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Executive Summary 
St Ives Gold Mining Company Pty Limited (SIGMC) currently operates the St Ives Gold Mine at Lake Lefroy, 
located approximately 20 kilometres (km) south-east of Kambalda. The St Ives Gold Mine involves both open 
cut and underground gold mining activities on the lake-surface and adjacent land. SIGMC requires an 
additional expansion of the current area of disturbance approved under Ministerial Statement 879, which 
covers the current lake-based mining operations only. The revised proposal is for development of new lake-
based and land-based gold mining areas for a ten-year period (i.e. 2019 to 2028), referred to as the Beyond 
2018 (B2018) Project. 

SIGMC currently operates two DWER licences to take water (principally for dewatering purposes) which 
would have to be renewed during the B2018 phase. Abstracted groundwater is disposed of onto Lake Lefroy 
to a number of discharge outfall points, the use of which vary depending on operational circumstances. 

SIGMC commissioned Stantec to carry out groundwater flow modelling to support the Beyond 2018 
Environmental Review Document (ERD) submission and to assess the various groundwater and surface water 
management impacts from the 2018 mining operations. 

SIGMC will continue developing land and lake-based mining operations (open pits and underground 
workings) which would require dewatering, likely to be sump-based as has been the case to date. 

Hydrogeological conditions of the project area defined by SIGMC’s tenement and the contributing surface 
water catchment have been assessed from a variety of existing data sources and technical reports and 
studies. A regional scale numerical model was developed as a tool to provide estimates of future dewatering 
rates, assist in groundwater impact assessment and inform surface hydrology assessment of Lake Lefroy (by 
providing dewatering discharge estimates disposed of onto the lake). 

The model was developed in accordance with Australian modelling guideline. Modflow-USG code was used 
to construct the model, conduct the initial calibration and generate predictions scenarios for the current 
understanding of the B2018 working schedule. 

Model calibration was conducted using SIGMC’s groundwater monitoring data and pit lake levels 
interpreted from aerial imagery, and aquifer parameter information from existing technical reports. The 
model incorporated the existing abstraction schedule as monitored during the 2011 to 2016 calibration 
period. 

Predictive simulations were generated on the calibrated model for the proposed mining development and 
groundwater abstraction schedule. The predictive simulation run is based on approximate future mining pit 
locations, underground infrastructure and other mining infrastructure as the final version of the mining 
footprint and the details of the mining operation are yet to be determined. 

Groundwater drawdown defined as difference between 2016 and 2028 water level configuration will be 
largely limited to SIGMC’s tenement and to the central part of Lake Lefroy. The individual mining pit will 
develop a temporary and steep cone of depression with maximum drawdown limited to the outer perimeter 
of the pit, while the majority of the total area of drawdown will experience a temporary water level drop 
between 1 to 5 m. 

There are no other licensed users within the drawdown impact area. Due to simultaneous disposal of 
dewatered groundwater onto Lake Lefroy and the fact that drawdown will be largely within the perimeter 
of the lake its effect on vegetation around the lake is predicted to be minor to negligible. 

 

 



 

Stantec  │  Beyond 2018 ERD: Hydrogeological Assessment  │  July 2018 

Status: Final │ Project No.: 83503745 │ Our ref: B2018 PER GW H3 Report FINAL Rev5 │ Page vi 

Estimates of annual dewatering rates for B2018 

The following recommendations are proposed: 

 
Recommendation Description  

1 Groundwater monitoring On-going groundwater level and abstraction monitoring is to be carried out 
with annual evaluation of the results. Monitoring frequency should be at 
least monthly. 

2 Pit lake monitoring Commission a study to derive a time series of annual water levels in the pit 
lakes, important for understanding of the groundwater system response to 
dewatering and to groundwater rebound once dewatering ceases. 
Historically this can be achieved by using aerial imagery, however for the 
future monitoring purposes water level measurements of pit lake levels 
should be included into the monitoring program 

3 Lake Lefroy flood event 
and groundwater 
correlation 

When the next flood event on Lake Lefroy occurs groundwater levels are 
recommended to be collected from the entire groundwater monitoring 
network and monitoring intensified for the limited post-flood period (2 to 6 
months). This is to generate a detailed understanding of a groundwater 
response to the flooding event, the effect on groundwater 
recharge/discharge relationship and water management strategy 

4 Installation of monitoring 
bores (project scale and 
regional) 

Additional groundwater monitoring bores should be installed and included 
in the monitoring program. The monitoring bore locations are 
recommended to be agreed with the DWER. The new locations should take 
into account mining development areas and also regional groundwater 
flow 

5 Trigger levels Trigger level (water level or depth to water in relation to areas affected by 
mining) are recommended to be established for key monitoring bores, to be 
developed and agreed in consultation with DWER and documented in 
groundwater operating strategy developed for groundwater licence 

6 Periodic recalibration The numerical model is a live tool and needs to be periodically updated 
and recalibrated, to incorporate any new relevant monitoring information. 
This is important since there has been limited monitoring data available for 
2016. Model grid is likely to be refined and rediscretised in areas of 
changing mining plan or where improved calibration is sought. The model 
update should be carried out not later than in two years  

7 Development of a 
reliable site-wide water 
balance 

A reliable site-wide water balance integrating operational water use, 
groundwater abstraction and disposal and surface water is essential for 
water management and for water operating strategy 

8 Groundwater and lake 
water quality monitoring 

Further groundwater, pit lake and Lake Lefroy water quality should be 
included in water quality monitoring programs. The current monitoring 
program is sparse 
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Abbreviations 
SIGMC St Ives Gold Mining Company Pty Ltd 

m bgl metre below ground level 

m AHD metre above height datum 

Kh Hydraulic conductivity (lateral) 

Kv Hydraulic conductivity (vertical) 

Sy Specific yield 

Ss Specific storage 

ERD Environmental Review Document 

EPA  Environmental Protection Agency 

DWER Department of Water and Environmental Regulation 

GL Gigalitre (109 litre) 

GL/yr Gigalitre per year 

B2018 Beyond 2018 Project 

LoM Life of mine 

TDS Total dissolved solids 
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1. Introduction 

1.1 Background 
St Ives Gold Mining Company Pty Limited (SIGMC) currently operates the St Ives Gold Mine at Lake Lefroy, 
located approximately 20 kilometres (km) south-east of Kambalda (Figure 1-1). The St Ives Gold Mine involves 
both open cut and underground gold mining activities on the lake and on the adjacent land.  

In 2009, SIGMC referred the Beyond 2010 Project to the EPA, which involved an increase of the mining area 
by 440 hectares (ha) to a total of 1,713 ha of disturbance, and an increase in dewatering discharge into 
Lake Lefroy from 20 gigalitres (GL) to 30 GL. Mine dewatering is an essential prerequisite of the mining project 
and is subject to compliance with the Department of Water Well licensing.  

SIGMC is planning to extend its mining activities over its tenement. To that effect two additional modifications 
under section 45C of the EP Act to the proposal were approved under Ministerial Statement 879. The first 
change was for a footprint increase of 348 ha to develop the Invincible Mine, resulting in a total disturbance 
area of 2,061 ha, with this change approved in March 2014. The second change – referred to as the Beyond 
2016 Project – included an increase to the proposal Development Envelope, realignment of the layout of 
the approved disturbance area (with no increase in clearing footprint), and additional dewatering points. 
This change was approved in December 2016.  

SIGMC requires an additional expansion of the current area of disturbance approved under Ministerial 
Statement 879; which covers the current lake-based mining operations only. The revised proposal is for 
development of new lake-based and land-based gold mining areas for a ten year period (from 2019 to 
2028), referred to as the Beyond 2018 (B2018) Project.  

On 5 July 2017, SIGMC provided its complete application for a Change to Proposal via section 43A of the EP 
Act. The proposed change was an alteration of the Development Envelope (with no increased impacts), 
and for an increase in dewatering discharge from 30 GL/yr to 40 GL/yr. The EPA approved the section 43A 
Change to Proposal on 21 July 2017.  

Mining activities of the B2018 are going to require dewatering of a number of mining sites, including open 
pit and underground operations. SIGMC would need to understand the likely dewatering rates of the 
proposed mining operations, how they change in time and what are the likely consequences on water 
resources, other groundwater users and environmental receptors 

SIGMC commissioned Stantec to undertake groundwater and surface water numerical modelling to support 
the Beyond 2018 Environmental Review Document (ERD) submission and to assess the potential groundwater 
and surface water management impacts from the Beyond 2018 Project.  

This report focuses on groundwater components of the numerical modelling and has been recently adapted 
to inform and be considered as at H3 level of assessment. The Department of Water’s (2009) Operational 
Policy No 5.12 (Hydrogeological Reporting) outlines the expected content of an H3 Hydrogeological 
Assessment Report grouped under the following headings: 

 Introduction 

 Climate/rainfall 

 Hydrogeology 

 Existing groundwater use 

 Groundwater investigations 
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 Drilling 

 Test pumping 

 Groundwater chemistry 

 Groundwater modelling 

 Assessment of potential impacts 

 Groundwater monitoring 

 Management approach/conclusions 

1.2 Objectives 
The original aim of this project was to develop a numerical modelling platform to use as a tool for future site-
wide groundwater management and to inform B2018 assessment. The objectives of the groundwater 
numerical modelling are to: 

 Develop an operation-wide tool to simulate groundwater flow across the entire operational area 
incorporating principal hydrogeological and mining features  

 Ensure that the tool may be spatially refined in areas of interest in the future, to allow for evaluation of 
more detailed site-specific problems within the context of a sub-regional model 

 Simulate the potential impacts of dewatering (from mining) on groundwater flow and allow for 
understanding of key surface water groundwater interactions 

 Simulate the potential dewatering volumes that would be discharged onto Lake Lefroy and inform the 
surface water model of Lake Lefroy, and 

 In combination with surface water model outputs undertake a qualitative assessment of potential long 
term salinity impacts due to ongoing dewatering discharge to the lake.  

At the conclusion of the numerical model development a decision was made by SIGMC to transform what 
would have been the report focused on groundwater modelling for B2018 to a H3 level assessment, with the 
associated information as defined (and appropriate) in DoW (2009). Some of the aspects normally reported 
in this level of assessment, such as for example drilling, test pumping, groundwater sampling, are not relevant 
since this project scope was based on existing information and no fieldwork was executed as part of this 
project. Where appropriate and relevant for B2018, existing information from previous field hydrogeological 
investigations was reviewed and used to inform this assessment. 

B2018 assessment includes surface water and groundwater. This report should be therefore read in 
conjunction with the “Beyond 2018 PER Surface Water Modelling” (Stantec, 2017). Findings presented in this 
report, including water surface levels, confidence levels, and contingencies, are intended only for the 
purpose of comparing potential impacts associated with B2018 scenarios.  

1.3 Project Location 
The SIGMC’s B2018 project area is located in Goldfields region of Western Australia, in the Lefroy-Dundas 
Sub-area of the Goldfields Groundwater Management Area. Mining operations are situated within or around 
perimeter of Lake Lefroy, a large playa salt lake which forms part of the Lefroy Palaeodrainage system. The 
mining area footprint hosts a number of mining landforms including mining pits (active, inactive and 
rehabilitated), waste rock landforms, mills, tailings storage facilities, administrative buildings, heap leach and 
other associated infrastructure. 



 

July 2018 │ Status: Final │ Project No.: 83503745 │ Our ref: B2018 PER GW H3 Report FINAL Rev5 

Page 3 

The predominant landforms are broad, level or gently inclined plains with loamy surfaces, gently undulating 
plains with lateritic gravel mantles and occasional low hills and ridges on greenstone, basalt and (less 
frequently) granite.  

Soils adjacent to Lake Lefroy comprise aeolian and alluvial material, with the more recent dunes comprising 
red, yellow and brown siliceous sands, of which gypsum may form part of the dune core. Red sand dunes 
containing weakly developed calcareous red earth and gypsum dunes form secondary dune systems, and 
silty sand with calcrete nodules, located furthest away, form the older Tertiary dune systems (Clarke, 1991).  

The lake shore consists of depositional features (dune and beach ridges) along the eastern and southern 
margins, and erosional features (exposed Archaean basement) along the northern and western margins 
(Clarke, 1991), with the playa, occupying the lowest part of the landscape.  
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Figure 1-1: Regional location 
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2. Climate and Rainfall 
The climate of the area is classified as semi-arid to arid, characterised by hot, dry summers and cool winters. 
Climate data used for this report was based on climate statistics from the Bureau of Meteorology (BOM) 
station at Kalgoorlie – Boulder Airport (station 12038) (BOM, 2016a), located approximately 60 km north of 
the project area. Weather data is available at this station from 1939 to present. 

Regional rainfall is highly variable with a large degree of intra-annual (within-year) and inter-annual variation. 
Mean annual rainfall is around 268 mm per annum, with minimum and maximum annual rainfall of 109 mm 
(1940) and 526 mm (1992), respectively. Mean monthly rainfall ranges from 14 mm (September) to 30 mm 
(February) as shown in Figure 2-1.  

The area has an average of 64 wet days per year and rainfall distribution is bi-modal, with peak mean 
monthly rainfall in February (Figure 2-1), generally resulting from ex-tropical cyclones or isolated thunderstorm 
activity. In March 1999 ex-cyclones Elaine and Vance deposited significant rainfall in the region (197 mm of 
rainfall was recorded during March 1999 at Kalgoorlie-Boulder Airport). A secondary peak occurs in June, 
which is generally associated with the passage of cold fronts.  

 

Figure 2-1: Monthly rainfall, Kalgoorlie-Boulder Airport 

 

The cumulative rainfall departure curve (CRD) derived from monthly rainfall values for a more recent period 
(Figure 2-2) shows a declining rainfall trend between 2006 and 2010. The trend is then reversed, supported 
by high rainfall occurrences at the start of 2013, 2014 and 2016. 

Mean maximum temperatures in the summer months from December to February exceed 32°C. The winter 
season occurs from June to August with mean daily maximum and minimum temperatures of approximately 
17°C and 6°C, respectively. 

Average annual pan evaporation (based on Kalgoorlie-Boulder Airport evaporation data) is 2,640 mm/year, 
which is an order of magnitude higher than the average annual rainfall. Mean monthly evaporation ranges 
from 78 mm in June to 388 mm in January (Figure 2-3). 

Potential evaporation on the playa of Lake Lefroy is approximately 1,350 mm per year (taking into account 
the hypersaline character of the playa). The evaporation rate varies with the salinity and size of the lake (URS 
2010). 
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Figure 2-2: Monthly rainfall data series (recent), including the CRD curve 

 

There are no permanent surface water streams or bodies (other than Lake Lefroy and mine voids). 
Occasional and intermittent flow following large rainfall events is known to occur in drainage lines 
surrounding Lake Lefroy. No measurements of the frequency and rates of these flows are available. A 
number of smaller claypans or hardpans are situated within the SIGMC tenement which may occasionally 
hold water for short periods of time.  

-  

Figure 2-3: Pan evaporation rates, Kalgoorlie-Boulder station 
  



 

July 2018 │ Status: Final │ Project No.: 83503745 │ Our ref: B2018 PER GW H3 Report FINAL Rev5 

Page 7 

3. Hydrogeology 

3.1 Regional Geological Structure 
The SIGMC tenement is located within the south-central part of the Kambalda Domain, a subset of the 
Archaean Norseman-Wiluna Greenstone Belt. Locally, the Greenstone Belt comprises mafic and ultramafic 
rocks with minor felsic porphyry intrusions and meta-sediments, granites and cross-cutting Proterozoic 
dolerite dykes.  

The basement geology of the major mine areas within the Project are dominated by the Lunnon Basalt in 
the south and Paringa Basalt in the north.  

The area has been intruded by dolerite and a porphyritic rhyolitic swarm, during several intrusion events. 
Recent sediments comprise Tertiary lake and channel sediments (0 to 50 m thick) overlain by transported 
Quaternary sediments (up to 9 m thick). General geological descriptions summarised from internal 
geological notes for the Project are presented in Table 3-1: 

Table 3-1: Description of key geological units  

Lake sediments Occurs as an upper layer of saturated to semi-saturated saline sand and clay. 
The thickness of the unit varies up to 80 m, but is generally around 10 m thick 
over lake-based open pits 

Tertiary sedimentary 
cover 

Transported sand, silt and clay in consolidated and unconsolidated sequences 
up to 25 m thick. The sediments are generally associated with palaeochannels 
and for lake-based areas may be recorded as Lake Sediments in some 
geological logs. Rock types also include ferricrete duricrusts, laterite and minor 
calcrete 

Upper saprolite Included are rocks identified as oxide, saprolite, saprolitic clay and saprock. 
The unit is characterised by a typical deep weathered regolith profile of 
saprolitic clays with laterite and minor sands 

Merougil Creek Beds Pale grey to cream volcanic quartz wacke, sandstone, and minor 
conglomerate units 

Black Flag Beds Epiclastic and volcaniclastic mudstone, siltstone, sandstone/quartz wacke, 
conglomerate and breccias  

Interbedded 
sediments 

Generally a bedded sequence of siltstone and mudstone with minor sandstone 
and black shales.  

Kapai Slate Dark grey to black sulfidic volcaniclastic mudstone with cream-coloured 
siltstone  

Cave Rocks Dolerite 
/ Condenser Dolerite 
/ Defiance Dolerite 

Cave Rocks, Condenser and Defiance dolerites are similar, exhibiting a 
zonation from aphyric (lacking in phenocrysts) to coarse cumulate-type 
textures. Chemically they are iron-rich and have undergone amphibolite facies 
metamorphism 

Lunnon Basalt Dark grey to dark green massive and pillow basalt with lesser shear-associated 
breccia and rare interflow siltstone. Visually the Lunnon Basalt is very similar to 
the Paringa and Devon Consols Basalt 

Devon Consols Basalt Dark grey to dark green massive and pillow basalt with minor dolerite. 
Compared to the Lunnon and Paringa basalt, it has higher magnesium and 
epidote alteration associated with varioles 

Paringa Basalt Dark grey to dark green massive and pillow basalt with rare interflow sediments.   

Tripod Hill Komatiite This unit included samples logged as Silver Lake Peridotite (high-magnesium 
member) and ultramafic. The Tripod Hill Komatiite (also known as the 
Kambalda Komatiite) is a grey-green to grey-purple talc-rich komatiite. It is 
commonly zoned with a cumulate base and spinifex texture upper component 

Felsic intrusives Felsic intrusives generally cross cut the older stratigraphy and are dominated by 
quartz phenocrysts.  

Intermediate 
intrusives 

The units included in this lithology comprise Proterozoic dykes and flames 
porphyry. The intrusives generally cross cut the older stratigraphy and rock 
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types vary from granodiorite to porphyritic units with large quartz phenocrysts in 
a mafic matrix 

Mafic intrusions Comprise dolerite, lamprophyre and minor Proterozoic age dykes 

Tailings Generally dark green to dark grey with minor brown layers with mafic minerals, 
quartz, feldspar, and trace sulphides ranging from clay to fine sand sized (MESH 
and O'Kane, 2008) 

The mining areas are generally associated with the Boulder-Lefroy Fault and associated splays. The dominant 
structural feature is the Kambalda anticline, which plunges gently to the south east and extends for 
approximately 35 km along its surface expression.  

Gold mineralisation is controlled by the Boulder-Lefroy Fault and is generally confined to structures 
associated with the fault such as mylonitic, breccia and shear zones located at the contacts between the 
basement rocks, fault zones and intermediate and felsic intrusives.  

Minor mineralisation is associated within quartz veining and supergene sequences within the weathered 
profiles, and depositional mineralisation located in palaeochannel deposits overlying the basement.  

Cave Rocks is located to the west of the main Kambalda anticline corridor, adjacent to the Zuleika Shear. 
Mineralisation at Cave Rocks is associated with structural shear zones, and is hosted in differentiated dolerite 
rocks, which are interbedded with unmineralised sediments. 

The mining area covers a distance of over 30 km from Cave Rocks in the north, along strike of the fault to 
the Junction mine area in the south; subsequently host rock geology varies considerably. With the exception 
of Cave Rocks, the northern mining areas are generally dominated by older host rocks situated lower in the 
stratigraphic sequence. A schematic of gold mineralisation occurrences is presented in Figure 3-1. 

The map of the Pre-Cambrian geology is presented in Figure 3-2, a more detailed description of geological 
units (legend) is in Appendix A. 
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Figure 3-1: Schematic representation of gold mineralisation features (after Neumayr et al, 2008) 
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Figure 3-2: Bedrock geology (Geoscience Australia 1;500,000 dataset, 2016) 
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Table 3-2: Description of lithology codes in Figure 3-2 

 

 

Host lithologies south along strike of the fault generally move upward through the stratigraphic sequence, 
following the plunge of the anticline structure of the basement rocks.  

Supergene and depositional deposits are located across the extent of the B2018 Project. The variability in 
mined host rock geology and mineralisation style over the LoM, results in similar variances in the waste rock 
geology. 

3.2 Regional Hydrogeology 
The project area is located within the Lefroy-Dundas Sub-Area of the Goldfields Groundwater Management 
Area as defined by the Department of Water and Environmental Regulation (DWER).  

Geology Code Age Lithological description 

P_Wl-o - 

Widgiemooltha Supersuite:  Dolerite and 
gabbro; includes cumulate and granophyric 
differentiates.   
    

P_Wlbi-o - 
Binneringie Dyke:  Dolerite and gabbro; 
includes cumulate and granophyric 
differentiates. 

A_me-st 2640 -  2664 
Merougil Formation:  Biotite-bearing pebbly 
sandstone, sandstone, and siltstone; minor 
polymictic conglomerate; metamorphosed. 

A-mgss-Y 2600 - 3010 
Yilgarn Craton Granites:  Foliated metagranite, 
locally gneissic; may include amphibolite 
lenses; includes deeply weathered rock. 

A-g-Y 2600 - 3010 Yilgarn Craton Granites:  Granitic rock, 
undivided; metamorphosed. 

A-s-YEG 2650 - 2960 

Eastern Goldfields Superterrane Greenstones:  
Siliciclastic sedimentary rock, undivided; 
includes sandstone, siltstone, shale, and chert; 
metamorphosed. 

A-c-YEG 2650 - 2960 

Eastern Goldfields Superterrane Greenstones:  
Undivided chert, banded chert, ferruginous 
chert, and banded iron-formation; 
metamorphosed. 

A-f-YEG 2650 - 2960 

Eastern Goldfields Superterrane Greenstones:  
Volcanic and volcaniclastic felsic rocks, 
undivided; andesite to rhyolite, minor basaltic 
andesite; local fragmental textures; 
metamorphosed. 

A-o-YEG 2650 - 2960 
Eastern Goldfields Superterrane Greenstones:  
Mafic intrusive rock dominant; 
metamorphosed. 

A-b-YEG 2650 - 2960 

Eastern Goldfields Superterrane Greenstones:  
Fine- to very-fine grained mafic rock with 
minor ultramafic rock, undivided; 
metamorphosed. 

A-bs-YEG 2650 - 2960 
Eastern Goldfields Superterrane Greenstones:  
Pyroxene spinifex-textured basalt; locally 
variolitic and/or pillowed; metamorphosed. 

A-u-YEG 2650 - 2960 
Eastern Goldfields Superterrane Greenstones:  
Ultramafic volcanic rock dominant; 
metamorphosed. 

A-uk-YEG 2650 - 2960 

Eastern Goldfields Superterrane Greenstones:  
Komatiite and komatiite flow units; olivine 
spinifex texture and locally well-developed 
cumulate zones; metamorphosed; silicified or 
weathered. 
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Lake Lefroy forms the headwaters of the Lefroy Palaeodrainage, one of four main palaeodrainage systems 
in the area, which flows eastwards towards the Eucla Basin. The majority of the project area is located in or 
along the margins of Lake Lefroy, within the Lefroy Palaeodrainage system. As a result, operations intersect 
variable thicknesses of Tertiary to recent alluvial, lacustrine and aeolian deposits, which overlay mineralised 
Archaean basement rocks containing the gold deposits.   

The most significant aquifer of the Lefroy Palaeodrainage in the Lake Lefroy area comprises a series of 
channelled, fine to coarse-grained sand horizons representing infilled palaeodrainage channels. At Lake 
Lefroy, the palaeodrainage channel sand unit is generally underlain by clay, silt and lignite of the Pidinga 
Formation, locally interfingering with spongolitic silt and fine sand of the Princess Royal Spongolite. The upper 
part of the sedimentary sequence comprises clay, with silt, sandstone and pebbly lenses of the Revenge 
Formation and calcareous mudstones of the Cowan Dolomite and Gamma Island Formation. 

A fractured aquifer system in the fresh Archaean bedrock yields limited volumes of groundwater. Larger 
supplies of saline to hypersaline groundwater are available from the basal sediments within the Tertiary 
palaeovalleys, especially where these have been sourced from granitic terrain and rich in quartz sand.  

Groundwater salinity represented as total dissolved solid (TDS) concentrations in the area ranges from 50,000 
to 350,000 mg/L. Groundwater salinity in the vicinity of Lake Lefroy ranges between 274,000 and 423,000 
mg/L TDS. Dissolved metal concentrations are reflective of the mineralogy in the region. Groundwater 
typically occurs in limited quantities, at depth of between 15 to 30 m below ground level (m bgl), outside of 
the margins of Lake Lefroy (URS 2010a). The natural (pre-mining) groundwater flow is towards the Lefroy 
Palaeodrainage.  

Natural groundwater discharge occurs mainly through evapotranspiration and evaporation in Lake Lefroy. 
Under natural condition the lake is a discharge zone for groundwater, however, the reversal of groundwater 
levels due to dewatering has an impact of reducing the discharge of groundwater into the lake. The 
mechanism of groundwater flow (and outflow) through palaeochannels is not well understood.  

3.3 Hydrogeological Boundaries 
The evaluated spatial domain which hosts the key SIGMC tenements is represented by the surface water 
catchment feeding the Lake Lefroy and the mining areas. It is reasonable to assume that the surface water 
catchment encompasses the majority of the aquifer system affected by SIGMC mining. 

The area defined by the surface water catchment footprint is likely to contribute surface water balance and 
the majority of groundwater balance relevant to SIGMC mining. Since Lake Lefroy is a large natural 
groundwater discharge area (under natural conditions) the majority of groundwater flow from the surface 
water catchment area would be directed to that feature.  

As a consequence the subsurface system defined by the surface water catchment footprint can be thought 
of as a discrete aquifer system with low or negligible interaction with groundwater bodies outside of the 
surface water catchment footprint. This is also supported by relatively low permeability (K) of the Archaean 
bedrock (the lithological unit most affected by mining) which results in relatively limited zones of influence 
from mining and low regional flow values driven by low K and moderate groundwater flow gradients. 

The assumed palaeochannel outflow to the east of the mining areas provides an important connection (and 
a presumable exit under natural conditions) to the east-lying areas downstream, in continuation of the 
palaeochannel system. 
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3.4 Principal Aquifers 
Three principal components of the aquifer system in the B2018 Project are described as follows: 

3.4.1 Lake Deposits 
This horizon is encountered in all lake-based mining pits within the uppermost two metres (m). It has been 
described informally by Clarke (1993) as the Roysalt Formation comprising evaporative sediments with 
bedded gypsiferous sands and silts capped with an ephemeral halite crust on the lake floor.  

This unit is responsible for small groundwater inflows and seepages near the rims of the pits, usually leaving 
streaks of gypsum on the walls. The groundwater from all sites near Lake Lefroy is saturated with gypsum, 
with encrustations of this mineral evident wherever it is released from pipelines or seeps from pit walls. 

3.4.2 Palaeochannel Sediments (Tertiary Alluvial Channel Sand Sequence)   
These units are confined to channels and in many respects are similar to the Wollubar Sandstone found in 
the basal parts of the Roe Palaeodrainage system in the central and northern Goldfields Region. Typically, 
this unit comprises bedded fine to very coarse (sometimes gravelly) quartz sand that is rarely lithified and 
often is free-flowing in drillholes intersecting it. 

Regionally, this unit acts as a groundwater conduit within and above the Pidinga Formation and beneath 
the Revenge, Gamma Island and Cowan Dolomite Formations. These units also provide regional flow paths 
for groundwater sourced from weathered bedrock aquifers along the palaeodrainage margins. 

3.4.3 Weathered and Fractured Bedrock 
This unit is the most varied in extent of hydraulic properties which are dependent on the structural integrity, 
degree of weathering, depth, and lithology. Groundwater in this zone is present in sub-vertical, disconnected 
fractured rock aquifers resulting from structural movements along the many faults in the area; and the 
intrusion and damming action of porphyry and doleritic dykes.  

All of the mining pits have intersected groundwater within the bedrock, generally in sheared and fractured 
rock zones associated with local and regional faults as well as the fractured intervals often well-developed 
in the weathered horizon. The long-term yields from this aquifer are strongly dependent on local variations 
of the key attributes described above and interconnection with recharge sources such as regional shears, 
weathered zones and overlying palaeochannel aquifers.  

All active mines are dewatered using sumps. Abstracted groundwater is hypersaline and has physical and 
chemical properties similar to those of the natural lake waters. Some variations do occur as water quality is 
primarily a function of aquifer geology and residence time. Mine water is directed to settlement ponds to 
reduce sediment loads prior to discharge to Lake Lefroy.  

Dewatering operations are covered under Groundwater Well Licence (GWL) No. 62505(9), DWER licence 
L8485/2010/2f and Ministerial Statement No. 879.  

GWL No. 62505(9), which covers pumping of hypersaline water from underground mines and open pits, 
expires on 24 February 2024 (Thorpe, 2014). Actual abstraction volumes have been well below the licensed 
allocation of 30 GL/yr of water in the recent years. 

Simplified geological sections through the project area are presented in Figure 3-3. From the sections it is 
apparent that mining is centred on the Archaean bedrock which is partly or entirely overlain by Cenozoic 
sediments.  
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Figure 3-3: Simplified cross-section of key hydrogeological units in the SIGMC tenement 
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Figure 3-4: Pre-Cambrian (basement) geology and overlying palaeochannels 
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3.5 Hydraulic Properties 
The area’s aquifer system exhibits a wide range of transmissivity and storativity. Archaean bedrock has a 
negligible primary porosity, the majority of groundwater flow and storage is in fractures which may be filled 
with transported material or precipitates. As a consequence both permeability and storativity of Archaean 
basement is typically low. Shear zones and associated zones of mineralisation developed in Archaean 
basement may provide more permeable pathways for groundwater flow.  

Archaean basement is crossed with numerous dykes. Their hydraulic function is unclear and it is not certain 
whether they provide discrete barriers to groundwater flow or whether they may provide enhanced flow 
pathways along contact planes between the dykes and the host rock.  

Bulk permeability of Archaean basement is expected to be less than 0.01 m/d and specific yield less than 
0.001 to 0.005. These values may be marginally higher in the regolith part of Archaean basement, with 
saprock development in which enhanced permeability is often present at the base of saprolite weathering. 

Cenozoic cover over the Archaean basement consists of fluvial and lacustrine sediments, including the 
buried palaeochannels. Sandy horizons within these sediments are more permeable and with more 
appreciable storativity. They contain varying contributions of clay and silt fractions which would tend to 
reduce their permeability. 

Sand units at the base of the palaeochannel provide connectivity to a regional palaeochannel system 
which is the most significant groundwater repository in the region. It is expected that permeability of these 
units ranges between 2 to 20 m/d with specific yield up to 0.1 due to variable fine fraction content. 

More permeable shallow Cenozoic units include alluvial and aeolian sands (dunes) which have sizeable 
permeability but may be only partly saturated. Their hydraulic properties are similar to palaeochannel sands 
but may have potentially higher specific yield due to potentially lesser clay fraction contribution. 

Hydraulic conductivity in vertical direction is commonly much smaller due to possible interlayering of less 
permeable lenses or layers. 

Storage properties of fractured and weathered basement are typically low with specific yield being 0.01 or 
less. Alluvial and Aeolian sediments which are typically sandy with variable fractions of finer sediments have 
higher specific yield, as mentioned above, typically within the range of 0.1 to 0.2. 

Lake Lefroy is assumed to overlay a clayey lacustrine mixture of sediments, highly heterogeneous in its 
properties. Due to its clayey nature and the presence of precipitated salt crust, the interaction between 
groundwater and occasionally available surface water in the lake is limited, driven by low permeability of 
this layer. Groundwater interaction with the lake probably occurs on fringes of the lake rather than through 
the lakebed which is covered by accumulated salt crust and hardened low permeability material.  

Due to the lake being the natural discharge point for groundwater (under natural conditions) any 
accumulations of water in the lake after rainfall events are likely to be removed by evaporation rather than 
by infiltration to groundwater. The latter is only likely to occur on the fringes of the lake or through potential 
‘holes’ in the lake bed if water in the lake is more saline (and dense) than the inflowing groundwater. Density 
driven flow is likely the most relevant but relatively small contributor to groundwater flow in the lake area. 

Mining in the lake and development of open pits may locally and temporarily reverse the upward 
groundwater flow in the mined area. When mining on the lake targets the palaeochannel (e.g. Neptune, 
Thunderer and others) the flows from that aquifer are higher than from the fractured basement by at least 
an order of magnitude. 
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3.6 Recharge and Discharge 

3.6.1 Lake Lefroy 
Lake Lefroy is the major surface waterbody within the SIGMC operational area, and is surrounded by 
numerous ephemeral drainage channels and creek lines (Figure 2-6). The hydrology of the lake has been 
substantially altered, due to the construction of the primary causeway built in the late 1960s (St Ives Gold 
Mining Company Pty Limited, 2010), which bisects the centre of the lake and is used for access, mining and 
exploration. The construction of the causeway has caused substantial hydrological changes to the lake, 
particularly to the flow regime during major flood events. 

Lake Lefroy covers an area of 554 km2 and is located within the Lake Lefroy catchment (Figure 2-4), 
approximately 4,528 km2 in size (Clarke, 1991). The lake appears to be a system in transition between an 
ephemeral lake and a salt pan, with increased build-up of salts occurring via natural processes (Clarke, 
1994b), as well as dewatering discharge.  

It is estimated that approximately 2.4 million tonnes of salt was added to Lake Lefroy annually in the past, as 
a result of dewatering activities by mines fringing the lake (Handley, 2003; Vasey, 2001), consistent with the 
present discharge rates of approximately 7 GL/yr. 

The surface of Lake Lefroy varies in bathymetry over a large area, and the playa is generally of low relief, at 
approximately 286 m above sea level. While the bathymetry of the lake is generally flat, there are two 
shallow-water accumulation areas in the northeast and central southern areas. Rainfall typically generates 
minimal lake surface flows, with runoff tending to infiltrate terrestrial soils, prior to entering the playa (Handley 
1991). High evaporation rates generally contribute to the limited residency time of surface waters in the lake. 

During flood, the lake exhibits substantial fluctuations in water depth and movement, due to its shallow 
nature and the action of prevailing winds (Clarke 1994b). Due to substantial spatial variability in rainfall, the 
bathymetry of the playa, and the location of existing mining infrastructure, the lake does not necessarily fill 
in its entirety (Clarke 1991; CSIRO Land and Water 2003). There is also no evidence that delayed drainage to 
Lake Lefroy occurs from the surrounding catchment for a prolonged period after large rainfall events (CSIRO 
Land and Water, 2003).  

The salinity of the lake’s surface waters range from 260,000 to 435,000 mg/L (TDS) (URS, 2010b), and the lake 
does not appear to support a low salinity phase, even after large influxes of freshwater (Phoenix 
Environmental Sciences, 2014a). This is largely attributed to the presence of an extensive salt crust, which 
covers an estimated 65% of the playa surface (CSIRO Land and Water, 2003), and in some areas, is up to 50 
cm thick (MWH, 2015a). Our current assessment indicates that salt now covers up to 85% of the lake area, 
based on the visual inspection of January 2017 aerial imagery. 

Saline groundwater has been discharged to Lake Lefroy since 1965, prior to the establishment of SIGMC. 
Dewatering discharge from SIGMC to the lake is believed to have commenced between 1980 and 1981, 
during initial development of the Victory-Leviathan gold deposits by Western Mining Corporation Resources 
Limited (WMC). Other known approved, historic and active dewatering discharge disposed of to Lake Lefroy 
may have occurred from Mincor Operations Pty Ltd (Mariners Nickel Mine), Salt Lake Mining Pty Ltd (Beta 
Hunt Nickel Mine), Independence Group NL (Long Victor Nickel Complex), and Metals X Limited (South 
Kalgoorlie Gold Mine) (Department of Environment Regulation, 2016; Outback Ecology, 2004).  

SIGMC is currently dewatering several open pits and underground operations. Dewatering is undertaken 
through sumps; either within open pits, or from key points within underground operations. The majority of 
mine dewatering discharge from SIGMC operations is ultimately discharged to Lake Lefroy. Prior to discharge 
to the lake, pre-treatment takes the form of sediment settlement (using in-pit or underground sumps) and 
hydrocarbon capture. While SIGMC have DWER approval to discharge from up to a number of lake-based 
outfalls, the dewatering regime is dynamic, and the discharge location varies dependent on operational 
requirements. 
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In hydrogeological terms Lake Lefroy represents a natural groundwater discharge area with shallow, near 
ground level watertable. Groundwater inflows into the lake are volumetrically small (due to the low flow 
gradients and low permeability of the lake beds) and are eliminated by evaporation, as is typical for playa 
environments, resulting in virtually no water ponding in the lake footprint. Ponding in the lake is attributed to 
infrequent surface water runoff or flooding events rather than surface expression of groundwater. 

3.6.2 Groundwater Recharge 
Groundwater recharge mechanisms vary from direct rainfall infiltration to enhanced creek (or drainage) line 
infiltration. Regional values of recharge rates typical for this region do not exceed more than 1 to 3% of 
annual rainfall. Presence of clays in the saprolite-weathering zone in area where Archaean basement is 
close to the surface may locally prevent or delay infiltration of rainfall to the underlying fractured bedrock. 

The cumulative rainfall departure (CRD) curve, derived from rainfall data, is often a useful indication of what 
a groundwater level response would be under natural conditions (with no significant abstraction) in a shallow 
aquifer system open to diffuse (or focused) rainfall recharge. The shape of this curve compared to existing 
hydrographs (Figure 3-7) suggests that rainfall actively recharge groundwater in the region after major 
rainfall events during which tens of millimetres of rainfall precipitate within a day as was the case during 
events in early 2013 and 2015. 

Effect of rainfall events on groundwater recharge is evident in some of the monitoring bore hydrographs 
(Figure 3-6). Monitoring bore TSF 4-14 is situated near Lake Lefroy and is the most distant bore of the TSF 4 
monitoring bore network – closest to natural conditions typical for shallow aquifer on the banks of Lake 
Lefroy. 

Bore TD7438A (Figure 3-7) belongs to the groundwater monitoring network at Argo and shows similar response 
to rainfall events in early 2013 and 2015. 

Both hydrographs show a distinct response to inclement rainfall events. This response is not generally 
observable or completely missing in a number of other monitoring bores due to their proximity to the 
dewatering pits and the overriding effect of groundwater drawdown due to dewatering.   

The water level response in the bores shown in Figure 3-7 is approximately 1 to 2 m, suggesting that at an 
assumed specific yield of 0.1 the corresponding short-term recharge input for the 2013 event could have 
been up to 200 mm. This would probably not represent the overall area recharge rate, rather an 
instantaneous input at documented monitoring locations. 

Even though the monitoring dataset for groundwater levels is not available for 1999, during that year the 
significant rainfall associated with Cyclone Vance would have produced possibly the largest recharge input 
in the last two decades. 

Outside of large rainfall events the groundwater recharge is minimal or negligible. As indicated above, for 
the climatic and hydrogeological conditions in the SIGMC area the typical long-term, average recharge 
rates utilised in the modelling studies in this regions are typically considered to be 1 to 3% of annual rainfall. 
For example, the groundwater modelling study of the Mt Morgan Borefield in Widgiemooltha (Rockwater, 
2011), situated in similar climatic conditions to the southwest of the SIGMC tenements, made use of average 
recharge rate values of 2.65 mm/yr (~1% of mean annual rainfall) which was discussed (in that report) to be 
consistent with chloride balance and throughflow methods derived by Forbes et al (1991). 

A more recent study for Leviathan Complex (URS, 2013) also utilised a recharge rate value of ~1% rainfall, in 
this case 3.25 mm/yr. These estimates are based more on experience with similar climatic and geological 
conditions rather than on exact measurements due to scarcity of direct recharge measurement techniques. 

The groundwater modelling study for TSF 4 (MWH, 2015) made use of approximately 1.5% (5 mm/yr) of mean 
annual recharge due to the fact that the TSF is surrounded by sandy deposits with shallow water table 
occurrences near the Lake Lefroy. During large rainfall events the monthly recharge used in this model was 
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up to 1 mm/d in that month. These rates would not be equally representative of the whole project area, only 
in the sandy cover along the shores of Lake Lefroy.  
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Figure 3-5: Dry and wet conditions in Lake Lefroy 
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Figure 3-6: Effect of rainfall on (shallow) groundwater levels 

 

 
Figure 3-7: Cumulative rainfall departure (CRD) vs selected water levels 

 

3.6.3 Water Levels 
Pre-mining water levels followed the developed surface water drainage system with Lake Lefroy (Figure 3-8) 
as an (evaporative) outflow point. The exact configuration of water level before mining in the area occurred 
is not known since the area has been mined for many decades. As a consequence the depth to 
groundwater varies between several metres (less than 5) on the fringes of Lake Lefroy to several tens of 
metres in elevated topographic features – or more recently in areas where water level was depressed 
artificially due to dewatering. 

Mining through open pits and underground workings changed the configuration of pre-mining water levels. 
When mining takes place in low permeability basement rocks, typical for SIGMC operations, the depressed 
watertable in the mined area has relatively small footprint with steep gradients. Mining in the structurally 
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affected areas such as shear zones can lead to elongation of depressed cone of depression alongside the 
shear zone. 

A number of mining pits are of relatively short duration (several years) and closing and of old pits and 
opening of the new ones leaves the local groundwater flow field in the constantly changing state of 
recovery and depression. 

Groundwater level monitoring in the area has been almost exclusively associated with mining pits – there 
are no monitoring bores in the area which are designed to monitor baseline water levels. However an 
example of the near lake monitoring bore is TSF4-14A, situated between Lake Lefroy and the TSF4 which may 
be considered as representative of alluvial/Aeolian sediments in the near lake zone. The water level in the 
bore is typically 4 m below ground level and responds to high rainfall events (start of 2013, 2014, 2016) as 
was discussed in the previous section. 

Water levels in most monitoring bores have been observed within the 260 to 290 m AHD range. An exception 
is TD11150 in the Athena area, currently at 232 m AHD; TD7438c, TD7436a and APOMB-02 in Argo and Apollo 
area which recorded levels between 242 and 258 m AHD. 

Groundwater levels in areas affected by TSF4 and heap leach were known to show the effects of mounding. 
The monitoring bores in these areas showed up to 5 m rise in water levels between 2011 and 2013. These 
levels are expected to decline with cessation of deposition into TSF4. 

A visual depiction of observed and modelled groundwater levels is available in Section 6 which describes 
the numerical flow model. 
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Figure 3-8: Regional hydrological setting with major drainage paths 
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4. Existing Groundwater Use 

4.1 Groundwater Abstraction 
Groundwater abstraction is regulated by DWER via the two groundwater well licences noted below: 

 The Mt. Morgan Borefield, Widgiemooltha. The borefield produces saline groundwater used in gold ore 
processing. This is covered by Groundwater Well Licence No. 171060(2). Operation of the Mt Morgan 
Borefield has negligible material relevance to groundwater management of mining operations, however 
it is listed for completion of groundwater well licence information. From site’s water balance point of 
view, water from the borefield is used in the mill and enters the circuit between the mill and TSFs. 

 St Ives Mine Dewatering operations, Kambalda. This involves the pumping of hypersaline from 
underground mines and open pit mining operations with discharge onto Lake Lefroy. The water 
produced by dewatering is both discharged to Lake Lefroy and reused in underground mining 
operations after treatment in settling ponds and as dust suppression (excluding Cave Rocks). These 
activities are covered under Groundwater Well Licence No. 62505(9). 

Groundwater Well Licence No. 62505(9) expires on 20 February 2024 and Groundwater Well Licence No. 
171060(2) expires on 16 September 2020 (Thorpe, 2014). A summary of the licence conditions is provided in 
Table 4-1: 

Table 4-1: Groundwater licence conditions currently in place 

Licence No Licence 
expiry Borefield/source ID 

Annual 
allocation 
(kL/year) 

Monitoring requirements 

171060(2) 16-Sep-
2020 

L15/147, L15/256 and L15/279 Mt Morgan 
Borefield, Widgiemooltha 

4,015,000 

Monthly abstraction 

3 monthly salinity analysis 

Annual full water analysis 

62505(9) 20-Feb-
2024 

Goldfields, Combined-Fractured Rock, 
West-Fractured Rock 

30,000,000 

Monthly water levels 

Monthly abstraction 

3 monthly salinity analysis 

Annual full water analysis 

 

Licensed groundwater use (principally mine dewatering) is well below the licensed allocation and also 
slightly below the total abstraction during 2006 to 2009. For the latter period the annual abstraction rates 
range between 10,643,780 to 12,702,275 kL/yr. The average annual abstraction during 2010 to 2016 period 
has been 9,294,307 kL/yr. 

The operation with the largest abstracted volumes include Belleisle UG, Argo OP, Invincible OP, Neptune OP, 
Athena UG, Thunderer OP, Beta Hunt UG and North Orchin OP, for which the total abstracted volumes 
ranged from 19,110,858 to 2,077,695 kL respectively during 2010 to 2016.  

Table 4-2: Groundwater abstraction and salinity summary, 2010 to 2016 

Operation Total abstraction,  

2010 to 2016 (kL) 

Annual abstraction, 

2010 to 2016 (kL/yr) 
Mean TDS 

(mg/L) 
Minimum TDS  

(mg/L) 
Maximum TDS  

(mg/L) 

Cave Rocks UG 1,085,604 155,086 103,023 69,400 187,000 

Bellerophon OP 717,325 102,475 287,500 250,000 325,000 
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Operation Total abstraction,  

2010 to 2016 (kL) 

Annual abstraction, 

2010 to 2016 (kL/yr) 
Mean TDS 

(mg/L) 
Minimum TDS  

(mg/L) 
Maximum TDS  

(mg/L) 

Leviathan OP 1,796,457 256,637 358,250 178,000 430,000 

North Orchin OP 2,077,695 296,814    

Agamemnon OP 1,718,738 245,534    

Apollo OP 954,464 136,352 111,260 97,300 129,000 

Athena UG 4,491,069 641,581 164,115 84,800 240,000 

Bahama OP 1,039,833 148,548    

Beta Hunt UG 2,246,315 320,920 270,308 108,000 365,000 

Britannia OP 98,816 14,117    

Diana OP 97,426 13,918    

Formidable 150,310 21,473 380,333 330,000 449,000 

Invincible OP 5,095,129 727,876    

Neptune OP 4,931,166 704,452    

Redback OP 384,175 54,882    

Redoubtable OP 62,550 8,936    

Revenge OP 2,255,416 322,202 336,727 205,000 426,000 

Santa Ana OP 2,388,475 341,211    

Temeraire OP 549,101 78,443 298,077 131,000 412,000 

Thunderer OP 3,118,222 445,460 257,500 115,000 400,000 

West Idough OP 33,736 4,819    

A5 OP 85,413 12,202    

Argo UG 10,571,856 1,510,265 236,462 142,000 328,000 

Belleisle UG 19,110,858 2,730,123 321,500 131,000 425,000 

   

Total abstraction 
(kL) 

65,060,149  

Annual average 
(kL) 

9,294,307  

Average TDS 
(mg/L) 

260,421  

Minimum TDS 
(mg/L) 

69,400  

Maximum TDS 
(mg/L) 

449,000  
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The majority of large abstracted volumes are attributable to palaeochannel aquifer which intersects some 
of the high water-yielding mining pits. The detailed spatial locations of individual mining pits and other mining 
landforms is available in Appendix D. 

Virtually all abstracted groundwater is discharged onto Lake Lefroy. A small part of dewatering discharge 
(less than 1%) is used for dust suppression. 

 

Figure 4-1: Groundwater abstraction at SIGMC 

 

There are no other licensed users of groundwater within the proximity to SIGMC’s operations on or around 
Lake Lefroy (URS, 2010). 

4.2 Recent Operational Performance – Dewatering  

4.2.1 Athena 
The Athena Underground Workings operation is accessed via the Athena Boxcut. The Athena Boxcut is 
approximately 50 m deep, appears to terminate in transitional oxide material and covers approximately 6 
ha. Access to the Athena-Hamlet Underground Workings are via the Athena Boxcut. The Athena-Hamlet 
Underground Workings are currently active in 2016. 

Approval for development of the Athena-Hamlet Underground Workings was granted in 2009. It was 
proposed that 17,824,341 t would be generated from the Athena operations over 11 years, and 2,100,000 t 
over five years from the development of an underground operation at Hamlet. 

The most recent dewatering output from Athena Underground Workings has been in excess of 650,000 kL/yr. 
Historical outputs varied between 400,000 and 880,000 kL/yr. 

Out of several monitoring bores at Athena only TD11150 showed decreasing water levelwhich dropped from 
approximately 268 m RL in 2011 to about 233 m RL in 2015 and remained at that level into 2016. Other 
monitoring bores show relatively stable water levels, or only a minor decline. The latter can traced TD11148, 
which amount to a decrease by 6 m between 2011 and 2016 (to 274 m RL in 2016). 
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4.2.2 Apollo 
The Apollo Open Pit covers approximately 19 ha, and is partly backfilled at the northern end where it directly 
abuts the Argo North WRL. Mining of the Apollo Open Pit commenced in 2009, it remained active in 2012, it 
is unknown when mining ceased, however, it was no longer operational in 2016. The Apollo Open Pit was still 
being utilised for dewatering of the Athena Underground Workings in 2016. 

As the Apollo Open Pit is immediately adjacent to the Argo Open Pit. The combined open pit complex is 
identified as the ‘Apollo-Argo Open Pit Complex’. 

The dewatering output between July 2015 and May 2016 was about 250,000 kL/yr, earlier, 2010/2011 this was 
approximately 340,000 kL/yr. 

Groundwater levels at Apollo and Argo Group (TD7436a, TD7436b, TD7436c, TD7441a, APOMB-02, TD7438a, 
TD7438c) have been steady and varied between 242 and 285 m RL at individual locations. Only TD7441a 
showed a minor but steady rise in groundwater levels, which represented approximately 3 m between 2011 
and 2016. 

4.2.3 Cave Rocks  
Cave Rocks includes Open Pit and Underground Workings, however the Open Pit is above the water table. 
The predominant underground mining method is long-hole stoping, with some room and pillar mining. 
Depending on the ground conditions and ore grades, pillars or backfill are used for stope stability. Backfill is 
emplaced as rockfill, either using development waste, or surface waste stockpiles. 

Access to the Cave Rocks Underground Workings is via a portal developed in the southern wall of the Cave 
Rocks North Open Pit. The portal is approximately 34 m below the surface, which is ~316.5mRL AHD. 
Development in the footwall of the West Lode mineralisation aimed to provide access to the orebody via 
central cross-cuts, and provide a base for some stope definition drilling. The main Vent Shaft for the 
underground mine is located between the Cave Rocks Central and South Open Pits (see Section 3.3). 

Minesite (2008) reported that once mining began, the ore body was mined using a ‘top down’ method, with 
waste stockpiled on the Cave Rocks WRL, and not in underground stopes as originally proposed. Ore was 
transported via Kambalda to the Lefroy Mill for processing. 

The outputs from underground mining were relatively modest recently, just below 40,000 kL/yr, down from 
earlier dewatering outputs ((2010 to 2014) which were up to 280,000 kL/yr. 

Groundwater level monitoring suggest lowering of water levels due to dewatering of underground workings. 
The water level in CRMB-01 declined by approximately 18 m between 2012 and 2103 and has been 
maintained at 260 mRL. The drop in CRMB-02 was less pronounced and represents 10 m between 2011 and 
2016. 

4.2.4 A5 
Dewatering outputs from A5 amounted to 85,000 kL/yr, with this particular Open Pit active only for a short 
period of time in 2016. 

4.2.5 Beta Hunt 
Beta Hunt is an underground land-based mine operated by Salt Lake Mining Pty Ltd (leased from SIGM) and 
is situated north of Lake Lefroy. Hypersaline groundwater is pumped out via sumps and then discharged to 
Lake Lefroy. The 2016/2017 total output has been 290,000 kL (approximately 24,000 kL/month). In previous 
years the monthly dewatering outputs were often higher, up to double of the 2016/2017 average. 
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Beta Hunt does not a have a dedicated groundwater level monitoring network, however the mine is likely 
to have a localised cone of depression, the extent of which could be only estimated. 

4.2.6 Temeraire 
Temeraire is an open pit land-based mine situated to the north of Lake Lefroy and east of the Beta Hunt 
underground operation, as part of the Greater Intrepide Area. It has been operated on and off since 2003. 
The Temerarire deposit is hosted within felsic intrusive. The open pit was extended to a depth of of 45 m, with 
a final surface area of 3.2 ha. Waste from this pit (approximately 400,000 m3) was used to backfill the northern 
end of the Redoubtable Pit. 

The 2016/2017 dewatering output was 57,000 kL. There is no current monitoring of groundwater levels around 
the Temeraire Open Pit. 

4.2.7 Leviathan Complex 
The Leviathan Complex has a notable effect on groundwater flow in the central area, despite the fact that 
the mine is currently inactive. Water level in the Open Pit has been kept low to allow for in-pit deposition.  

The Leviathan Open Pit covers approximately 57.3 ha, with approximately 3.8 ha backfilled to the surface. 
The Leviathan Open Pit is one large land-based open pit, incorporated into the Leviathan Open Pit Complex, 
which developed from a cutback and extension at depth of the Defiance and Victory North Open Pits. 

SIGM will commence deposition of tailings into this open pit in 2017, the current capacity for this open pit to 
receive tailings is greater than the current LoM, however, with an expansion of resource definition it is not 
known if the tailings will remain below or above the post closure water table. 

The Leviathan Underground Workings are a component of the underground workings of the Leviathan 
Complex, which were originally mined as the Victory Mine, or Victory Underground Workings. The Leviathan 
Underground Workings are also associated with and almost certainly connected to both the Sirius and 
Britannia-Orion Underground Workings. It is assumed both the Sirius and Britannia-Orion Underground 
Workings shared the Leviathan decline. 

There are no recent records of dewatering from the Leviathan Complex. The records from Leviathan Open 
Pit in 2012 and from Sirius Open Pit between 2011 and 2011 suggest dewatering outputs between 50,000 and 
60,000 kL/yr. 

There has been a new set of monitoring bores installed at Leviathan Complex, however there is not enough 
data yet to determine trends in groundwater levels. 

4.2.8 Neptune 
Neptune Open Pit covers approximately 18 ha. Although mining has been suspended dewatering has been 
ongoing. Due to the groundwater inflow from the palaeochannel sands the inflows are relatively high, and 
amounted to over 1,500,000 kL/yr in 2016/2017.  

4.2.9 Agamemnon 
This refers to Agamemnon South Open Pit since Agamemnon West and Agamemnon Open Pits have already 
been backfilled. It also incorporate the Delta, Delta Bridge, Delta North and Office Open Pits. The 
Agamemnon South is believed to also contain the Revenge Underground decline which extends under Delta 
Island.  

Mining was initially completed in the Agamemnon South Open Pit in 2003 to depth of 55 m. A number of 
cutbacks occurred between 2007 and 2012 and again in 2016. The most recent (2016/2017) abstraction at 
Agamemnon South totalled over 1,600,000 kL/yr, a significant rise from pre-2013 outputs. 
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4.2.10 Thunderer 
The Thunderer Open Pit covers approximately 20 ha and is currently inactive. It is located on the eastern 
shore of Lake Lefroy (Appendix A). Although inactive in terms of mining it is used for water management and 
transfers. Recorded dewatering outputs have been around 900,000 kL/yr (in 2010 and 2016/2017.  

Groundwater levels measured in monitoring bores near the Thunderer Open Pit showed a steady rise from 
260 m RL to 270 m in 2013 after which they were maintained at that level. 

4.3 Groundwater Dependent Ecosystems 
There are no recognised or registered groundwater dependent ecosystems (GDE) on or around Lake Lefroy 
or within the SIGMC tenement due to the hypersaline nature of groundwater (URS, 2010). Wetlands around 
the fringes of the lake, and aquatic ecosystems affected that may or not have some dependency on 
groundwater are subject to a separate on-going study (Stantec, 2017b). 

Dewatering output continues to be discharged on parts of Lake Lefroy. A summary of discharge points is 
available in Table 4-3. Photo examples of lake-based discharge outfalls are presented in Figure 4-2.  

The effects of salinity associated with discharge onto the lake is subject to separate studies of aquatic 
ecosystems (Stantec, 2017b) and Lake Lefroy hydrology (Stantec, 2017a). 

For the purposes of this study the only potential GDE is defined as scattered vegetation communities on the 
fringes of Lake Lefroy where the watertable is shallow (generally less than 5 m BGL).  
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Figure 4-2: Examples of lake-based dewatering discharge outfalls at Lake Lefroy: A, B – Invincible; C, D 
Revenge and E, F Santa Ana 
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Table 4-3: List of approved and historic dewatering discharge outfall locations (as of March 2016) 

Dewatering 
Discharge Point 

Approved 
by DWER 

Approved 
by EPA 

Discharge 
Infrastructure 

Discharge Point 
Location Code 

SIGMC 
Operational 

Status 
Location Last Discharge 

Activity 

Apollo Yes - In-pit - Active 51 J 384258 6526172 (current) 
Cave Rocks Yes - Turkeys Nest W1 Active 51 J 370384 6543866 (current) 
Intrepide Pit A Yes - In-pit W2 Active 51 J 376250 6541585 (current) 
Revenge (GRA) Yes Yes Turkeys Nest W4 Active 51 J 380784 6537706 (current) 
Leviathan Yes Yes Turkeys Nest W5 Active 51 J 382360 6536194 (current) 
Invincible (a) Yes - Turkeys Nest W10 Active 51 J 375201 6539936 (current) 
Temeraire Yes - In-pit W12 Active 51 J 375462 6544150 (current) 
Invincible (b) Yes - Turkeys Nest W18 Active 51 J 373876 6538563 (current) 
Argo - - In-pit - Inactive 51 J 383769 6525727 TBA 
Belleisle Yes Yes Turkeys Nest W3 Inactive 51 J 379779 6539478 Jul-14 
Thunderer Yes Yes Turkeys Nest W6 Inactive 51 J 381368 6535709 Sep-10 
Africa Yes - In-pit W7 Inactive 51 J 383728 6534690 Dec-12 
Argo Hydroslide Yes Yes Turkeys Nest W8 Inactive 51 J 381843 6526459 Apr-14 
Santa Ana Yes Yes Turkeys Nest W9 Inactive 51 J 374749 6540504 Sep-15 
Bahama-Santa Ana Yes - Turkeys Nest W11 Inactive 51 J 375239 6539992 Jun-15 
Revenge (b) Yes - Turkeys Nest W16 Inactive 51 J 380785 6537699 TBA 
Foster Yes - Lake W14 Inactive (historic) 51 J 379908 6529077 1990s 
GRA Yes Yes Turkeys Nest W20 Inactive (historic) 51 J 378935 6539821 TBA 
Junction Yes Yes Creekline W21 Inactive (historic) 51 J 381779 6517712 late 1990s 
Intrepide B Yes - TBD W13 TBC 51 J 376553 6542656 Planned 
Pistol Club Yes - TBD W15 TBC 51 J 373935 6543590 Planned 
Grinder Yes - TBD W17 TBC 51 J 381250 6537308 Planned 
Incredible Yes - TBD W19 TBC 51 J 379963 6523588 Planned 

Note: DWER-approved discharge locations W13, W15, W17 and W19 are yet to be constructed; orange text indicates an active discharge point, blue text indicates an inactive 
discharge point, green text indicates an historic discharge point, black text indicates yet to be operated/constructed discharge points; non-lake-based discharge points are 
indicated by “in-pit” 
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5. Groundwater Investigations 
There have been no specific field investigations as part of this project. 

This project draws on various technical reports describing the area and parts of SIGMC operations and on 
monitoring data as compiled by Thorpe (2017, 2014). 

5.1 Historical Hydrogeological Drilling 
Hydrogeological drilling has been focused on compliance monitoring and development of monitoring 
bores. The monitoring bores are typically associated with mining land forms, in particular open pits and TSFs 

Several hydrogeological bores were developed for dewatering purposes however according to the SIGMC 
they have not been in use. 

5.2 Aquifer Testing 
Limited aquifer testing has been historically done using slug tests. No pumping tests have been reported in 
the area other than the pumping test conducted by MWH (2013) for Neptune development. 

Slug test are best considered as an indication of aquifer parameters since they test only the area in the 
immediate vicinity of the bore and do not sufficiently stress the aquifer itself. Dewatering of open pits can 
be considered a large scale pumping test provided data is collected regularly and includes accurate 
records of dewatering rates and water levels in the dewatered pits. 
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6. Groundwater Chemistry 
During the July 2009-Feb 2016 period all mines produced hypersaline groundwater through dewatering 
activities and discharged it back to Lake Lefroy. The quality of groundwater pumped from the mines is similar 
to which occurs beneath and within Lake Lefroy (Thorpe, 2014). 

From July 2009 to February 2016 the salinity of discharged groundwater ranged from about 55,000 mg/L TDS 
(Athena Mine) to 449,000 g/L TDS (Formidable Mine). 

Groundwater in the region area is commonly acidic (pH 3 to 5), except where buffered by alkaline ultramafic 
rocks, and saline in the upper part of groundwater bodies. It shifts to a more neutral range (pH 5 to 7) and 
hypersaline at depth, within a few kilometres from the salt lakes (Gray, 2001). 

These regional variations have major effects on the concentrations of many elements. Aluminium, lithium, 
and uranium are dominantly controlled by pH and thus have higher concentrations in acid groundwaters. 
Dissolved concentrations of manganese, cobalt, nickel, copper and zinc are less closely correlated with 
acidity, and show scope for lithological discrimination.  

Dissolved chromium shows an absolute correlation with ultramafic rocks, apparently irrespective of pH, 
possibly due to its presence as chromate (i.e. Cr6+ as CrO42−). Concentrations of arsenic (As), antimony (Sb), 
molybdenum (Mo), tungsten (W) and bismuth (Bi) are low in acidic groundwaters, but are higher in 
concentration above pH 6.5. Molybdenum differs from the other elements in this group in having significant 
concentrations in acidic groundwaters, although lower than in neutral and alkaline groundwaters (Gray, 
2001). The variance in groundwater quality across the site is presented in Table 6-1. 

In terms of ANZECC (2000) trigger value guidelines, zinc and cadmium show concentrations which are 
consistent with the acidic and highly saline character of groundwater in the B2018 Project. 

Due to the nature of operations on site detectable concentrations of chemicals associated with mining 
operations, such as hydrocarbons, dissolved metals and ammonium nitrate may be potentially recorded in 
monitoring bores. 

Hydrochemically, groundwaters in this region are dominated by the sodium chloride type, with high 
proportions of magnesium and sulphate. Calcium concentrations are near or supersaturated with respect 
to gypsum. Encrustation of this mineral is evident in seeps and leaks, and forms large encrustation sheets on 
Lake Lefroy. 
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Table 6-1: Groundwater quality indicators 

Analyte Name Unit 
ANZECC (2000) 

Guideline Triggers^ 
(mg/L) 

Location and Sample Date 

Leviathan  Thunderer Revenge Argo Junction MM Borefield 
Aug-2006 Aug-2006 Aug-2006 Aug-2006 Dec-2006  Aug-2009 (B-14) 

pH pH Unit - 7.15 6.15 6.75 7.1 7.75 3.26 

TDS  mg/L - 312,000 331,000 348,000 263,000 163,000 30,600 

Alkalinity as HCO3  mg/L - 99 53 63 110 280 <1 

Chloride mg/L - 180,000 175,000 180,000 135,000 84,000 19,000 

Sulphate  mg/L - 30,000 29,000 30,000 27,000 17,000 2,700 

Nitrogen as N  mg/L - 13 3.1 5.7 5 6.8 0.3 

Calcium (Ca) mg/L - 370 270 250 480 1,000 150 

Magnesium (Mg) mg/L - 17,000 18,000 20,000 16,000 8,300 1,000 

Sodium (Na) mg/L - 86,000 89,000 91,000 74,000 49,000 9,800 

Potassium (K) mg/L - 1,400 1,500 1,700 1,300 680 240 

Iron (Fe) mg/L -  2.1     

Aluminium (Al) mg/L 0.036 0.008 0.008 0.009 0.006   

Manganese (Mn) mg/L - <0.01 <0.01 <0.01    

Cadmium (Cd) mg/L 0.008 0.068 0.069 0.14 0.038   

Chromium (Cr) mg/L - 0.1 5.1 0.21 0.12 0.04 6.1 

Copper (Cu) mg/L 0.012 <0.1 <0.1 0.2 <0.01   

Lead (Pb) mg/L - 3.5 2.6 2.5 2.2 4.5 0.6 

Nickel (Ni) mg/L 0.56 0.036 <0.03 0.073 0.056   

Strontium (Sr) mg/L - 9.2 5.7 5.8 6.2 8.5  

WADCN mg/L - 0.01 0.02 0.03    

Zinc (Zn) mg/L 0.043 0.99 0.45 0.61 0.55   
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7. Groundwater Flow Modelling 

7.1 Introduction 
The core of the hydrogeological assessment for B2018 is focused on development of a regional scale 
numerical groundwater flow model that is capable of understanding of effects of SIGMC mining on aquifer 
system and provide an understanding of hydraulic relationship between various operations and estimates 
of future dewatering rates associated with proposed mining locations. The aim of the model is to provide a 
tool that synthetises available information on the aquifers system and allows for testing of various water 
management scenarios on an on-going basis. As with monitoring the results of groundwater flow modelling 
need to be periodically updated and model refined in areas where new information becomes available of 
where the conceptual understanding is adapted. 

To combine the regional scale of the model and the necessary detail of individual mining operations it was 
necessary to use a modelling code that provides a robust discretisation of the modelled domain across 
various scales while still achieving reasonable and practical runtimes. 

7.2 Conceptual Model 
 “A conceptual (hydrogeological) model is a descriptive representation of a groundwater system that 
incorporates an interpretation of the geological and hydrological conditions. It consolidates the current 
understanding of the key processes of the groundwater system, including the influence of stresses, and assists 
in the understanding of possible future changes.” (Anderson and Woesner (1992). 

“The conceptualisation process involves simplifying a groundwater system, which is inherently complex, in 
order to simulate the system’s key behaviour” (Barnett et al, 2012). 

The conceptual model (or a conceptualisation of a groundwater system relevant to the SIGMC operations) 
will be described in the following section. The conceptual model takes into account the main objective of 
numerical modelling – to provide estimates of dewatering rates for the B2018 project. 

Conceptual model is a pre-requisite for construction of a numerical model and once formulated it informs 
the structure and the detail of the numerical model. Uncertainty in data as well as in hydrogeological 
understanding may lead into several possible conceptualisations. 

In this context the model domain needs to cover a sufficiently large area to appropriately characterise 
groundwater flow interaction between the various parts of the spatially extensive SIGMC operation now and 
into the future. It also needs allow to zoom in in more detail where it is required. The latter is often required in 
areas where groundwater “stresses” are or will be present in the future. 

7.3 Previous Groundwater Modelling Tools 
A number of operation specific modelling tools have been developed for individual landforms or operations. 
They are however localised and do no take into account interaction between different operations or parts 
of the aquifer system and relatively simple in their design. This has been driven by purpose for which they 
were developed. 

Examples of other modelling tools, previously developed for SIGMC operations include: 

 Rockwater (2011) updated the groundwater flow model originally developed by TGES (2009), in Seawat 
code. The model was used to optimise abstraction from the Widgiemooltha borefield while minimising 
migration of the toe of the wedge of hypersaline groundwater. It was predicted that the wedge would 
not be particularly sensitive and would remain relatively stable for the 20 year time scale considered for 
the project. 
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 MWH (2013) developed a numerical groundwater flow model (in Modflow) to assist with dewatering of 
the then proposed Neptune Open Pit. The model was based on MWH’s field investigation which was 
focused on the palaeochannel in the Lake Lefroy area. The first-pass estimates of dewatering rates 
obtained from this numerical modelling project were subsequently confirmed by actual pumping data 
after the pit was developed and dewatered. 

 URS (2014) developed a simple cross-sectional groundwater flow and solute transport Modflow model 
to broadly simulate aquifer interaction with open pit and underground workings for the puposes of in-pit 
tailings disposal for Leviathan Complex. The model was used to simulate the solute transport effects of 
tailings in groundwater. 

 MWH (2014) developed a numerical groundwater flow model of the TSF 4 area, constructed in Modflow, 
to simulate and confirm the effects of TSF 4 deposition on groundwater mounding and to evaluate 
potential mitigation options. The model accurately reproduced the behaviour of groundwater levels 
from the monitoring network around the TSF 4 and in the central area of the SIGMC tenement, confirming 
the conceptual understanding of the hydrological processes associated with the TSF 4. 

There are no references available on whether there have been attempts to develop a regional scale 
numerical groundwater flow model of the SIGMC area to date. 

7.4 Model Classification, Numerical Method and Software 
The model is classified as Class 2 model with respect to Groundwater Modelling Guidelines (Barnett et al, 
2012). Some of the features supporting this classification are as follows: 

 Groundwater head and bore logs do not provide adequate coverage throughout the entire model 
domain, in particular baseline conditions 

 Streamflow (lake and ephemeral drainages) data is not available 

 Model calibration is attempted on recent period due to unavailability of detailed hydraulic stress 
information before 2010 or 2006. Some of the calibration points have outstanding high residuals. 

As Class 2 Model it is capable of prediction of impacts of proposed developments in medium value aquifers 
and evaluation and management of medium risk impacts. Groundwater resources in the area are certainly 
not above medium value due to their prevailing hypersaline character, so the model is considered to be fit 
for purpose. 

The latest version of Modflow-USG v1.3 was used for construction of the numerical model. The principal 
advantage of this code is the ability of being able to zoom to local scale issues while preserving the regional 
or sub-regional scale of the model. Due to the large number of features that require discretisation, this 
numerical model would not have been feasible using the traditional structured grid as it would have required 
a large number of cells (in excess of several million) and long run times. 

The model also has an advanced capability of representing features typically associated with mining such 
as mining pits. They are represented with LAK3 package which allows for a more accurate representation of 
mining pit water balance when including parameters such evaporation from a pit lake, surface runoff to the 
pit lake, rainfall onto a pit lake, direct withdrawal from or injection to of water, which is important given that 
the model represents approximately 40 mining pits. 

The model has a powerful ability to deal with drying cell issue prevalent in a number of modelling 
applications while using its efficient SMS solver. 

The GMS 10.3 (Aquaveo) graphical user interface was used to build the model. 
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7.5 Model Domain and Layers 
The model domain is discretised into an unstructured grid (USG), in this case a quadtree mesh, consisting of 
eight model layers which represent the major vertical and spatial distribution of lithological units. These units 
have been assigned material properties consistent with typical aquifer hydraulic parameters.  

The USG mesh contains 80,168 cells, with quad cell size varying from 30.8 m to 1970 m. Grid refinement is 
applied to areas of significance such as mining pits and palaeochannel outline. In general refinement is 
applied in areas where a better precision is sought, or where it is implied through complex model features. 

The model USG is presented in Figure 7-1 to Figure 7-3. The USG design is optimised to the evaluated mine 
B2018 layout, however this is just the current scenario which may not represent the final mining plan. Any 
adjustments to the actual mining plan would have to be reflected in the USG design. The current scenario is 
considered the “worst case” for the purposes of the ERD. 

The model domain extends over an area of 69 km east-west and 52 km north-south. The model and all 
associated data are specified in the GDA94 zone 51 coordinate system. 
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Figure 7-1: Numerical model domain in regional context 
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Figure 7-2: Central inset detail of the numerical model grid 
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The top of layer one is consistent with ground elevations, obtained from 2 m digital elevation model (DEM), 
derived from stereoscopic imagery (Outline Imagery, 2017). The DEM does not cover the northernmost 8.5 km 
of the model domain. SRTM data was used for the ground surface elevations in this area. 

The remaining layer surfaces are generally flat and are designed based on a simple geological model 
developed in Leapfrog Hydro. Leapfrog Hydro was prepared using provided geological information from 
SIGMC (exploration assay data, 3D geological model data, surface and bedrock geology data and data 
from existing hydrogeological reports prepared by third parties for various SIGMC operation in the past). 

The base elevations and typical thicknesses of the model layers are in Table 7-1. 

Table 7-1: Model layer base elevations and thicknesses   

Layer Base elevation 
(m AHD) 

Thickness (m) Comments  

1 Ground 
surface 

10 An artificial layer, for future 
applications, to represent the 
flooding event in Lake Lefroy 

2 278 Variable  
3 258 20  
4 238 20  
5 218 20  
6 198 20  
7 148 50  
8 -160 88  

7.6 Hydraulic Parameters 
The selection of initial aquifer hydraulic parameters is based on existing data and reports and on the 
experience with hydrogeological properties in the region. The model domain is discretised into parameter 
(or “material”) zones with each having equivalent property values. 

The relevant hydraulic parameters include: 

 Lateral (horizontal) hydraulic conductivity (Kh), measured in m/d 

 Vertical hydraulic conductivity (Kv), measured in m/d 

 Specific yield (Sy), unitless 

 Specific storage (Ss), measured in m-1 

7.6.1 Summary of Hydraulic Parameter Data from Previous Investigations 
MWH (2013) conducted a hydrogeological investigation for dewatering of the Neptune Pit. Five production 
bores were completed as part of that investigation. The bores intersected sand layers within the 
palaeochannel Tertiary sequence. Aquifer testing consisted of step rate, constant rate and recovery tests. 
The constant rate tests were conducted for 48 hours each, with rates set at 15 to 30 L/s, except for one 
production bore in which the constant rate was set at lower rate of 2 to 4 L/s. The hydraulic conductivity 
values of Tertiary sands was determined to range between 3 to 10 m/d and storativity was analysed in the 
range of values within the range of 10-3 to 10-4. Estimates of dewatering rates were made based on these 
pumping test result values at 49 to 59 L/s with potential to decrease to 25 to 30 L/s once groundwater storage 
significantly decreases. The actual dewatering rates at Neptune Pit, on which dewatering started in October 
2013, have on average been 51 L/s, which is within the predicted range. The calculations also included 
hydraulic parameter values (collated from literature) of saprolite.  
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Golder (2009) hydrogeological investigation included airlift testing and one slug test on four monitoring bores 
constructed as part of investigation. Based on these tests the hydraulic conductivity (Kh) values of 
quaternary deposits (QD), Tertiary sediments (palaeochannel) (TS), saprolite and basement rocks in the 
Athena Hamlet area were respectively up to 0.5; 0.005 to 0.006; 0.004; and 0.00013 to 0.00016 m/d. The K 
values for Tertiary sediments were deemed low as the bores did not intersect the gravelly section of the 
palaeochannel. A wider range of parameters was suggested, between 0.006 to 40 m/d for this particular 
unit. The report also states that fracture flow typical for aquifer systems in basement rocks was not 
encountered by drilling in this area resulting in low K values. Based on these values the recommended 
pumping rates for Athena were set in the range of 25 to 40 L/s (2,160 to 3,456 kL/d). The actual dewatering 
output rates from Athena/Hamlet during 2011 to 2017 equate on average to 20 L/s (1,772 kL/d), suggesting 
the actual rates are closer to the lower estimates which were based on bulk hydraulic conductivity of 
0.1 m/d. At that bulk value the calculated inflow rate was 15.6 L/s. The bulk K value is a composite of 
Quaternary deposits (0.5 m/d); Tertiary sediments (or 10 m/d where palaeochannel gravel is found); saprolite 
(0.004 m/d) and basement rock (0.00065 m/d). 

Representative values of hydraulic conductivity for various rock types (based on compilation of results from 
numerous studies) have been compiled by Domenico and Schwartz (1990) and reproduced in Table 7-2. 

Table 7-2: Representative values of hydraulic conductivity for various rock types (after Domenico, 
Schwartz, 1990)  

Material Description  From (m/d) To (m/d) 
Sedimentary (loose) 
 Gravel 26 2592 
 Coarse sand 0.08 518 
 Medium sand 0.08 43 
 Fine sand 0.02 17 
 Silt 0.00009 1.7 
 Clay <0.00001 0.0004 
Sedimentary rocks 
 Sandstone 0.00003 0.5 
 Siltstone <0.00001 0.001 
 Salt <0.000001 0.00001 
 Anhydrite <0.000001 0.002 
 Shale  0.0002 
Crystalline basement 
 Permeable basalt 0.035 1728 
 Fractured igneous and metamorphic basement 0.0007 26 
 Weathered granite 0.3 4.5 
 Weathered gabbro 0.05 0.3 
 Basalt <0.00001 0.04 
 Unfractured igneous and metamorphic basement <0.0000001 0.00002 

 

As documented in Figure 7-3, the geological structure of the model domain is complex and, due to its 
fractured rock character, also highly heterogeneous. For modelling purposes this lithology was simplified by 
developing a 3D geological Leapfrog-based model which was used to generate the aquifer geometry and 
inform parameter zone distribution. The simplification was necessary as reliable or representative hydraulic 
parameter information is generally lacking for the majority of lithological units.  

The area is also intersected by a number of structural features such as faults and shear zones. Their role in 
groundwater flow is unclear and they were not specifically implemented in this version of the numerical 
groundwater flow model design although the model would be amenable to such changes in the future. 
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The distribution of parameter zones in individual model layers is presented in Appendix B. This distribution was 
adopted by importing the unstructured grid in Leapfrog and the subsequent update of “material” 
(parameter) zones. In small parts of the unstructured grid a few additional improvements were necessary 
where USG discretisation interpretation of Leapfrog surfaces was not suitably reflected. 
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Figure 7-3: USG overlain on Pre-Cambrian geology 
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7.7 Boundary Conditions 

7.7.1 Pit Lakes 
Pit lakes are simulated with the LAK3 package available in Modflow-USG. Pit shells available at the time of 
model construction were used to develop the geometry of pits. The LAK3 package allows for specification 
pit water balance, including factors such as direct rainfall onto the lake surface, evaporation from the lake 
surface, specified runoff from the walls of the pit and from its contributing catchment and groundwater 
inflow and outflow. 

A number of assumptions had to be made with regards to these parameters, for example: 

 A rainfall runoff factor of 0.6 was used to specify the surface runoff to the pits. In this case this runoff 
coefficient value is representative for an area of the full unwetted pit footprint 

 The hypersaline nature of groundwater – and the water in the pits results in decrease of the evaporative 
capacity from the lake surface. The lake geometry itself (such as shading, prevalent air current etc.) 
exerts reduction of evaporative output. The typical values of the geometry and salinity factors are 0.7 
and 0.5 respectively, which yields a combined factor of 0.35. The applied evaporation factor in the pits 
is 0.35 times pan evaporation rate (with applied monthly variations). 

 Lakes as a boundary condition are carried out through the entire simulation period even if they are not 
active or present. This is a limitation of LAK3 package. In some cases, before a pit is operational, the 
modelled LAK3 boundary conditions in their place have rainfall and evaporation set to zero. 

 Pit lakes use the same climatic dataset (rainfall and pan evaporation) as is used for representation of 
recharge (RCH) and evapotranspiration (ET) packages.  

7.7.2 Constant Head 
The constant head boundary was adopted to represent the downstream exit point at the eastern end of the 
palaeochannel on the eastern boundary of the model.  

7.7.3 No Flow Boundaries 
No flow boundaries were considered to represent the perimeter of the model since it was considered to be 
a suitable replica of a hydrological catchment. Due to the relative low permeability of fractured bedrock 
materials constituting the bulk of the aquifer domain and the nature groundwater flow radially centred on 
Lake Lefroy as the ultimate outflow point, the components of regional flow were considered to be negligible 
for evaluation of mining effects of the B2018 Project. 

7.8 Calibration and Sensitivity Analysis 

7.8.1 Methodology 
Transient calibration of the numerical model was performed utilising the data from 2011 to 2016, the period 
for which the availability of monitoring data was the most comprehensive.  

Understanding of initial water levels is key to the numerical model development however the area’s 
hydrology has been modified over decades of mining and no reliable data is available to derive pre-mining 
initial water levels with any certainty. 

The initial conditions for calibration runs were developed using a “steady state” model, roughly 
approximating pre-mining conditions; and a five-year transient model prior to the calibration period. This was 
necessitated due to the complicated regime of various mining pits going in and out of operation while 
invoking the residual effects on the groundwater flow regime. 
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The “steady state” in this context initially represented “pre-mining” conditions (no pumping) but with the 
Leviathan pit dewatering. During the calibration process it became clear that the pre-calibration initial 
conditions had to have more suppressed water levels than just those influenced by dewatering of the 
Leviathan Complex. Additional dewatering operations were therefore incorporated into the model run that 
was conducted to derive initial conditions. During this pre-calibration run the selected pits were dewatered. 

The starting water levels used as initial water heads are shown in Figure 7-6. 

The calibration targets were as follows: 

 Matching simulated groundwater level hydrographs to observed ones (the distribution of available 
calibration bores is presented in Figure 7-5) 

 Representing water level trends in mining pits as observed from aerial imagery, and 

 Where possible, representing pumping from mining pits consistent with available data. 

There has been some uncertainties with regards to:  

 Screen intervals and geological logs of some monitoring bores 

 Water levels in pit lakes were generally not measured and had to be obtained by alternative means 

 Pumping data representing pit dewatering is sometimes inaccurate or periods of pumping are missing 
from the monitoring records 

 There were changes in some of the pits during the calibration pits, for example gradual infilling or 
continuous development 

 There has been poorly or not documented transfer of water between individual pits, and 

 The general spatial spread of monitoring points is uneven and inadequate for large sections of the 
model. 

7.8.2 Calibration Results 
The calibration dataset consisting of water level monitoring bores presented in Figure 7-5 is unevenly 
distributed over SIGMC’s tenement and centred on key existing landforms. The bores which do not have 
their key geological log and construction details unavailable or unreliable were not included in calibration.  

The calibration statistic was calculated from observed data in November 2013 during which observation 
data is available for the majority of monitoring bores (this is due to the fact that the number of observations 
available at the end of calibration period is reduced). 

A scatterplot of observed and simulated values in Figure 7-4 indicates an acceptable spread of observed 
and simulated data around the line of an ideal match (orange line in Figure 7-4). The calibration statistic, 
scaled root mean squared (SRMS), is 11% which is close the generally accepted recommended range of 5% 
to 10% for transient calibration. While this statistic is considered adequate for the current predictive simulation 
purposes, it can be improved during periodic model calibration updates. If calibration dataset includes 
water levels of mining pits, this calibration dataset improves to 8% suggesting that the match is relatively well 
represented. 

The distribution of water levels at the end of the calibration period is shown in Figure 7-7. Due to the spatial 
distribution of monitoring points the simulated water levels are considered more reliable within the SIGMC 
tenement, while in the distant area on the periphery of the model domain, where there are no control points, 
the distribution of water levels is charged with potential uncertainty. 

The hydrographs of modelled and observed data are in Figure 7-8, grouped based spatial representation of 
the mined voids. The general water level trends are well represented in the majority of cases except for some 
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of the observation bores in the Athena and Caves Rocks. The Caves Rock was a late addition into the model 
(not originally considered) and the model discretisation is rather coarse in this area leading to 
unrepresentative response. The rising trend at the Thunderer Group is well matched. Except for NOMB-01B 
which is likely to be affected by deposition to North Orchin. 

The calibration process was also useful in identifying gaps and/or errors in data which inhibited the process 
during its execution but were useful in confirming the structural and conceptual integrity of the numerical 
model and the processes it represents. 

 

Figure 7-4: Scatterplot of observed vs simulated values 

 

Examples of processes not previously understood or recognised are: 

 Deposition to the North Orchin TSF and spills from Lake Lefroy into the Thunderer Pit had to be included 
in the model to simulate the water levels and trends in the surrounding monitoring bores 

 The Leviathan Complex with its extensive zone of underground workings had to be modelled a zone with 
higher permeability with higher K that the surrounding shear zone K. This may be also applicable to other 
areas with an extensive network of underground workings. 

Current results of calibrated hydraulic parameters; evapotranspiration and recharge rates are presented in 
Table 7-3 and Table 7-4.  

Table 7-5 suggests that the annual evaporative flux from the lake attributable to groundwater (without 
surface runoff or rainfall sources) during the calibration period (2011 to 2016) is approximately 2 mm. When 
correcting for evapotranspiration the net recharge rate over the model domain is approximately 0.5 mm/yr.  
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The match between observed and simulated water levels in calibration bores (Table 7-6) is generally 
satisfactory for the numerical model of the regional to subregional scale, and the groundwater levels trends 
are matched in the majority of cases. It is considered that the balance between the regional and local 
features represented by the numerical model implementation is adequate for impact assessment purposes. 
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Figure 7-5: Spatial distribution of available monitoring bore used for calibration 
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Figure 7-6: Water level configuration at the start of calibration period 



 

July 2018 │ Status: Final │ Project No.: 83503745 │ Our ref: B2018 PER GW H3 Report FINAL Rev5 

Page 50 

 

Figure 7-7: Modelled water level contours at the end of calibration 
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Figure 7-8: Calibration hydrographs (observed vs modelled water levels) 
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Table 7-3: Summary of aquifer hydraulic parameters adopted in the model   

Aquifer material Kh (m/d) Kv (m/d) Sy  Ss (1/m) 
Bedrock 0.001 0.001 0.0025 2x10-6 
Saprolite 0.002 0.002 0.02 2x10-6 
Shear zone (lower) 0.002 0.002 0.005 2x10-6 
Shear zone (upper) 0.005 0.005 0.005 2x10-6 
Shear zone (Leviathan) 0.3 0.3 0.005 2x10-6 
Palaeochannel sand (central part) 3 0.3 0.05 2x10-6 

Palaeochannel sand (southern part) 3 0.3 0.1 2x10-6 

Palaeochannel sand (northern part) 5 0.5 0.1 2x10-6 
Palaeochannel clay 0.001 0.0001 0.05 2x10-6 
Alluvium 1 0.1 0.15 2x10-6 
Alluvium (TSF4 area) 10 1 0.15 2x10-6 
Lake bed 0.1 0.01 0.1 2x10-6 
North Orchin fill (in-pit TSF) 0.2 0.5 0.1 2x10-6 

 

Table 7-4: Summary of recharge and evapotranspiration rates adopted in the model 

Zone Recharge (% of raindfall)  Evapotranspiration (mm/yr)  
Bedrock (incl. shear zone) 0.5 Pan ET 
Saprolite 1 Pan ET 
Palaeochannel sand 5 Pan ET 
Palaeochannel clay 1 Pan ET 
Alluvium 2 Pan ET 
Lake bed 2 Pan ET 

 

Table 7-5: Model water balance (calibration period, entire model)   

Water balance component GL/yr  
Inputs  
Recharge 12.4 
Pit lakes 0.1 

Total inputs 12.5 
Outputs  
Dewatering (mining pits and underground) -2.6 
Evapotranspiration, model domain -11.1 
(Evapotranspiration, Lefroy) (-0.8) 
Outflow through the eastern end of the palaeochannel -0.1 

Total outputs -13.8 
  
Change in groundwater storage 1.3 

(The total area of the model domain is 2,889 km2) 
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Table 7-6: Comparison between water levels in mining pits – modelled vs interpreted from 2011 and 2016 
aerial image    

Mining pit 2011 (photo) 
(m AHD) 

2016 (photo) 
(m AHD) 

Modelled 2016 
(m AHD) 

Africa 290 289.5 267 

Agamemnon South (partially backfilled) 273 264 258 

Bellerophon  no pit 285 230 

Britannia Footwall  no pit 257 238 

Grinder (partially backfilled) 266.76 285 279 

Leviathan (partially backfilled) dry 141 148 

Mars  201 222 192 

Neptune  no pit 231.5 238 

Paddy’s  no pit 251.5 258 

Pinnace  282 281.5 260 

Redback (backfilled) no pit 256.5 278 

Revenge Pluton (partially backfilled) 242 262 250 

Sirius  234 240 238 

South Delta (partially backfilled) 282 282.5 282 

Thunderer  260 272 262 

West Idough  no pit 264 268 

West Revenge (partially backfilled) 260 262 273 

Bahama  286 285.5 268 

Santa Anna  284 284.5 268 

Formidable  dry 252 266 

Intrepide  267 287 286 

Temeraire  249 257.5 258 

Apollo  235 256.5 251 

Argo  146 204 215 

Blue Lode  287 297 300 

Clifton  297 298 284 

Diana  dry 257.5 248 

Junction  272 272.5 278 

Africa  290 289.5 267 

Agamemnon South (partially backfilled) 273 264 258 

Bellerophon  no pit 285 230 



 

July 2018 │ Status: Final │ Project No.: 83503745 │ Our ref: B2018 PER GW H3 Report FINAL Rev5 

Page 54 

Mining pit 2011 (photo) 
(m AHD) 

2016 (photo) 
(m AHD) 

Modelled 2016 
(m AHD) 

Britannia Footwall  no pit 257 238 

Grinder (partially backfilled) 267 285 279 

Leviathan (partially backfilled) dry 141 148 

 

7.8.3 Sensitivity Analysis 
A sensitivity assessment is based principally on calibration experience with the model. Numerous calibration 
runs suggest that hydraulic conductivity of the bedrock (shear zone hosting the deposit) was the most 
sensitive parameter which is consistent with the fact that most of the mining pits and underground operations 
are situated in this  lithology. 

7.8.3.1 Sensitivity to initial water levels 

The calibration process confirmed modelled water levels during the calibration period were highly 
dependent on initial water levels. Part of the calibration process was to develop suitable initial water levels 
since the groundwater flow field has been highly disturbed over a number of decades. To approximate initial 
heads at the start of the calibration run (2011) they were initially developed by simulating steady state water 
levels without any dewatering.  

These steady state water levels were then used as initial conditions for a 5 year transient model simulating 
dewatering of key pits and pit lakes prior to the calibration period. The five year dewatering of the Leviathan 
pit during this model simulation period, prior to the calibration period was insufficient to reproduce the full 
extent of Leviathan drawdown at the start of the calibration period. Consequently Leviathan pumping was 
included in the initial steady state model to approximate the effect this complex has on the water level 
distribution.  

7.8.3.2 Parameter sensitivity 

Overall, the most sensitive parameters for calibration of water levels in observation bores were the hydraulic 
conductivity and specific yield of the shear zone. This was became clear when calibrating water levels and 
trends in influenced by the dewatering of the Athena underground and calibration of the drawdown impact 
of Leviathan dewatering at West Idough. Aquifer parameters of the paleochannel were relatively insensitive. 
Large changes in the paleochannel sand K generally had only a small effect on modelled water levels. 

The model was insensitive to recharge except during the steady state development of ICs where water levels 
at Cave Rocks were highly sensitive to recharge.  

Evaporation from lakes and evapotranspiration were held constant during the calibration process, there was 
real basis (or justified need) for varying it. 

Note on the calibration in the vicinity of North Orchin and Thunderer: 

It is likely that the calibrated water levels in this area have both been influenced by deposition of tailings 
(which included a significant volume of water) into the North Orchin pit during 2011-2012. Also it is likely 
that water from Lake Lefroy spilled into Thunderer during the calibration period. Consideration of these 
stresses are likely necessary to achieve a close calibration of water levels in this area. 
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7.9 Predictive Simulations 

7.9.1 Introduction 
The current calibration version of the numerical model was used as a predictive tool to estimate B2018 
dewatering rates and potential groundwater impacts.  

Predictive modelling uses the climate data from the equivalent length pre-prediction period, adopted to 
2018 to 2008. 

A number of other key assumptions were made: 

 Several existing operations agreed with SIGMC were allowed to continue as is for the duration of the 
simulation period 

 Groundwater abstraction was applied to the new mining pits according to a schedule agreed with the 
SIGMC with understanding that this schedule is likely subject to changes in the future and further 
refinement. As such it is not an accurate representative of the final mining footprint and schedule, 
however it is considered to be the “worst case” in that it assumes mining to proceed in currently all 
proposed locations, and under a fast schedule 

 The new pits do not have specific pit shells developed yet, therefore a “cookie cutter” approach was 
applied to all new pits. Due to this approach the new pits may not necessarily target the correct lithology 
although a number of the new pits would target the bedrock setting. In the future when the schedule 
and pit shells are firmed up the model may be rerun to improve and refine the current dewatering 
estimates. 

 Individual pit progression was arbitrary, it was assumed that pit development would be generally 
accomplished on one to two years. 

 DRAIN package was used to represent dewatering from the new pits and underground operations. The 
“drain” levels are consistent with assumed depth progression intervals. 
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Figure 7-9: Spatial outline of a modelled conservative scenario of B2018 operations (likely subject to 
changes and refinements) 
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7.9.2 Predictive Model Time  
The predictive simulations were run for a period of years 2017 to 2028, however the prediction period used 
for reporting of the results is 2019 to 2028. It was considered necessary to include 2017 and 2018 into a forward 
simulation to provide correct initial conditions for the 2019 to 2028 run. 

There are 144 stress periods equivalent to a number of months during 2017 to 2028, each stress period has 10 
time steps. Aquifer response was not simulated beyond 2028. 

7.9.3 Modelling Dewatering 
Dewatering is simulated using the DRAIN module in the model. This module removes water from a model cell 
in which it is established to maintain a pre-set water level consistent with vertical mining pit progression. In 
addition to the new mining pits extraction from Pistol Club was also carried over to the prediction period. 

7.9.4 Climate Change 
General climate change predictions for the region tend to suggest lower rainfall and higher 
evapotranspiration rates in the future. These impacts are likely to have a limited impact on the groundwater 
regime, resulting in slightly changed recharge patterns. 

Lower rainfall may in theory result in overall reduction of recharge rates although that may not be 
straightforward or linearly correlated. While the rainfall amounts may decrease, the variability of rainfall 
events may increase. Some predictions indicate that rainfall events may be less frequent but more intensive. 
The intensity of these events may actually mitigate the impact of rainfall reduction on recharge rates. 

The overall indication is that that climate change over the next ten years will have a limited, if any impact 
on the regional groundwater regime. 

Continued groundwater and climate data monitoring would be required to monitor and affirm 
understanding of these changes. 

7.9.5 Predicted Groundwater Flow Responses 
Predicted annual dewatering volumes between 2019 and 2028 are on average 13.9 GL/yr, which is greater 
than the groundwater dewatering outputs experienced in the past five years. The variations in annual 
dewatering rates are reflective of the mining schedule and the aquifer units encountered by mining. 

The groundwater flow balance for the model domain is summarised in Table 7-7. The summary indicates that 
groundwater abstraction will be balanced by reduction in aquifer storage.  

The annual totals of dewatering estimates from new operations developed under B2018 is shown in Figure 
7-10 which indicates that the dewatering output is likely to vary between 6 to 19 GL/yr. Peak rates are 
predicted to occur in 2019, 2023, 2024 and 2028, with minimum rate in 2027. 

The estimated water levels at the end of the peak dewatering years 2019, 2023, and 2028 are shown in Figure 
7-11 to .Figure 7-13 A number of relatively small drawdown footprints related to the future individual mining 
operations can be seen in Figure 7-11 to Figure 7-13 in Lake Lefroy and also inland. 

Dewatering is likely to continue to affect relatively small areas in the vicinity of the pits, due to the steep 
cone of depression associated with low permeability Archaean lithology encountered by the pits. 

Depletion of groundwater storage results in the change of water level elevations between 2016 and years 
2019, 2023 and 2028 are shown as “drawdown” in Figure 7-14.  
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The regional extent of drawdown is relatively limited, in that the one metre drawdown contour does not 
extend far beyond the SIGMC tenement boundary. Deeper drawdowns in terms of tens of metres are limited 
to the immediate vicinity of the mining operations operated at the particular point in time. 

The area under Lake Lefroy will experience groundwater drawdown in 2018 mainly in its central section.  

Table 7-7: Model water balance, prediction period 2019 to 2028 

Water balance component GL/yr  
Inputs  
Recharge 3.2 
Pit lakes 0.1 

Total inputs 3.3 
Outputs  
Dewatering (mining pits and underground) -14.1 
Pit lakes -1.4 
Evapotranspiration, model domain -1.8 
Outflow through the eastern end of the palaeochannel -0.07 

Total outputs -17.3 
  
Change in groundwater storage 14.0 

 

 
Figure 7-10: Annual totals of dewatering output estimates from new operations under B2018 
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Figure 7-11: Estimated groundwater levels at the end of 2019, based on predictive modelling 
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Figure 7-12: Computed water levels at the end of 2023 
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Figure 7-13: Computed water levels at the end of 2028 
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Figure 7-14: Predicted difference in groundwater levels (“drawdown”) between 2016 and 2019 
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Figure 7-15: Predicted difference in groundwater levels (“drawdown”) between 2016 and 2023 
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Figure 7-16: Predicted difference in groundwater levels (“drawdown”) between 2016 and 2028 
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7.9.6 Sources of Model Uncertainty 
Uncertainty in model outputs is associated with the lack of detailed understanding of the aquifer system, the 
data gaps in quantifying the timing and volumes of past dewatering, limited water level data, absence of 
reliable pit-lake level monitoring data, lack of reliable aquifer parameter data (the majority is sourced from 
slug tests which are less representative than well-designed and controlled pumping tests). 

7.9.7 Predictive Uncertainty 
Predictive uncertainty analysis can be carried out to explore a number of potential model outcomes which 
could be present due to uncertainty in both the conceptual model and model parameters.  

The relatively sensitive parameters are hydraulic conductivity (K) of the shear zone (fractured rock) and the 
palaeochannel sand. Two uncertainty scenario cases were designed to test how the change in these two 
parameters affects the predicted results. 

The uncertainty scenario A was run with the shear zone K value increased three times, this would lead to 
higher dewatering estimates and larger cones of depression. The uncertainty scenario B was run with 
palaeochannel sand K value doubled which would exceed the previously reported upper values of K 
(Thorpe, 2011; MWH, 2013), again leading to higher dewatering rates. 

The results of the uncertainty runs indicate minor differences in total dewatering rates, suggesting that the 
base case is robust enough to be used as an estimate of future dewatering rates. Unless there are structural 
features that are currently unidentified and would have a strong material impact on groundwater flow the 
presented case is sufficiently robust and conservative. It is more likely that the actual rates may be slightly 
smaller than higher. 

These estimates are however associated with the existing mining plan which is still understood to be subject 
to changes in the future, however the big picture is not likely to change in any significant way.  

Table 7-8: Comparison of annual dewatering rates (GL/yr) between the base case and uncertainty cases 
A and B   

Year  Base case Uncertainty scenario A  Uncertainty scenario B 
2019 17.5 19.3 17.4 
2020 10.3 12.6 10.6 
2021 8.5 10.2 8.8 
2022 13.7 15.6 14.5 
2023 19.3 20.5 20.1 
2024 19.1 19.3 19.2 
2025 10.6 12.5 10.7 
2026 11.6 11.6 11.4 
2027 5.4 5.9 5.4 
2028 19.4 20.1 19.7 

 

7.10 Model Capabilities and Limitations 
The model is considered fit for purpose for simulation of large scale impacts from a multitude of mining 
operations within the model domain that includes the relevant area of B2018 Project.  

Some of the limitations of the current model version are: 

 Density-driven flow effects are not represented – due to the prevailing hypersaline conditions they are 
not considered important at other than very localised scale 
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 Seepage from Lake Lefroy – when it contains water from flooding events is not fully understood and may 
not be adequately represented. This impact however may be of a short terms duration (and magnitude) 
due to high evaporation  

 Groundwater flow in the shear zone may be affected by anisotropy which is not implemented in the 
current version of Modflow-USG, however it is being introduced into the newly released Modflow 6.  

Limitations of the model are also assessed with respect to key indicators of model predictive uncertainty: 

Table 7-9: Model assessment with regards to key indicators (to comply with Barnett, 2012)   
 

Key indicator  Comment  
1 Key calibration statistics are 

acceptable and meet the calibration 
targets (<10% SRMS for transient model) 

The SRMS statistic achieved for this project is 8% 

2 Model predictive time frame is less than 
3 times the duration of transient 
calibration 

Calibration period is 6 years, with further two for 
verification, while prediction period is 10 years. 
Calibration period was selected to use the period 
with best available monitoring data  

3 Stresses are not more than twice 
greater than those included in 
calibration 

Groundwater stresses are consistent between the 
calibration and prediction models 

4 Temporal discretisation in predictive 
model is the same as that used in 
calibration 

Temporal discretisation for both models is monthly 

5 Mass balance error is less than 0.5% of 
total 

The model mass balance error is less than 0.1% 

6 Model parameters consistent with 
conceptualisation 

Adopted model parameters post calibration are 
consistent with conceptualisation and with 
previous assessments. Very few assessments 
provide aquifer parameter data based on well 
designed and interpreted pumping tests 

7 Appropriate computational methods 
used with appropriate spatial 
discretisation to model the problem 

An unstructured grid was designed to address 
local discretisation demands within the regional-
scale model. Further model refinement may use 
additional grid detail in areas of concern 

8 The model has been reviewed and 
deemed fit for purpose by an 
experienced, independent 
hydrogeologist with numerical 
modelling experience 

Yes (refer Appendix C). Note model review 
undertaken on first draft of report (October 2017) 
and review comments have been superseded in 
subsequent report versions.  
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8. Assessment of Potential Impacts/Opportunities and 
Management Strategies 

A summary of potential impacts and recommended management strategies is outlined in Table 8-1: 

Table 8-1: Potential impacts and opportunities associated with B2018 project   
 

Potential impact Description Management strategy 
1 Dewatering of bedrock 

palaeochannel aquifers 
and groundwater 
drawdown 

Dewatering will be required to keep mining 
voids and underground workings dry and 
safe. Mining operations associated with 
B2018 Project have the potential to extract 
large volumes of hypersaline groundwater. 
The largest contributors to groundwater 
extraction are bedrock and palaeochannel 
aquifers.  
 
Dewatering operations will produce 
localised and temporary decline in 
groundwater levels around dewatered voids 
and underground workings. Groundwater 
drawdown is likely to be limited to SIGMC’s 
tenement footprint due to the relatively low 
permeability associated with bedrock 
aquifers.  
 
Dewatering of palaeochannel-intersecting 
workings is also likely to remove large 
volumes of groundwater from this resource 
however current indications are that this 
would have a limited effect on the 
downstream sections of the palaeochannel 
system.   

Continue and expand 
operational monitoring; 
data available for 2016 
and 2017 is sparse.  
 
Include regional bore 
water level monitoring. 
 
Set appropriate water level 
trigger levels.  
 
Recalibrate the numerical 
model periodically – not 
later than after two years  

2 Dewatering discharge 
onto Lake Lefroy 

Due to the hypersaline character of 
dewatering discharge to be disposed onto 
the lake surface, further salt encrustation has 
the potential to develop in in already salt 
encrusted playa.  
 
Due to the large size of the lake this is 
estimated to raise the encrustation level of 
the lake by several millimetres over the 
B2018 lifespan. 

Undertake further 
characterisation program 
during hypersaline disposal 
to understand and 
document the formation of 
encrusted mound.  
 
Regularly monitor 
discharge salinity and 
quality. 
 
Consider modelling of 
spatial encrustation 
distribution using surface 
water modelling tools. 

3 Groundwater mounding Groundwater mounding associated with 
some of the mining landform can potentially 
develop and can cause waterlogging of 
vegetation in areas where the watertable 
has a potential to rise close to the surface.  

Continue monitoring and 
update trigger levels. 
 
Install or refine 
groundwater recovery 
systems in areas of 
groundwater mounding. 
 
Undertake an assessment 
to identify disposal 
strategies and water 
management controls. 
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Potential impact Description Management strategy 

4 Impact on other 
groundwater users 

Groundwater drawdown or mounding 
effects are largely limited to SIGMC’s 
tenement. There is no known groundwater 
use of hypersaline groundwater other than 
for mining in the project area 

No specific actions other 
than monitoring. 

5 Subterranean fauna Dewatering and associated groundwater 
drawdown has the potential to affect 
stygofauna and troglofauna if these are 
present in any parts of the temporarily 
dewatered environment.  
 
However no stygofauna habitat is present 
due to high salinity of groundwater. 
Potential troglofauna habitat limited to 
Quarternary Alluvials. Surveys to date have 
confirmed no potential for these aquatic 
communities and the assessment has been 
limited to habitat assessment. 

No further 
recommendation should 
current characterisation 
efforts be deemed 
satisfactory. 
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9. Conclusions and Recommendations 

9.1 Conclusions 
SIGMC currently operates the St Ives Gold Mine at Lake Lefroy, located approximately 20 kilometres (km) 
south-east of Kambalda. This icludes both open cut and underground gold mining activities on the lake-
surface and adjacent land. SIGMC requires an additional expansion of the current area of disturbance 
approved under Ministerial Statement 879, which covers the current lake-based mining operations only. The 
revised proposal is for development of new lake-based and land-based gold mining areas for a ten-year 
period (i.e. 2019 to 2028), referred to as the Beyond 2018 (B2018) Project.  

The final footprint of B2018 has yet to be finalised however this review used a conservatively based mining 
footprint and schedule scenario to develop an indication of environmental impacts, and dewatering 
estimates. 

SIGMC currently operates two DWER licences to take water (principally for dewatering purposes) which 
would have to be renewed during the B2018 phase. Abstracted groundwater is disposed of onto Lake Lefroy 
to a number of discharge outfall points, the use of which vary depending on operational circumstances. 

SIGMC commissioned Stantec to carry out groundwater flow modelling to support the B2018 Environmental 
Review Document (ERD) submission and to assess the various groundwater and surface water management 
impacts from the Beyond 2018 mining campaigns. 

SIGMC will continue developing land- and lake-based mining operations (open pits and underground 
workings) which would require dewatering, likely to be sump-based as has been the case to date. 

Hydrogeological conditions of the project area defined by SIGMC’s tenement and the contributing surface 
water catchment have been assessed from a variety of existing data sources and technical reports and 
studies. A regional scale numerical model was developed as a tool to provide estimates of future dewatering 
rates, assist in groundwater impact assessment and inform surface hydrology assessment of Lake Lefroy (by 
providing dewatering discharge estimates disposed of onto the lake). 

The model was developed in accordance with Australian modelling guideline. Modflow-USG code was used 
to construct the model model, calibrate it and generate predictions scenarios for the current understanding 
of the B2018 working schedule. 

Model calibration was conducted using SIGMC’s groundwater monitoring data and pit lake levels 
interpreted from aerial imagery, and aquifer parameter information from existing technical reports. The 
model incorporated the existing abstraction schedule as monitored during the 2011 to 2016 calibration 
period. 

Predictive simulations were generated on the calibrated model for the proposed mining development and 
groundwater abstraction schedule. Estimates of dewatering rates were extracted from the predictive 
simulations and indicate that during 2019 to 2028 simulation period approximately 113 GL of groundwater 
will be extracted to support the dewatering regime of the current development scenario. There is also an 
additional output from on-going operations (Pistol Club, Invincible) assumed to continue into the B2018 
assessment period. 

Groundwater drawdown derived from the evaluated scenario is predicted to be largely limited to SIGMC’s 
tenement and to the central part of Lake Lefroy. The individual mining pit will develop a temporary and 
steep cone of depression with maximum drawdown limited to the outer perimeter of the pit, while the 
majority of the total area of drawdown will experience a temporary water level drop between 1 to 5 m. 
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There are no other licensed users within the drawdown impact area. Due to simultaneous disposal of 
dewatered groundwater onto Lake Lefroy and the fact that drawdown will be largely within the perimeter 
of the lake its effect on vegetation around the lake is predicted to be minor to negligible. 

9.2 Recommendations 
The recommendations provided for improvement of B2018 information base and water management 
purposes are summarised in Table 9-1: 

Table 9-1: Recommendations for B2018   
 

Recommendation Description  
1 Groundwater monitoring On-going groundwater level and abstraction monitoring 

is to be carried out with annual evaluation of the results. 
Monitoring frequency should be at least monthly. Current 
monitoring network needs spatial refinement 

2 Pit lake monitoring Commission a study to derive a time series of annual 
water levels in the pit lakes, important for understanding 
of the groundwater system response to dewatering and 
to groundwater rebound once dewatering ceases. 
Historically this can be achieved by using aerial imagery, 
however for the future monitoring purposes water level 
measurements of pit lake levels should be included into 
the monitoring program 

3 Lake Lefroy flood event and groundwater 
correlation 

When the next flood event on Lake Lefroy occurs 
groundwater levels are recommended to be collected 
from the entire groundwater monitoring network and 
monitoring intensified for the limited post-flood period (2 
to 6 months). This is to generate a detailed 
understanding of a groundwater response to the 
flooding event, the effect on groundwater 
recharge/discharge relationship and water 
management strategy 

4 Installation of monitoring bores (project 
scale and regional) 

Additional groundwater monitoring bores should be 
installed and included in the monitoring program around 
the new mining pits as per the current practice and in 
strategic regional locations. The bore locations are 
recommended to be agreed with the DWER.  

5 Trigger levels Trigger levels (water levels monitoring various impacts) are 
recommended to be established for key monitoring bores, 
in consultation with DWER and documented in 
groundwater operating strategy developed for 
groundwater licence 

6 Periodic recalibration The numerical model is a live tool and needs to be 
periodically updated and recalibrated, to incorporate 
any new relevant monitoring information. This is 
important since there has been limited monitoring data 
available for 2016. Model grid is likely to be refined and 
rediscretised in areas of changing mining plan or where 
improved calibration is sought. The model update should 
be carried out no later than in two years  

7 Development of a reliable site-wide water 
balance 

A reliable site-wide water balance integrating 
operational water use, groundwater abstraction and 
disposal and surface water is essential for water 
management and for water operating strategy 

8 Groundwater and lake water quality 
monitoring 

Further groundwater, pit lake and Lake Lefroy water 
quality should be included in water quality monitoring 
programs. The current monitoring program is sparse 
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Figure B-1: Model layer 2 parameter zone distribution 
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Figure B-2: Model layer 3 parameter zone distribution 

 

 

 

 

 

 



 

July 2018 │ Status: Final │ Project No.: 83503745 │ Our ref: B2018 PER GW H3 Report FINAL Rev5 

 
Figure B-3: Model layer 4 parameter zone distribution 
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Figure B-4: Model layer 5 parameter zone distribution 
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Figure B-5: Model layer 6 parameter zone distribution 
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Figure B-6: Model layers 7 and 8 parameter zone distribution 
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Alex Langley 
Senior Approvals Specialist: Environment 
St Ives Gold Mine 
Durkin Road, Kambalda 
WA, 6442 

 

Dear Alex 

Review of Beyond 2018 Water Reports 

AECOM has undertaken a review of two water reports produced by Stantec for the St Ives Gold Mine 
Beyond 2018 (B2018) project. The objective of the review was to provide an independent/ third party 
opinion on the technical components of the studies, and identify any issues or gaps relating to the 
groundwater and surface water requirements defined in the EPA’s Environmental Scoping Document 
(ESD).  A second objective was to review modelling aspects of the reports to form a view on their 
suitability for the purpose intended. 
 
In order to achieve the objectives AECOM has undertaken the following tasks: 

Task 1 –Reviewed the following information: 

• EPA Environmental Scoping Document (endorsed 06/10/2017)  

• Stantec’s Beyond 2018 PER: Hydrogeological Assessment (draft dated Oct 2017) 

• Stantec’s Beyond 2018 PER Surface Water Modelling report (final dated 02/11/2017). 

• Groundwater modelling files provided by Stantec. 

• Surface water modelling files provided by Stantec on 1/11/2017 

Task 2 – Cross-referencing the Reports and Model against the requirements of the ESD and 
Guidelines 

The content of the Stantec reports was cross-referenced with the requirements of the EPA as stated in 
the ESD. A qualitative assessment was undertaken in order to identify where the requirements of the 
ESD and relevant guidelines: 

• appear to have been met 

• may not have been met 

• comments on any gaps or suitability of the material presented for the PER. 

AECOM also considered how well the modelling aspects of the report met the stated intent (the report 
objectives), and the level of completeness, in much the same way the DWER specialists would review 
the reports and models, if they elected to do so.   

AECOM undertook an evaluation of the groundwater model files provided by Stantec. The level of the 
review aligns with that described in the 2012 Australian Groundwater Modelling Guidelines as a model 
appraisal, defined as “a model evaluation by a reviewer with a basic to intermediate level of 
understanding of groundwater modelling but with a sound understanding of the overall project and how 
the groundwater model is expected to contribute to that project.” 

The checklists in these Australian Groundwater Modelling guidelines consider the degree of 
compliance and various technical aspects that are intended to form an opinion on whether the model 
results are reasonable and appropriate. As there are no modelling guidelines for surface water 
modelling that are as prescriptive as those for groundwater modelling, AECOM has undertaken a high-
level review of the model files. The purpose of the review was to confirm the overall setup and the 
parameters as described in the surface water modelling report, and undertake spot checks on how the 
boundary conditions have been implemented.  

(draft dated Oct 2017)
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Task 3 - Reporting 

A number of deliverables have been produced and are appended to this letter. These deliverables 
include: 

• Cross-referencing the ESD work requirements with the material presented in each of the Stantec 
reports, along with commentary on information suitability or any gaps (for groundwater and 
surface water requirements) 

• Cross-referencing the groundwater report and model files provided against the 2012 Australian 
Groundwater Modelling Guidelines ‘Detailed Compliance Checklist’ and the Department of  Water 
and Environmental Regulation’s requirements for a H3 Level of Assessment 

• Memo summarising the high-level review of the groundwater model files 

• Memo summarising the high-level review of the surface water model files 

Summary 

The conclusions of the review are that a significant number of the ESD requirements were only 
partially met by the Hydrogeological Assessment and Surface Water Modelling reports, and that the 
groundwater and surface water models are suitable to achieve the required outcomes. However, the 
modelled scenarios require further interpretation and additional model runs are required to address the 
ESD requirements. 

 
 
Yours faithfully 
 

 
Elizabeth Young 
Team Leader - Water Resources 
elizabeth.young@aecom.com 

Mobile: +61 437 169 615 
Direct Dial: +61 8 6208 1854 
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ESD - Beyond 2018 Surface Water Document Reviews  

Memo Beyond 2018 Project Surface Water Model Review Feedback 
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Hydrogeological Assessment and Surface Water Modelling reports, and that the 
groundwater and surface water models are suitable to achieve the required outcomes.



Australian Groundwater Modelling Detailed Compliance Checklist (after Barnett et al ., 2012)
(partial compliance in brackets)

Review questions Yes/No* Comment Stantec Response

1. Planning 

Note: Review comments are based on the 
first draft report, which has been 
substantially revised to incorporate three 
editorial phases.

1.1 Are the project objectives stated? Yes Section 1.2
1.2 Are the model objectives stated? Yes Section 8.1
1.3 Is it clear how the model will contribute to meeting the project 
objectives? Yes Sections 1.1 and 8.1
1.4 Is a groundwater model the best option to address the project and 
model objectives? Yes

1.5 Is the target model confidence-level classification stated and justified? No
The report presents findings in line with a Class 2 model, but references key 
indicators in Table 8-7 that are associated with a Class 3 model.

Superseded comment, the model is specified as 
a Class 2 model

1.6 Are the planned limitations and exclusions of the model stated? Yes Section 8.8
2. Conceptualisation 

2.1 Has a literature review been completed, including examination of prior 
investigations? (Yes)

References to four previous models (Section 1.1), but there are no specifics 
relating to how this model was informed by them.  Previous site-based 
investigations are not referenced in Section 5.2.4.

2.2 Is the aquifer system adequately described? Yes Sections 4 and 5

2.2.1 hydrostratigraphy including aquifer type (porous, fractured rock ...) Yes Sections 4 and 5
2.2.2 lateral extent, boundaries and significant internal features such as 
faults and regional folds Yes Sections 4 and 5
2.2.3 aquifer geometry including layer elevations and thicknesses Yes Sections 4 and 8.3
2.2.4 confined or unconfined flow and the variation of these conditions in 
space and time? No Insufficient data
2.3 Have data on groundwater stresses been collected and analysed? (Yes) Limited to rainfall recharge responses at two locations (Section 5.3.2)
2.3.1 recharge from rainfall, irrigation, floods, lakes Yes Section 5.3.2

2.3.2 river or lake stage heights No Lake levels not presented or integrated into the model (Section 5.2.3)
Insufficient data, new study recommended to 
address this lack of data

2.3.3 groundwater usage (pumping, returns etc) Yes Section 6.1
2.3.4 evapotranspiration Yes Evaporation is discussed in Section 2. No evapotranspiration discussion.
2.3.5 other? N/A
2.4 Have groundwater level observations been collected and analysed? (Yes) Two hydrographs for the recharge discussion and 62 in Appendix D.
2.4.1 selection of representative bore hydrographs No Hydrographs selected based mainly on data availability. Available data used

2.4.2 comparison of hydrographs No
Superseded comment, hydrographs are 
compared

2.4.3 effect of stresses on hydrographs No Superseded comment, effects of stresses noted
2.4.4 water table maps/piezometric surfaces? No insufficient spatial and time series data
2.4.5 If relevant, are density and barometric effects taken into account in 
the interpretation of groundwater head and flow data? No Not relevant and no data
2.5 Have flow observations been collected and analysed? 
2.5.1 baseflow in rivers N/A
2.5.2 discharge in springs N/A

2.5.3 location of diffuse discharge areas? No

Lake cited as natural discharge area, but now 
highly impacted by dewatering associated with 
mining.

2.6 Is the measurement error or data uncertainty reported? No Limited data
2.6.1 measurement error for directly measured quantities (e.g. piezometric 
level, concentration, flows) No Limited data
2.6.2 spatial variability/heterogeneity of parameters Yes Section 5.2.3
2.6.3 interpolation algorithm(s) and uncertainty of gridded data? Yes Section 8.3
2.7 Have consistent data units and geometric datum been used? Yes
2.8 Is there a clear description of the conceptual model? Yes Section 5
2.8.1 Is there a graphical representation of the conceptual model? Yes Section 4.2

2.8.2 Is the conceptual model based on all available, relevant data? No
Historical site investigations for previous mines not referenced.  Vertical 
gradients and flow across sediment under Lake Lefroy not addressed.

Superseded comment, all readily available, 
public domain data was used. 
Recommendations for more monitoring points at 
project and regional scale.

2.9 Is the conceptual model consistent with the model objectives and target 
model confidence level classification? 

2.9.1 Are the relevant processes identified? No

The target model confidence level is not defined, but Table 8-7 implies this is 
a Class 3 model.  The data availability and calibration results indicate a Class 
2 model is a better fit. Superseded comment, model is Class 2

2.9.2 Is justification provided for omission or simplification of processes? Yes Sections 1.3, 8.3 and 8.4
2.10 Have alternative conceptual models been investigated? No
3. Design and construction 
3.1 Is the design consistent with the conceptual model? (Yes) There is no direct comparison provided to determine this.
3.2 Is the choice of numerical method and software appropriate (Table 4-
2)? 

3.2.1 Are the numerical and discretisation methods appropriate? (Yes)
It would have been helpful to provide a couple of examples of extracts from 
the mode to compare with the original geological model.

3.2.2 Is the software reputable? Yes Section 8.2
3.2.3 Is the software included in the archive or are references to the 
software provided? Yes Section 8.2
3.3 Are the spatial domain and discretisation appropriate? 
3.3.1 1D/2D/3D Yes 3D
3.3.2 lateral extent Yes Section 8.3, Appendix B
3.3.3 layer geometry? Yes Refer to comment for Item 3.2.1

3.3.4 Is the horizontal discretisation appropriate for the objectives, problem 
setting, conceptual model and target confidence level classification? (Yes)

Its hard to determine this in the absence of a direct comparison between the 
groundwater flow and geology models.  There is no target confidence 
classification to compare to.

3.3.5 Is the vertical discretisation appropriate? Are aquitards divided in 
multiple layers to model time lags of propagation of responses in the 
vertical direction? (Yes) As above
3.4 Are the temporal domain and discretisation appropriate? 
3.4.1 steady state or transient Yes Both. Sections 8.6.1 and 8.7.1
3.4.2 stress periods Yes Section 8.7.2
3.4.3 time steps? Yes Section 8.7.2
3.5 Are the boundary conditions plausible and sufficiently unrestrictive? 
3.5.1 Is the implementation of boundary conditions consistent with the 
conceptual model? Yes

Section 8.5. Application of the Lakes Package has still resulted in reasonably 
large residuals in several cases (Table 8-5)

3.5.2 Are the boundary conditions chosen to have a minimal impact on key 
model outcomes? How is this ascertained? (Yes) There are no results presented to determine this.

3.5.3 Is the calculation of diffuse recharge consistent with model objectives 
and confidence level? (Yes)

Table 8-3  These are generally suitable for a Class 2 model, but it is not clear 
how confined hypersaline units can reasonably receive the quantity of 
recharge stated.

3.5.4 Are lateral boundaries time-invariant? No
The palaeochannel outflow is quoted as having a "Changing Head", but no 
specifics are supplied in Section 5.2.3.

Incorrect comment, the eastern end of the 
palaeochannel - the downstream exit point, is a 
constant head boundary.

3.6 Are the initial conditions appropriate? 

3.6.1 Are the initial heads based on interpolation or on groundwater 
modelling? Unclear

It is unclear which approach was used.  Section 8.6.1 indicates steady-state 
and transient models were used, and that it included dewatering of selected 
pits to match heads near the Leviathan Complex.  There is no presentation of 
the targets and residuals beyond the post-calibration pit levels in Table 8-5.

3.6.2 Is the effect of initial conditions on key model outcomes assessed? No Some uncertainties and discussion is presented in Section 8.6.1
Superseded comment, the sensitivity  to initial 
conditions is discussed.

3.6.3 How is the initial concentration of solutes obtained (when relevant)? N/A
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3.7 Is the numerical solution of the model adequate? 

3.7.1 Solution method/solver (Yes)

Section 8.2 The model report states that quadtree mesh was used. it is 
unclear whether ghost-node correction was used in conjunction with the 
quadtree. The quadtree mesh method violates the requirement of the Control 
Volume Finite Difference (CVFD) method employed in MODFLOW-USG, 
hence the use of ghost nodes.

3.7.2 Convergence criteria Unclear
3.7.3 Numerical precision Unclear
4. Calibration and sensitivity 
4.1 Are all available types of observations used for calibration? 
4.1.1 Groundwater head data (Yes) Section 8.6.2, Appendix C. Bores and pit lakes, but not Lake Lefroy

4.1.2 Flux observations (Yes)
Abstraction during the calibration period quoted, but not reflected in the water 
balance results.

4.1.3 Other: environmental tracers, gradients, age, temperature, 
concentrations etc. N/A
4.2 Does the calibration methodology conform to best practice? 

4.2.1 Parameterisation No

Various references to historical reports and slug tests (Section 8.7.6) were 
made, but there is no summary of these sources to clarify parameters ranges 
used. Superseded comment

4.2.2 Objective function No

4.2.3 Identifiability of parameters Unclear

Pre-calibration parameters were described in Sections x and 8.3, and Table x, 
but it is difficult to reconcile the suitability of these parameter zones based on 
the maps in Appendix B Superseded comment

4.2.4 Which methodology is used for model calibration? Yes Steady-state and transient runs
4.3 Is a sensitivity of key model outcomes assessed against? 

4.3.1 parameters (Yes)

Section 8.6.3  Hydraulic conductivity of bedrock was deemed to be a key 
parameter.  Vertical hydraulic conductivity of the sediments under Lake Lefroy 
should also be a key parameter controlling drawdown propagation to the water 
table.  Aquifer storage was not mentioned.  A sensitivity matrix would help.

4.3.2 boundary conditions No
4.3.3 initial conditions No Superseded comment
4.3.4 stresses No
4.4 Have the calibration results been adequately reported? No Superseded comment
4.4.1 Are there graphs showing modelled and observed hydrographs at an 
appropriate scale? Yes Appendix C

4.4.2 Is it clear whether observed or assumed vertical head gradients have 
been replicated by the model? No See 4.3.1 above

Limited by lack of data. The assessment 
overlooks the purpose of the model, which is a 
tool to assist management decisions. 

4.4.3 Are calibration statistics reported and illustrated in a reasonable 
manner? No

It is unclear where the largest residuals are located, and how this relates to 
calibration errors for dewatering rates (pit areas) and drawdowns (remote 
areas).  Global statistics may mask significant errors in key locations. Limited by lack of data - all available data used.

4.5 Are multiple methods of plotting calibration results used to highlight 
goodness of fit robustly? Is the model sufficiently calibrated? No

Scatter plot only.  Many predicted and observed hydrographs converge at the 
time when the calibration statistics were calculated (Nov 2013). Statistics 
calculated at other times may yield poorer statistics. Limited by lack of data

4.5.1 spatially No
It is difficult to reconcile the trends and fits shown in Appendix C with the map 
of bores shown on Figure 8-5. Superseded comment

4.5.2 temporally (Yes)
The calibration data shown in Appendix C don’t cover the entire calibration 
period.

4.6 Are the calibrated parameters plausible? (Yes) Except for the recharge rates.  Evapotranspiration rates were not provided.

4.7 Are the water volumes and fluxes in the water balance realistic? No
Limited by lack of data. New study 
recommended to address paucity of data.

4.8 has the model been verified? No There are currently insufficient data available for this purpose. Correct
5. Prediction 

5.1 Are the model predictions designed in a manner that meets the model 
objectives? Yes

This is a regional-scaled model that even with an unstructured grid, required a 
number of simplifications in relation to the size of pits and rate of mining.

5.2 Is predictive uncertainty acknowledged and addressed? (Yes) The draft report was incomplete on this aspect. Superseded comment
5.3 Are the assumed climatic stresses appropriate? Unclear It is unclear how evapotranspiration has been incorporated into the model. Superseded comment
5.4 Is a null scenario defined? No Out of scope

5.5 Are the scenarios defined in accordance with the model objectives and 
confidence level classification? Unclear

Only one predictive scenario was described (excluding the predictive 
uncertainty).  There are no scenarios that examine uncertainties in relation to 
recharge rates to the palaeochannel, discharge considerations from the playa, 
the projects interaction with catchment recharge, a gross catchment water 
balance, and downstream boundary conditions. Beyond scope of work

5.5.1 Are the pumping stresses similar in magnitude to those of the 
calibrated model? If not, is there reference to the associated reduction in 
model confidence? No

The calibration model reported a dewatering rate of 2.6GL/yr. (Table 8-4) 
versus an actual average rate of 9.3GL/yr. (Table 6-2).  This difference was 
not discussed either in the calibration section, or after the predicted rate was 
presented.  No reference to model confidence was provided.

5.5.2 Are well losses accounted for when estimating maximum pumping 
rates per well? N/A
5.5.3 Is the temporal scale of the predictions commensurate with the 
calibrated model? If not, is there reference to the associated reduction in 
model confidence? (Yes)

The calibration period was 7 years (2011-2016) compared to the predictive 
period (2018-2028).  The actual data used for the calibration period was 
however, only for a 4 year period (2011-2014)

5.5.4 Are the assumed stresses and timescale appropriate for the stated 
objectives? Yes
5.6 Do the prediction results meet the stated objectives? Yes

5.7 Are the components of the predicted mass balance realistic? Unclear
The difference in observed vs modelled abstraction volumes in the calibration 
model provides doubt as to the reliability of the predicted volumes.

5.7.1 Are the pumping rates assigned in the input files equal to the 
modelled pumping rates? N/A Drain cells used for the pit dewatering simulations.
5.7.2 Does predicted seepage to or from a river exceed measured or 
expected river flow? N/A

5.7.3 Are there any anomalous boundary fluxes due to superposition of 
head dependent sinks (e.g. evapotranspiration) on head-dependent 
boundary cells (Type 1 or 3 boundary conditions)? Unclear

It is not clear as to how the model performs in relation to evapotranspiration 
from Lake Lefroy.  While it is unlikely to be significant to the predictions, it is 
unclear why the head-dependent boundary for the palaeochannel at the 
eastern end is variable. Superceded comment - it is a constant head

5.7.4 Is diffuse recharge from rainfall smaller than rainfall? Yes
It is unclear why the annual recharge rate in the predictive model is 1.7GL 
lower than the calibration model.

5.7.5 Are model storage changes dominated by anomalous head increases 
in isolated cells that receive recharge? Unclear

See comment for 5.7.3 about the application of evapotranspiration across 
Lake Lefroy.

5.8 Has particle tracking been considered as an alternative to solute 
transport modelling? N/A
6. Uncertainty 

6.1 Is some qualitative or quantitative measure of uncertainty v prediction? Yes Section 8.7.7.  The draft report is missing several numbers.
6.2 Is the model with minimum prediction-error variance chosen for each 
prediction? Unclear

The results of only one predictive run were presented and its unclear where 
this run fits within the range of values included in the uncertainty analysis.

6.3 Are the sources of uncertainty discussed? 

6.3.1 measurement of uncertainty of observations and parameters Yes

Section 8.7.6.  The reliance on slug tests seems strange in that the mine has 
been operating for many years, and there have been many dewatering 
investigations undertaken on test production bores.  There should be a large 
resource of investigation reports that should have been consulted for this 
study. 

6.3.2 structural or model uncertainty No

6.4 Is the approach to estimation of uncertainty described and appropriate? (Yes)

The approach was described, but it is unclear what the range of (random) 
parameters were used in the Monte Carlo simulation.  Did they include what 
are probably the most important parameters: bedrock hydraulic properties and 
evapotranspiration boundary conditions?

6.5 Are there useful depictions of uncertainty? No
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7. Solute transport 
7.1 Has all available data on the solute distributions, sources and transport 
processes been collected and analysed? N/A
7.2 Has the appropriate extent of the model domain been delineated and 
are the adopted solute concentration boundaries defensible? N/A
7.3 Is the choice of numerical method and software appropriate? N/A
7.4 Is the grid design and resolution adequate, and has the effect of the 
discretisation on the model outcomes been systematically evaluated? N/A
7.5 Is there sufficient basis for the description and parameterisation of the 
solute transport processes? N/A
7.6 Are the solver and its parameters appropriate for the problem under 
consideration? N/A
7.7 Has the relative importance of advection, dispersion and diffusion been 
assessed? N/A
7.8 Has an assessment been made of the need to consider variable 
density conditions? N/A
7.9 Is the initial solute concentration distribution sufficiently well-known for 
transient problems and consistent with the initial conditions for 
head/pressure? N/A
7.10 Is the initial solute concentration distribution stable and in equilibrium 
with the solute boundary conditions and stresses? N/A
7.11 Is the calibration based on meaningful metrics? N/A
7.12 Has the effect of spatial and temporal discretisation and solution 
method taken into account in the sensitivity analysis? N/A
7.13 Has the effect of flow parameters on solute concentration predictions 
been evaluated, or have solute concentrations been used to constrain flow 
parameters? N/A

7.14 Does the uncertainty analysis consider the effect of solute transport 
parameter uncertainty, grid design and solver selection/settings? N/A
7.15 Does the report address the role of geologic heterogeneity on solute 
concentration distributions? N/A
8. Surface water–groundwater interaction 

8.1 Is the conceptualisation of surface water–groundwater interaction in 
accordance with the model objectives? Unclear

The model includes recharge to the lake bed, which is known to be a regional 
groundwater discharge zone.  It is unclear why this approach has been 
adopted.

8.2 Is the implementation of surface water–groundwater interaction 
appropriate? Unclear

While groundwater discharge from Lake Lefroy is described as a significant 
feature of the flow system, there are no details on how this was implemented, 
and how it relates to the models water balance.

8.3 Is the groundwater model coupled with a surface water model? No
8.3.1 Is the adopted approach appropriate? N/A
8.3.2 Have appropriate time steps and stress periods been adopted? N/A
8.3.3 Are the interface fluxes consistent between the groundwater and 
surface water models? N/A
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