood depths in the renewables area are up to approximately 1.3 m 

– The mine infrastructure and renewables areas are prone to inundation for this event 

 Flood velocities 

- The peak flood velocities north of the proposed airstrip are up 0.2 m/s 

- The peak flood velocities within the mine infrastructure and renewables areas are up to 1 m/s 

For design flood events more frequent than 5% AEP, it is expected: 

 Very shallow flood heights or no runoff (channelised or sheet flow) will occur 

 Isolated small areas of ponding may occur, governed by soil moisture, infiltration and evaporation 

 Pooling, where it occurs, will be sustained for less than a few days 
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3.6 Access road indicative drainage  
A rain on grid HEC-RAS model has been used in conjunction with aerial imagery to identify potential flood depths 
during extreme rainfall events.  The results for a 1% AEP rainfall event along the access road from Jameson is shown in 
Figure 18.  

The model predictions associated with the majority of the access road from Jameson to the site are constrained by the 
accuracy of underlying topographic dataset (i.e. JAXA).  Thus, this mapping should be used as guide for initial areas of 
investigation, to be verified by ground-truthing and more detailed topographic information.  

3.7 Conceptual hydrological model 
Figure 19 presents a schematic conceptual hydrological model of the broader Project area (see Figure 4 for vegetation 
association key).  The following describes the essential elements of the conceptualisation: 

❶  Rainfall events sufficient to generate runoff are erratic, usually associated with cyclonic depressions moving down 
from northwestern Australia or low pressure cells moving up from the Great Australian Bight 

❷  Rainfall runoff from rock outcrops is likely to be channelised, with relatively high infiltration on colluvial slopes 

❸  Rainfall runoff from dunes is likely to be relatively minimal due to high infiltration potential 

❹  Sheet flow is typical over the low relief, relatively flat and gently undulating landscape 

❺  Some potential for channelised flow occurs along ill-defined drainage lines 

❻  Terminal drainage clay pans (playas) are common within the landscape, presenting points of potentially enhanced 
infiltration from temporary (days to a few weeks) water ponding 

❼  Evaporation losses of surface water (following rainfall events) and evapotranspiration losses from the soil water 
reservoir (vadose zone) 

❽  Plant root uptake of soil water (vadose zone)1 

❾  The normal catchment condition is arid, with no permanent open water bodies or streams 

 

 

  

 
 
1 Due to the low frequency of rainfall events that likely create runoff (i.e. less than 5% AEP), it is probable that ecosystem health 
relies on more frequent events to sustain the soil water reservoir to meet EWRs.  It is also probable the less frequent events are 
important in establishment of juvenile vegetation.  These factors need to be considered when designing flood protection 
infrastructure. 
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Figure 19 Conceptual hydrological model of the WMP area 
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Section 4 Environmental values 

4.1 Overview 
Any changes to physical and quality aspects of groundwater resources, or to the physical characteristics of surface 
water systems as a consequence of development of the Project have the potential to adversely affect existing and 
possible future Environmental Values (EVs) that are exposed to these changes. Two broad categories of EVs are 
defined under the Environmental Protection Act 1986: 

 Ecosystem health 

 Beneficial use 

Table 9 presents the EVs identified by EPA (2018) needing to be considered, as well as an indication of whether they 
have been identified in the Project area. The following sub-sections present an overview of existing and possible 
future surface water EVs that might be exposed to any changes to the surface water baseline that are attributable to 
the Project.  They include all surface water EVs identified within and downstream of the development envelope. 

Table 9 Identified Project area environmental values 

Environmental value1 Details 

Ecosystem health 

RAMSAR listed wetlands  None identified 

Conservation category or Resource 
enhancement wetlands  None identified 

Directory of Important Wetlands in 
Australia wetlands  None identified 

Environmental Protection Policies 
wetlands  None identified 

Wild rivers  None identified 

Poorly represented wetlands in 
Conservation reserves system   None identified 

Springs and pools  Localised perched rock holes[2], disconnected from 
relevant surface water catchments 

Ecosystems supporting significant 
flora, vegetation and fauna 

 Troglofauna 
 Terrestrial vegetation 

Ecosystems supporting significant 
amenity, recreation and cultural 
values 

 Terrestrial vegetation, likely has cultural value 
especially along dreaming trails  [3] [4] 
 Troglofauna do not have any cultural value [3] 

Saline lakes, estuaries and near 
shore ecosystems  None identified 

Downstream marine ecosystems  None identified 
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Environmental value1 Details 

Beneficial use 

Drinking water supplies 
 None identified; Camp and Jameson 
water supplies are sourced from 
groundwater only 

Significant current or potential water supplies 
 None identified; No reliable surface 
water to represent current or potential 
supply 

Water supplies supporting significant commercial 
activities, e.g. mining and pastoral  None identified 

Inland waters with high levels of active and passive 
recreation including multiple use wetlands  None identified 

Inland waters with significant cultural[3]  or 
aesthetic values  None identified 

Notes: 1. EPA (2018)  
  2. Culturally sensitive and not able to be mapped 
  3. pers. comm., Bryony Nicholson, Anthropologist, Ngaanyatjarra Council 
  4. Cultural values associated with vegetation will be discussed further in the Flora and Vegetation environmental factor 

No part of the Project area is identified as being within a proclaimed surface water area under the Rights in Water and 
Irrigation Act (RIWI) 1914.2 

4.2 Ecosystem health 
The following provides details of possible ecosystem health EVs in the Project area: 

 Troglofauna 

– Figure 20 shows the locations where troglofauna have been identified in the Project area 

– As at January 2020, 10 species identified from 12 (of 100 sampled) locations 

– Includes centipede, dipluran, beetle, pauropod and symphylan species 

– Habitat likely consists of calcrete and fractured rock lithologies 

  

 
 
2 http://www.water.wa.gov.au/__data/assets/pdf_file/0004/1669/86306.pdf 

http://www.water.wa.gov.au/__data/assets/pdf_file/0004/1669/86306.pdf
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 Terrestrial vegetation 

– Figure 4 presents a locality plan showing the distribution of different vegetation associations occurring 
within the development envelope (see Western Botanical, 2020), which predominantly include: 

- Calcrete Platform Hummock Grassland (CPHG) –occurring on level to undulating plains comprising 
aeolian sands overlying calcrete  

- Hardpan Mulga Woodland (HPMW) - occurring  on red clayey sand hardpan plains, subject to sheet 
flow 

- Clay Pan Playa (CPP) – annual grasses and herbs occurring on small natural depressions that become 
inundated following rainfall events sufficient to generate runoff 

- Low Mallee Woodland (LMW) - occurring on medium red silty sand aeolian sand plains, hard pan or 
overlying calcrete 

- Sand Plains with Wattles other than Mulga (SAWS) – occurring on medium red silty sand aeolian sand 
plains, hard pan or overlying calcrete  

- Sand Dune Acacia-Grevillea Shrubland (SDAGS) – occurring on 2 to 20 m high sand dunes comprising 
fine red aeolian sand 

– Whilst some associations are likely to represent groundwater dependent ecosystems (see OZL ref. WM-
5100-ENV-REP-0003), all plant species are expected to access the soil reservoir to meet some or all of their 
environmental water requirements (EWRs)   

– None of the vegetation associations occurring within the development envelope have been identified as 
threatened, although two Priority 1 (Aenictophyton anomalum, Indigofera warburtonensis) and nine Priority 
3 (Acacia eremophila, Amaranthus centralis, Aristida jerichoensis var. subspinulifera, Chrysocephalum 
apiculatum subsp. Ramosum, Eragrostis spp. (x2), Goodenia asteriscus, Stackhousia clementii and Tephrosia 
sp.) plant species have been identified within the vegetation associations (Western Botanical, 2020) 

– Potentially has cultural value, depending on species and proximity to dreaming trails 

Table 10 presents summary details of possible ecosystem health EVs.  Of those EVs identified, only vegetation is 
considered to have a high degree of potential sensitivity to altered surface water resource condition.  Other surface 
water related EVs identified (troglofauna) are considered to have negligible to moderate potential for exposure to 
impact. 

Table 10 Surface water related environmental values – Ecosystem health 

Environmental value Reliance Comment 

Troglofauna[1]  Infiltration of rainfall or runoff is likely important in sustaining environmental water 
requirements (habitat humidity levels) [3] 

Terrestrial ecosystems 
(vegetation)[1] [2] 

 All plant species within vegetation associations will use soil water to meet EWRs. 
Sheet flow runoff and diffuse rainfall is likely important in maintaining water 
reservoir to meet EWRs.  
Terrestrial vegetation may provide aesthetic and recreation value. 

Key:   a high degree of reliance expected 
    some degree of reliance expected 
    low to negligible degree of reliance expected, if any 
Notes: 1. Ecosystems supporting significant flora, vegetation and fauna 
  2. Ecosystems supporting significant amenity, recreation and cultural values 
 3. pers. comm., Stuart Halse, Bennelongia 
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4.3 Beneficial use 
No surface water related beneficial uses have been identified within the Project area (refer Table 9).  
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A.1 Model details 

A.1.1 Methodology 
A standard flood modelling methodology has been utilised to generate catchments, hydrographs and flood maps for 
the WMP. Since there are no local stream gauges, the hydraulic models are not able to be calibrated and as the 
Australian Rainfall and Runoff (AR&R) Regional Flood Frequency Estimation Model (RFFE) does not produce results for 
arid areas, the models are not able to be validated. 

There are no recommended Australian Rainfall & Runoff (ARR) Storm Losses for this remote area. 

A.1.2 Software 
Hydrological modelling has been carried out using the XP-RAFTS® software. Widely used throughout Australia, the 
software offers the user the flexibility to model catchments ranging from small urban systems through to entire river 
catchments. XP-RAFTS® uses the Laurenson hydrology method to calculate runoff hydrographs. Developed by 
Australian hydrologist Eric Laurenson in the 1960’s, the model is based on the routing of excess rainfall through a 
series of non-linear catchments.  

The parameters are further related to the various user-defined physical catchment characteristics such as catchment 
area, slope, and stream length.  

A.1.2 Topographic data 
The client has supplied aerial laser survey data (LiDAR) made up of 1m cells, however the data only covers the 
immediate WMP mine site and so the topographic data has been augmented with JAXA AW3D30 DEM data to cover 
the area surrounding the client supplied Lidar. A 2m contour map of the area of the WMP is shown in Figure A.1. 

Table A-1 Topographic data sources 

  

AAM LiDAR Data AAM was engaged by WKC Spatial to undertake an 
aerial survey of the Ngaanyatjara-Giles site. To this end, 
airborne LiDAR data was captured from a fixed wing 
aircraft over the site on 18th - 19th July 2015. 

JAXA AW3D30 DEM Data originating from the Japan Aerospace Exploration 
Agency (JAXA) have recently been used to provide 
information on ground elevations for the hydrologic 
modelling. The data were collected by earth 
observation satellites after processing and calibrating 
(such as geometrical calibration and correction on 
radiation volume.) The resulting Digital Elevation Model 
(DEM) covers the entire world at 1 arc-second 
(approximately 30 m, depending on latitude) intervals. 
The DEM has generally been shown to provide a good 
representation of the larger scale topographic relief, 
although in areas of steep terrain or dense vegetation 
significant vertical errors may be present in the data.  
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A.1.3 Rainfall data
Daily rainfall data has been downloaded from the BOM using the Weather Station Directory web page 
(http://www.bom.gov.au/climate/data/stations/) for the climate stations presented in Table A.2 and Figure A.2. 

Table A.2 Daily rainfall data climate stations 

Station Name ID Latitude, Longitude Elevation (mAHD) Distance from 
WMP (km) 

Selected for 
Analysis 

Giles Meteorological Station 013017 25.0341 S, 128.301 E 598 132 Yes 

Warburton Airfield 013011 26.1317 S, 126.5839 E 459 109 Yes 

Pipalyatjara 016099 26.1618 S, 129.1656 E 650 147 No 

Yulara Airport 015635 25.1896 S, 130.9737 E 492 346 No 

Ayers Rock 015527 25.34 S, 131.0583 E 526 350 No 

Uluru Rangers 015660 25.3602 S, 131.0196 E 530 344 Yes 

Ernabella 016013 26.2925 S, 132.1283 E 676 449 No 

Ernabella (Pukatja) 016097 26.2635 S, 132.1771 E 703 444 Yes 

The downloaded daily rainfall data was analysed and several of the climate stations were eliminated due to a lack of 
consistent data. The data from the following four sites were then analysed further; Warburton, Giles, Ernabella 
(Pukatia) and Uluru Rangers. 

The full range of the annual rainfall for the four selected climate stations is shown in Figure A.3, 1941 to 2018. There 
are gaps in the chart that correspond to periods where rainfall data are not available for a particular climate station. 
An analysis was also carried out for the twenty-year period 1998-2017, shown in Figure A.4, where all climate stations 
have rainfall data for all years. 

The average annual rainfall for each year with complete data was calculated for each of the climate stations and then 
an average overall value was generated from these results. The average yearly rainfall varied across the climate 
stations from 290mm at Giles to 223mm at Warbuton. An overall average was derived for the WMP site by calculating 
an average of these results. The estimated annual yearly rainfall was 250mm with 90% of the years having a rainfall 
total of greater than 100mm and 90% of years having an annual rainfall of less than 400mm. That is, 80% of years have 
had an annual rainfall between 100mm and 400mm. 
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Figure A.3 Annual Rainfall for selected Weather Stations near the WMP site 

Figure A.4 20 Years Annual Rainfall for selected weather stations near the WMP site 

The monthly rainfall distribution was then analysed, focusing on the Giles climate station as it has the largest 
continuous range of complete daily rainfall data and is close to the WPM site, at 132km. 

As shown in Table A.3 and Figure A.5, average monthly rainfalls are highest during the summer months of December, 
January and February and the shoulder months of March and November, ranging from 30mm to 50mm. The 
remaining months have a lower average rainfall ranging from 10mm to 20mm per month. 
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Figure A.5 Giles average month rainfall 1960-2017 (57 years) 

Table A.3 Giles average monthly rainfall 1960-2017 (57 years) 

Month Total Monthly Rainfall 
(mm) 

Average Monthly Rainfall Per Year 
(mm) 

Jan 1906 33 

Feb 2635 46 

Mar 2162 38 

Apr 1094 19 

May 1217 21 

Jun 1104 19 

Jul 589 10 

Aug 534 9 

Sep 635 11 

Oct 963 17 

Nov 1713 30 

Dec 2747 48 

The daily rainfall distribution was then analysed, focusing on the Giles climate station. The total number of days with 
valid non-zero rainfall data was 21,186 with 18,392 of these days having zero mm of recorded rainfall. 

Table A.4 and Figure A.6 show the frequency of daily rainfall events, that is how common these events are at the Giles 
climate station. It was concluded that any daily rainfall is an infrequent event and that heavy rainfalls i.e. greater than 
100mm, are likely to occur approximately once every 10 years. This agrees with the IFD data obtained from the BoM 
which has a 24hr 10% annual exceedance probability (AEP) rainfall event as 88mm. 
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Table A.4 Giles frequency of daily rainfall events (1960-2017) 

Rainfall Range (mm) Total % of Total Days 

Days > 0mm 2794 13.19% 

Days > 1mm 1755 8.28% 

Days > 2mm 1368 6.46% 

Days > 5mm 855 4.04% 

Days > 10mm 495 2.34% 

Days > 20mm 210 0.99% 

Days > 30mm 107 0.51% 

Days > 40mm 60 0.28% 

Days > 50mm 37 0.17% 

Days > 100mm 6 0.03% 

Days > 150mm 1 0.005% 

Days > 200mm 1 0.005% 

Figure A.6 Giles frequency of daily rainfall events (1960-2017) 

A.1.4 Catchment details

Using ArcGIS and the DEM topographic data described in Section 3.3, the WMP catchment boundary was defined. 
From the catchment divide, close to Mantamaru (Jameson), to a point about 3 km downstream of WMP, the total 
catchment area is calculated to be approximately 443.26 km2. For implementation into XP-RAFTS® this area was 
sub-divided into 30 sub-catchments ranging in area from 5.14 km2 to 33.89 km2.  

For each sub catchment, the steepness of the terrain was represented by calculating the equal-area slope of the 
main streamline from the catchment divide to the outlet. As expected for this type of terrain, equal-area slopes 
are generally flat, ranging from 0.1% to 1.1% (mostly less than 0.5%).  
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As the catchment is sparsely vegetated and almost entirely undeveloped, the impervious percentage, i.e. the 
percentage of the catchment surface that is completely impervious, was uniformly set to zero. Catchment 
roughness, expressed via the Manning’s roughness coefficient, was slightly more difficult to quantify with 
precision as it is highly dependent on vegetation cover and this varies with the proximity to water sources, recent 
rainfall and the presence of exposed rock/calcrete. Therefore, a catchment wide composite coefficient of n = 0.06 
was adopted, representing, on average, a mixture of sparsely vegetated and bare surfaces. 
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A.2 Cyclonic Depression track analysis and rainfall estimation
Several of the major rainfall events local to the WMP site appear to be potentially related to the passing of cyclonic 
depressions generated in the Indian Ocean. The paths of the tropical cyclone depressions that have passed within 
200km of the WMP site between 1969 and 2018 are shown in Figure A.8 (source: BoM. 2018) and the paths of the 
tropical cyclone depressions that have passed within 100km of the WMP site between 1969 and 2018 are shown in 
Figure A.9 (source: BoM. 2018). The details of these tropical cyclone depressions have been compared against rainfall 
station data and the results are presented in Table A.4.  Pipalyatjara climate station (016099) was eliminated from the 
analysis as the station did not record any rainfall data for the cyclone depressions date ranges.   

Figure A.8 Tropical cyclone depressions path crossing within 200km (location of WMP shown as red square with 
crosshairs) 
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Figure A.9 Tropical cyclone depressions path crossing within 100km (location of WMP shown as red square with 
crosshairs)  

Table A.5 Total estimated rainfall associated with cyclonic depressions (mm) 

Cyclonic 
Depression 

Period Warburton Giles Uluru 
Rangers 

Ayers 
Rock 

Yulara Ernabella 
(Pukatja) 

Ernabella 

Neil 24/2-7/3 1981 0.0 0.0 0.0 

Ken 28/2-6/3 1983 22.8 51.0 21.0 

Lindsay 6/3- 11/3 1985 47.9 6.0 0.0 24.4 

Ilona 12/12-19/12 1988 3.4 83.5 

Gertie 17/12- 24/12 1995 32.6 50.8 51.0 44.0 

Laurence 9/12- 23/12 2009 8.2 36.6 48.2 0.0 39.4 77.6 

The following notes apply to the data presented in Table A.5: 

 A blank cell indicates there are no corresponding rainfall data for the rainfall station corresponding to the
cyclonic depression event

 The rainfall data for Giles show a maximum daily rainfall value of 217.2 mm, which occurred on the 22 February
1974. This record does not correspond to any cyclonic depression event, and the rainfall event lasted for five
consecutive days with a total of 284.8 mm rainfall - this event total is more than double the largest rainfall total
generated by the analysed cyclonic depression events
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 Using the BoM IFD data, the Giles 24-hour rainfall event of 217 mm corresponds to the rainfall intensity of a 24hr 
duration 0.5% AEP rainfall event, whereas the largest recorded cyclonic depression event of 140.2 mm 
represents a 4% AEP event 

 Some of the cyclonic depression rainfall events result in small amounts of rainfall in the broader WMP region and 
appear to be limited by distance from the main path, and typically represent what is expected to be a 10% to 
20% AEP events 

 Rain events with a greater than 2% AEP rainfall are unlikely to be directly related to cyclonic depression rainfall 
events 

 The larger rainfall events are likely to be related to monsoonal events being drawn down from the tropics and by 
low-pressure systems in the Great Australian Bight. 

  




