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Executive Summary 

 

Key messages 

• A groundwater impact assessment has been carried out to evaluate the potential impacts to groundwater 
and its users from the proposed Liddell Coal Operations (LCO) Project. Particular emphasis is placed on 
potential impacts to alluvial aquifer systems and to the minimal impact criteria specified in the NSW Aquifer 
Interference Policy (2012). A regional-scale numerical groundwater model was developed to allow 
assessment of cumulative as well as project-specific impacts on groundwater systems and to provide 
quantitative estimates of potential impacts to alluvial and hard rock aquifers.  

• The groundwater modelling and impact assessment indicates that the Project will cause minimal impacts to 
the alluvial aquifers associated with Bowmans Creek.  

• Estimated reductions in groundwater flux to alluvial aquifers associated with Bowmans Creek as a result of 
the Project are predicted to be less than 40 ML/year through to approximately 2020 (equivalent to Year 7 of 
the Project), with 2021 (Year 8) potentially seeing 65 ML loss as the project extends across the Davis Creek 
Fault during the final year of mining in the Entrance Pit. Glencore, through Liddell Coal, currently holds 
sufficient licence allocations (142 ML/year) for these water sources to accommodate the maximum 
predicted water take.  

• The total predicted reductions in groundwater input to the alluvial systems from all mining activities in the 
region amount to between 1 and 3% of current estimated baseflow contributions, and assessment of local 
stream flow conditions indicates that this amount is equivalent to <1% of median annual surface flows for 
Bowmans Creek.  

• Predicted drawdown of water tables in alluvial aquifers associated with Bowmans Creek does not exceed 
the two metre trigger for more than minimum harm outlined in the NSW Aquifer Interference Policy (2012). 
The predicted drawdown is localised to two small areas of the estimated alluvial extents. Further 
assessment of the predicted drawdown impacts in accordance with the NSW Aquifer Interference Policy 
(2012) indicate the predicted impacts do not affect or prevent the long-term viability of any water-dependent 
asset. 

• Dewatering requirements to enable safe mining operation are predicted to induce approximately 80 m 
drawdown in hydraulic pressure in the hard rock aquifer by the end of mining. The extent of this drawdown 
is almost entirely contained within the Project area and will not impact on neighbouring mining operations. 
Predicted impacts to the hard rock aquifer are unlikely to adversely affect groundwater quality. There are no 
groundwater users affected by these drawdowns.  

• Estimated total pit inflows under the Project are predicted to gradually decrease from current levels to about 
600 ML/year in approximately Year 7 of the Project (2020) followed by a single year potentially in excess of 
5,500 ML when mining proceeds across the Davis Creek Fault. Liddell Coal currently holds sufficient 
licences under Part 5 of the Water Act 1912 to extract up to 27,000 ML/year groundwater from the regional 
hard rock aquifer. 

• Post-mining groundwater levels are predicted to return to approximately 67m AHD in the open pit voids.  
The final voids will not discharge to local alluvial aquifers: the Entrance Pit void will act as a groundwater 
sink; the South Pit void is predicted to be a source of brackish water to the hard rock aquifer. 

• Steady state post mining equilibrium simulations indicate groundwater heads within the Bowmans Creek 
alluvial aquifer will recover to levels equal to or above the estimated and observed levels at the introduction 
of the Hunter Unregulated and Alluvial WSP (August 2009), and above water levels in the Entrance Pit and 

South Pit final voids. This ensures no leakage occurs from the final voids to the alluvial aquifer. 
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Liddell Coal Operations (LCO) is an established open-cut coal mining operation located near 
Ravensworth in the Upper Hunter Valley region of New South Wales. LCO is seeking modification 
to its existing development consent DA 305-11-01 to allow for the extension of open cut mining 
operations beyond the currently approved mining footprint so as maximise coal recovery, including:  

• Extension of open cut mining in the South Pit and the Entrance Pit to the south and east, and 
upon completion of mining in these pits, mining of coal resources under the Mine Infrastructure 
Area (MIA); 

• An additional tailings emplacement within the final void of the South Pit; and 

• Ancillary surface disturbances and infrastructure to support new mining areas. 

LCO is required to submit an Environmental Assessment (EA) in support of its application to extend 
open cut mining operations. The EA is intended to address the Director General’s Requirements 
(DGRs) for the proposed extension, including an assessment of the impacts of the proposed 
extension on local groundwater and surface water resources. The purpose of this Groundwater 
Impact Assessment report is to address the DGRs and specific issues outlined by NSW Office of 
Water for the assessment of potential impacts of the proposed mine extension on local 
groundwater resources.   

The methodology for the assessment is based on a framework that recognizes the need to 
consider both the direct potential impacts of mining operations on local to regional scale 
groundwater systems, and the potential exposure and response of receptors within a regional 
context. Risks or threats to groundwater systems emerge from exposure pathways and adverse 
responses of receptors to potential direct impacts. Accordingly, the impact assessment is 
presented within the following structure:  

• Describe the Context and Setting of the proposed operations (Section 2);  

• Identify Potential Direct Groundwater Impacts (Section 4.1); 

• Identify potential Receptors (Section 4.2); 

• Provide an Impact Assessment (Section 4.3); and 

• Identify Monitoring and Management measures and strategies to monitor and, where 
necessary, mitigate such impacts (Section 5).   

The potential impacts of mining and related activities on surface water and groundwater systems 
are evaluated using a numerical groundwater flow model. For this assessment a regional 
groundwater model for the Jerrys and Glennies Water Sources of the Upper Hunter Valley was 
developed and interrogated to predict and evaluate the potential impacts of the proposed 
modification on local and regional groundwater resources (Section 3). The report presents results 
based on the latest version (#7.2, see Table 3-1) of the groundwater model and thus supersedes 
all previous results for LCO. 
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The results of the predictive model simulations and groundwater impact assessment provide the 
following key conclusions:  

Impacts to Bowmans Creek alluvial aquifer 

• With the exception of the final year of the Entrance Pit progression (year 2022), the magnitude 
of alluvial losses estimated by the model under the proposal is similar to the leakage rates 
predicted for current approved mining operations at LCO. These estimated losses from the 
alluvium amount to between 30 and 40 ML/year to 2020 and peak at 65 ML/year for 2021. This 
is on top of a significant component (about 60 to 80 ML/year) attributable to other impacts, 
though specific sources have not been identified. 

• Under the proposed modification, model results predict that the progression of the South Pit 
has negligible impact on the Bowmans Creek alluvial aquifer in terms of increased leakage or 
drawdown.  

• Estimates of historical baseflow contributions to Bowmans Creek streamflow suggest the peak 
estimated loss of groundwater flow caused by the proposed modification accounts for 
approximately 1 to 3% of the estimated baseflow component of streamflow and less than 1% of 
measured annual streamflow.  

• Recent groundwater monitoring data and predictive model results indicate leakage from the 
alluvial aquifer induced by previous underground mining and current open cut mining activities 
at LCO are having minimal (<2m) impact on groundwater levels within the alluvium. As a result 
the estimated losses in groundwater flow under the proposed modification are unlikely to have 
a significant impact on streamflow in Bowmans Creek or on water levels within the associated 
alluvial aquifer. Peak drawdown estimates fall below the minimal impact criteria for aquifer 
interference activities as defined in the NSW Aquifer Interference Policy (2012). 

• Historical monitoring of groundwater within the Bowmans Creek alluvium suggests minimal 
impact of mining operations on groundwater quality, and model simulations provide no 
indication that the proposed modification will alter the hydrogeologic regime in a manner that 
would adversely affect groundwater quality. 

Impacts to hard rock aquifers 

• Estimated total groundwater extraction from the regional hard rock aquifer, determined as the 
sum of pit inflows and dewatering requirements, needed to accommodate the proposed 
modification peaks at about 5,500 ML/year. LCO currently holds extraction licences totalling 
27,000 ML/year for this water source.  

• Post mining equilibrium simulations, based on long-term average rainfall, predict the Entrance 
Pit final void will act as a sink while the South Pit may act as a source for groundwater flow 
from and to the regional hard rock aquifer, respectively. Predicted increases in salinity in the 
South Pit final void (G&A, 2013) would result in potential long term impacts to groundwater 
quality in the hard rock aquifer due to leakage of increasingly saline water from the South Pit 
final void when water levels in the void are above approximately 65 m AHD. Full recovery water 
level in the voids is currently modelled to be to 67 m AHD based on historic rainfall records.  
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• Long term impacts to the hard rock aquifers will be localised within the mining lease area and 
will not impact non-mining users. 

 

The following table summarizes the groundwater impacts assessment for the proposed 
modification based on the predictive model simulations and other relevant data. 

Potential 
Receptor 

Direct Impact Discussion 

Bowmans Creek 
alluvium 
(including 
groundwater 
dependent 
ecosystems) 

Groundwater 
quantity 

• Estimated leakage rates as a result of the proposed modification 
are predicted to peak at approximately 65 ML/year at the end of 
mining. The alluvium groundwater and surface creek flows are 
considered a connected resource under the Water Sharing Plan 
and constitute the Jerrys Water Source. LCO currently holds 
licence allocations of 142 ML/year for this water source.  

• Model simulations predict a peak drawdown within the alluvial 
aquifer of less than two metres as a result of the proposed 
modification. This estimated peak drawdown is expected to be 
limited to one year at the end of mining and falls below the 
minimal impact criteria for aquifer interference activities as 
specified in the Aquifer Interference Policy (NSW, 2012). 

• Post mining equilibrium simulations indicate that alluvial 
groundwater levels will return to current (2013) levels within 50 
years following the end of mining. 

Groundwater 
quality 

• Historical monitoring data suggests minimal impacts on 
groundwater quality in the Bowmans Creek alluvial aquifer due 
to current and historical mining operations at LCO. 

• Model simulations provide no indication that the proposed 
modification will alter the hydrogeologic regime in a manner that 
would adversely affect groundwater quality within the Bowmans 
Creek alluvium. Predicted post mining equilibrium water levels 
in the final voids are lower than predicted groundwater heads 
within the Bowmans Creek alluvial aquifer, indicating leakage 
from the voids to the alluvial aquifer is unlikely to occur and 
adversely impact groundwater quality. 

Surface Water – 
Groundwater 
Interaction 

• Estimates of baseflow contributions to Bowmans Creek 
streamflow suggest the predicted peak annual leakage rate (65 
ML/year) caused by the proposed modification accounts for 
approximately 1% to 3% of the average estimated baseflow 
component of streamflow and less than 1% of measured annual 
streamflow. 

• The estimated peak loss of groundwater flow falls well below the 
range of baseflow contributions estimated from the historical 
record (300 to 40,000 ML/year). 

• Recent groundwater monitoring data and predictive model 
results indicate leakage from the alluvial aquifer induced by 
current mining activities at LCO are having negligible impact on 
groundwater levels within the alluvium. 

• Taking these data into account, the estimated losses in 
groundwater flow under the proposed modification is unlikely to 
have a significant impact on streamflow in Bowmans Creek or 
on water levels within the associated alluvial aquifer. 

Aquifer Impact • The proposed open cut extensions do not intercept the 
Bowmans Creek alluvial system.  
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Neighbouring 
mining  
operations 

Groundwater 
quantity 

• Predicted depressurisation within the regional hard rock aquifer 
peaks at approximately 80 m in the Liddell and Barrett seams at 
the end of mining. Figure 3-15 shows the predicted maximum 
depressurisation falls within the LCO DA boundary. The zone of 
influence, however, extends beyond the LCO boundary to the 
southeast. While this depressurisation extends beneath 
neighbouring mines, these other operations also require 
depressurisation and dewatering of the coal seams for their own 
mining purposes. As a result the depressurisation of the hard 
rock aquifer caused by the LCO modification is not expected to 
adversely impact neighbouring mining operations. 

• Predicted water levels in the final voids will equilibrate to 
approximately 67 m AHD within 50 years following the end of 
mining (G&A, 2013). Post-mining equilibrium simulations using 
these final void water levels indicate the Entrance Pit would be a 
groundwater sink while the South Pit would potentially act as a 
source of groundwater to the shallow hard rock aquifer resulting 
in minor localised mounding.  

Groundwater 
quality 

• Monitoring data collected as part of current open cut mining 
operations at LCO indicate minimal (if any) impacts to 
groundwater quality for the Bowmans Creek alluvial aquifer or 
regional hard rock aquifer.  

• Following cessation of mining activities, G&A’s water balance 
assessment (2013) predicts salinity in the South Pit final void 
will increase continuously over time (G&A, 2013), resulting in 
the potential for long term impacts to groundwater quality in the 
hard rock aquifer due to leakage of increasingly saline water 
from the South Pit final void when water levels are above 
approximately 65 m AHD. The groundwater in this aquifer is 
already brackish, however, and no private users of this aquifer 
have been identified. 

Surface Water – 
Groundwater 
Interaction 

• Model predictions and monitoring data indicate the proposed 
modification is unlikely to have a significant impact on 
streamflow in Bowmans Creek or on water levels within the 
associated alluvial aquifer. As a result the potential impacts to 
neighbouring mining operations that may access Bowmans 
Creek or the associated alluvial aquifer are expected to be 
negligible.  

Aquifer Impact • The proposed open cut extensions intercept the regional hard 
rock aquifer that contains the target coal reserves within the 
LCO DA boundary. Given the extent of coal mining activities in 
the region that target the same coal measures, the 
depressurisation of the hard rock aquifer caused by the LCO 
modification is not expected to adversely impact neighbouring 
mining operations 

 

Based upon the impact assessment and predictive model results, an adaptive management 
strategy is proposed for the monitoring and (if necessary) mitigation of any potential impacts to the 
Bowmans Creek alluvial system. Key aspects of the management strategy include: 

• Review, update, and implement the current Water Management Plan and Groundwater 
Monitoring Program for LCO under the proposed modification; 

• Supplementation of the existing monitoring network with locations targeting areas predicted by 
the model for potential alluvial drawdown as a result of the proposed modification; 
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• Continue to update, refine and re-validate the groundwater model with additional site and 
monitoring data as it is collected; 

• If updated model results predict future groundwater losses from the Bowmans Creek alluvial 
aquifer in excess of LCO’s licence allocations for the Jerrys Water Source, LCO would pursue 
additional licences to cover the estimated losses; and  

• If and where necessary, initiate adjustment of mining and/or dewatering plans to mitigate 
significant actual or predicted impacts on the alluvial system. 
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1. Introduction 
1.1 Background 
Sinclair Knight Merz Pty Ltd (SKM) has been engaged by Liddell Coal Operations (LCO) Pty Ltd to 
carry out a Groundwater Impact Assessment for the LCO Development Consent Modification 5 
Environmental Assessment (EA).  LCO is an established open-cut coal mining operation located 
near Ravensworth in the Upper Hunter Valley region of New South Wales (refer Figure 1-1).  LCO 
is operated and managed by Liddell Coal Operations Pty Limited, a wholly owned subsidiary of 
Glencore Coal Pty Limited (Glencore), on behalf of a joint venture between Glencore (67.5 percent 
(%)) and Mitsui Matsushima Australia (32.5%).  

Mining at LCO has been in continuous operation since the 1950s, during which time mining 
operations have been subject to a number of development consents.  In 2001, a development 
application was lodged with Planning NSW (now the Department of Planning and Infrastructure 
(DP&I)) to continue operations at the mine.  Development Consent DA 305-11-01 was granted by 
the Minister for Planning on 20 November 2002 for 21 years of continued mining operations at 
LCO.  This DA remains the current development consent for LCO, and has since been modified on 
four separate occasions.  The DA boundary can be seen in Figure 1-1. 

LCO is now seeking a fifth modification to development consent DA 305-11-01 to allow for the 
extension of open cut mining operations beyond the currently approved mining footprint so as 
maximise coal recovery.  The proposed expansion of mining is within both the existing 
development consent DA 305-11-01 boundary and mining lease ML 1597 and can be seen in 
Figure 1-2. The proposed modification shown in Figure 1-2 primarily includes: 

• Extension of open cut mining in the South Pit and the Entrance Pit to the south and east, and 
upon completion of mining in these pits mining of coal resources under the Mine Infrastructure 
Area (MIA); 

• An additional tailings emplacement within the final void of the South Pit; and 

• Ancillary surface disturbances and infrastructure to support new mining areas. 
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 Figure 1-1 – Locality Plan 

•  
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 Figure 1-2 – Proposed Mine Extension 
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1.2 Purpose of this Report 
LCO is required to submit an EA in support of its application to extend open cut mining operations.  
The EA is intended to address the NSW DP&I’s Director General’s Requirements (DGRs) for the 
proposed extension.  A key component of the DGRs is an assessment of the impacts of the 
proposed extension on local groundwater and surface water resources, including any specific 
impacts designated by the NSW Office of Water. 

The purpose of this Groundwater Impact Assessment report is to address the DGRs and specific 
issues outlined by NSW Office of Water for the assessment of potential impacts of the proposed 
mine extension on local groundwater resources.  The key groundwater issues highlighted in the 
DGRs and addressed in this report are summarized in Table 1-1.   

 Table 1-1 – DGRs Addressed in This Report 

Director-General’s Requirement Relevant Section of 
Report 

General Requirements 

 A detailed assessment of the key issues specified below, and any other 
significant issues identified in the risk assessment, which includes: 

- A description of the existing environment; 

- An assessment of the potential impacts of all stages of the modification, 
including any cumulative impacts associated with the concurrent 
operation of the modification with any other existing or approved mining 
or gas production operations in the region, taking into consideration any 
relevant policies, guidelines, plans and statutory provisions; and 

- A description of the measures that would be implemented to avoid, 
minimise, mitigate and/or offset the potential impacts of the modification, 
including detailed contingency plans for managing any significant risks to 
the environment; 

 A statement of commitments, outlining all the proposed environmental 
management and monitoring measures 

 

 

 

Section 2 
 
Section 3 and 4 
 

 

 

Section 5 
 

 

 

Section 5 

Key Issues: Soil and Water 

 A detailed assessment of the potential impacts of the modification, using 
appropriate quantitative modelling on: 

- The quantity and quality of both surface and ground water resources, 
with particular reference to the Hunter River, alluvial groundwater and the 
evaporative sink extension 

- Ground and surface water users, both in the vicinity of and downstream 
of the modification 

 A comparison of these impact predictions against those associated with the 
existing mine plan, including detailed explanations for any differences 

 

 

 
Section 4.1.1 and 
4.1.2 
 

Section 4.2 and 4.3 

 
Section 3.9 and 4.3 
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In addition to these issues, NSW Office of Water highlighted specific assessment requirements in 
their letter dated 28 June 2012 relating to the potential impacts of the proposed mine extension on 
the surface water and alluvial groundwater system of Bowmans Creek, which forms part of the 
eastern boundary of DA 305-11-01 (refer Figure 1-1). The issues highlighted by NSW Office of 
Water and addressed in this report are summarized in Table 1-2. 

 Table 1-2 – NSW Office of Water Requirements Addressed 

NSW Office of Water Issue Relevant Section of 
Report 

 Interference with either alluvial or surface waters associated with Bowmans 
Creek requires, as a minimum, accounting in accordance with the Water 
Sharing Plan for the Hunter Unregulated and Alluvial Water Sources 2009 
(WSPHUAWS) 

 Provide mapping of the Bowmans Creek alluvial boundary, with additional 
information regarding the development of the alluvial groundwater system, and 
the nature, integrity and risks posed by the open cut mining proposal to the 
alluvial system. This requires the following information to be presented: 

- Mapping of the lateral and vertical alluvial materials, and identification of 
saturated layers within the alluvium 

- Transects across the Bowmans Creek floodplain from within the 
extension footprint to the break of slope forming the lower cadastre to the 
east side of Bowmans Creek 

- Identification of alluvial terraces and other geomorphic features both 
within the floodplain and in the inset channel to Bowmans Creek 

- Ranges and time series groundwater level and quality data, and 
interpreted groundwater hydraulic gradients and conductivities 

- Formation of an adequate baseline of alluvial groundwaters, including 
absolute and relative groundwater levels, triangulated groundwater 
gradients across the Bowmans Creek floodplain 

 An adequate understanding of the importance of the Bowmans Creek portion 
of the Jerrys Water Source, and the accounting mechanisms related to the 
provisions of the Water Management Act 2000 and the WSPHUAWS 

 Detailed assessment of the history of impacts to Bowmans Creek, present 
actions by Liddell Operations and risks associated with further interaction with 
the flooded underground mine workings  

 

Section 1.5 and 3.9 

 

 

 

 

 

Figure 2-11 and 
Appendix B 
 
Appendix B 

 
Section 2.6 

 

Section 2.6 

 

Section 2.6 and 
Appendix B 
 

Sections 1.5, 3.9 and 
4.1 
 
Section 2.6 and 4.1 
 

 

Information describing the Bowmans Creek surface water and alluvial groundwater system is 
presented in this report (refer Section 2.6), along with an assessment of the potential impacts of 
the proposed mine extension (refer Section 4.3) on groundwater resources. Impacts on surface 
water resources are addressed in a separate report by Gilberts & Associates (G&A, 2013). 
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1.3 Scope of Work 
In order to address the DGR and NSW Office of Water requirements outlined above, SKM has 
undertaken the following scope of works for the Groundwater Impact Assessment. 

• Review of applicable legislative and statutory requirements for the proposal, including the NSW 
Water Management Act 2000 and its Water Sharing Plans (WSPs), the Strategic Regional 
Land Use Plan (SRLUP) for the Hunter Valley, and the NSW Government’s Aquifer 
Interference Policy 

• Review of DGRs and consultation with NSW Office of Water in relation to the proposed mine 
extension and its potential impacts on the Bowmans Creek surface water and alluvial 
groundwater system 

• Review and assimilation of existing geological and hydrogeological information for LCO and the 
surrounding area, including regional and local stratigraphy and lithology, surface water and 
groundwater flow systems, and groundwater and surface water quality data 

• Review and assimilation of the impacts of historical mining activities on local aquifer systems 

• Review of groundwater monitoring data for the area of interest and consideration of future 
monitoring needs 

• Development of a conceptual hydrogeological model for the site and surrounding area 

• Development of a numerical groundwater flow model for the region that accounts for existing 
mining activities both at the site and in the regional area 

• Interrogation of the numerical groundwater model to understand groundwater flow regimes, 
mass balances and surface water – groundwater interactions under the existing and proposed 
mining conditions 

• Assessment of the potential effects of the proposed mine extension on surface water and 
groundwater resources, identification of potential receptors to such impacts, and assessment of 
the resulting impacts to the identified receptors 

• Identification of potential mitigation measures and monitoring systems to mediate these 
impacts 

1.4 Assessment Methodology 
To understand the level of potential impact posed to groundwater systems as a result of mine and 
supporting infrastructure development, it is necessary to consider how operations such as 
dewatering, water supply development, mine waste management, supporting infrastructure (such 
as water treatment facilities, landfills and fuel storages) and linear infrastructure development (e.g. 
roads and pipelines) might change the ‘natural’ groundwater regime and so impact upon 
groundwater systems and potential users of groundwater.  Potential direct groundwater impacts 
relate to the physical impacts of water affecting activities at the mine and its supporting 
infrastructure on groundwater systems.  Four categories of potential direct impacts have been 
identified by Brereton and Moran (2008). They are: 

• Groundwater quantity – including consideration of changes to groundwater levels / pressures 
and flux 
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• Groundwater quality – including consideration of salinity and concentrations of other important 
water quality constituents (such as metals, pH, nutrients and radionuclides) 

• Groundwater – surface water interactions – including consideration of changes to the level of 
interaction between groundwater and surface water systems (such as stream baseflow) 

• Physical disruption of aquifers – including consideration of whether or not there will be 
permanent disruption of a groundwater system by mining, and to what extent 

In order to fully assess the risks arising from potential direct impacts to groundwater systems, the 
exposure and response of potential receptors to these impacts must also be evaluated.  The term 
receptor is used here to include environmental, social and cultural, and economic users of 
groundwater resources.  Examples of typical groundwater receptors that may be impacted by a 
mining operation include: 

• Environmental: groundwater dependent ecosystems such as aquatic ecosystems that are 
maintained to some extent by baseflow, and terrestrial vegetation that utilises groundwater to 
meet some or all of its water requirements 

• Economic: including agricultural and aquacultural activities that rely on groundwater for 
irrigation or stock watering, and other mining operations that utilise groundwater to meet all or 
some of their mine water requirements 

• Social and cultural: including recreational use of water resources, as well as domestic, urban 
and rural water supply and spiritual connections for Traditional Owners. 

Groundwater impact assessments for mining operations need to consider both the direct potential 
impacts on local to regional scale groundwater systems and the potential exposure and response 
of receptors within a regional context (Figure 1-3).  Risks or threats emerge from exposure 
pathways (where they exist) and adverse responses of receptors to potential direct impacts on 
groundwater systems.  

 Figure 1-3 – Groundwater Impact Assessment Framework (Howe et al., 2010) 

 
 
The Groundwater Impact Assessment presented in this report follows the structure outlined in 
Figure 1-3 and is summarised below:  

• Context and Setting (Section 2):  Placing the current mine operations and proposed extension 
into a regional context, including identifying hydrogeologic flow regimes, interactions between 

Existing and 
Proposed Mining 

Operations 
(Context and Setting)  

Receptor Exposure 
and Response 

 
Groundwater  

Impact Assessment 

 
Potential Direct 

Groundwater Impacts  
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groundwater flow systems, climatic factors and preliminary identification of potential 
groundwater receptors (environment, social, economic) that might be impacted by the 
proposed mine extension.  

• Potential Direct Groundwater Impacts (Section 4.1):  Identifies potential direct impacts to the 
groundwater system arising from the proposed mine extension. 

• Receptor Exposure and Response (Section 4.2):  Provides an understanding of the receiving 
environment that will potentially be affected by direct impacts, and clearly identifies those 
receptors that are exposed to these potential impacts. 

• Impact Assessment (Section 4.3):  Provides an evaluation of the degree to which potential 
direct impacts will affect the receptors identified, both spatially and temporally. 

1.5 Legislative Framework 
1.5.1 Water Management Act 2000 
The objective of the NSW Water Management Act 2000 is the sustainable and integrated 
management of the state's water for the benefit of both present and future generations.  The act 
recognises the need to allocate and provide water for the environmental health of our rivers and 
groundwater systems, while also providing licence holders with more secure access to water and 
greater opportunities to trade water through the separation of water licences from land.  The main 
tool within the Act for managing the State's water resources are Water Sharing Plans (WSPs).  
These plans protect the health of our rivers and groundwater while also providing water users with 
perpetual access licences, equitable conditions, and increased opportunities to trade water through 
separation of land and water.  

Under the WSPs distinct water sources are identified as the primary unit of water management and 
are used to define and limit surface and groundwater allocations for a given area.  The WSP 
relevant to operations at LCO is the Water Sharing Plan for the Hunter Unregulated and Alluvial 
Water Sources 2009, which includes unregulated rivers and creeks, highly connected alluvial 
groundwater, and tidal pool areas within the Hunter region. In total the Hunter Unregulated and 
Alluvial WSP covers 39 different water sources, nine of which are further sub-divided into 
management zones (DWE, 2009). The Hunter Unregulated and Alluvial WSP commenced in 
August 2009. 

Bowmans Creek and its associated alluvial aquifer is located within the Jerrys Management Zone 
of the Hunter Unregulated and Alluvial WSP. The Jerrys Management Zone and Appletree Flat 
Management Zone are used to manage separate areas of the Jerrys Water Source. Water sharing 
rules for Jerrys Water Source are governed by the WSP and include access and trading rules and 
restrictions on alluvial groundwater bores. According to NSW Office of Water (2012), interference 
with surface waters or alluvial groundwaters associated with Bowmans Creek requires accounting 
in accordance with this WSP and an understanding of the importance of Bowmans Creek and its 
alluvial groundwater to the Jerrys Water Source.   
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Whilst the WSPs govern the accounting and use of water from a given source, the sustainable 
allocations specified in the WSPs were estimated through consideration of agricultural, industrial, 
and stock and domestic use at the time the WSP commenced. No estimation (real or potential) of, 
or provision for, water use by mining operations was made in the WSP allocations, including 
impacts on alluvial systems by mining activities. Accordingly water use by mining operations at the 
time of commencement of the Hunter Unregulated and Alluvial WSP (August 2009) is presumed to 
have been accounted for in the sustainable allocation, and only additional usage from that time 
should require water licences.  

Under the WSP, surface water licences and groundwater licences for the Jerrys Water Source may 
be pooled to account for water take from either the creek or from the connected alluvial 
groundwater and impacts to alluvial groundwater are considered as impacts to the baseflow 
component of surface water flow.  

1.5.2 NSW Aquifer Interference Policy (2012) 
In September 2012, the NSW Government released its Aquifer Interference Policy to objectively 
define the process by which projects are assessed to determine their potential impacts on aquifers, 
to clarify the requirements for obtaining water licences for aquifer interference activities, and to 
define the considerations for assessing potential impacts on key water-dependent assets. The 
policy focuses on mining, coal seam gas exploration and extraction, and other activities that 
remove water from aquifers for non-water supply purposes. 

The Water Management Act 2000 defines an aquifer interference activity as that which involves 
any of the following: 

• The penetration of an aquifer 

• The interference with water in an aquifer 

• The obstruction of the flow of water in an aquifer 

• The taking of water from an aquifer in the course of carrying out mining or any other activity 
prescribed by the regulations 

• The disposal of water taken from an aquifer in the course of carrying out mining or any other 
activity prescribed by the regulations 

Aquifer interference activities may take water from the source in which they exist as well as 
connected groundwater and surface water sources. The Aquifer Interference Policy clarifies water 
licence requirements and details how these potential interference activities will be assessed under 
relevant planning and approvals processes. The policy provides ‘minimal impact considerations’ to 
evaluate potential impacts on groundwater levels, pressures, and quality for different categories of 
groundwater sources. The policy also includes provisions for water take from a source following the 
cessation of the aquifer interference activity. 

According to the policy, the assessment of impacts on water sources and water dependent 
ecosystems will be based on the project proponents’ ability to demonstrate: 
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1. The capacity to obtain the necessary licences to account for the take of water from a given 
source, or if licences are unavailable, that the proposed project has been designed to prevent 
the take of water; 

2. That adequate arrangements will be in place to meet the ‘minimal impact considerations’ 
defined in the policy; and 

3. Proposed remedial actions for impacts greater than those that were predicted as part of the 
relevant approval. 

The ‘minimal impact considerations’ provided in the policy are defined for ‘highly productive’ and 
‘less productive’ groundwater sources, both of which are further grouped into categories according 
to aquifer type (e.g. alluvial, coastal sands, fractured rock, etc.). Two levels of ‘minimal impact 
considerations’ are provided, and if the predicted impacts are less than the Level 1 impact 
considerations, then the impacts from the project would be considered acceptable. If the predicted 
impacts are greater than the Level 1 considerations, additional studies would be required to fully 
assess these impacts. 

The alluvial systems of the Hunter River and its tributaries, which include Bowmans Creek, are 
listed as Biophysical Strategic Agricultural Land (BSAL) under the NSW Government’s Strategic 
Regional Land Use Policy.  As such, the proposed mine extension for LCO requires an assessment 
of potential environmental impacts on Bowmans Creek and its alluvial groundwater system.  

1.5.3 Water Licensing 
LCO currently holds several different licences to extract groundwater from water sources in the 
area to accommodate mining operations. These licences include allocations to extract groundwater 
from Jerrys Water Source, which is regulated under the Hunter Unregulated and Alluvial WSP 
(2009), as well as allocations to extract water from deeper regional hardrock aquifers where the 
targeted coal measures are found. Table 1-3 provides a summary of the current extraction licences 
held by LCO. Current licensing allocations permit LCO to extract a total of 142 ML/year from Jerrys 
Water Source, which includes Bowmans Creek and its associated alluvial aquifer system, and up to 
27,000 ML/year (27 GL/year) from the regional hard rock aquifer. 
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 Table 1-3 – Summary of Groundwater Extraction Licences held by LCO 
Name /  
Licence No. 

Licence 
Holder Water Source Type / Use Allocation

(ML/yr) Status / Notes 

WAL18302 Liddell Southern 
Tenements P/L 

Jerrys Water 
Source Irrigation 5  

WAL18304 Enex Foydell P/L Jerrys Water 
Source Irrigation 32 On Glendell land 

WAL18318 Enex Foydell P/L Jerrys Water 
Source Irrigation 55  

WAL18320 Enex Foydell P/L Jerrys Water 
Source Irrigation 50 Mt Owen Complex 50 

unit share - responsible 
Haz 2 / 
20BL168060 

Liddell 
Tenements P/L 

Hardrock  
(Coal Measures)  Industrial 5500 Dewatering into 

Hazeldene workings 

Durham 2 & 4  Liddell 
Tenements P/L 

Hardrock  
(Coal Measures)  Industrial 1000  

8 South 3 & 4 Liddell 
Tenements P/L 

Hardrock  
(Coal Measures)  Industrial 6000 

Dewatering into 
Hazeldene workings 
east of Barrier Pit 

Durham 1 Liddell 
Tenements P/L 

Hardrock  
(Coal Measures)  Industrial 6000 Dewatering into Liddell 

workings 

M49 Liddell Southern 
Tenements P/L 

Hardrock  
(Coal Measures)  Dewatering 2500  

Middle Liddell Liddell Coal 
Operations P/L 

Hardrock  
(Coal Measures)  Dewatering 6000 known as MLB 
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2. Context Setting 
2.1 Regional Mining Activities 
LCO is an established open-cut coal mining operation located approximately 25 km northwest of 
Singleton in the Upper Hunter Valley region of New South Wales.  The region surrounding the mine 
has been subject to extensive underground and open-cut coal mining since the early 20th century 
which has extensively altered the area’s physical features and setting, including the regions surface 
water and groundwater systems.  The location of other mines in the region is shown in Figure 2-1, 
and a summary of these mining operations is provided in the following sections. 

2.1.1 Liddell Coal Operations 
Mining at LCO has been continuous since the 1950s, prior to which operations were intermittent.  
Underground operations at LCO commenced in 1923 and open cut operations in 1946 (Umwelt, 
2001; AECOM, 2012).  Open cut operations re-commenced in 1990 to extract coal reserves not 
previously captured during previous underground operations.  In 2002 development consent for DA 
305-11-01 was granted for the current mining operations at LCO (consent boundary shown in 
Figure 1-1) to produce up to eight million tonnes per annum (Mtpa) of run-of-mine (ROM) coal 
(GSS, 2011; AECOM, 2012). 

Current mining operations at LCO are undertaken 24 hours per day using excavator and truck / 
shovel methods with product coal (both semi-soft and thermal) being transported to Newcastle Port 
by rail for sale to the export market.  The coal seams being mined include the Lemington, Pikes 
Gully, Arties, Liddell and Barrett seams (GSS, 2011).  The open cut void is progressing in a south-
easterly direction, with the former Liddell underground operations being progressively intercepted 
by the open cut pits.  The water balance for current mining operations results in LCO being a net 
water producer, with excess water being discharged to surrounding mines in the area or via 
licensed discharge points (GSS, 2011). 

2.1.2 Ravensworth Operations 
Located to the south of LCO, the Ravensworth Operations Project received project approval in 
February 2011 and consolidates the Narama and Ravensworth West open cuts, the Cumnock No. 
1 open cut and underground operations, Ravensworth Underground Mine (RUM), the former 
Ravensworth South and Ravensworth No. 2 mines, and associated surface infrastructure (Umwelt, 
2010). The project includes expansion of the existing Ravensworth West open cut mine to the 
north, known as the Ravensworth North Pit, down to the Barrett seam. As part of the environmental 
assessment Umwelt (2010) undertook a detailed water balance and determined the project would 
have a water deficit for extended periods over the project life. 
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 Figure 2-1 – Regional Mining Operations 
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•  

The former Ravensworth No. 2, Ravensworth South and Narama open cut pits historically 
extracted coal down to the Bayswater seam.  These operations have left a continuous synclinal pit 
shell over a north-south distance of more than 7 km which is now mostly filled with spoils, fly ash 
and tailings, with the exception of the Narama open pit and ramp.  Ravensworth Underground Mine 
(RUM) is located beneath the old Ravensworth No. 2, Ravensworth South and Narama open cut 
pits and extracts coal from the Pikes Gully seam via long wall panels in a south-westerly direction. 
It is understood that current and future long wall mining at RUM will advance into the underlying 
Liddell and Barrett seams (MER, 2011b). 

2.1.3 Mt Owen Complex 
The Mt Owen Complex (MOC) is located to the east of Bowmans Creek and includes three 
adjacent open cut coal mines: Mt Owen, Ravensworth East and Glendell. Mt Owen open cut 
commenced operations in 1993, Ravensworth East in 2000, and Glendell in 2008. The Mt Owen 
and Ravensworth East open cut pits currently mine or have previously mined coal seams from the 
Bayswater down to the Hebden seam at depths of more than 250 m (MER, 2011a). The Glendell 
pit mines coal from the Bayswater to the Barrett seam to an approximate depth of 200 m, with a 
proposed northward extension of the pit to target the same seams at similar depths (MER, 2011a).  
MOC has approval to extract up to 15 Mtpa of ROM thermal and semi-soft coking coals for export 
to the international market. Predicted water balances for MOC indicate the complex is a net water 
user under typical conditions (e.g. average rainfall), with water shortages being met via transfers 
from other XCN operations in the local area whenever possible (XMO, 2011). 

2.1.4 Integra Mine Complex 
Formed in 2006 through the integration of the former Glennies Creek Colliery and Camberwell Coal 
Mine, the Integra Mine Complex consists of the former Glennies Creek Open Cut and Underground 
Coal Mines (now referred to as the Integra North Open Cut and Integra Underground, respectively) 
and the Integra Open Cut (formerly the Camberwell Coal Mine).  The Integra Open Cut includes 
the former North Pit, where mining occurred between 1991 and 1999 and has since been 
backfilled, the South Pit, where mining ceased in 2011, and the South Pit (Western Extension) 
where mining activities commenced in 2011 (RW Corkery, 2011). The Integra Underground Mine 
currently comprises longwall mining in the Middle Liddell seam, with development works and 
approval for expansion to the Hebden and Barrett seams (MER, 2011a). Coal from the Integra 
Mine Complex is handled and processed at the Integra Coal Handling and Preparation Plant prior 
to transport by rail to Newcastle for export. Sufficient water is typically available from mining 
operations that Integra acts as a net water producer, having an agreement in place to transfer up to 
900 ML/year to Ashton Coal, subject to water availability (Vale, 2011). 

2.1.5 Ashton Coal 
Ashton Coal open cut and underground operations are located east of Ravensworth and south of 
Glendell open cut pit. Ashton open cut operations commenced in 2004 and mine coal from the 
Pikes Gully seam down to the Barrett seam. The underground operations extract longwall panels in 
the Pikes Gully seam, with future longwall extraction in the Liddell seam planned (MER, 2011a). 
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Water balance modelling indicates water demands for mining operations can be met with secure 
water supply sources (Ashton, 2012). 

2.1.6 Hunter Valley Operations 
The Hunter Valley Operations (HVO) mining complex is located southwest of LCO and is 
geographically split by the Hunter River, resulting in mining and processing activities being referred 
to as HVO North and HVO South though the entire complex is managed by Coal & Allied 
Operations Pty Ltd as an integrated operation.  HVO North comprises active open cut pits West 
(formerly Howick Pit), North and Carrington Pits, while HVO South includes the Cheshunt, 
Riverview and Lemington Pits (ERM, 2008). Mining operations at HVO target a number of seams 
within the Wittingham Coal Measures, producing over 10 Mtpa thermal coal and 1.9 Mtpa semi-soft 
coking coal in 2011 for export to the international market. 
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2.2 Climate 
Regional climate can be described as temperate, with hot summers and cool winters. The average 
daily maximum temperature ranges from approximately 39°C in February to 14°C in June. Rainfall 
data from two nearby weather stations (Jerrys Plains, located approximately 15 km southwest of 
LCO, and Bowmans Creek, 18 km north) is presented in Table 2-1, along with pan evaporation 
rates recorded at the Scone SCS weather station (approximately 38 km north of LCO). Rainfall at 
Jerrys Plains averages 645 mm/yr with the highest rainfall occurring between November and 
February. Rainfall data for Bowmans Creek weather station, located in the upper parts of the 
Bowmans Creek catchment, shows an annual rainfall some 35% higher than Jerrys Plains at 871 
mm/yr. This higher rainfall is likely due to the higher land elevations on the flanks of the Hunter 
Valley. 

Seasonal and inter-annual variability in rainfall is discussed below in the surface water hydrology 
description (Section 2.4). Comparison of the cumulative rainfall deviation chart with stream flow 
(Figure 2-2) illustrates the strong relationship between rainfall and surface water flow flows. 

• Table 2-1 – Rainfall and Pan Evaporation Averages (mm) (BOM, 2012) 

Rainfall Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total 
Jerrys 
Plains 76.7 72.4 58.4 44.5 40.9 48.1 43.5 36.5 42.0 52.2 61.1 67.9 645 

Bowmans 
Creek 108.0 95.8 90.7 58.2 60.3 66.9 48.1 46.3 56.3 68.7 84.1 85.0 871 

Evaporation              

Scone SCS 220 174 155 105 68 48 56 84 117 155 183 220 1,585 
 

• Figure 2-2 – Measured streamflow and calculated baseflow adjacent to the Liddell 
mining lease and cumulative rainfall deviation curve  

  



LCO Development Consent Modification 5 
Groundwater Impact Assessment 
January 2014 
 

SINCLAIR KNIGHT MERZ       
 
Liddell GIA V08_20140207_Final.docx PAGE 17 

2.3 Topography 
Figure 2-3 presents a topographical map of the region highlighted by two distinct areas: the gently 
undulating plain associated with the Hunter River Valley, and the steeper, elevated ranges in the 
north delineating the flank of the valley.  Within the valley ground elevations generally range 
between 50 and 150 m AHD, rising to elevations up to 500 m AHD along the northwest to 
southeast trending ridgeline of the Hunter Thrust.  The Hunter Thrust is associated with 
outcropping of Carboniferous rocks and marks the northern catchment boundary of the Hunter 
River Valley. 

2.4 Hydrology 
Surface water features in the region are predominantly comprised of the Hunter River and its 
tributaries and local dams and lakes associated with mining and power generation activities.  The 
Hunter River forms the primary surface water drainage system in the region in terms of physical 
size and flow rate, with its catchment area covering approximately 22,000 square kilometres. 

LCO is located within two sub-catchments of the Hunter River catchment, with surface water 
features in each forming the boundary of the LCO DA area, as shown in Figure 2-4. Lake Liddell 
bounds LCO to the west and is an artificial lake constructed to supply water to several coal-fired 
power stations in the area. Lake Liddell was created by damming Bayswater Creek and collects 
runoff from the upper three quarters of the creek’s catchment.   

Bowmans Creek bounds LCO to the east and drains a catchment area of approximately 250 
square kilometres, which is enough to maintain flow under most rainfall conditions (Umwelt, 2006).  
LCO’s proposed extension to the open cut Entrance Pit is in close proximity to Bowmans Creek 
and its associated alluvial deposits. 

Flow duration curves extracted from stream gauges on the Hunter River (station 210126), 
Bowmans Creek (stations 210042 and 210130), and Bayswater Creek (station 210059), shown in 
Figure 2-5, reflect the relative contribution of these features to surface water drainage in the 
region.  The low median annual flow rate for station 210059 (approximately one ML/day) reflects 
the impact of Lake Liddell and the significantly altered flow system of Bayswater Creek. The flow 
rates and duration profile for station 210126 are indicative of the Hunter River as the major surface 
water feature in the region. The two stream gauges on Bowmans Creek show markedly different 
flow duration curves, with the gauge located near LCO (station 210042, refer Figure 2-4) recording 
measurable stream flow only 65% of the time, while further downstream near the confluence of the 
Hunter River data from station 210130 indicates near perennial flow. The stream flow data 
recorded at station 210042 corresponds with historical observations of intermittent flow in 
Bowmans Creek in the vicinity of LCO. 
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 Figure 2-3 – Regional Topography and Structural Features 
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 Figure 2-4 – Local Hydrology and Climate Stations 
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 Figure 2-5 – Flow Duration Curves for Surface Water Features 

 

In order to evaluate the potential effects of mining activities on groundwater within the Bowmans 
Creek alluvium, historical streamflow and climactic data can be used to estimate contributions of 
groundwater baseflow to the creek. SKM’s BaseJumper (Murphy et al, 2008) program analyses 
streamflow data through a digital recursive filter to estimate groundwater contributions to baseflow. 
Table 2-2 summarizes the data record for stream gauges along Bowmans Creek, and includes the 
estimated baseflow component for each of the gauges as determined using BaseJumper. The data 
provides order of magnitude estimates of the reduction in baseflow required for impacts to 
streamflow to be seen along Bowmans Creek. 
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 Table 2-2 – Summary of Streamflow Data1 for Gauges on Bowmans Creek 
Stream Gauge 210113 210115 210116 210042 210121 210130 

Start of Record 2/07/1980 16/12/1981 1/01/1982 23/03/1956 2/04/1988 29/10/1993 
End of Record 1/01/1986 1/01/1986 1/01/1986 23/11/1999 3/01/1992 29/07/2009 

Number of days 
over record 2010 1478 1461 15950 1372 5753 

Number of years 
over record 5.5 4.0 4.0 43.7 3.8 15.8 

Number of days 
with data 2010 1478 1461 14869 1372 5130 

Number of days 
missing data 0 0 0 1081 0 623 

% missing 0.0% 0.0% 0.0% 6.8% 0.0% 10.8% 
Number of days 
with zero flow 418 60 151 5244 572 97 

% of time zero 
flow 20.8% 4.1% 10.3% 35.3% 41.7% 1.9% 

Avg. Streamflow 
(ML/day) 27.1 35.1 34.6 46.2 72.8 45.2 

Avg. Streamflow 
(ML/year) 9890 12,800 12,600 16,900 26,600 16,500 

Est. Baseflow2 
(ML/day) 4.2 7.5 13.7 9.6 16.3 10.8 

Est. Baseflow2 
(ML/year) 1530 2740 5000 3500 5950 3940 

% Streamflow as 
Baseflow 15.5% 21.3% 39.6% 20.8% 22.4% 23.9% 

Notes 
1. Streamflow data from NSW Office of Water’s PINEENA CM database, http://waterinfo.nsw.gov.au/pinneena/cm.shtml. 
2. Baseflow estimated using BaseJumper software analysis package (Murphy et al., 2008) 

Table 2-2 shows the estimated annual baseflow for stream gauges most likely to be impacted by 
current and future mining operations at LCO (e.g. gauges 210115, 210116, 210042, 210121 and 
210130) range from 2,740 ML/year to 5,950 ML/year. These baseflow estimates amount to 
between 15% and 40% of average streamflow rates measured at the stream gauges, though it is 
noted that the 40% contribution was measured at only one gauge (station 210116) and the 
estimated baseflow contribution at the adjacent gauge (station 210115) was only 21% over the 
same period. The data suggest groundwater baseflow likely contributes between 20% and 25% of 
total streamflow along Bowmans Creek in the vicinity of Liddell. 

Figure 2-6 shows baseflow estimates for selected stream gauges along Bowmans Creek together 
with cumulative rainfall trends since 1983. Downward rainfall trends reflect dry weather periods (i.e. 
less than annual average), and upward trends indicate wetter than average conditions. The figure 
shows correlation between rainfall and baseflow estimates, as expected for shallow unconfined 
alluvial systems with high transmissivity. Trends in baseflow follow comparable trends in rainfall, 
demonstrating the significant natural climatic impact on flow in Bowmans Creek. Figure 2-6 also 
provides an indication of the magnitude of variance in the baseflow estimates, with rates ranging 
from nothing to over 100 ML/day in a matter of days. 

http://waterinfo.nsw.gov.au/pinneena/cm.shtml
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 Figure 2-6 – Estimated Baseflow Contributions and Rainfall for Bowmans Creek 

 

2.5 Geology 
LCO is located within the Hunter Coalfield of the Permian and Triassic Sydney Basin. The geology 
comprises Permian coal measures hosted within an eroded valley that has been in-filled with 
Quaternary to Recent alluvial sediments associated with the Hunter River and its tributaries 
(Mackie, 2009). To the west and southwest of the Hunter River Valley is steeply incised terrain of 
the younger Triassic Narrabeen Group, and to the east and northeast are older Carboniferous 
rocks. The depositional environment is interpreted by a varying cyclic pattern of fluvial to marine 
deltaic conditions (Mackie, 2009).  

The lower elevations of the Hunter Valley sit within an area of gently folded Permian rocks, with the 
folds generally on a N-S and NNW-SSE axis and plunging gently to the south at 2 to 5 degrees.  
Structural features in the area include the Muswellbrook Anticline in the west, the Bayswater 
Syncline, Camberwell Anticline, and Glennies Creek Syncline. To the north and northeast along the 
flank of the Hunter Valley a series of northwest to southeast trending faults and thrusts, including 
the minor Hebden Thrust and the major Hunter Thrust, bring older Permian and Carboniferous 
rocks to the surface.  In these thrust areas coal bearing Permian-aged rocks found elsewhere in 
the valley are not present.  Figure 2-7 shows the geology and the locations of major structural 
features within the region. 
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LCO is located above the Bayswater Syncline and Camberwell Anticline. An impervious, north-
easterly striking dyke, which has previously affected underground mining, is present in the 
southeast of the LCO DA area (MER, 2001). Further south the dyke zone is known to become 
faulted and south of LCO the zone is identified as the Davis Creek fault. 

2.5.1 Alluvial Deposits 
Quaternary and Recent alluvial sediments are deposited along major and minor surface water 
drainages in the region. The thickness of these alluvial deposits is variable, with Mackie (2009) 
reporting a maximum thickness of 18 m in the region.  

The alluvial deposits are generally characterised by a succession of three units, grading from a 
basal coarse grained bed load comprising sand to cobble size deposits, a middle unit comprising 
finer grained levee deposits, and finally an upper unit comprising floodplain deposits (Beckett, 
1987). The basal unit varies in thickness across the region, ranging from zero to 12 m thickness, 
whilst the middle and upper units are generally between 1 m and 3 m thickness. The sediments 
within the upper tributaries of Bowmans Creek are expected to have similar lithology, perhaps with 
a thinner intersection of the basal coarse grained unit.   

2.5.2 Permian Coal Measures 
The main coal-bearing strata in the region are the Permian aged Wittingham Coal Measures of the 
Singleton Super Group which are summarized in Table 2-3. These strata were deposited at a time 
when global sea levels and tectonism led to widespread deltaic conditions favourable for the 
development of coal (Mackie, 2009).  
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 Figure 2-7 – Regional Geology and Structural Features 
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• Table 2-3 – Stratigraphic Table of the Wittingham Coal Measures 
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Denman Formation (sandstone and siltstone) 

Jerrys Plains 
Subgroup 

Mount Leonard Formation Whybrow Seam 

Allthorp Formation (claystone) 

Malabar Formation 

Redbank Creek Seam 

Wambo Seam 

Whynot Seam 

Blakefield Seam 
Saxonvale Member (siltstone and claystone) 

Mount Ogilvie Formation Glen Munro Seam 

Woodlands Hill Seam 

Milbrodale Formation (claystone) 

Mount Thurney Formation 
Arrowfield Seam 

Bowfield Seam 

Warkworth Seam 

Fairford Formation (claystone) 

Burnamwood Formation 

Mt Arthur Seam 

Piercefield Seam 

Vaux Seam 

Broonie Seam 

Bayswater Seam 

Archerfield Sandstone 

Vane Sub-Group 

Bulga Formation (sandstone and siltstone) 

Foybrook Formation 

Lemington Seam 

Pikes Gully Seam 

Arties Seam 

Liddell- Ramrod Creek Seam 

Barrett Seam 

Hebden Seam 

Saltwater Creek Formation (sandstone and siltstone) 
 

The basal unit of the Wittingham Coal Measures is the Saltwater Creek Formation which comprises 
siltstones and sandstones and minor coal seams. The Saltwater Creek Formation resides at depth 
beneath most of the Hunter Valley; however it sub-crops approximately 5 km northeast of LCO 
where it is up-thrown between the Hebden and Hunter Thrusts.  

Above the Saltwater Creek Formation, the remaining Wittingham Coal Measures can be divided 
into two coal bearing subgroups, the Vane Subgroup and the Jerrys Plains Subgroup with a marker 
bed known as the Archerfield Sandstone separating them. These two subgroups comprise up to six 
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primary coal bearing units with each containing multiple seams (refer Table 2-3). The coal seams 
are separated by interburden units comprised of sandstone, siltstone, conglomerate, mudstone and 
shale.  

Stratigraphic cross sections have been developed for LCO, with particular focus on the coal seams 
of the Wittingham Coal Measures. The locations of the cross sections are shown in Figure 2-7, and 
the cross sections presented in Figure 2-8 through Figure 2-10. As shown in the cross sections 
the Liddell seam starts as a single seam in the vicinity of LCO (Figure 2-8) before splitting into 
three seams to the south and southeast (Figure 2-9 and Figure 2-10). 

The Foybrook Formation is the basal coal-bearing unit of the Wittingham Coal Measures and forms 
the main sub-cropping and outcropping unit in the vicinity of LCO (Figure 2-8). Table 2-4 provides 
a summary of the thickness of coal seams and interburden strata in the vicinity of LCO, derived 
from the Xstrata LCO coal exploration drill-hole database.  

• Table 2-4 – Thickness of Coal Seams and Interburden Strata at LCO (Source: Xstrata 
LCO Coal Exploration Drill-hole Database) 

Subgroup Coal Bearing 
Unit Coal Seams Avg (m) Min (m) Max (m) 

Jerrys 
Plains 
Subgroup 

Burnamwood 
Formation 

Broonie Seam 0.3 0 0.7 
Broonie-Bayswater interburden 3.7 0 122 
Bayswater Seam 9.2 0 25 
Bayswater-Lemington interburden 14 0 92 

Vane Sub-
Group 

Foybrook 
Formation 

Lemington Seam 53 0 128 
Lemington-Pikes Gully interburden 7.5 0 43 
Pikes Gully Seam 6.0 0 34 
Pikes Gully-Arties interburden 8.3 0 52 
Arties Seam 14 0 42 
Arties- Liddell interburden 8.2 0 36 
Liddell Seam 33 0 81 
Liddell-Barrett interburden 17 0 54 
Barrett Seam 3.5 0 14 
Barrett-Hebden interburden 19 0 50 
Hebden Seam 2.1 0 3.0 

Notes: 
- Values represent stratigraphic unit thickness, not coal seam thickness 
- Average values are skewed by ‘zero’ thickness in database where strata are not present 
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 Figure 2-8 – Geologic Cross Section A – A’ 

 
 Figure 2-9 – Geologic Cross Section B – B’ 
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 Figure 2-10 – Geologic Cross Section C – C’ 

 

2.6 Hydrogeology 
2.6.1 Aquifer Systems 
Previous environmental assessments undertaken in the area (MER, 2001; ERM, 2008; Umwelt, 
2006; Umwelt, 2008a; MER, 2011a; Aquaterra, 2009b) provide a consistent description of the local 
and regional hydrogeological regime being comprised of two distinct aquifer systems: 

 Shallow unconfined aquifers of limited extent within the unconsolidated alluvium associated 
with the Hunter River and its tributaries, and  

 A regional hard rock aquifer system associated with the Permian coal measures. 

The alluvial aquifers associated with the Hunter River and its tributaries are generally characterized 
by unconsolidated deposits of silts, sands, and gravels of varying permeability.  MER (2011a) 
describes the morphology of the alluvial deposits as a vertical succession of three distinct units, 
including basal coarse grained sand and cobble size deposits, finer grained levee deposits, and 
floodplain deposits.  The basal coarse-grained sand and gravel unit forms the main aquifer of the 
alluvium and in places may be confined by the overlying finer grained terrace deposits.  These 
unconsolidated deposits support baseflow to surface water features in the region, with the varying 
morphology and extent of the deposits leading to complex and variable flow regimes (Aquaterra, 
2009a). 
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The hard rock aquifer associated with the Permian coal measures exhibits varying levels of 
groundwater storage and transmission.  The most permeable horizons are the coal seams 
themselves; non-coal interburden strata generally exhibit permeabilities at least one to two orders 
of magnitude less than the coal seams.  Secondary porosity in the non-coal strata may be 
developed within fractures and joints. The degree to which this occurs, however, is quite variable 
and generally unpredictable. 

Coal seams typically represent the more permeable hard rock strata through the presence of 
cleating and jointing, although there is little evidence of structure-related fracturing.  Horizontal 
permeabilities (i.e. parallel to bedding) are generally significantly higher than vertical permeabilities 
within the coal seams, although subsidence-related cracking may enhance vertical permeabilities 
of both coal seams and interburden strata in areas of underground workings.  Regionally, the coal 
seam aquifers are generally confined above and below by the interburden strata. 

For LCO and its vicinity, the two aquifer systems are present as the localised alluvial aquifers 
associated with the surface water of Bowmans and Bayswater Creeks, and the regional hard rock 
aquifer found within the Permian-aged coal seams (the Wittingham Coal Measures) (Umwelt, 2001; 
Umwelt, 2008a).  Of particular relevance for this Groundwater Impact Assessment is the alluvial 
aquifer associated with Bowmans Creek given the proximity of the proposed mine extension to the 
Creek (refer Figure 1-2) and the creek’s classification as BSAL under the Upper Hunter Strategic 
Regional Land Use Plan. 

In an effort to delineate the lateral extent of the alluvial aquifer and to optimise groundwater 
monitoring locations, Light Detection and Ranging (LiDAR) remote sensing was flown along 
Bowmans Creek in 2011.  Combining LiDAR data with bedrock depth from borehole logs along the 
creek allows an estimation of the extent and volume of alluvium, as shown in Figure 2-11, and can 
provide an indication of the contribution of alluvial groundwater to stream baseflow.  Of particular 
interest are areas where current operations and the proposed open cut extensions come into close 
proximity to the alluvial aquifer, potentially impacting the flow of groundwater within the alluvial 
aquifer system and baseflow contributions to Bowmans Creek. The extent of the LiDAR-deduced 
alluvium for Bowmans Creek is shown in Figure 2-15. In addition to the ALV-series of bores, all 
alluvium bores with reliable depth information were used to help constrain the interpolated 
thickness of the alluvium (shown in Figure 2-13). Many of these did not penetrate through the 
alluvium and some areas had only a few bores on which to base estimates. LiDAR was also used 
to define channel morphology and five cross-sections (Appendix B) were used to also help verify 
the alluvium thickness. Locations of those bores used and the five cross-sections are shown on 
Figure 2-11. 
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 Figure 2-11 – Extent of Bowmans Creek Alluvial Aquifer within the Model 
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2.6.2 Registered Bores 
Registered groundwater bores listed on NSW Office of Water’s PINEENA GW database are 
located on Figure 2-12. Twelve (12) registered groundwater bores are identified within 2 km of the 
LCO DA boundary and Table 2-5 summarises bore information from the database. An extent of 
two kilometres was chosen as the maximum extent of previously modelled drawdowns in the region 
for similar depths of workings (including underground operations) (e.g. MER, 2011b).  

 Table 2-5 – Registered Groundwater Bores 

Work No. Licence Owner Purpose Date 
Completed 

Depth 
(m) 

GW027690 20BL020923 Liddell Tenements Irrigation 1/01/1966 6 

GW028247 20BL020924 Liddell Tenements Irrigation 1/01/1962 2 

GW080212 20BL168065 Liddell Tenements Monitoring 31/05/2002 -- 

GW080245 20BL168066 Liddell Tenements Monitoring 7/08/2002 -- 

GW080213 20BL168064 Liddell Tenements Monitoring 31/05/2002 -- 

GW080172 20BL168209 Xstrata Mt Owen Pty Industrial 28/03/2002 -- 

GW078085 20BL166608 -- Stock 23/06/1997 13 

GW080725 20BL168240 -- Mining 10/08/2000 130 

GW080176 -- -- Unknown  4/02/2002 -- 

GW080173 -- -- Unknown  4/02/2002 -- 

GW035474 20BL028920 Private Exploration -- -- 

GW079793 -- -- Mining -- 3 
Source: NSW Office of Water’s PINEENA GW database, version 3.2 (October 2010), 
http://waterinfo.nsw.gov.au/pinneena/gw.shtml 
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 Figure 2-12 – NSW Office of Water Registered Groundwater Bores and extent of 
Biophysical Strategic Agricultural Land (BSAL) 
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2.6.3 Hydraulic Properties 
The hydraulic properties that govern groundwater storage and flow in the region vary considerably 
between the unconsolidated alluvial systems and the confined hard rock aquifer system associated 
with the coal measures. Aquifer testing has been undertaken as part of previous environmental 
investigations for various mining projects in the region using a variety of techniques, including 
airlifting, packer tests, and laboratory core tests, with the majority of data collected for hard rock 
aquifers associated with the coal measures. Table 2-6 provides a summary of hydraulic 
conductivity and storativity values reported in previous environmental assessments within the 
region. Recent slug test data collected from LCO monitoring bores targeting the Bowmans Creek 
alluvial aquifer are also included. 

 Table 2-6 – Range of Hydraulic Properties 

Lithology 
Hydraulic 

Conductivity 
(Kxy; m/day) 

Storage1 Source 

Alluvium 

0.5 – 50 -- MER (2001) 

2.4 Ss = 8.7 x 10-2 

Sy = 0.25 ERM (2008) 

10 Ss = 1 x 10-5 

Sy = 0.05 MER (2011b)2  

Alluvium (Hunter River) 
50 Ss = 1 x 10-4 

Sy = 0.1 Aquaterra (2009b) 

15 Ss = 8.7 x 10-2 

Sy = 0.25 ERM (2008) 

Alluvium (Bowmans Ck) 
2 x 10-4 – 15 Ss = 1 x 10-4 

Sy = 0.05 Aquaterra (2009b) 

1 – 60 -- LCC (2013)3 

Alluvium (Glennies Ck) 
0.04 – 80 -- Aquaterra (2009a) 

0.07 – 180 Ss = 1 x 10-4 

Sy = 0.05 Aquaterra (2009b) 

Coal Seams 

1 x 10-5 – 1 x 10-1 -- MER (2001) 

0.05 Ss = 1.6 x 10-3 

Sy = 0.02 ERM (2008) 

0.04 – 7 -- Aquaterra (2009a) 

0.002 – 0.03 Ss = 1 x 10-4 

Sy = 0.005 Aquaterra (2009b) 

1 x 10-4 – 2 x 10-2 Ss = 4 x 10-6 

Sy = 0.002 – 0.1 MER (2011b)2  

Interburden / 
Overburden 

0.007 Ss = 2.3 x 10-5 – 0.2 
Sy = 0.02 ERM (2008) 

1 x 10-6 – 8 x 10-3 Ss = 1 x 10-5 

Sy = 0.005 Aquaterra (2009b) 

4 x 10-6 – 5 x 10-3 Ss = 1 x 10-6 

Sy = 3 x 10-4 – 0.001 MER (2011b)2  

Notes 
1) Ss = Specific Storage or Storativity (1/m);  Sy = Specific Yield (dimensionless) 
2) Modelled values 
3) Calculated from slug test data collected by Larry Cook Consulting (LCC) for LCO monitoring bores ALV1L through 

ALV8L in March 2013 
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The range of hydraulic conductivity values reported in Table 2-6 reflects the properties of the 
aquifer systems present in the region, with the permeability of the coal measures generally orders 
of magnitude lower than the alluvial aquifer system.  Within the coal measures hydraulic 
conductivity values are higher for the coal seams compared to the intervening siltstones, shales, 
and sandstone units (interburden).  Due to the laminar nature of the coal measures groundwater 
flow generally occurs within the stratigraphic layers, and vertical conductivity (Kz) has been 
reported to be orders of magnitude lower than horizontal hydraulic conductivity (Kxy) (ERM, 2008; 
Aquaterra, 2009b). 

Hydraulic conductivity values reported for alluvial aquifers associated with different surface water 
features in the region reflects the varying morphology and depositional characteristics observed 
between the Hunter River sediments and its tributaries.  Reported hydraulic conductivity values for 
the Hunter River alluvium are higher than those for the tributaries Bowmans Creek and Glennies 
Creek (ERM, 2008), with investigations revealing a clear distinction between these alluvial deposits 
(Aquaterra, 2009b). 

In March 2013, Larry Cook Consulting (LCC) undertook slug testing of selected observation bores 
within LCO’s groundwater monitoring network that target the Bowmans Creek alluvial aquifer. 
Conductivity values determined from the slug test data ranged from 1 to 60 m/day, in agreement 
with previous environmental assessments (refer Table 2-6). The monitoring bores tested were 
installed by Mackie Environmental Research (MER) in 2001, and well completion details indicate 
the screened section of these alluvial bores targets the basal sand and gravel unit of the alluvium 
(MER, 2001). However the indicative stratigraphic log presented also indicates the sand and gravel 
unit extends below the bottom of the well screen and to the shallow bedrock (overburden) unit, with 
pebble diameters in this layer being larger than the screened section (MER, 2001). The hydraulic 
conductivity values determined therefore are considered to represent minimum ranges for the 
alluvial system. 

2.6.4 Groundwater Levels and Flow Patterns 
Groundwater level data for LCO is available from the existing groundwater monitoring network 
shown in Figure 2-13.  The monitoring network targets both the Bowmans Creek alluvial aquifer 
and the hard rock aquifer of the coal measures.  Piezometers targeting the alluvium are paired and 
monitor both the alluvial aquifer and the underlying shallow bedrock strata (where the bore name 
suffix L = alluvium (Large diameter casing) and S = shallow bedrock or overburden (Small diameter 
casing) – additional bore information for all bores in the region is provided in Appendix C). 
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 Figure 2-13 – Groundwater Monitoring Locations, Mine Workings and Structural 
Features at LCO 
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Hydrographs for piezometers targeting the alluvium and shallow bedrock are displayed in Figure 
2-14. Groundwater elevations at these bores decrease with distance along Bowmans Creek, and 
the similar water level responses observed in the paired bores indicates these two units are 
hydraulically connected. Figure 2-14 indicates groundwater levels generally decreased from 2001 
to 2006 before rebounding to 2001 levels following the June 2007 floods.  Since then groundwater 
levels have remained fairly stable. A sympathetic relationship exists between shallow water levels 
and the cumulative rainfall deviation (Figure 2-14), reflecting the direct impact of rainfall on water 
levels in the alluvium. 

The modelled watertable for the Bowmans Creek alluvium is shown in Figure 2-15. This 
constituted the starting water level for comparison of drawdowns as a consequence of the project. 

To the north of the mine (ALV1 and ALV3) pressures in the overburden exceed those in the alluvial 
aquifer, indicating a potential for upward leakage to the alluvial aquifer. As the system progresses 
south, this differential decreases and to the south of operations (ALV7 and ALV8) the pressures 
reverse, with potential for leakage from the alluvial aquifer to the underlying beds. There has been 
no discernible change in the magnitudes of the pressure differentials between the alluvial and 
overburden aquifers over the duration of the monitoring, indicating that there has been no 
disruption to the interaction over that period. 

Groundwater in the coal measures moves down-dip from areas of recharge where individual seams 
sub-crop and outcrop in the north near the Hunter Thrust and in the west near Lake Liddell. Rates 
of recharge through unweathered Permian bedrock are very low, with estimates varying from near 
zero to no more than 1% of annual rainfall (MER, 2011b).  Recharge can be expected to be slightly 
higher where more permeable rocks (i.e. coal seams) sub-crop and outcrop. 

The groundwater flow regime within the coal measures around LCO is influenced by major 
structural controls shown in Figure 2-13, including: 

 A northeast to southwest trending dyke, located in the southeast part of the LCO DA boundary 
but west of Bowmans Creek;  

 The Davis Creek Fault, which strikes in a similar direction and is located adjacent to the dyke; 
and 

 A coal barrier left in place between the historical Liddell and Hazeldene underground workings 
in the east of the LCO operational area. 
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 Figure 2-14 – Hydrographs for Piezometers Targeting Alluvium and Shallow Bedrock 
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• Figure 2-15 – Estimated (modelled) water table in the Bowmans Creek alluvium prior to 
the current modification.  
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Hydrographs for piezometers targeting the regional hard rock aquifer associated with the coal 
measures are shown in Figure 2-16. The groundwater elevations vary significantly between the 
different piezometers shown, reflecting differences in groundwater levels between stratigraphic 
layers and groundwater response due to current and historical mining and dewatering activities. 
Current and historical open pit development has created groundwater sinks while underground 
workings act as both sinks and storage areas for regional groundwater. 

Groundwater levels observed for the paired piezometers PGW5L and PGW5S, which target the 
overburden and Pikes Gully coal seam, respectively, have been relatively stable since 2001.  
PGW5 is located above the former Hazeldene underground workings, which have been subject to 
periodic dewatering to accommodate mining operations at LCO. Hydrographs for piezometers Haz 
3/4 and Haz 6 reflect these dewatering activities (and subsequent recovery) for the Hazeldene 
workings. The recent history of water levels is shown for comparative purposes in Figure 2-16; the 
complete records are provided in Appendix C. The lack of response in groundwater levels for 
PGW5L and PGW5S indicates the intervening strata between the deeper Hazeldene underground 
workings and the Pikes Gully seam and overburden effectively confines any depressurization (and 
recovery) of the deeper strata, with little effect on groundwater pressures in the overlying strata.  
The similar hydrographs for Haz 3/4 and Haz 6 also reflect their hydraulic connectivity via the 
Hazeldene workings, with the fluctuations in water levels correlating to pumping schedules for 
these bores. 

Hydrographs for piezometers LC1, Mt Owen 2, 8 South 2 and M49 display similar groundwater 
levels at all four locations, a product of mining operations at LCO and hydraulic connection 
between these bores through the Upper and Middle Liddell coal seams.  Significant decreases in 
groundwater levels have occurred since 2007, largely due to pumping at the 8 South 2, Mt Owen 2, 
and M49 bores to accommodate open cut mining in the South Pit and Entrance Pit. 

De-watering bores have not been routinely monitored for extractive take and records on de-
watering regimes have not been consistently kept. The underground workings are also used for 
groundwater management with levels are controlled to maintain compartmentalising of water 
bodies through the use of barrier walls and groundwater re-distribution. De-watering activities at 
Liddell are, therefore, not appropriate for calibration purposes, though they are included in 
Appendix C for validation purposes.  

The two current de-watering bores (M49 and MLB) have now been installed with meters and as 
further de-watering bores are either installed or re-instated (e.g. Hazeldene bores), these will also 
be metered. 
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 Figure 2-16 – Hydrographs for Piezometers Targeting Regional Hard Rock Aquifer (Coal 
Measures) 
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The combination of pumping from bores 8 South 2 and Mt Owen 2, and the NE-SW trending dyke 
and Davis Creek Fault located east of LC1 (which has an invert level of 5 mAHD), has resulted in 
the separation of groundwater within the Upper and Middle Liddell seams into two distinct 
underground water bodies.  Groundwater levels decreased as a result of pumping, and once levels 
were lowered below approximately -22 m AHD in 2010 the dyke effectively separated groundwater 
into two separate water bodies east and west of the dyke (Umwelt, 2008a).  The decrease in water 
levels in the Upper Liddell seam has also led to the drying of LC1, resulting in an absence of water 
level measurements at LC1 since July 2010.   

Current (and recent historic) operations at LCO include dewatering at the Mt Owen 2 (no longer in 
operation) and M49 bores to accommodate open cut mining in the South Pit and Entrance Pit, 
leading to significant lowering of water levels at these bores since 2007, as shown in Figure 2-16.  
Despite the depressurization of the Upper and Middle Liddell seams resulting from this dewatering, 
groundwater elevations in the overlying Bowmans Creek alluvium and shallow bedrock overburden 
do not appear to have been affected, as demonstrated by the hydrographs for dual piezometers 
ALV7 and ALV8 in Figure 2-14. The data indicate minimal (if any) effects on the Bowmans Creek 
alluvial aquifer and shallow bedrock as a result of current dewatering operations at LCO. 

The coal barrier left in place between the historical Liddell and Hazeldene underground workings 
allows groundwater levels to be maintained in the Hazeldene underground workings above 60 m 
AHD even as groundwater levels in the Liddell underground workings falls below 0 m AHD 
(Umwelt, 2006).  Comparing hydrographs for piezometers Haz 3/4 and Haz 6, located within the 
Hazeldene, with piezometers intercepting the Liddell underground (LC1, Mt Owen 2 and M49), 
indicates the coal barrier effectively limits hydraulic connectivity between these two former 
underground workings. 

The long history of underground mining in the LCO area has impacted upon Bowmans Creek at 
various times and in different ways, including leakage induced by depressurisation of the seams at 
depth, and leakage down connective cracking as a result of subsidence related failures.  MER 
(2001) provided the following summary of events related to reports of loss of flow in Bowmans 
Creek and underground leakage. 

• In December 1979, loss of flow was experienced in the Bowmans Creek in an area near Dams 
1 and 4 (near monitoring bores ALV1, LBH and ALV3). Subsidence cracks arising from mining 
at Hazeldene Colliery were observed in the dry creek bed. Reported loss of flow supports the 
presence of a connective cracking regime both within the creek bed and in areas beneath the 
alluvial cover, whilst the widespread presence of transmissive basal gravels within the alluvium 
would have facilitated localised dewatering of the alluvium. While infilling and closure of cracks 
undoubtedly occurred at surface, it is not known whether the cracking subsequently closed at 
depth. At around the same time, local farm bores were reported to go dry. 

• In September 1987, an inspection of Hazeldene Colliery by the Department of Mineral 
Resources (DMR) reported water inflow to the Pikes Gully workings at a rate of 1.5ML/day from 
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a narrow chimney in goaf where convergence of two fault slip planes occurred.  Failure is 
believed to have been induced through mining in the underlying Liddell seams.  Leakage was 
noted to rise sharply following heavy rainfall.  It was also noted that conditions for mining were 
excellent – the roof required minimal support, the coal ribs were stable and the floor comprised 
a strong sandstone.  Mining at Liddell Colliery (Coal & Allied) in the Liddell seam at this time 
reported influx rates of about 2.5ML/day with no increases during high rainfall periods. 
Operations at Hazeldene ceased in late 1987 and groundwater levels were then allowed to rise 
and fully submerge the workings in both seams. 

• In October 1987, DMR undertook mapping of the creek bed and alluvium (Beckett, 1987) from 
Hebden Road crossing in the north and immediately east of Mountain Block, to an area near 
the confluence with Yorks Creek in the south. Visual assessment of flows suggested a loss of 
50% for the creek section transgressing Hazeldene Colliery. Further south in the Liddell 
Colliery area, surface cracking was observed in outcrop on hill slopes adjacent to the alluvial 
lands. Leakage of creek water was also inferred from gravel structures in the creek bed in an 
area where longwall panels were extracted. The depth of cover in these areas is greater than 
160 metres, however, and observations may have reflected shallow non-connected cracking. 
Continuing concern for leakage to workings prompted the installation of 14 groundwater 
monitoring piezometers in May 1988 in the alluvial lands overlying Liddell Colliery longwall 
panels. 

• In June 1990, the Department of Land and Water Conservation (DLWC) completed monitoring 
of the 14 piezometers installed in the area above longwall panels of the Liddell Colliery and 
concluded that creek flows had re-established and that no long term loss of flow would result 
from mining. MER’s (2001) review of monitoring data supports this, as significant changes in 
creek flow or storage within the alluvial lands do not have an observable influence on water 
levels within the old workings.  This does not, however, preclude the possibility that connective 
cracking is present and is acting as a relatively constant leakage source governed by crack 
impedance. 

To better evaluate the observations and interpretations of these reports, climatic data for the period 
must also be considered. Data from streamflow gauge 210042 (refer Figure 2-17) is useful in this 
regard as it was operational during the 1980s. Cumulative rainfall data exhibits a series of drying 
trends through the decade (downward trajectories on Figure 2-17). Years 1986 and 1987 were 
particularly dry, with stream flow only recorded following moderate events. Increasing rainfall trends 
in 1984, 1988 and 1989, on the other hand, generated good flows and by 1989, groundwater levels 
had risen sufficiently that baseflow was a significant proportion of total annual flow for the creek.  

Based on these data, conclusions regarding causes for the drying of the creek and local bores 
cannot be definitively established. Thus, drying may be due to connective cracking and leakage or 
due to the drier than average climate conditions, or a combination of both.  
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 Figure 2-17 – Streamflow and Estimated Baseflow Data for Gauge 210042 

 

2.6.5 Groundwater Quality 
Groundwater quality in the alluvial and hard rock aquifers in the region varies, with water quality in 
the alluvium generally slightly less saline than in the coal measures. Alluvial groundwater in the 
region is generally classified as fresh to brackish, while the coal seam aquifers are generally 
brackish. Groundwater quality data is available for both aquifer systems throughout the region as a 
result of monitoring programs associated with the various mines in the area. 

At LCO the groundwater monitoring program includes bi-monthly in situ pH and electrical 
conductivity (EC) measurements and six monthly analysis of samples for total suspended solids 
(TSS), total dissolved solids (TDS), heavy metals, cations and anions (AECOM, 2012).  The 
monitoring network includes seven locations targeting the Bowmans Creek alluvial aquifer and 
shallow bedrock aquifer, and five bores within the deeper coal measures (refer to Figure 2-13). 
Figure 2-18 and Figure 2-19 show pH and EC data for piezometers in the alluvial and shallow 
bedrock aquifer, and Figure 2-20 shows data for the regional hard rock aquifer associated with the 
coal measures.  Appendix A contains analytical results for water samples collected as part of the 
monitoring program. 

pH readings in the alluvium and shallow basement aquifer generally fall between 6.5 and 8, values 
typically found in natural waters, while pH readings for the deeper hard rock aquifer were slightly 
higher, generally ranging between pH 7 and 9.  Occasional pH measurements for both aquifers fell 
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well outside these typical ranges, though the consistency in readings before and after such 
measurements suggests these are erroneous.   

EC values for the alluvial and shallow bedrock aquifer indicate brackish waters, with values 
generally below 3000 µS/cm except for piezometer ALV4S, where higher EC values in the range 
4000 to 5000 µS/cm are consistently observed.  Analysis of EC data for dual piezometers indicates 
waters extracted from the shallow bedrock (bores with the suffix = S) consistently recorded higher 
EC readings compared to the alluvial bores (suffix = L).   

No major trends are apparent in the pH and conductivity data presented in Figure 2-18 through 
Figure 2-20, with the exception of a significant decrease in EC values for the hard rock piezometer 
HAZ 4 between July 2006 and July 2007.  This decrease in conductivity at HAZ 4 was 
accompanied by a slight decrease in pH readings and may be related to adjustments in mining 
operations during this period, though further investigations are required to determine the cause.  
Conductivity readings also decreased slightly in the alluvial bore ALV8L soon after July 2007, 
though this may be attributable to the heavy rainfall and flooding that occurred at that time.   
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 Figure 2-18 – pH Data for Piezometers Targeting Alluvium and Shallow Bedrock 
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 Figure 2-19 – Conductivity Data for Piezometers Targeting Alluvium and Shallow 
Bedrock 
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 Figure 2-20 – pH and Conductivity Data for Piezometers Targeting Regional Hard Rock 
Aquifer (Coal Measures) 
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In addition to pH and EC, data for additional water quality parameters such as TSS, TDS, heavy 
metals, cations and anions has been collected as part of the monitoring program.  Appendix A 
summarizes the data collected for these water quality parameters.  The water management plan 
(Umwelt, 2008b) and groundwater monitoring program (Umwelt, 2008a) currently in place at LCO 
references the trigger values provided in the Australian and New Zealand Guidelines for Fresh and 
Marine Water Quality (ANZECC, 2000) as default criteria.  The 80th percentile trigger values 
provided in the ANZECC (2000) guidelines have been adopted due to the highly disturbed nature 
of the site (Umwelt, 2008a).  The data presented in Appendix A indicates that analyte 
concentrations in groundwater samples at LCO generally fall below the adopted criteria, with 
exceedances of the criteria observed for heavy metals copper and zinc and to a lesser extent 
aluminium, lead and nickel.  No major trends are apparent for these species during the monitoring 
period, however, indicating minimal impact on groundwater quality as a result of mining activities. 

2.6.6 Hydrogeological Framework 
Based on the geology and aquifer systems described above, a simple block diagram describing the 
conceptual hydrogeological framework for the LCO site has been developed and is presented in 
Figure 2-21.  This has been used to guide the development of a numerical groundwater flow model 
for the region. 

 Figure 2-21 – Conceptual Hydrogeologic Framework of LCO Site and Surrounds (not to 
scale) 
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The presence of underground workings in the region adds a particular complication to groundwater 
modelling as hard rock is converted into void, then collapsed to become in-filled with more porous 
backfill (goaf) and resulting in extensive fracturing above the underground workings to some height 
above them, generally between 50 and 150 m (Guo, et al., 2007). These fractured zones have 
been extensively investigated elsewhere and were cited in the 1980s as responsible for shallow 
groundwater loss from the alluvial where multiple workings encroached beneath the alluvial 
extents. This component of temporal variability in the groundwater model was investigated during 
the modelling process and is explored below (Section 3.5.3). 

Note that water movement is indicative only. Actual flow paths for groundwater will be determined 
by hydraulic gradients. Flux arrows may be positive or negative, depending on pressure gradients. 
All arrows should therefore be considered as indicative of the dominant likely flow direction that will 
be influence by local conditions. In particular, shallow bedrock interactions with the alluvium may 
change direction of flux in a temporal as well as spatial manner, with losing and gaining reaches 
and seasonal reversals of flow between the two aquifers. During floods, for example, dominant flow 
will be initially from the alluvium to the bedrock until the bedrock aquifer fills to a point where it 
discharges back to the alluvium. These processes are incorporated into the numerical modelling 
described below. 

The conceptualisation shown in Figure 2-21 does not include all mining operations present in the 
region or all relevant structural features (such as dykes and coal barriers) that have been included 
in the development of the regional scale numerical groundwater model. Rather, the conceptual 
model shown identifies the key hydrogeological processes present across the region, including 
accounting for the effect of current and former open cut and underground mining operations on 
groundwater flow regimes and the presence of the Hunter Thrust as a barrier to regional 
groundwater flow. This acts as a means to ensure all relevant processes and mining operations 
and relationships are included in the numerical model. 

Hydraulic parameters have been initially incorporated from the earlier Ravensworth Underground 
Mine (RUM) model developed by Mackie Environmental Research (MER, 2011b). The layering 
developed considers the complexity of the region’s geology and combines relevant units into single 
layers as will be described below. Structural features are deduced from existing geological 
mapping, mine constructions and available hydrogeological data.  
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3. Groundwater Modelling 
SKM has developed a regional numerical groundwater flow model for the Jerrys and Glennies 
water sources of the Hunter Unregulated and Alluvial WSP in order to provide Glencore with a tool 
for evaluating potential environmental impacts that may accompany further development and 
expansion of mining operations within the Bowmans Creek catchment and surrounding areas. In 
particular the model provides estimates of changes in groundwater heads that may occur as a 
result of mine dewatering activities and any associated changes in baseflow contributions to 
surface water features in the region.  Further details of the groundwater model can be found in 
Appendix A, with a summary of the model provided here. 

3.1 Objectives 
The objectives for the development and construction of the regional scale model are to: 

• Provide a tool for assessing and predicting potential groundwater impacts resulting from mining 
activities and operations for current and future project environmental assessments; 

• Provide an understanding of the likely range of potential inflows to the various Glencore mine 
operations; 

• Provide estimates of the cumulative impacts of mining operations; 

• Provide guidance on the key parameters and/or processes that effect the model results and 
provide recommendations for additional investigations or studies that may be required to 
reduce uncertainty associated with model predictions; and 

• Provide a tool for assessing the potential risks resulting from current and/or proposed mining 
activities on groundwater resources in the region. 

3.2 Model Description 
The model constructed was based on the existing model for the Ravensworth Underground Mine 
(RUM; MER, 2011b) and extended to the north and east to include LCO and the Mt Owen Complex 
and Glendell mines. The model was created using the Groundwater Vistas pre-processor with the 
MODFLOW-SURFACT finite difference code (Hydrogeologic, 2011) to allow for saturated and 
unsaturated conditions.  

A MODFLOW-based model was chosen because it is a well-documented and widely used 
program, and is often used for open-cut and underground mining projects.   

MODFLOW-SURFACT was chosen for the following reasons: 

• The dewatering and re-saturation of rock and fill material is a major consideration for model 
simulations.  Although not intending to accurately depict the unsaturated flow processes, the 
variable saturated flow options within MODFLOW-SURFACT add numerical stability to the de-
saturation and re-saturation cycle that is likely to occur in and around the mining operations 
represented in the model.  
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• MODFLOW-SURFACT package has an automatic time stepping routine that allows for the 
calculation time increments to increase or decrease depending upon how many iterations are 
required to find a solution.  This package has been shown to improve numerical stability when 
applied to mine dewatering applications. 

• MODFLOW–SURFACT allows for time-varying material properties (TMP1 package), which is 
important for replicating the changes to hydrogeological parameters as a result of mining and 
placement of backfill.  

As part of the conceptualisation and construction of the model, the following processes were 
deemed of minor significance and were not included:  

• Private bores and any associated pumping; 

• Flooding events or high river stage recharge; or 

• Calibration to baseflow. 

3.2.1 Model Version and Update Log 
Numerical groundwater models used for mining operations inherently require continuous updates 
and revisions in light of the results that each model version generates and any new information and 
data collected through observations and monitoring. Given the on-going nature of the model 
development and the progressive changes to approved mining operations, the regional scale 
model developed here is a typical example of the fundamental guiding principle of best practice as 
defined by Middlemis in Benchmarking Best Practice for Groundwater Flow Modelling (2004): 

The fundamental guiding principle for best practice modelling is that model 
development is an on-going process of refinement from an initially simple 
representation of the aquifer system to one with an appropriate degree of complexity. 
Thus, the model realisation at any stage is neither the best nor the last, but simply the 
latest representation of our developing understanding of the aquifer system. 

The regional scale model is intended to be updated and refined as Glencore operations and future 
mining plans within the model domain are developed and/or expanded. SKM has created a model 
version naming protocol and update log to identify the version of the ‘base’ model used for various 
projects. Each update that changes the base condition of the regional model, or what would be 
considered the baseline condition, such as model structure, calibration, approved current or future 
mining operations, results in a new version number being assigned. The model version reflects the 
progression and updates of the model to its current state, with the version utilised for the 
groundwater impact assessment for the Project being Model Version 7.2. A summary of the model 
update log as at November 2013 is provided in Table 3-1.  

Other assessments to date that have made use of previous model versions include: 

• Groundwater Impact Assessment for the Ravensworth East Resource Recovery (RERR) 
Environmental Assessment (version 2.1); and 
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• Groundwater Impact Assessment for Liddell Coal Operations (LCO) Development Consent 
Modification 5 Environmental Assessment (as previously submitted to DPI for Exhibition, 
September 2013 – version 6.1). 

 

 Table 3-1 – Model Update Log 
Model 
Version 

Model 
Build Project Description of Modification(s) Model Version 

Number 

1 0  
1) Initial model setup 
2) Model calibration 

1.0 

1 1 Liddell 
3) Stochastic predictive simulations of proposed 

operations 
1.1 Liddell 

2 0  

4) Refined historic mining and backfill sequencing at 
Ravensworth East, Glendell and Mt Owen 
operations 

5) Updated geology models for Mt Owen and 
Ravensworth areas 

2.0 

2 1 
Ravensworth 
East 

6) Stochastic predictive simulations of proposed TP2 
operations 

2.1 Rav 

2 2 Liddell 
7) Updated stochastic predictive simulations of 

proposed operations 
2.2 Liddell 

3 0  
8) Refinement of historic Liddell open cut operations 
9) Inclusion of additional coal barriers around 

Hazeldene workings 
3.0 

3 1 Liddell 
10) Updated stochastic predictive simulations of 

proposed operations 
3.1 Liddell 

4 0  

11) Inclusion of historic dewatering operations at Liddell 
underground workings 

12) Conversion of Bowmans Creek “River” boundary 
conditions to “Stream” cells 

13) Refinement of top and bottom elevations for 
Bowmans Creek alluvium based upon new LIDAR 

14) Recalibration (steady state and transient) 
15) Creation\selection of new input datasets for 

stochastic simulations 

4.0 

4 1 Liddell 
16) Updated stochastic predictive simulations of 

proposed operations 
4.1 Liddell 

5 0  
17) Modification to underground working at Liddell 
18) Addition of new dewatering bore at Middle Liddell 

underground workings (MLB) 
5.0 

5 1 Liddell 
19) Updated stochastic predictive simulations of 

proposed operations 
5.1 Liddell 

6 0  
20) Refined model progression for mining and backfill 

sequencing based upon peer review comments 
21) Updated HFB for faults regionally 

6.0 

6 1 Liddell 
22) Updated stochastic predictive simulations of 

proposed operations 
6.1 Liddell 
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Model 
Version 

Model 
Build Project Description of Modification(s) Model Version 

Number 

7 0 Mount Owen 

23) Representation of Glennies Creek and Main Creek 
alluvium based upon LIDAR data 

24) Refinement of Glendell and Mount Owen approved 
mine sequences and plans 

25) Incorporation of Integra Underground mine 
26) Modification of hydrogeological parameters to 

account for enhanced conductivity above 
underground workings and according to depth of 
overburden 

27) Modification of model size and stress periods to 
accommodate updated mine sequencing 

28) Recalibration (steady state and transient) to 
extended calibration dataset 

29) Updated stochastic predictive simulations of 
proposed operations 

7.0 

7 1 Mount Owen 30) Recalibration to refine specific yields  7.1 Mount Owen 
7 2 Liddell 31)    Incorporation of Liddell base case into version 7 7.2  

 

3.2.2 Model Domain 
The model domain measures 20.5 km in the north-south direction and 27.4 km in the east-west 
direction. Grid cells are 100 m by 100 m, resulting in a model grid of 205 rows and 274 columns. 
The extent of the model domain in relation to LCO and other mines in the area is shown in Figure 
3-1. Model cells were designated inactive in areas were coal seams belonging to the Vane 
Subgroup were not present, such as in the northwest and southeast corners of the model domain 
and north of the Hunter Thrust.   

The model includes 20 layers representing stratigraphy from the ground surface down to the 
Saltwater Creek Formation, with a description of each model layer provided in Table 3-2. The 
extent and depth of the model layer representing the Bowmans Creek alluvium was estimated 
based on LiDAR data and borehole logs (refer Section 2.6.1), resulting in the layer shown in 
Figure 2-11.  

A number of assumptions were made to create the surfaces that define the tops and bottoms of the 
model layers. 

• For all areas outside the extents of Light Detection and Ranging (LIDAR) remote sensing data 
provided by Glencore, the top of layer 1 (which represents the ground surface) is based on a 
25 m digital elevation model (DEM) obtained from NSW Land and Property Information.  

• Alluvial deposits are included in the uppermost layer of the model.  In areas where alluvial 
deposits are present the thickness of the top model layer varies from 10 m in the upper 
reaches of Bowmans, Bayswater and Glennies Creeks, to 30 m along the Hunter River. These 
alluvial thicknesses are based on Probert and Stevenson (1970) and Beckett (1987) and 
represent the maximum thicknesses of alluvial sediments beneath the alignment of the rivers 
and creeks. The extent and depth of the model layer representing the alluvial aquifers was 
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estimated based on LiDAR data and borehole logs resulting in the alluvium layer shown in 
Figure 3-1. The alluvium thickness was set to 1 m along the boundaries of the alluvium extent. 
Outside the areas where alluvium is present the top model layer is uniformly 1 m thick. 

• Layer 2 of the model represents some areas of alluvial sediments within river valleys and 
regolith elsewhere.   

• The top and bottom of model layers that represent the coal measures and interburden strata 
were based on surfaces from the Liddell Minescape Geological Model, the Ravensworth \ 
Glendell geological model, and the Mount Owen geological model. Beyond these mine extents 
layer elevations from the original RUM model (MER, 2011b) were used where correspondence 
exists between the RUM and regional scale model layering. 

• The sub-crop locations for the individual seams are not known with accuracy outside the Liddell 
and Mount Owen geological models. The Bayswater Seam was assumed to sub-crop where 
the Jerrys Plain Subgroup does, while the Pikes Gully, Arties, Liddell, Barrett and Hebden 
Seams were assumed to sub-crop where the Vane Subgroup sub-crops. The sub-crop of the 
Jerrys Plain Subgroup and the Vane Subgroup were located according to the Hunter Coalfield 
Regional Geology map (NSW Department of Mineral Resources, 1993). 

• The top of RUM model layer 10 (Lower Pikes Gully Seam) was assumed to be the top of the 
Middle Pikes Gully Seam in the regional model. This assumption is reasonable to the south of 
LCO where the difference is less than 4 m, though it is recognized that greater discrepancies 
may occur further to the south. 

• The division of the Liddell Seam between Sections A & B, C and D was based on their 
elevations at LCO. These seams separate further to the south of LCO, meaning that in the 
southern part of the model the three layers representing the Liddell Seam may incorporate 
significant thicknesses of interburden. In order to account for this stratigraphy lower hydraulic 
conductivity values are assigned to the model layers that represent the Liddell Seam in the 
south of the model. 

• The bottom layer (basement) was assigned a constant thickness of 20 m. 

Further information on the assumptions and approximations used in constructing the model layers 
is provided in Appendix B.  
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 Figure 3-1 – Model Domain 
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 Table 3-2 – Description of Model Layers 
Layer Name Description 

1 Alluvium Alluvial deposits surrounding the major rivers. 
2 Alluvium/Regolith Basal Alluvial sediments surrounding the rivers and Regolith (weathered rock) 

elsewhere.  
3 Overburden Everything between the base of weathering and the top of the Bayswater 

Seam: can include seams, but mostly sandstone, claystone and/or siltstone. 
4 Bayswater Seam All the Bayswater Seams. Includes the upper Bayswater 1, upper Bayswater 

2 and Lower Bayswater at Liddell. Also includes interburden between these 
seams. 

5-6 Interburden Everything between the base of the Bayswater Seam and the top of the 
Upper Pikes Gully Seam: includes Lemington Seam. 

7 Upper Pikes Gully 
Seam 

Upper Pikes Gully Seam. 

8 Interburden Everything between the base of the upper Pikes Gully Seam and the top of 
the middle Pikes Gully Seam. 

9 Middle and lower 
Pikes Gully Seam 

Everything between the top of the middle Pikes Gully Seam and the base of 
the lower Pikes Gully Seam: includes interburden between the two seams. 

10 Interburden Everything between the base of the lower Pikes Gully Seam and the top of 
the Arties Seam. 

11 Arties Seam All the Arties Seams. Includes the Arties A, Arties B, Arties L1 and Arties L2 
at Liddell. 

12 Interburden Everything between the base of the lower Pikes Gully Seam and the top of 
the Arties Seam. 

13 Liddell Seam 
Sections A & B 

All the Liddell Seams in Sections A and B. Includes the Liddell A1, Liddell 
Parting, Liddell B1, upper Liddell B2 and lower Liddell B2 at Liddell. Also 
includes interburden between these seams. 

14 Liddell Seam 
Section C 

All the Liddell Seams in Section C. Includes the upper Liddell C1, lower 
Liddell C1 at Liddell. Also includes interburden between the two seams. 

15 Liddell Seam 
Section D 

All the Liddell Seams in Section D. Includes the upper Liddell D1, lower 
Liddell D1 at Liddell. Also includes interburden between the two seams. 

16 Interburden Everything between the base of the Liddell Seam Section D and the top of the 
Barrett Seam. 

17 Barrett Seam All the Barrett Seams. Includes the Barrett A, upper Barrett B, middle Barrett 
B, lower Barrett B, Barrett C1, Barrett C2 and Barrett D at Liddell. Also 
includes interburden between these seams. 

18 Interburden Everything between the base of the Barrett Seam and the top of the Hebden 
Seam. 

19 Hebden Seam All the Hebden Seams. Includes upper Hebden and lower Hebden at Liddell. 
Also includes interburden between the two seams. 

20 Saltwater Creek 
Formation 

This layer represents the basement below the Hebden Seam; its upper part is 
composed of the Saltwater Creek Formation. 

 

3.2.3 Data Sources 
Data used in constructing and developing the regional scale model and in preparing this report 
have been gathered from a number of sources. The availability of detailed quantitative data is 
primarily limited to Glencore operations within the region (e.g. Liddell, Mt Owen, Glendell and 
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Ravensworth underground and surface operations) due to the confidential nature of data from non-
Glencore sources, though where possible summary information is sourced from publicly available 
reports for such operations. A summary of the data sources used in this report can be found in 
Appendix B. 

3.3 Confidence Level Classification 
The Australian Groundwater Modelling Guidelines (Barnett et al., 2012) defines model confidence 
level classification as a means of rating models according to the confidence with which they can be 
used as a predictive tool.  The classification depends on a number of factors including: 

• The amount and quality of data on which the conceptualisation and model calibration are 
based, 

• The manner in which the model is calibrated and the accuracy of the calibration, 

• The objectives and requirements of the investigation, and 

• The manner in which the predictions are formulated. 

At the model planning stage it is important to decide on and document an appropriate target 
confidence level classification that reflects the expected modelling procedures and outcomes and 
takes account of the project requirements.  For this project, the salient aspects that control the 
confidence level classification requirements include: 

• The level of expense associated with mine dewatering and water management infrastructure 
and the potential environmental consequences of adverse impacts. This would suggest that a 
high level of confidence in model predictions would be desirable. 

• There is a reasonable level of regional hydrogeological data (including local scale geological 
information at the mine site) available for the study. Thus, the conceptualisation, and hence 
numerical modelling, should be reasonably well-founded. 

• The available quantitative calibration data are largely limited to groundwater levels measured in 
bores in the vicinity of the mine site. There are no measured inflow rates to the mine during 
historic mining operations; indeed the exact history of mine development includes 
uncertainties. Calibration will therefore be undertaken in both steady state and transient mode 
to a limited data set.  As a consequence, calibration will provide limited constraints on the 
hydrogeological parameters that control the inflows to the mine and the associated 
environmental impacts. The use of qualitative and secondary calibration data (such as pit 
inflow estimates determined from mine mass balance modelling), where deemed adequately 
constrained, will be used to further refine modelling parameters and increase model 
confidence. 

Given these issues and in consideration of the key indicators of model confidence level 
classification as described by the Australian Groundwater Modelling Guidelines (Barnett et al., 
2012), the regional scale model has been targeted as a Class 2 (medium confidence) model.  
Additional confidence in model predictions (and an increase in confidence level classification) can 
be expected as additional calibration or validation data is obtained in the future.  It is expected that 



LCO Development Consent Modification 5 
Groundwater Impact Assessment 
January 2014 
 

SINCLAIR KNIGHT MERZ       
 
Liddell GIA V08_20140207_Final.docx PAGE 58 

such improvements can be realised if future modelling is tested against detailed observations of 
groundwater levels and quantified inflows to mine workings and further river gauging and baseflow 
estimates to help quantify the groundwater contribution to the major rivers and streams included in 
the model. 

3.4 Boundary Conditions 
Boundary conditions used throughout the model include general head boundaries, river, stream 
and drain cells to represent surface water features, and recharge and evapotranspiration 
packages.  

3.4.1 General Head Boundaries 
General head boundaries were assigned to active cells adjacent to model boundaries where the 
aquifer is known to extend beyond the limit of the model domain. Heads were adjusted for all 
boundaries during initial calibration and sensitivity assessments to produce a reasonable 
piezometric surface. 

3.4.2 Faults, dykes and barriers 
In general, faults and dykes are treated as barriers to flow, unless evidence suggests otherwise. 
Distinct groundwater pressure differences, for example, are observed either side of the Davis Fault 
structure and the Hunter Thrust and substantiate this decision. 

Investigations have shown that the Davis Fault structure acts as an impermeable barrier (MER, 
2001), separating the coal measure groundwater system into two discrete areas below an elevation 
of -12.7 mAHD. This is represented in the model as a wall boundary condition present in layers 3 to 
18 with a nominal wall thickness of 10 m and a hydraulic conductivity of 10-6 m/day, chosen 
arbitrarily to represent extremely low permeability that will prevent the through-flow of groundwater. 
This barrier has been breached locally to enable continued operations and these are also 
represented in the model. 

Barriers to help control groundwater movement have either been developed (e.g. a bentonite wall 
between open cut workings in the south-west to prevent flow to/from Bayswater Creek) or left as 
un-mined panels in underground workings (such as the major coal barrier in the Middle Liddell 
workings that transects west-east, separating the underground workings of the Hazeldene Colliery 
in the north from the Liddell Colliery to the south – see Figure 2-13). These barriers are assigned 
low permeabilities and allow groundwater movement only when water levels in the underground 
voids rise above respective breaching heights.   

3.4.3 Surface Water Features 
River cells were assigned to replicate surface water – groundwater interactions of the Hunter River 
and Glennies Creek and their associated alluvial aquifers as well as Lake Liddell (Figure 3-2). 
Bottom elevations in river cells were set to 1 m below the ground surface elevation and a uniform 
0.1 m stage was assumed for all rivers.  
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The STR package (Stream cells) was used to represent surface water – groundwater interactions 
for Bowmans Creek (Figure 3-2) as it preserves the mass balance between adjacent stream cells. 
This feature is important for replicating ephemeral streams and for restricting the potential stream 
losses simulated in flow restricted streams such as Bowmans Creek.   

Drain cells (Figure 3-2) were assigned to non-perennial streams (e.g. Swamp, Yorks, Bettys and 
Main Creeks) within the model domain, with the drain elevation assumed to be 0.1 m below the 
ground surface elevation. The drain cell conductance is set sufficiently high not to constrain flow to 
these cells. 

• Figure 3-2 – Assignment of River (green), Stream (pink) and Drain (yellow) cells to 
surface water features within the model domain. 

 

3.4.4 Recharge 
Recharge was applied to the upper most active hydrogeological unit at a rate consistent with the 
surface geology characterisation. Areas of alluvium were calibrated using recharge rates ranging 
between 0.1% and 20% average annual rainfall, and other areas were calibrated with recharge 
rates between 0.001% and 5% average annual rainfall. The recharge rates determined through the 
calibration process are presented in Section 3.6.  
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3.4.5 Evapotranspiration 
Evapotranspiration is modelled with the MODFLOW EVT Package in which the maximum 
evapotranspiration rate is set to the corrected pan evaporation for the region (approximate 1460 
mm/year) with an extinction depth of 2 m. 

3.5 Regional Mining Operations 
The model incorporates historical and currently approved mining operations as part of its base 
setup. Underground mining prior to 1990 is represented in the model by increased hydraulic 
conductivity (both horizontal and vertical) as well as increased storage properties (specific yield), 
and increased hydraulic conductivity due to cracking above current and former underground 
workings is included in the model. Post-1990 modelling stress periods incorporate dewatering 
associated with underground and open cut operations through the use of drain cells. After 
cessation of dewatering, and to account for backfill sequencing and final voids at the completion of 
mining, re-saturation and re-equilibrium was accounted for in the model through the use of time 
varying hydraulic properties, recharge and evapotranspiration rates for relevant cells. 

In total, the transient model currently incorporates 38 distinct mining operations with an additional 
five historic underground operations included in the pre-calibration, steady-state framework. 
Beyond the Liddell operations (including open cut, underground and dewatering activities), where 
historic knowledge is directly from the mine, most other operations have been determined from 
published information held in environmental impact statements, annual operational and monitoring 
reports and published mine development plans.  

Each mining operation is assigned to those of the layers that it impacts and determination is made 
of the timing of that impact. By this means, drain cells in the model can be turned on and off and 
hydrogeological parameters varied as necessary to represent each operation at the appropriate 
time. The relationship between layers, operations and timing is described in Appendix B. 

The mining operations and associated progressions included in the model come from a variety of 
sources and have been updated throughout the development of the model as additional information 
becomes available. Updates to the model are tracked through the model version protocol described 
in Section 3.2.1.  

It should be noted that no de-watering information has been collected prior to this assessment 
(meters were installed on primary pumping bores in 2013), with de-watering governed by the 
requirement to maintain specific water levels in underground voids. Thus, the model also uses 
water-levels in the underground working to determine the necessary water extraction rates at the 
respective de-watering bores. 

3.5.1 Drain Cells 
Representation of open cut mining operations in the model comprised the assignment of drain cells 
to the target seam layer and all model layers above it. For underground operations, drains were 
assigned to only the target seam layers.  Where mining depth contour plans have been provided, 
drain elevations have been set to the pit floor elevation or layer bottom, whichever is higher. For 
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areas where only the target seam(s) is known, the drain elevation was set to the bottom elevation 
of the target seam layer and layer bottom for layers above the target seam, where appropriate.  

A sensitivity assessment on the conductance parameter assigned to drain cells representing 
mining operations was undertaken to ensure the conductance value was high enough to allow 
sufficient water removal, but not so high as to lead to mass balance or numerical stability problems. 

Drain cells assignment for each layer are indicated in Appendix B. 

3.5.2 Hydrogeological Parameters 
An important feature of the regional scale model was the inclusion of changing hydrogeological 
parameters as a result of mining and backfill sequencing. The TMP1 package implemented in 
MODFLOW-SURFACT allows time-varying hydrogeological parameters to be incorporated into 
transient simulations. When changing the hydrogeological parameters using the TMP1 package 
there are two key inputs:  

• The timing of the changes; and 

• The multiplier to be applied to the parameter starting value. 

The timing and magnitude of the changes are then tied spatially to the progression of the simulated 
mine operation. The areas used for the drain cells depicting mine operations were used to 
delineate Hydrostratigraphic Units (HSUs) within the model. HSUs are used in Groundwater Vistas 
to group cells so that their parameters can be changed together. The TMP1 package allows for 
hydrogeological parameters to be varied according to HSU zones. 

Since HSUs are defined by both the timing of the change and the multiplier to be applied, many 
different zones are required to fully represent the aerial and vertical migration of pit growth and 
subsequent backfilling sequences. The changes to parameters used to replicate groundwater 
recovery post-mining are set to take effect the stress period after each drain cell becomes inactive. 
The multiplier for each HSU was calculated by dividing the new parameter(s) by the starting (i.e. 
calibrated) parameter(s).  

Backfill was assumed to have a hydraulic conductivity of 1 m/day and a specific yield of 0.2 
(Mackie, 2009). Multipliers for voids (air) were based on a hydraulic conductivity of 1000 m/day and 
a specific yield of one.  

3.5.3 Fracture zones 
Fracture zones were included to replicate the historic cracking that has occurred above all 
underground workings. Vertical propagation of the fracture zones was based on extents and ratios 
to seam and longwall height provided through analysis of the Integra underground operations to the 
south-east (Aurecon, 2012 - Figure 3-3). Fracture zones in the model encompassed the 200 m 
above the base of the respective underground workings. To facilitate the change in hydraulic 
parameters, multipliers were applied to the inherent hydraulic conductivities in units above and 
across the entire extents of the cells above the underground workings accordingly to the scheme 
developed by Guo, et al. (2007)(Figure 3-3) and is scaled to represent the workings, goaf and 
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enhanced fracturing as these change through time. Thus, three zones of hydraulic conductivity (kh 
and kz) are assigned to time steps as mining progressed through the workings to goaf to enhanced 
fracturing phases of development. 

Specific yields are only changed in the workings after the initial de-watering has taken place. 

• Figure 3-3 – Changes in average vertical permeability above underground working to the 
east of Bowmans Creek (Aurecon, 2012). (Inset: Multiplier equations from Guo, et al., 2007) 

 

Localised zones of recognised cracking that penetrated to the surface have been identified 
(Umwelt, 2006) and associated to underground workings. While there is reason to believe these 
zones have self-sealed, there is a possibility that these areas have rather achieved a new 
equilibrium that includes constant leakage via higher permeability (MER, 2001). Adopting a 
precautionary approach, these suspected cracking features have been implemented in the model 
using increased vertical conductivity values (1 x 10-4 m/day to 5 x 10-4 m/day) under the assumption 
that cracking is still present and leakage is still occurring. In the absence of site specific data 
demonstrating such cracking has healed, it was determined that including such features in the 
model would provide a conservative evaluation of potential impacts to the overlying alluvial aquifer.  

3.5.4 Recharge and Evapotranspiration 
For model stress periods when the drain cells used to represent open cut mining operations were 
active (i.e. the open cut mine is operational), recharge to those drain cells is turned off.  Post-
mining backfill areas are assigned a recharge of 10% of the average annual rainfall. 
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Evapotranspiration rates were held constant throughout the model simulation. However the surface 
from which the extinction depth is calculated varied with time according to open cut mine 
progression and backfilling sequences.  Extinction depths also varied according to the mine 
progressions. Extinction depths were set to 0.2 m in open cut pits during active mining, and then 
returned to 2 m for backfill areas. This adjustment is required to take account of the fact that there 
will be little or no vegetation present in areas where active mining is occurring and hence 
transpiration is negligible. It is assumed that vegetation, and associated transpiration processes, 
will be re-established in those areas once they have been backfilled.  Extinction depths for final 
voids are kept at 0.2 m after mining activities cease.   

3.6 Model Calibration 
3.6.1 Methodology 
Calibration of the regional scale model was undertaken using a stochastic calibration methodology 
designed to meet the following objectives: 

• Establish datasets of model parameters that match measured groundwater levels within 
acceptable error limits. These parameter sets are reported collectively as the ‘stochastic 
datasets’. 

• Run the predictive simulations with the stochastic datasets to obtain an envelope of possible 
outcomes that also collectively represent the uncertainties associated with predictive modelling.  

These modelling objectives, as well as the stochastic calibration methodology adopted, were 
identified and agreed upon through previous discussions with Glencore and NSW Office of Water. 
The stochastic approach was adopted in preference to a deterministic calibration methodology as it 
is capable of meeting the agreed upon objectives while offering the additional benefits of providing 
appropriate uncertainty analysis for predictive model results. This concept is highlighted specifically 
in the Australian Groundwater Modelling Guidelines (Barnett et al., 2012): 

“The approach taken to model calibration must be linked to the questions that all 
groups of stakeholders (project proponents, regulators and modellers) are trying to 
answer. It is important at the start of model calibration to understand the purpose of 
the model, that is, what the model is intended to predict. It is the desire for accuracy in 
future predictions that must drive the choices that are made during model calibration.” 

Model calibration using the stochastic approach employed here accounts for the inherent 
uncertainty associated with complex models based on many inter-related parameters. Each of the 
‘calibrated’ datasets, or realisations that generate model results within the adopted calibration 
acceptance criteria, is considered equally plausible.  The range of model results generated using 
these stochastic datasets provides a good indication of the uncertainties associated with predictive 
modelling. Such uncertainty analysis is important in any predictive modelling exercise and is 
recommended in the Australian Groundwater Modelling Guidelines (Barnett et al., 2012). 

The stochastic calibration methodology comprised the following tasks: 
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• Generation of initial datasets using Monte Carlo analysis within parameter bounds and 
constraints determined from the conceptual hydrogeological model and relevant data sources;   

• Model simulations using each dataset; 

• Comparison of model results to calibration targets, including historical groundwater levels and 
post-mining recovery inflow rates to the Cumnock underground workings;  

• Establish the set of calibrated datasets; and 

• Run predictive simulations using the calibrated datasets. 

The number of stochastic datasets required for recalibration of Model Version 7.2, adopted for this 
Project, was significantly lower than required for previous model versions. Revisions and outputs 
from previous model versions have allowed for the continued constraint of parameter ranges 
allowed within the datasets generated using Monte Carlo analysis. As the model continues to be 
updated and refined the parameter ranges are expected to be further constrained, reducing the 
corresponding uncertainty ranges. 

3.6.2 Monte Carlo Simulations 
The initial datasets were generated automatically using a Monte Carlo simulation program 
developed by SKM. The program allows for the range of values for each parameter to be: 

• Distributed as normal, log normal, random, or log random; and  

• Constrained or tied to other parameters.  For example, one parameter can be constrained so 
that it cannot exceed another parameter, or one parameter may be defined as a multiplier of 
another parameter (as commonly used to define a consistent level of anisotropy in hydraulic 
conductivity). 

The generation of datasets in this method allows for flexibility in how parameters are defined and 
constrained, and also allows for multiple linking of parameters and constraints. For example, the 
horizontal conductivity of the regolith was not allowed to exceed that of the alluvium, while at the 
same time the vertical conductivity of the regolith was not allowed to exceed the horizontal 
hydraulic conductivity of the regolith, thus indirectly tying it to the horizontal conductivity of the 
alluvium. These checks and constraints are important in generating datasets to ensure that 
datasets are not created that violate our conceptual understanding of the system (e.g. vertical 
conductivities exceeding horizontal conductivities, or the hydraulic conductivity of the interburden 
exceeding that of the coal seams). 

The model parameters used as inputs for the Monte Carlo analysis included hydrogeological 
parameters properties (horizontal and vertical hydraulic conductivity, specific yield); conductance 
terms for river, stream, and general head boundary cells, and recharge rates.  

Table 3-3 summarises of the range of values within which the model parameters were permitted to 
vary. The level of constraint for the parameter bounds was directly related to field-based and 
reference information available for the parameters. For instance, a comprehensive dataset is 
available for the range in expected hydraulic conductivity values of the coal seams and interburden 
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material. Therefore the range in hydraulic conductivity values permitted for these layers is relatively 
small compared to the range permitted for the regolith and alluvium, units for which there was less 
site specific data available.   

The ranges in parameters allowed does not necessarily reflect the expected or final values that will 
be selected for analysing potential inflows but are simply intended to: 

• Allow for a wide range of potential values and thus possibilities to be assessed through the 
calibration process; and 

• Evaluate the sensitivity and uncertainty in the parameterisation and calibration of the model. 

 Table 3-3 – Parameter Bounds Assigned for Monte Carlo Analysis 
  Parameter Bounds 

Model 
Parameter Geologic unit Distribution 

Type Minimum Maximum Constraints 

Sy Alluvium Log Random 1.0E-02 2.0E-01  

Sy  Regolith Log Random 5.0E-03 1.0E-01  

Sy Interburden Log Random 5.0E-04 5.0E-02  

Sy Bayswater Seams (0-100m)1 Log Random 5.0E-04 5.0E-02  

Sy Bayswater Seams (100-200m)1 Log Random 5.0E-04 5.0E-02  

Sy Bayswater Seams (> 200m)1 Log Random 5.0E-04 5.0E-02  

Sy Archerfield Sandstone Log Random 5.0E-04 5.0E-02  

Sy Interburden \ Lemington Seam Log Random 5.0E-04 5.0E-02  

Sy Pikes Gully & Liddell Seams  
(0-100m)1 Log Random 5.0E-04 5.0E-02  

Sy Pikes Gully & Liddell Seams  
(100-200m)1 Log Random 5.0E-04 5.0E-02  

Sy  Pikes Gully & Liddell Seams  
(> 200m)1 Log Random 5.0E-04 5.0E-02  

Sy Arties Seams (0-100m)1 Log Random 5.0E-04 5.0E-02  

Sy Arties Seams (100-200m)1 Log Random 5.0E-04 5.0E-02  

Sy Arties Seams (> 200m)1 Log Random 5.0E-04 5.0E-02  

Sy Barrett Seams (0-100m)1 Log Random 5.0E-04 5.0E-02  

Sy Barrett Seams (100-200m)1 Log Random 5.0E-04 5.0E-02  

Sy  Barrett Seams (>200m)1 Log Random 5.0E-04 5.0E-02  

Sy Underground workings Log Random 1.0E-01 5.0E-01  

Sy Hebden Seams (0-100m)1 Log Random 5.0E-04 5.0E-02  

Sy Hebden Seams (100-200m)1 Log Random 5.0E-04 5.0E-02  

Sy Hebden Seams (> 200m)1 Log Random 5.0E-04 5.0E-02  

Sy Interburden Log Random 5.0E-04 5.0E-02  

Sy Saltwater Creek Log Random 5.0E-04 5.0E-02  

Sy Upper Cumnock Workings Log Random 2.5E-03 7.5E-03  

Sy Lower Cumnock Workings Log Random 2.5E-03 8.0E-03  
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  Parameter Bounds 

Model 
Parameter Geologic unit Distribution 

Type Minimum Maximum Constraints 

Ss  All confined units Fixed 5.0E-06 5.0E-06  

 

Kx (m/d) Alluvium Log Random 1.0E-01 3.0E+02  

Kx (m/d) Regolith Log Random 1.0E-03 1.0E+01  
Kx (m/d) Interburden Log Normal 3.3E-06 1.7E-02  

Kx (m/d) Bayswater Seams (0-100m)1 Log Normal 2.3E-04 1.3E-02  

Kx (m/d) Bayswater Seams (100-200m)1 Log Normal 6.7E-05 1.7E-03  

Kx (m/d) Bayswater Seams (> 200m)1 Log Normal 2.0E-05 1.7E-03  

Kx (m/d) Archerfield Sandstone Log Normal 3.2E-08 2.3E-03  

Kx (m/d) Interburden \ Lemington Seam Log Normal 9.5E-08 2.2E-01  

Kx (m/d) Pikes Gully & Liddell Seams  
(0-100m)1 Log Normal 1.7E-03 8.7E-01  

Kx (m/d) Pikes Gully & Liddell Seams  
(100-200m)1 Log Normal 6.5E-04 1.9E-01  

Kx (m/d) Pikes Gully & Liddell Seams  
(> 200m)1 Log Normal 3.3E-04 4.1E-02  

Kx (m/d) Arties Seams (0-100m)1 Log Normal 6.9E-03 2.1E-01  

Kx (m/d) Arties Seams (100-200m)1 Log Normal 1.4E-03 6.9E-02  

Kx (m/d) Arties Seams (> 200m)1 Log Normal 1.1E-03 8.5E-03  

Kx (m/d) Barrett Seams (0-100m)1 Log Normal 2.1E-03 8.5E-02  

Kx (m/d) Barrett Seams (100-200m)1 Log Normal 7.8E-04 2.0E-02  

Kx (m/d) Barrett Seams (>200m)1 Log Normal 1.0E-03 8.4E-03  

Kx (m/d) Underground workings Log Random 1.0E+01 1.0E+03  

Kx (m/d) Hebden Seams (0-100m)1 Log Normal 6.4E-04 1.6E+00  

Kx (m/d) Hebden Seams (100-200m)1 Log Normal 5.3E-04 4.1E-01  

Kx (m/d) Hebden Seams (> 200m)1 Log Normal 5.1E-05 1.2E-01  

Kx (m/d) Interburden Log Normal 3.1E-07 1.0E-04  

Kx (m/d) Saltwater Creek Log Normal 4.9E-08 7.8E-02  

Kz (Kx/Kz) Alluvium Log Random 2 100 Could not exceed Kx 

Kz (Kx/Kz) Regolith Log Random 2 100 Could not exceed Kx 

Kz (Kx/Kz) Interburden Log Normal 5 50 Could not exceed Kx 

Kz (Kx/Kz) Bayswater Seams (0-100m)1 Log Normal 10 200 Could not exceed Kx 

Kz (Kx/Kz) Bayswater Seams (100-200m)1 Log Normal 10 100 Could not exceed Kx 

Kz (Kx/Kz) Bayswater Seams (> 200m)1 Log Normal 10 20 Could not exceed Kx 

Kz (Kx/Kz) Archerfield Sandstone Log Normal 2 10 Could not exceed Kx 

Kz (Kx/Kz) Interburden \ Lemington Seam Log Normal 10 100 Could not exceed Kx 

Kz (Kx/Kz) Pikes Gully & Liddell Seams  
(0-100m)1 Log Normal 10 8000 Could not exceed Kx 

Kz (Kx/Kz) Pikes Gully & Liddell Seams  
(100-200m)1 Log Normal 10 2000 Could not exceed Kx 

Kz (Kx/Kz) Pikes Gully & Liddell Seams  
(> 200m)1 Log Normal 10 600 Could not exceed Kx 
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  Parameter Bounds 

Model 
Parameter Geologic unit Distribution 

Type Minimum Maximum Constraints 

Kz (Kx/Kz) Arties Seams (0-100m)1 Log Normal 10 8000 Could not exceed Kx 

Kz (Kx/Kz) Arties Seams (100-200m)1 Log Normal 10 2000 Could not exceed Kx 

Kz (Kx/Kz) Arties Seams (> 200m)1 Log Normal 10 600 Could not exceed Kx 

Kz (Kx/Kz) Barrett Seams (0-100m)1 Log Normal 10 3000 Could not exceed Kx 

Kz (Kx/Kz) Barrett Seams (100-200m)1 Log Normal 10 600 Could not exceed Kx 

Kz (Kx/Kz) Barrett Seams (>200m)1 Log Normal 10 600 Could not exceed Kx 

Kz (Kx/Kz) Underground workings Log Random 1 1  

Kz (Kx/Kz) Hebden Seams (0-100m)1 Log Normal 10 8000 Could not exceed Kx 

Kz (Kx/Kz) Hebden Seams (100-200m)1 Log Normal 10 2000 Could not exceed Kx 

Kz (Kx/Kz) Hebden Seams (> 200m)1 Log Normal 10 700 Could not exceed Kx 

Kz (Kx/Kz) Interburden Log Normal 5 100 Could not exceed Kx 

Kz (Kx/Kz) Saltwater Creek Log Normal 5 100 Could not exceed Kx 

 
Conductance 
(m2/d) Hunter River (River cells) Log Random 5.0E-05 5.0E+05  

Conductance 
(m2/d) Glennies Creek (River cells) Log Random 5.0E-05 5.0E+05  

Conductance 
(m2/d) Bowmans Creek (Stream cells) Log Random 1.0E+00 1.0E+03  

Conductance 
(m2/d) General Head Boundary cells Log Random 1.0E+01 5.0E+05  

 

Recharge2 Alluvium Log Random 1% 20%  

Recharge2 All other coal seam and interburden 
zones Log Random 0.001% 2%  

Recharge2 Backfill Log Random 1% 5%  
1 Following the convention of Mackie, 2009 
2 Percent of annual rainfall (Station # 61086) equal to 645 mm/yr (www.bom.gov.au) 

3.6.3 Stress Periods 
The transient calibration model simulated the period from 1 January 1980 to 31 December 2012 in 
17 stress periods, the first of which was steady state. The steady state stress period was aimed at 
providing stable initial heads for the subsequent transient calibration runs. No drain cell boundary 
conditions representing mining operations are included in the steady-state model. Steady-state 
does, however, include artefacts of the historical underground workings at Liddell as enhanced 
conductivity zones representing the impacts of previous underground mining of the Pikes Gully and 
Liddell Seams.   

Early (first four) transient stress periods are represented by blocks of 5 years (1826 days), followed 
by a single stress period covering 2000-2002 (731 days). All stress periods from 2002 through to 
2030 are represented by annual time-steps (365 days). The sequencing is illustrated in Appendix 
B.3. 
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3.6.4 Calibration Targets 
Four distinct datasets were identified as appropriate calibration targets to determine which sets of 
model parameters represented calibrated datasets: 

• The first calibration target was the matching of historical water levels recorded for alluvial bores 
associated with Bowmans Creek (including bores ALV1L through ALV8L adjacent LCO and the 
BC_SP series bores adjacent Mount Owen Complex) and Glennies Creek (GCP series bores). 
These bores are shown in Figure 3-4 and were chosen as initial calibration targets as potential 
impacts on these alluvial aquifers were specifically identified as a key concern in the DGRs and 
by NSW Office of Water (refer Section 1.2). A calibration target criteria of a 5% scaled residual 
mean squared (SRMS) was used for the alluvial bores. 

• The second calibration target was the matching of historic water levels in shallow hard rock 
bores located in the vicinity of the Project area, shown in Figure 3-4. A calibration target 
criteria of a 5% SRMS was used for the hard rock bores.  

• The third calibration target dataset comprised the comparison of post-mining inflow estimates 
to the former Cumnock underground workings. This target dataset was adopted following 
model simulations conducted by SKM for Glencore’s Ravensworth Surface Operations mine. 

• The fourth calibration target was set by estimated observed pit inflows to the North Pit of the 
Mount Owen Complex. Based on estimated pumping rates and mine-site mass balance 
modelling (Gilberts, 2013), an estimated pit inflow of no more than 1.4 ML/day was determined. 
Two approaches to this final calibration were undertaken: 

o Take each realisation of the dataset that satisfied the first three calibration targets and 
perform a PEST optimisation on the storage parameters (which determine the pit inflow 
levels) to generate a revised set of calibration parameters that satisfy the North Pit 
inflow criteria. Run these as a prediction dataset. 

o If any realisation achieved all four targets, take the storage parameters from that 
realisations and transpose into the other 5 realisations that satisfied the first three 
targets and run these six realisations for an additional prediction dataset.  

3.6.5 Calibration Results 
The calibration simulations resulted in 540 realisations, or sets of model parameters, that were able 
to achieve a stable solution (i.e. converged). Sixty-five (65) of these realisations simulated 
groundwater levels at the alluvial calibration bores within the target calibration criteria of 5% SRMS 
(the first calibration target). Of these, 42 also simulated groundwater levels across all alluvial bore 
(for the entire model domain) to within 5% SRMS and 16 of these realisations achieved the target 
calibration criteria of <5% SRMS for the hard rock calibration bores (the second calibration target). 
Amongst these 16 realisations, six of the datasets simulated inflows to the former Cumnock 
underground workings within the range of inflow estimates used for calibration (the third calibration 
target). These six realisations, or sets of model parameters, were optimised for storage parameters 
using the PEST optimisation methodology. In addition, a single realisation satisfied all of the 
calibration targets. The storage parameters from this realisation were therefore transposed into the 
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other 5 realisations that satisfied the other three targets. This resulted in a total of 12 parameters 
sets that are considered the calibrated datasets available for predictive simulations. Table 3-4 
summarises the range of values for model parameters within the calibrated datasets, and 
Appendix C compares the simulated hydrographs from the calibrated realisations with observed 
data from the calibration bores. 
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 Figure 3-4 – Model Calibration Bores  
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 Table 3-4 – Range of Model Parameter Values for Calibrated Datasets 
Model 
Parameter Geologic unit Minimum Maximum 

Sy Alluvium 1.2E-2 8.2E-2 

Sy  Regolith 5.5E-3 3.2E-2 

Sy Interburden 6.9E-4 2.2E-2 

Sy Bayswater Seams (0-100m)1 2.5E-3 3.3E-2 

Sy Bayswater Seams (100-200m)1 2.3E-3 2.0E-2 

Sy Bayswater Seams (> 200m)1 4.6E-3 3.4E-2 

Sy Archerfield Sandstone 5.5E-4 7.1E-3 

Sy Interburden \ Lemington Seam 5.6E-4 5.9E-3 

Sy Pikes Gully & Liddell Seams (0-100m)1 9.6E-4 5.0E-2 

Sy Pikes Gully & Liddell Seams (100-200m)1 6.5E-4 3.4E-2 

Sy  Pikes Gully & Liddell Seams (> 200m)1 6.4E-4 4.3E-2 

Sy Arties Seams (0-100m)1 6.1E-4 3.7E-2 

Sy Arties Seams (100-200m)1 5.2E-4 2.2E-2 

Sy Arties Seams (> 200m)1 5.9E-4 8.2E-3 

Sy Barrett Seams (0-100m)1 7.3E-4 1.5E-2 

Sy Barrett Seams (100-200m)1 5.6E-4 7.2E-3 

Sy  Barrett Seams (>200m)1 6.6E-4 2.6E-2 

Sy Underground workings 1.8E-1 5.0E-1 

Sy Hebden Seams (0-100m)1 7.5E-4 9.0E-3 

Sy Hebden Seams (100-200m)1 6.4E-4 3.3E-2 

Sy Hebden Seams (> 200m)1 6.2E-4 2.3E-2 

Sy Interburden 6.7E-4 4.4E-2 

Sy Saltwater Creek 5.6E-4 3.0E-2 

Sy Upper Cumnock Workings 3.4E-3 6.8E-3 

Sy Lower Cumnock Workings 4.7E-3 7.9E-3 

 

Ss All confined units 5.0E-6 5.0E-6 

 

Kx (m/d) Alluvium 6.5E-1 3.6E+0 

Kx (m/d) Regolith 2.3E-3 9.9E-3 

Kx (m/d) Interburden 5.5E-5 8.7E-4 

Kx (m/d) Bayswater Seams (0-100m)1 7.1E-4 2.4E-3 

Kx (m/d) Bayswater Seams (100-200m)1 1.7E-4 6.5E-4 

Kx (m/d) Bayswater Seams (> 200m)1 7.0E-5 1.4E-4 

Kx (m/d) Archerfield Sandstone 9.1E-7 8.1E-5 

Kx (m/d) Interburden \ Lemington Seam 7.1E-6 5.8E-4 

Kx (m/d) Pikes Gully & Liddell Seams (0-100m)1 5.8E-3 2.4E-2 
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Model 
Parameter Geologic unit Minimum Maximum 

Kx (m/d) Pikes Gully & Liddell Seams (100-200m)1 3.2E-3 1.6E-2 

Kx (m/d) Pikes Gully & Liddell Seams (> 200m)1 1.1E-3 4.6E-3 

Kx (m/d) Arties Seams (0-100m)1 2.0E-2 8.8E-2 

Kx (m/d) Arties Seams (100-200m)1 7.3E-3 1.4E-2 

Kx (m/d) Arties Seams (> 200m)1 2.2E-3 4.2E-3 

Kx (m/d) Barrett Seams (0-100m)1 6.4E-3 2.5E-2 

Kx (m/d) Barrett Seams (100-200m)1 1.6E-3 4.4E-3 

Kx (m/d) Barrett Seams (>200m)1 2.8E-3 4.5E-3 

Kx (m/d) Underground workings 1.9E+1 9.3E+2 

Kx (m/d) Hebden Seams (0-100m)1 6.4E-3 2.0E-1 

Kx (m/d) Hebden Seams (100-200m)1 1.5E-3 1.9E-2 

Kx (m/d) Hebden Seams (> 200m)1 2.0E-4 3.2E-2 

Kx (m/d) Interburden 1.9E-6 9.4E-6 

Kx (m/d) Saltwater Creek 1.1E-6 2.1E-4 

Kz (m/d) Alluvium 4.5E-02 4.2E-01 

Kz (m/d) Regolith 1.0E-04 5.8E-04 

Kz (m/d) Interburden 1.8E-06 3.9E-05 

Kz (m/d) Bayswater Seams (0-100m)1 2.1E-05 9.9E-05 

Kz (m/d) Bayswater Seams (100-200m)1 4.6E-06 5.6E-05 

Kz (m/d) Bayswater Seams (> 200m)1 4.3E-06 1.3E-05 

Kz (m/d) Archerfield Sandstone 3.4E-07 3.2E-05 

Kz (m/d) Interburden \ Lemington Seam 2.3E-07 4.3E-05 

Kz (m/d) Pikes Gully & Liddell Seams (0-100m)1 3.5E-06 8.6E-04 

Kz (m/d) Pikes Gully & Liddell Seams (100-200m)1 3.6E-06 2.8E-04 

Kz (m/d) Pikes Gully & Liddell Seams (> 200m)1 5.1E-06 2.3E-04 

Kz (m/d) Arties Seams (0-100m)1 9.5E-05 3.9E-03 

Kz (m/d) Arties Seams (100-200m)1 7.0E-06 7.4E-04 

Kz (m/d) Arties Seams (> 200m)1 6.3E-06 1.5E-04 

Kz (m/d) Barrett Seams (0-100m)1 2.4E-06 1.9E-03 

Kz (m/d) Barrett Seams (100-200m)1 7.8E-06 2.8E-04 

Kz (m/d) Barrett Seams (>200m)1 7.6E-06 3.2E-04 

Kz (m/d) Underground workings 1.9E+01 9.3E+02 

Kz (m/d) Hebden Seams (0-100m)1 3.0E-05 8.8E-03 

Kz (m/d) Hebden Seams (100-200m)1 8.7E-06 6.3E-04 

Kz (m/d) Hebden Seams (> 200m)1 2.0E-06 2.1E-03 

Kz (m/d) Interburden 4.6E-08 4.3E-07 

Kz (m/d) Saltwater Creek 2.5E-08 1.0E-05 
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Model 
Parameter Geologic unit Minimum Maximum 

Conductance 
(m2/d) Hunter River (River cells) 7.6E+0 9.9E+4 

Conductance 
(m2/d) Glennies Creek (River cells) 1.3E-1 1.6E+4 

Conductance 
(m2/d) Bowmans Creek (Stream cells) 3.9E+0 7.4E+2 

Conductance 
(m2/d) General Head Boundary cells 8.5E+1 9.9E+4 

 

Recharge2 Alluvium 3% 9% 

Recharge2 All other coal seam and interburden zones 0.002% 2% 

Recharge2 Backfill 3% 5% 
1 Following the convention of Mackie, 2009 
2 Percent of annual rainfall (Station # 61086) equal to 645 mm/yr (www.bom.gov.au) 
 
Table 3-5 provides a summary of statistical measures used to compare results from model 
simulations using the calibrated datasets with observed data used as calibration targets (measured 
groundwater levels at alluvial and hard rock bores). Plots of observed and all equivalent realisation-
simulated groundwater levels for the alluvial and hard rock calibration bores (Figure 3-4) are 
presented in Figure 3-5 and Figure 3-6, respectively.  

 Table 3-5 – Summary of Calibration Statistics 
 Statistical Range 

Statistical Measure All Alluvial Bores 
(unweighted) 

Project Bedrock 
Observations 
(unweighted) 

All Bedrock Bore 
Observations 
(weighted*) 

Residual Mean (m) -0.4 – 0.7 -0.2 – 2.2 -3.9 – 1.7 
Absolute Residual Mean (m) 0.8 – 1.0  2.4 – 3.0 9.6 – 11.8 
Residual Standard Deviation (m) 1.5 – 2.3 3.8 – 4.4 13.7 – 16.2 
Sum of Squares (m) 1,400 – 3,000  1,000 – 1,700  990,000 – 1,400,000 
RMS Error (m) 1.5 – 2.3  3.9 – 4.9 13.8 – 16.5 
Minimum Residual (m) -31.3 – -16.6   -21.2 - -8.9 -66.7 – -56.7 
Maximum Residual (m) 3.0 – 4.8 20.3 – 32.2 42.6 – 45.3 
Number of Observations 588 724 5247 
Range in Observations (m) 46.1 168.9 168.9 
Scaled Standard Deviation 3% – 5% 2% - 3%  8% – 10% 
Scaled Absolute Mean 2% 1% – 2% 6% – 7% 
Scaled RMS 3% – 5% 2% - 3% 8% – 10% 

* All alluvial and Project Bores are given a weight of 1 to calculate residuals. For all other bores a weight of 0.4 was applied.  
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 Figure 3-5 – Observed vs. Simulated Groundwater Levels for all Alluvial Bores 

 

 Figure 3-6 – Observed vs. Simulated Groundwater Levels for Hard Rock Calibration 
Bores 
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In the area along Swamp Creek, the regional model is underestimating alluvial water levels (Figure 
3-5) which could indicate that the model is overestimating impacts from the Glendell Mine. These 
bores are beyond the maximum potential impacts determined attributable to Liddell. Simulated 
levels with greater than 3 m difference from observed levels account for less than 10% of 
comparisons (588 observations). 

Horizontal trends in Figure 3-6 generally represent sub-stress period changes in observed 
pressures most likely reflecting inter-annual changes in mining operations affecting these bores. 
Again, the impacted bores are not within the potentially impacted region of Liddell operations. 
Simulated levels with greater than 10 m difference from observed levels account for less than 8% 
of comparisons (724 observations). 

Hydrographs of observed and simulated groundwater levels for all bores are presented in 
Appendix C.  

The calibration statistics and hydrographs indicate the numerical model accurately replicates the 
observed data.  

3.7 Sensitivity Analysis  
Table 3-6 summarizes the range of values for model parameters within the calibrated datasets 
along with the percentage of the input parameter range. The calibrated parameter ranges in 
relation to the input parameter ranges are presented graphically in Figure 3-7 through Figure 3-11. 
These figures and the percentage of the stochastic range provide an indication of the model’s 
sensitivity to changes in the parameter values while also providing an indication of the parameter 
value’s uncertainty. For the calibrated datasets model parameters with values that represent a 
lower percentage of the stochastic range indicate those parameters that will have a larger effect on 
the model predicted responses (i.e. the model is more sensitive to these parameters).  

 Table 3-6 – Range of Model Parameter for Calibrated Datasets 
Model 
Parameter Geologic unit Minimum Maximum Percent of 

Stochastic Range 

Sy Alluvium 1.2E-2 8.2E-2 37% 

Sy  Regolith 5.5E-3 3.2E-2 28% 

Sy Interburden 6.9E-4 2.2E-2 43% 

Sy Bayswater Seams (0-100m)1 2.5E-3 3.3E-2 62% 

Sy Bayswater Seams (100-200m)1 2.3E-3 2.0E-2 35% 

Sy Bayswater Seams (> 200m)1 4.6E-3 3.4E-2 60% 

Sy Archerfield Sandstone 5.5E-4 7.1E-3 13% 

Sy Interburden \ Lemington Seam 5.6E-4 5.9E-3 11% 

Sy Pikes Gully & Liddell Seams (0-100m)1 9.6E-4 5.0E-2 99% 

Sy Pikes Gully & Liddell Seams (100-200m)1 6.5E-4 3.4E-2 67% 

Sy  Pikes Gully & Liddell Seams (> 200m)1 6.4E-4 4.3E-2 86% 

Sy Arties Seams (0-100m)1 6.1E-4 3.7E-2 73% 
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Model 
Parameter Geologic unit Minimum Maximum Percent of 

Stochastic Range 

Sy Arties Seams (100-200m)1 5.2E-4 2.2E-2 43% 

Sy Arties Seams (> 200m)1 5.9E-4 8.2E-3 15% 

Sy Barrett Seams (0-100m)1 7.3E-4 1.5E-2 29% 

Sy Barrett Seams (100-200m)1 5.6E-4 7.2E-3 14% 

Sy  Barrett Seams (>200m)1 6.6E-4 2.6E-2 52% 

Sy Underground workings 1.8E-1 5.0E-1 83% 

Sy Hebden Seams (0-100m)1 7.5E-4 9.0E-3 17% 

Sy Hebden Seams (100-200m)1 6.4E-4 3.3E-2 65% 

Sy Hebden Seams (> 200m)1 6.2E-4 2.3E-2 44% 

Sy Interburden 6.7E-4 4.4E-2 88% 

Sy Saltwater Creek 5.6E-4 3.0E-2 59% 

Sy Upper Cumnock Workings 3.4E-3 6.8E-3 66% 

Sy Lower Cumnock Workings 4.7E-3 7.9E-3 57% 

 

Ss All confined units 5.0E-6 5.0E-6 100 

 

Kx (m/d) Alluvium 6.5E-1 3.6E+0 1% 

Kx (m/d) Regolith 2.3E-3 9.9E-3 < 1% 

Kx (m/d) Interburden 5.5E-5 8.7E-4 5% 

Kx (m/d) Bayswater Seams (0-100m)1 7.1E-4 2.4E-3 13% 

Kx (m/d) Bayswater Seams (100-200m)1 1.7E-4 6.5E-4 29% 

Kx (m/d) Bayswater Seams (> 200m)1 7.0E-5 1.4E-4 4% 

Kx (m/d) Archerfield Sandstone 9.1E-7 8.1E-5 3% 

Kx (m/d) Interburden \ Lemington Seam 7.1E-6 5.8E-4 < 1% 

Kx (m/d) Pikes Gully & Liddell Seams (0-100m)1 5.8E-3 2.4E-2 2% 

Kx (m/d) Pikes Gully & Liddell Seams (100-200m)1 3.2E-3 1.6E-2 7% 

Kx (m/d) Pikes Gully & Liddell Seams (> 200m)1 1.1E-3 4.6E-3 8% 

Kx (m/d) Arties Seams (0-100m)1 2.0E-2 8.8E-2 33% 

Kx (m/d) Arties Seams (100-200m)1 7.3E-3 1.4E-2 10% 

Kx (m/d) Arties Seams (> 200m)1 2.2E-3 4.2E-3 27% 

Kx (m/d) Barrett Seams (0-100m)1 6.4E-3 2.5E-2 22% 

Kx (m/d) Barrett Seams (100-200m)1 1.6E-3 4.4E-3 15% 

Kx (m/d) Barrett Seams (>200m)1 2.8E-3 4.5E-3 23% 

Kx (m/d) Underground workings 1.9E+1 9.3E+2 92% 

Kx (m/d) Hebden Seams (0-100m)1 6.4E-3 2.0E-1 12% 

Kx (m/d) Hebden Seams (100-200m)1 1.5E-3 1.9E-2 4% 

Kx (m/d) Hebden Seams (> 200m)1 2.0E-4 3.2E-2 26% 

Kx (m/d) Interburden 1.9E-6 9.4E-6 7% 
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Model 
Parameter Geologic unit Minimum Maximum Percent of 

Stochastic Range 

Kx (m/d) Saltwater Creek 1.1E-6 2.1E-4 < 1% 

Kz (m/d) Alluvium 4.5E-02 4.2E-01 < 1% 

Kz (m/d) Regolith 1.0E-04 5.8E-04 < 1% 

Kz (m/d) Interburden 1.8E-06 3.9E-05 6% 

Kz (m/d) Bayswater Seams (0-100m)1 2.1E-05 9.9E-05 29% 

Kz (m/d) Bayswater Seams (100-200m)1 4.6E-06 5.6E-05 45% 

Kz (m/d) Bayswater Seams (> 200m)1 4.3E-06 1.3E-05 6% 

Kz (m/d) Archerfield Sandstone 3.4E-07 3.2E-05 4% 

Kz (m/d) Interburden \ Lemington Seam 2.3E-07 4.3E-05 < 1% 

Kz (m/d) Pikes Gully & Liddell Seams (0-100m)1 3.5E-06 8.6E-04 2% 

Kz (m/d) Pikes Gully & Liddell Seams (100-200m)1 3.6E-06 2.8E-04 3% 

Kz (m/d) Pikes Gully & Liddell Seams (> 200m)1 5.1E-06 2.3E-04 13% 

Kz (m/d) Arties Seams (0-100m)1 9.5E-05 3.9E-03 29% 

Kz (m/d) Arties Seams (100-200m)1 7.0E-06 7.4E-04 19% 

Kz (m/d) Arties Seams (> 200m)1 6.3E-06 1.5E-04 23% 

Kz (m/d) Barrett Seams (0-100m)1 2.4E-06 1.9E-03 34% 

Kz (m/d) Barrett Seams (100-200m)1 7.8E-06 2.8E-04 19% 

Kz (m/d) Barrett Seams (>200m)1 7.6E-06 3.2E-04 39% 

Kz (m/d) Underground workings 1.9E+01 9.3E+02 92% 

Kz (m/d) Hebden Seams (0-100m)1 3.0E-05 8.8E-03 17% 

Kz (m/d) Hebden Seams (100-200m)1 8.7E-06 6.3E-04 6% 

Kz (m/d) Hebden Seams (> 200m)1 2.0E-06 2.1E-03 39% 

Kz (m/d) Interburden 4.6E-08 4.3E-07 3% 

Kz (m/d) Saltwater Creek 2.5E-08 1.0E-05 < 1% 

 
Conductance 
(m2/d) Hunter River (River cells) 7.6E+0 9.9E+4 20% 

Conductance 
(m2/d) Glennies Creek (River cells) 1.3E-1 1.6E+4 3% 

Conductance 
(m2/d) Bowmans Creek (Stream cells) 3.9E+0 7.4E+2 74% 

Conductance 
(m2/d) General Head Boundary cells 8.5E+1 9.9E+4 20% 

 

Recharge2 Alluvium 3% 9% 32% 

Recharge2 All other coal seam and interburden zones 0.002% 2% 99% 

Recharge2 Backfill 3% 5% 57% 
1 Following the convention of Mackie, 2009 
2 Percent of annual rainfall (Station # 61086) equal to 645 mm/yr (www.bom.gov.au) 
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 Figure 3-7 – Model Parameter Sensitivity: Horizontal Hydraulic Conductivity 

 

 Figure 3-8 – Model Parameter Sensitivity: Vertical Hydraulic Conductivity 
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 Figure 3-9 – Model Parameter Sensitivity: Specific Yield 

 

 Figure 3-10 – Model Parameter Sensitivity: Boundary Conductance 
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 Figure 3-11 – Model Parameter Sensitivity: Recharge 

 

 

3.8 Baseflow estimations 
Loss of streamflow flow to Bowmans Creek due to reduced groundwater input was estimated from 
reduction in flow to stream cells along Bowmans Creek (Figure 3-2) and this was compared to 
baseflow estimations from analysis of streamflow data at the gauges along this creek (Table 3-7). 
Whilst the model provides output data at an annual time step, there is good agreement between 
the model and long-term median values at the gauges (Figure 3-12).   

• Table 3-7 – Calculated baseflow component to streamflow at gauges along Bowmans 
Creek 

Stream gauge1 
Median baseflow2 

(ML/day) 
Period of 

assessment 

210113 1.0 1980-1985 
210115 3.9 1981-1985 
210116 3.4 1982-1985 
210042 0.4 1980-1999 
210130 2.1 1993-2009 
1 For locations see Figure 2-4 
2 Calculated using Basejumper® software (see Section 2.4) 
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• Figure 3-12 – Modelled baseflow from the eleven calibrated realisations compared to 
estimated baseflow from streamflow data from gauges along Bowmans Creek 

 

 

3.9 Predictive Simulations 
Following model calibration, the stochastic datasets were used to run predictive simulations to 
investigate the potential impacts of mining activities on local aquifer systems. The objectives of the 
predictive simulations were to estimate: 

• Potential reductions in groundwater flow to Bowmans Creek and its alluvial aquifer as a result 
of the proposed mine extensions; 

• Drawdown in the bedrock and Bowmans Creek alluvium as a result of the proposed 
modification; 

• The cumulative impacts of the proposed modification within the context of regional mining 
operations; 

• Pit inflows and dewatering requirements; and  

• Post mining equilibrium and the time period to reach equilibrium.  

Predictive simulations were undertaken using three different scenarios in order to better quantify 
the potential impacts of the proposed mine extensions at LCO on groundwater resources: 

• No Liddell case: including other mining operations in the area but excluding all historical and 
future mining activities at LCO; 
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• Approved case: simulates all historical, current and approved future mining operations at LCO; 
and 

• Proposed case: includes all historical, current and approved future mining operations at LCO 
including the proposed modifications that are the focus of this assessment. 

Model results for the No Liddell and Approved case simulations provide an estimation of the 
cumulative impacts to local groundwater resources that can be attributed to historical and currently 
approved mining operations at LCO. Results for the Proposed and Approved case simulations 
provide estimates of the additional impacts (if any) that can be attributed to the proposed 
extensions to open cut pits.  

The annual progression of the South Pit and Entrance Pits simulated for the Proposed case 
scenario is shown in Figure 3-13. Drain cells within the boundary of the pit shells were 
progressively switched on for the years shown in Figure 3-13 to simulate the extension of the pits 
under the proposed modification. For modelling purposes progression of the South Pit beneath the 
MIA was simulated for the 2022 time-step. Initial predictive simulations including progression 
through the MIA in the 2023 time-step, as is planned, showed this extension has minimal impact on 
leakage rates and groundwater extraction requirements. For the Approved case scenario, only pit 
shells to 2019 were used, with subsequent mine closure. 

Predictive model results for groundwater fluxes from the Bowmans Creek alluvial aquifer, 
drawdown in the alluvium and hard rock aquifer, estimates of pit inflows and dewatering 
requirements, and post mining equilibrium are presented in the following sections. For the 
purposes of this groundwater impact assessment the results and estimates presented have been 
evaluated within the following context. 

• Given the extent and complexity of the model and the amount of data available, substantial 
assumptions and simplifications were required to facilitate model construction and 
development. In keeping with standard practice, SKM adopted conservative values for model 
parameters for which reliable data was either unavailable or unknown. As a result the 
predictive model results presented are considered conservative estimates of potential impacts. 

• The Hunter Unregulated and Alluvial WSP commenced in August 2009 and specified 
sustainable allocations of water from Jerrys Water Source based on agricultural, industrial and 
stock and domestic use at the time of commencement (refer Section 1.5.1). No specific 
estimation or provision for water use by mining operations was made in the allocations. The 
predictive model results presented here have therefore been assessed against a reference 
baseline of 2009 to correspond with the introduction of the Hunter Unregulated and Alluvial 
WSP. 
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 Figure 3-13 – Modelled Open Pit Progression for Proposed Case Scenario 
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3.9.1 Estimated Groundwater Fluxes and Drawdowns 
Results from the predictive simulations were analysed to evaluate estimated changes in 
groundwater flux and corresponding drawdown effects on the Bowmans Creek alluvial aquifer as a 
result of mining activities at LCO. By subtracting the estimated groundwater flux to the model layer 
representing the Bowmans Creek alluvium under the No Liddell scenario from the Approved 
scenario, the cumulative impact of current mining activities at LCO can be isolated. Similarly, the 
difference between the No Liddell and Proposed case scenarios allows the cumulative contribution 
of mining activities under the proposed modification to be quantified.  

Figure 3-14 shows the estimated groundwater flux to the Bowmans Creek alluvium under currently 
approved mining operations (Approved case) and for the proposed modification (Proposed case) 
as well as the case if Liddell where not to exist (no Liddell). The lines shown represent the median 
(50th percentile) of results from the calibrated datasets. Negative values represent flux out of the 
alluvium to the hard rock beneath. 

 Figure 3-14 – Estimated Groundwater Flux to Bowmans Creek Alluvium  

 

The estimates are provided for the duration of the modelling runs from 1982 to 2030 (1980 
represents the steady-state, pre-recent development levels). The start of the recovery post mining 
(2022) can be seen, as well as the significant impact from other operations in the region on 
Bowmans Creek since 2008.  
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Analysis of Figure 3-14 provides an understanding of the influence of current and proposed mining 
activities on estimated groundwater fluxes to the Bowmans Creek alluvium. In particular, Figure 
3-14 shows: 

•  Prior to 2019 the estimated leakage from the Bowmans Creek alluvium under the Proposed 
case scenario is virtually identical to the predicted groundwater fluxes under the Approved 
case scenario. These model results indicate that up to 2019 the estimated leakage under the 
proposed modification will be only slightly greater than that occurring under the currently 
approved mine plans. 

• After 2019 the Approved case curve flattens, reflecting the beginning of system recovery 
following the end of mining under the currently approved mining plans. This recovery 
corresponds with the cessation of dewatering of former underground workings from the 8 
South 2, Middle Liddell (MLB), and M49 pumping bores. 

• The similarity in leakage estimates for the Approved and Proposed case scenarios prior to 
2019 confirms that dewatering of underground workings is primarily responsible for the 
groundwater losses from the Bowmans Creek alluvium. The progression of the South Pit 
between 2013 and 2019 in the Proposed case scenario appears to have negligible effect on 
the predicted leakage rates. 

• After 2019 the extension of the Entrance Pit begins to have minor additional impacts on 
leakage rates from the alluvium through to 2021. Between 2021 and 2022 the predicted 
losses increase by approximately 30 ML/year. This peak leakage rate corresponds to 
progression of the Entrance Pit to the south-eastern side of the dyke and Davis Creek Fault 
and into the M49 underground workings. 

The Hunter Unregulated and Alluvial Water Sharing Plan (HUAWSP) commenced in August 2009. 
Estimated leakage from the Bowmans Creek Alluvium at that time was 50 ML/year (Figure 3-14). If 
all impacts to Bowmans Creek from that time are ascribed to LCO, the Proposed Development 
would contribute a maximum of about 105 ML/year (in the final year of mining of the Entrance Pit). 
This is less than the current licensed allocation held by LCO for this water source.  

Notwithstanding, the model can assess the impact of all mining in the region excluding the impacts 
of Liddell. That is, if Liddell did not exist. Subtracting this “No Liddell” scenario from the other 
scenarios (Figure 3-15) shows that from the end of 2009 (to correlate with the introduction of the 
Hunter Unregulated and Alluvial WSP) the approved development may result in about 30-35 
ML/year additional leakage from the Bowmans Creek Alluvium into the underlying rocks by about 
2015, stabilising after that date.  

The Proposed Development may result in a short (1-2 year) period of increased additional leakage 
to 65 ML/year (an additional 15 ML/year), reducing to a total leakage potentially attributable to LCO 
of about 50 ML/year in 2023 (Figure 3-14). 
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• Figure 3-15 – Estimated Incremental Flux to Bowmans Creek Accountable to the Project 

 

 

Figure 3-16 provides the estimated additional drawdown within the Bowmans Creek alluvial model 
layer under the Proposed case scenario relative to the Approved case (i.e. results of the Proposed 
case minus the Approved case) for the years 2019 and 2022. Drawdown estimates have been 
presented in this format to provide an indication of the estimated additional (or incremental) impact 
of the proposed modification relative to currently approved mine plans. It should be noted, 
however, that the incremental drawdown attributable to the proposed modification also takes into 
account the predicted recovery of groundwater flows to the alluvium (i.e. reduction in leakage) for 
the Approved case scenario beginning in 2019. 

Drawdown in the alluvium is limited to two small areas over the old Upper Liddell underground 
workings and do not exceed 2 metres for the worse impacted year (2022). Drawdown is restricted 
to areas along Bowmans Creek closest to the final pit shell boundary and overly zones previously 
noted as showing fracturing due to the underlying workings. 

Predicted additional groundwater drawdown for the Upper Pikes Gully, Liddell A and B, and Barrett 
coal seams are shown in Figure 3-17. Significant drawdown (up to 80 m) is shown for the coal 
seams due to the dewatering required to undertake mining activities. 

Drawdown is centred on the intersection of the workings with the Davis Creek fault and extends to 
a radius of three kilometres at its maximum extent (2022). Upon cessation of mining activities in the 
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Entrance Pit in 2022, de-watering is ceased and groundwater levels begin to return to pre-mining 
levels (see Section 3.9.3). 

Recent groundwater monitoring data for LCO (refer Section 2.6.4) indicates groundwater levels in 
the alluvium have largely been stable, including over the 2010 to 2013 period over which the model 
is estimating leakage rates up to 120 ML/year. As the model predicts similar leakage rates under 
both the Approved and Proposed case scenarios in 2019, the resulting incremental drawdown is 
negligible. Furthermore, with the exception of 2022, the groundwater losses predicted are similar in 
magnitude to the rates estimated by the model for current (2013) mining operations at LCO.  

Considering the monitoring data available, current and peak estimated leakage rates, the 
conservative assumptions adopted in constructing and calibrating the model, and the predicted 
recovery in groundwater flows for the Approved case scenario, the incremental drawdown shown 
for 2022 likely represents a conservative prediction. Additional monitoring data and corresponding 
revision and validation of the groundwater model under the proposed modification will refine and 
provide additional confidence in these estimates. 

Interrogation of the model provides insight into the mechanisms and causes of the groundwater 
losses and corresponding drawdown predicted within the Bowmans Creek alluvial aquifer. As 
described above, the progression of the South Pit under the proposed modification appears to have 
negligible additional impact on groundwater flows and drawdown from the alluvium, while the 
Entrance Pit progression has minimal impacts up to 2021. The similarity in results for the Approved 
case and Proposed case scenarios up to 2019, plus the immediate recovery observed in the 
Approved case scenario after 2019 when dewatering ends, indicates that the predicted losses are 
primarily due to dewatering of the underground workings (from the 8 South 2, Middle Liddell (MLB), 
and M49 bores). The actual progression of the South Pit, and to a lesser extent the Entrance Pit, 
under the Proposed case scenario has little effect on the predicted alluvial leakage rates. 

After 2021, however, the estimated leakage under the proposed modification increases significantly 
to a peak of 65 ML/year. Figure 3-13 shows that this year corresponds to progression of the 
Entrance Pit to the south eastern side of the dyke and Davis Creek Fault and into the former Liddell 
underground workings that are dewatered by the M49 bore. As discussed in Section 2.6.4, 
historical data and reports indicate leakage into the Liddell seam has previously been recorded in 
this area, attributed to fractures and cracking within the intervening strata between the alluvium and 
underground workings (MER, 2001; Umwelt, 2006). These reported fracture zones were 
represented in the model in the form of increased vertical conductivity for model cells within the 
suspected areas, including the interburden layers which otherwise represent confining model 
layers. As the extension of the Entrance Pit reaches this area, the depressurization (de-watering) of 
the underground Liddell workings, required to accommodate the pit progression, leads to increased 
vertical leakage and corresponding drawdown within the overlying alluvial aquifer. 

Previous environmental assessments have suggested that any cracking created above the former 
Liddell underground workings has since sealed. Umwelt (2006) previously reported that “several 
investigations and a review of monitoring data led the [DNR] to conclude that creek flows have re-
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established and long term loss of flow has resulted from previous mining.” There is a possibility, 
however, that the surface water and groundwater systems may have achieved a new equilibrium 
that still includes a constant leakage via higher permeability (i.e. cracking, fracture) areas (MER, 
2001). 

Given these considerations, SKM adopted a pre-cautionary approach for the representation of 
these specific cracking and fracture areas within the regional groundwater model. In order to 
provide a conservative assessment (i.e. worst-case scenario), suspected fracture zones were 
implemented in the model using increased vertical conductivity values under the assumption that 
cracking is still present and leakage is still occurring and this would provide a conservative 
evaluation of potential impacts to the overlying alluvial aquifer (refer Section 3.5.3). Collection of 
additional monitoring and lithology data in these areas will provide an improved understanding of 
the presence and extent of any connective cracking. 
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 Figure 3-16 – Predicted Drawdown for Bowmans Creek Alluvium Resulting from Proposed Modification  
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 Figure 3-17 – Predicted Drawdown for Coal Seams Resulting from Proposed Modification  
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3.9.2 Estimated Pit Inflows and Dewatering 
In addition to estimates of reductions in groundwater flow to alluvial systems and groundwater 
drawdown, the predictive simulations also provide estimates of pit inflows and dewatering 
requirements needed to accommodate the proposed extensions to open cut pits. Figure 3-18 and 
Figure 3-19 show estimated rates of pit inflows into the South Pit and Entrance Pit, respectively, 
for the duration of mining under the proposed modification.  

De-watering of the coal measures has occurred throughout the mine’s history. This has historically 
been carried out to maintain water levels in the underground workings to prescribed levels and 
relates to variable inflows as the mine progressed to the south and east, with dominant regional 
groundwater flow from the north and east. The mine progression, therefore also results in periodic 
increases in pit inflows as the pit shell intersects preferential flow regions in the geology and 
different sections of the seams.  

 Figure 3-18 – Estimated Pit Inflows at South Pit 

 
Monitoring of pit inflows has not been routinely undertaken. De-watering bores in the underground 
workings are now being progressively equipped with flow meters to enable future determinations of 
pit inflow. Estimated inflows of 800 ML were suggested for 2012 from mass balance considerations 
across the mine site (pers. Comm. Gilberts and Associates, 2013). This equates to about 2 ML/day 
and is comparable to the estimated results for simulated flows of about 4 ML/day (simulated values 
were between 1163 and 1953 ML/year).  
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 Figure 3-19 – Estimated Pit Inflows at Entrance Pit 

 

As groundwater flow in the region is predominantly to the south and west, progression of South Pit 
ahead of Entrance Pit means no to minimal inflows occur into Entrance Pit until both operations 
cross the Davis Fault structure in 2021 (year 8) and the open pits intersect groundwater storage 
isolated from earlier South Pit operations (Figure 3-13). At this time, the Entrance Pit will intersect 
the bulk of groundwater (from the north and east) and minimal inflow will occur to South Pit. 

Figure 3-20 shows the total estimated groundwater extraction required to accommodate the 
proposed modification. The total extraction requirements are the sum of the pit inflows and 
dewatering rates (from bores within the underground workings) predicted in the model simulations, 
with the rates determined in ML/year to allow comparison with groundwater extraction licences held 
by LCO.  
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 Figure 3-20 – Total Estimated Groundwater Extraction Requirements 

 

 

3.9.3 Post Mining Equilibrium 
Steady state post mining equilibrium simulations were conducted using final void water level 
information calculated by Gilberts & Associates (G&A, 2013) in their water balance assessment for 
the proposed modification. Water levels in the final voids of the South Pit and Entrance Pit 
determined by G&A (2013) were used as boundary conditions in the post mining equilibrium 
simulations. Results of the G&A assessment and the post mining equilibrium simulations provided 
the following conclusions: 

• G&A (2013) determined that water levels within the final voids of the South Pit and Entrance Pit 
recover and stabilise to approximately 67 m AHD within 50 years following the end of mining. 

• Peak estimated inflow rates to the Entrance Pit and South Pit final voids are predicted to be 
approximately 43 ML/day and 14 ML/day, respectively. 

• Steady state simulations using the final void equilibrium water levels provided by G&A (2013) 
indicate the Entrance Pit final void will act as a sink for groundwater flow from the surrounding 
hard rock aquifer (i.e. groundwater heads in the surrounding aquifer will be greater than the 
final void water level), and the South Pit final void will act as a source of groundwater flow to 
the hard rock aquifer when water levels are above approximately 65 m AHD. 

• As parts of the final voids will not be backfilled, G&A (2013) predicts that evaporation will cause 
salinity in the South Pit to increase continuously over time. According to G&A (2013), salinity 
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levels in the Entrance Pit are predicted to stabilise at approximately 4,200 mg/L due to 
groundwater inflows and water transfer to the South Pit via the remnant Middle Liddell 
underground workings. 

• Steady state post mining equilibrium simulations indicate groundwater heads within the 
Bowmans Creek alluvial aquifer recover to levels equal to or above the estimated and 
observed levels at the introduction of the Hunter Unregulated and Alluvial WSP (August 2009), 
and above water levels in the Entrance Pit and South Pit final voids. This ensures no leakage 
occurs from the final voids to the alluvial aquifer.  

Potential long term impacts to groundwater in the hard rock aquifer may result from leakage of 
increasingly saline water from the South Pit final void when water levels in the void rise above 
approximately 65 m AHD. However, the groundwater in this aquifer is already brackish (up to 5,000 
µS/cm), and no users of this aquifer have been identified. 

3.9.4 Time-step considerations 
The numerical model generates results (outputs) at an annual time-step over the duration of the 
development proposal and for longer periods before and after. An assessment of the use of shorter 
time-steps (to encompass seasonal variability in water tables and surface water flows) was 
undertaken and determined to be of limited application for the following reasons: 

 The simulated results for the water tables at bore locations in the alluvium corresponding to 
observed data (ALV-L series) mimic the observed average heads for those alluvium bores 
along Bowmans Creek (Figure 3-21). 

 Median baseflow estimates from gauge data along Bowmans Creek are similar to median 
simulated baseflows determined from analysis of changes to fluxes to stream cells along 
Bowmans Creek (Figure 3-12). 

 Mining operations are credible only to an approximately annual resolution, particularly pre-
2010. 

 Ecological impacts are determined to be negligible under all modelled scenarios, particularly 
when considering past impacts. 

 Discretisation of annual stress periods to finer scale (monthly or seasonal) would require 
information and discretisation of all 38 mining operations that have been modelled, including 
mines for which we have limited information. 

 The resulting information will imply a level of knowledge that would far exceed reality. 

For these reasons, modelling has been conducted using annual steps as the finest resolution.  
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• Figure 3-21 – Modelled groundwater levels along Bowmans Creek alluvium compared to 
annual average groundwater levels recorded  at equivalent bore locations. 

 

 

3.10 Groundwater Water Balance 
Site water balance results and predictions are provided by Gilberts & Associates (2013). The 
groundwater inputs to the GoldSIM model used to estimate site water balance constituted lumped 
volumes for inflows to the open pits and losses from the alluvium. These lumped values were 
derived from a detailed groundwater balance for each year of the model. An example of the water 
balance values through time from the median realisation (#S890) is illustrated in Figure 3-22. 

Detailed snapshots of the water fluxes across the model domain have been extracted for two years 
for indicative purposes. Thus, Figure 3-23 and Figure 3-24 illustrate the water balance distribution 
for years 5 and 9 of the proposal, respectively. These represent average mine fluxes prior to 
encroachment over a major fault structure (the Davis Fault zone – which is thought to enhance 
vertical connectivity) in approximately year 5 of the Project and end of mining fluxes in 
approximately year 9.   
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• Figure 3-22 – Temporal changes in water balance for the median calibrated realisation 
(S890) 
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• Figure 3-23 - Modelled regional and local water balance for LCO in Year 5 (approximately 2018)  

•  



LCO Development Consent Modification 5 
Groundwater Impact Assessment 
January 2014 
 

SINCLAIR KNIGHT MERZ       
 
Liddell GIA V08_20140207_Final.docx PAGE 98 

 

• Figure 3-24 - Modelled regional and local water balance for LCO in Year 9 (approximately 2022) 

•  
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Water balances for 2012 (end of calibration period), 2018 and 2022 for the median realisation 
(S890) are presented in Table 3-8. 

• Table 3-8 – Water mass balances for selected years across the regional groundwater 
model domain (units in ML/day) 

Mass balance component 2012 2018 2022 
INFLOWS 

River -4.55 -4.44 -4.42 

Drain 0.00 0.00 0.00 

General Head Boundaries -1.10 -1.16 -1.19 

Storage -14.07 -11.61 -4.65 

Recharge -11.21 -12.74 -25.16 
OUTFLOWS 

River 2.45 2.46 2.46 

Drains 19.92 16.64 5.82 

General Head Boundaries 0.33 0.31 0.26 

Stream 0.66 0.51 0.44 

Storage 2.36 4.67 16.88 

Evapotranspiration 5.29 5.38 9.50 

 
Total inflows -30.93 -29.95 -35.42 
Total outflows 31.01 29.97 35.36 
Balance 0.08 0.02 -0.06 
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4. Groundwater Impacts Assessment 
The groundwater impacts assessment focuses on the effects of mining-related activities on the 
region’s groundwater systems. Howe et al. (2010) identified four categories into which direct 
impacts can be classified:  

• Groundwater quantity – e.g. dewatering activities, hydraulic load associated with the mine 
waste facilities; 

• Groundwater quality – e.g. acid rock drainage, which has the potential to impact on pH and 
mobilise metals; 

• Groundwater – surface water interactions; and 

• Physical disruption of aquifers – e.g. through removal of an ore body. 

To assess the risks from these direct impacts, potential receptors must be identified and evaluated 
with respect to their likelihood for exposure and their response to such impacts. Potential receptors 
to such impacts include environmental, social and cultural, and economic users of groundwater 
resources. 

The potential impacts of mining and related activities on these receptors can be assessed from the 
results of numerical groundwater models such as that presented in the previous section. Results 
from predictive model scenarios, combined with other contextual information on LCO, have been 
used to evaluate the potential impacts to groundwater resulting from the proposed open cut 
extensions at LCO. 

4.1 Potential Direct Impacts 
4.1.1 Groundwater Quantity 
Perhaps the most significant direct effects on groundwater systems resulting from mining 
operations are impacts to groundwater quantity, through either reduction in groundwater levels and 
pressures due to extraction and dewatering, or through additional hydraulic loads at mine waste 
and backfill areas where seepage rates are higher than surrounds. Historical mining operations at 
LCO and in the surrounding region have caused depressurisation and dewatering of coal seams of 
the regional hard rock aquifer to accommodate mining activities. Current open pit operations at 
LCO extract coal from the Lemington, Pikes Gully, Arties, Liddell and Barrett seams of the 
Wittingham Coal Measures (GSS, 2011) and intersect historical underground workings in the area 
(the former Liddell underground). These historical underground workings contain substantial 
amounts of groundwater, requiring in-pit pumping and local dewatering to maintain suitable working 
conditions. As a result, current and historical mining operations at LCO and in the local region have 
already had significant impacts on groundwater quantity within the regional hard rock aquifer.  

Impacts to Bowmans Creek Alluvium 
Current model simulations predict that the proposed modifications at LCO will impact groundwater 
quantity in both the regional hard rock aquifer, where dewatering is required to accommodate 
mining operations, and for the alluvial aquifer of Bowmans Creek through increased induced 
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leakage. Estimated groundwater losses from the alluvium are predicted to increase slowly through 
to 2019 to approximately 120 ML/year, with a predicted further increase to around 125 ML/year in 
2020. Between 2021 and 2022, estimated losses are predicted to peak, with simulations estimating 
a cumulative loss of up to 155 ML/year attributable to all mining operations in the region with the 
proposed modification at LCO accounting for up to 65 ML/year (refer Figure 3-14). As reasoned in 
Section 3.9.1, these estimates are considered conservative and actual impacts will be less than 
predicted. On-going monitoring and evaluation is required to substantiate these predictions.  

Monitoring data and predictive model results indicate that peak estimated groundwater losses from 
the Bowmans Creek alluvium at the end of mining (year 2022) may locally result in just over one 
meter drawdown within the alluvial aquifer. This drawdown estimate falls below the minimal impact 
criteria for aquifer interference activities (maximum two meter decline in water table) as specified in 
the Aquifer Interference Policy (NSW, 2012). Predictive simulations (allowing recovery to steady 
state conditions) further indicate that alluvial groundwater levels will return to current (2013) levels 
within 50 years following the end of mining (G&A, 2013). 

As discussed in Section 2.6.4, historical mining activities in the coal seams beneath Bowmans 
Creek are suspected to have introduced cracking and leakage from the alluvial aquifer into the 
underground workings (MER, 2001), though climatic data for the period in question makes it 
difficult to establish the causes of the reported drying of the creek and local bores. Nevertheless 
since 2001 monitoring data for alluvial groundwater levels indicates that leakage from the 
Bowmans Creek alluvium, if present, is not substantial enough to have resulted in measurable 
drawdown of groundwater levels within the alluvial aquifer (refer Figure 2-14).  

Impacts to Hard Rock Aquifers 
Predicted drawdown plots for the hard rock aquifer associated with the coal measures (Figure 
3-17) show significant reductions in groundwater pressures, with maximum predicted drawdown up 
to 80 m in the Liddell and Barrett seams at the end of mining (year 2022). Such significant 
drawdown is to be expected as these seams require dewatering as the target coal reserve for the 
open pits. The predicted drawdown extends beneath the Entrance and South Pits to the southeast 
beyond the LCO boundary, with Figure 3-17 showing the significant influence of the northeast to 
southwest trending dyke and Davis Creek Fault (refer Section 2.6.4) in restricting the cone of 
depression to this area. 

Figure 3-20 shows the total estimated groundwater extraction required to accommodate the 
proposed modification, calculated from the sum of the estimated pit inflows in the South Pit and 
Entrance Pit and the estimated dewatering rates from dewatering bores Hazeldene 1/2, M49 and 
Middle Liddell (MLB) Bore. Results from predictive simulations show extraction requirements will 
continue to decline over the next six years and will then peak at around 5,500 ML/year in 2021 
when mining extends to the east of the Davis Creek Fault. LCO currently holds licences to extract 
27,000 ML/year of groundwater from the regional hard rock aquifer, an amount well above the 
estimated requirements for the proposed modification. 
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The expansion of open cut pits at LCO will modify the long-term hydrogeologic regime in the area 
following the cessation of mining activities, resulting in changes to post-mining equilibrium 
groundwater levels. Within the hard rock aquifer post-mining equilibrium groundwater levels will be 
influenced by the final voids, which also serve as discharge areas for the former Liddell 
underground workings. Estimated peak inflows to the Entrance Pit and South Pit final voids are 
predicted to be approximately 15 ML/day and 8 ML/day, respectively. According to G&A’s water 
balance assessment (2013) for the proposed modification, water levels in the final voids are 
predicted to equilibrate to approximately 67 m AHD within 50 years following the end of mining. 
This is based on long-term, historic rainfall records. Steady state simulations, using these 
equilibrium water levels in the groundwater model, predict the Entrance Pit would be a groundwater 
sink while the South Pit is predicted to act as a source of groundwater to the shallow regional hard 
rock aquifer. 

Long term impacts to the hard rock aquifers will be localised within the mining lease area and will 
not impact non-mining users. 

4.1.2 Groundwater Quality 
Impacts to groundwater quality resulting from mining activities are typically associated with two 
main issues: 

• Potential acidification and subsequent mobilization of heavy metals resulting from acid rock 
drainage (ARD); and 

• Changes in salinity due to mixing of groundwater and/or surface water sources, evaporative 
losses from open pits or shallow water tables, or alterations in hydraulic gradients resulting 
from mining activities. 

ARD occurs when sulphide-bearing rocks oxidize during mining operations, either through 
exposure to oxygenated waters or to atmospheric conditions, resulting in acidic leachate capable of 
mobilising heavy metals hosted within the rock. Both the low pH of the leachate and the 
mobilisation of toxic metals can have significant impacts on surface water and groundwater 
resources. 

Historical groundwater monitoring data at LCO and other regional mines (Aquaterra, 2009b) 
suggests the coal and rock extracted from the Wittingham Coal Measures do not contain any 
significant acid forming potential. pH data recorded for the regional hard rock monitoring bores at 
LCO (Figure 2-20) has remained consistent since the beginning of current open cut operations, 
and water quality data has not revealed any distinct trends in heavy metals concentrations 
(Appendix A). As a result, impacts to groundwater quality as a result of ARD are considered highly 
unlikely under the proposed open cut extensions. 

Mining operations may also impact groundwater quality through changes in salinity, for example if 
saline water was collected and/or generated in mine workings and then allowed to enter fresher 
alluvial aquifers. Impacts to groundwater salinity can also occur if an upward pressure gradient 
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exists between the deeper, more saline hard rock aquifer associated with the coal measures and 
the fresher alluvial aquifers associated with the Hunter River and its tributaries. 

For the current and proposed open cut operations at LCO, model simulations predict groundwater 
fluxes from the Bowmans Creek alluvial layer into the underlying hard rock aquifer, meaning 
upward leakage from the coal measures to the alluvium is unlikely to be occurring. While previous 
assessments for LCO have suggested potential for upward leakage (MER, 2001), current and 
historical open cut and underground mining operations are expected to have altered the 
hydrogeological regime sufficiently to limit such pressure gradients. A small upward potential is 
observed in bores to the north of the operations, but not adjacent to, or south of, LCO where 
impacts to water quality are more likely to occur. Historical groundwater monitoring of alluvial bores 
do not reflect any significant trends in EC readings with the exception of bore ALV8L. This bore 
recorded a decrease in EC around July 2007 that is likely attributable to heavy rainfall and flooding.  

Steady state post mining equilibrium simulations predict the Entrance Pit final void will act as a 
groundwater sink and void salinity levels will plateau at about 4,000 mg/L, attaining a brackish 
condition. The South Pit final void will act as a source for groundwater flow to the surrounding hard 
rock aquifer when the final void water levels are above approximately 65 m AHD and G&A’s water 
balance assessment (2013) predicts salinity in the South Pit final void will gradually increase over 
time due to on-going evaporation (G&A, 2013). Predicted post mining equilibrium water levels in 
the final voids are lower than predicted groundwater heads within the Bowmans Creek alluvial 
aquifer, however, indicating leakage from the voids to the alluvial aquifer is unlikely to occur. Long 
term impacts (>100 years) to groundwater quality in the hard rock aquifer are possible due to 
potential leakage of increasingly brackish water (up to 12,000 mg/L) from the South Pit final void 
when water levels are above approximately 65 m AHD. No private users will be impacted by this 
potential change in quality.  

4.1.3 Surface Water – Groundwater Interaction 
Mining related activities can have significant effects on surface water – groundwater interactions, 
usually due to either physical alterations to the landscape or groundwater extractions that change 
the natural dynamic relationship between surface water and groundwater systems. In the Upper 
Hunter Valley, surface water systems that may be affected by regional mining operations include 
the Hunter River and its tributaries. These are regulated under the NSW Water Management Act 
2000, and the alluvial areas are considered BSAL under the Upper Hunter Strategic Regional Land 
Use Plan. For the proposed extensions to open cut pits at LCO, potential direct impacts to surface 
water – groundwater systems specifically relate to impacts to Bowmans Creek and its alluvial 
aquifer. 

Model results indicate that the surface water – groundwater system of Bowmans Creek and its 
related alluvium are currently impacted by mining operations at LCO in the form of leakage from 
the alluvial aquifer to the underlying strata. Predictive simulations estimate increased leakage 
under the proposed modifications (refer Figure 3-14). To evaluate the impacts of such leakage, the 
projected losses are compared to the estimated contribution that groundwater baseflow makes to 
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streamflow in Bowmans Creek (refer Section 2.4). Historical streamflow and climactic data were 
used to estimate groundwater contributions to baseflow along Bowmans Creek and is presented in 
Table 2-2. Historical data indicates groundwater baseflow contributes between 20% and 25% of 
total streamflow in the vicinity of LCO, representing between one and 100 ML/day (365 to 36,500 
ML/year). 

Table 2-2 and Figure 2-4 shows the estimated annual baseflow for stream gauges most likely to 
be impacted by current and future mining operations at LCO (e.g. gauges 210115, 210116, 
210042, 210121 and 210130). Estimated baseflow at these gauges ranges from 2,740 ML/year to 
5,950 ML/year. Predicted peak losses in groundwater flow from the Bowmans Creek alluvial aquifer 
resulting from the LCO proposed modifications is estimated to be approximately 65 ML/year at the 
end of mining (year 2022; refer Figure 3-14). This would account for approximately 2% to 5% of 
the estimated annual baseflow contribution to streamflow, or less than 1% of measured annual 
streamflow. These peak leakage rates are predicted to occur for only a limited time period (1-2 
years) and fall well below the range of estimated baseflow contributions observed throughout the 
historical record. The model results suggest the proposed modifications are therefore likely to have 
a minimal impact on the timing and magnitude of interaction between Bowmans Creek and its 
alluvial aquifer. 

Evaluation of historical groundwater monitoring data and predictive model results provides further 
support for the minimal level of impact from current and potential future mining operations at LCO 
on the Bowmans Creek alluvial aquifer. Monitoring data show that alluvial groundwater levels have 
been generally stable since 2001, which includes periods of extensive pumping from underlying 
workings (refer Section 2.6.4). Model simulations predict leakage from the alluvial aquifer is 
occurring during this period due to dewatering, with alluvial groundwater levels in the model also 
remaining stable. Based upon the consistency between monitoring data and model results, and 
considering estimated leakage rates under the proposed modification are not predicted to increase 
significantly until 2021, the predicted impacts on the Bowmans Creek surface water – groundwater 
system are expected to be minimal. 

4.1.4 Aquifer Impact 
In addition to groundwater quantity and quality, mining operations can directly impact groundwater 
resources through physical disruption of an aquifer, which often occurs during removal of an ore 
body. Current and historical mining operations at LCO and in the local area have resulted in 
significant disruption of the regional hard rock aquifer found within the coal measures. The removal 
of coal reserves from historical underground mines (such as the Hazeldene and Liddell 
underground) left subsurface voids, while open cut pits and backfill sequencing can transform 
confined aquifers into unconfined systems with different hydraulic properties. 

Compared to the impacts from the long history of mining activity and extent of operations in the 
local area, the additional impacts to the hard rock aquifer caused by the proposed modification are 
considered minimal. The proposed expansions to the open cut pits will not extend into the 
Bowmans Creek alluvium and will not physically disrupt this aquifer system. 
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4.2 Potential Receptors 
In order to fully assess the risks arising from potential direct impacts to groundwater systems, the 
exposure and response of potential receptors to these impacts must also be evaluated.  The term 
receptor is used here to include social and cultural, environmental, and economic users that may 
rely on groundwater resources.   

4.2.1 Social and Cultural 
Potential social and cultural receptors include users of water resources used for recreational 
purposes and/or social amenity (e.g. water sports, fishing, etc.). The region surrounding LCO is 
characterized by extensive underground and open-cut coal mining operations and in the vicinity of 
LCO Bowmans Creek is not recognized for recreational uses or social amenity. As such no social 
and cultural users of water resources potentially impacted by the proposed modification have been 
identified. 

4.2.2 Environmental 
Potential environmental receptors that may be affected by mining operations at LCO include 
aquatic and riparian ecosystems associated with the Hunter River and its tributaries, which are 
regulated under the Water Management Act 2000 and considered BSAL under the Upper Hunter 
Strategic Regional Land Use Plan. For the proposed modification, Bowmans Creek and its alluvial 
aquifer have been identified in the DGR’s and by NSW Office of Water as potential receptors. 

In addition to the Bowmans Creek alluvial aquifer, groundwater dependent ecosystems (GDEs) 
must be considered as potential environmental receptors that may be affected by the proposed 
mine expansion. In general there are four types of GDEs: 

• Terrestrial ecosystems; 

• Baseflow supported aquatic ecosystems; 

• Wetlands; and 

• Aquifer ecosystems. 

The aquatic ecosystem of Bowmans Creek and its associated riparian vegetation represent 
potential environmental receptors that may be impacted by the proposed mine expansion. Further 
assessment of local ecology and GDEs along Bowmans Creek has been undertaken as part of the 
Environmental Assessment for the proposed modification by Ecological Australia (2013) to 
evaluate their groundwater dependence and the potential impacts to these ecosystems. It is noted 
that previous environmental assessments for LCO concluded that due to the highly disturbed 
nature of the area and the lack of significant floral species, no significant impact would occur from 
mining operations (Umwelt, 2001). There are no known groundwater supported wetlands or 
recognized aquifer ecosystems in the area. 

4.2.3 Economic 
Interrogation of NSW Office of Water’s PINEENA database identified 12 registered groundwater 
bores within 2 km of the LCO DA boundary (refer Section 2.6.2). The database includes 
exploration and test wells that may not have been completed as permanent infrastructure, irrigation 
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and stock and domestic extraction bores, observation and monitoring bores, and privately owned 
bores and a record of bores that may be in use or abandoned.  

Amongst the 12 registered bores within 2 kilometres of the mine boundary (presented in Table 2-5) 
six of the bores are owned by LCO or Glencore’s neighbouring Mt Owen mine and three are 
identified for exploration or mining purposes. Bore GW078085 is registered for stock purposes and 
is located to the northeast of LCO. This bore lies beyond the area of predicted impacts from the 
proposed modification (refer Figure 2-12). The PINEENA database did not contain any ownership 
or purpose information for bores GW080176 and GW080173, however further research revealed 
the lots these bores are located on are owned by Ravensworth Operations P/L and Xstrata Mt 
Owen P/L, respectively. Both of these entities are Glencore mining operations and no other 
economic users of groundwater within the local area are considered potential receptors to impacts 
resulting from the proposed modification.  

Based on the bore information and model predictions of groundwater depressurisation in the 
regional hard rock aquifer that extend beyond the LCO DA boundary (refer Figure 3-17), the only 
neighbouring mining operations that are considered potential economic receptors of groundwater 
impacts caused by the proposed modification at LCO are also owned by Glencore. No other mining 
operations are predicted to be impacted. 

4.3 Groundwater Impacts Assessment 
The groundwater impact assessment provides an evaluation of the magnitude of potential direct 
impacts resulting from the proposed mine extension and the likelihood they will adversely affect the 
receptors identified. The assessment is undertaken from the perspective of the receptors in order 
to better identify potential exposure pathways and resultant risks caused by the proposed activities. 
The potential receptors of groundwater impacts arising from the proposed modification were 
identified amongst social and cultural, environmental, and economic users of groundwater 
resources and include: 

• Social and cultural: no receptors identified; 

• Environmental: Bowmans Creek and its associated alluvial aquifer system, including 
dependent riparian and aquatic ecosystems; and 

• Economic: Neighbouring mining operations. 

Table 4-1 presents the groundwater impacts assessment for the proposed modification, relating 
potential receptors (refer Section 4.2) to potential groundwater impacts (refer Section 4.1) and 
summarizing the resulting risks.  
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 Table 4-1 – Groundwater Impacts Assessment 
Potential 
Receptor 

Direct Impact Discussion 

Bowmans Creek 
alluvium 
(including 
groundwater 
dependent 
ecosystems) 

Groundwater 
quantity 

• Estimated leakage rates as a result of the proposed modification 
are predicted to peak at approximately 65 ML/year at the end of 
mining. LCO currently holds groundwater licence allocations of 
142 ML/year for this water source. 

• Model simulations predict a peak drawdown within the alluvial 
aquifer of less than two metres as a result of the proposed 
modification. This estimated peak drawdown is expected to be 
limited to one year at the end of mining and falls below the 
minimal impact criteria for aquifer interference activities as 
specified in the Aquifer Interference Policy (NSW, 2012). 

• Post mining equilibrium simulations indicate that alluvial 
groundwater levels will return to current (2013) levels within 50 
years following the end of mining. 

Groundwater 
quality 

• Historical monitoring data suggests minimal impacts on 
groundwater quality in the Bowmans Creek alluvial aquifer due 
to current and historical mining operations at LCO. 

• Model simulations provide no indication that the proposed 
modification will alter the hydrogeologic regime in a manner that 
would adversely affect groundwater quality within the Bowmans 
Creek alluvium. Predicted post mining equilibrium water levels 
in the final voids are lower than predicted groundwater heads 
within the Bowmans Creek alluvial aquifer, indicating leakage 
from the voids to the alluvial aquifer is unlikely to occur and 
adversely impact groundwater quality. 

Surface Water – 
Groundwater 
Interaction 

• Estimates of baseflow contributions to Bowmans Creek 
streamflow suggest the predicted peak annual leakage rate (65 
ML/year) caused by the proposed modification accounts for 
approximately 2% to 5% of the estimated baseflow component 
of streamflow and less than 1% of measured annual streamflow. 

• The estimated peak loss of groundwater flow falls well below the 
range of baseflow contributions estimated from the historical 
record (300 to 40,000 ML/year). 

• Recent groundwater monitoring data and predictive model 
results indicate leakage from the alluvial aquifer induced by 
current mining activities at LCO are having negligible impact on 
groundwater levels within the alluvium. 

• Taking these data into account, the estimated losses in 
groundwater flow under the proposed modification is unlikely to 
have a significant impact on streamflow in Bowmans Creek or 
on water levels within the associated alluvial aquifer. 

Aquifer Impact • The proposed open cut extensions do not intercept the 
Bowmans Creek alluvial system.  
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Potential 
Receptor 

Direct Impact Discussion 

Neighbouring 
mining  
operations 

Groundwater 
quantity 

• Predicted depressurisation within the regional hard rock aquifer 
peaks at approximately 80 m in the Liddell and Barrett seams at 
the end of mining. Figure 3-17 shows the predicted maximum 
depressurisation falls within the LCO DA boundary. The zone of 
influence, however, extends beyond the LCO boundary to the 
southeast. While this depressurisation extends beneath 
neighbouring mines, these other operations also require 
depressurisation and dewatering of the coal seams for their own 
mining purposes. As a result the depressurisation of the hard 
rock aquifer caused by the LCO modification is not expected to 
adversely impact neighbouring mining operations. 

• Predicted water levels in the final voids will equilibrate to 
approximately 67 m AHD within 50 years following the end of 
mining (G&A, 2013). Post-mining equilibrium simulations using 
these final void water levels indicate the Entrance Pit would be a 
groundwater sink while the South Pit would potentially act as a 
source of groundwater to the shallow hard rock aquifer resulting 
in minor localised mounding.  

Groundwater 
quality 

• Monitoring data collected as part of current open cut mining 
operations at LCO indicate minimal (if any) impacts to 
groundwater quality for the Bowmans Creek alluvial aquifer or 
regional hard rock aquifer.  

• Following cessation of mining activities, G&A’s water balance 
assessment (2013) predicts salinity in the South Pit final void 
will increase continuously over time (G&A, 2013), resulting in 
the potential for long term impacts to groundwater quality in the 
hard rock aquifer due to leakage of increasingly saline water 
from the South Pit final void when water levels are above 
approximately 65 m AHD. The groundwater in this aquifer is 
already brackish, however, and no private users of this aquifer 
have been identified. 

Surface Water – 
Groundwater 
Interaction 

• Model predictions and monitoring data indicate the proposed 
modification is unlikely to have a significant impact on 
streamflow in Bowmans Creek or on water levels within the 
associated alluvial aquifer. As a result the potential impacts to 
neighbouring mining operations that may access Bowmans 
Creek or the associated alluvial aquifer are expected to be 
negligible.  

Aquifer Impact • The proposed open cut extensions intercept the regional hard 
rock aquifer that contains the target coal reserves within the 
LCO DA boundary. Given the extent of coal mining activities in 
the region that target the same coal measures, the 
depressurisation of the hard rock aquifer caused by the LCO 
modification is not expected to adversely impact neighbouring 
mining operations 

 

In addition to evaluating the potential risks to receptors from predicted groundwater impacts, the 
proposed modification also requires assessment within the context of relevant legislation and 
policies. The Water Management Act 2000 and Aquifer Interference Policy (2012) provide the 
legislation and requirements for obtaining licences for aquifer interference activities and assessing 
the potential impacts of mining projects on water sources (refer Section 1.5). Table 4-2 presents 
the assessment of the proposed modification within this regulatory framework. The ‘minimal impact 
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considerations’ defined in the Aquifer Interference Policy and applied for this assessment comprise 
the criteria for highly productive alluvial water sources (for the Bowmans Creek alluvial aquifer) and 
the less productive fractured and porous rock water sources (for the regional hard rock aquifer). 

• Table 4-2 – Regulatory Framework Assessment 

Legislation / 
Policy Requirement Assessment 

Water 
Management 
Act 2000 

Water Licences 

• Predicted leakage rates as a result of the proposed modification are 
estimated to peak at approximately 65 ML/year at the end of mining. 
LCO currently holds groundwater license allocations of 142 ML/year 
for this water source. 

• Maximum estimated groundwater extraction rates required to 
accommodate the proposed modification (including pit inflows and 
local dewatering requirements) amount to less than 5,500 ML/year 
for the regional hard rock aquifer. LCO currently holds extraction 
licences totalling 27,000 ML/year for this water source 

Aquifer 
Interference 
Policy 

Minimal impact 
considerations – 
highly 
productive 
groundwater 
sources – 
alluvial water 
sources 

Water Table  
• No high priority groundwater dependent ecosystems or culturally 

significant sites have been identified within 40 m of the proposed 
extension. 

• Model simulations predict a peak drawdown within the alluvial aquifer 
of less than one meter as a result of the proposed modification. 

Water Pressure  
• Steady state post mining equilibrium simulations indicate 

groundwater heads within the Bowmans Creek alluvial aquifer 
recover to levels equal to or above the estimated and observed 
levels at the introduction of the Hunter Unregulated and Alluvial WSP 
(August 2009). 

Water Quality  
• Model simulations provide no indication that the proposed 

modification will alter the hydrogeologic regime in a manner that 
would adversely affect groundwater quality within the Bowmans 
Creek alluvium.  

Minimal impact 
considerations – 
less productive 
groundwater 
sources – 
porous and 
fractured rock 
water sources 

Water Table  
• No high priority groundwater dependent ecosystems or culturally 

significant sites have been identified within 40 m of the proposed 
extension. 

• No water supply works have been identified within the 
depressurisation zone predicted in model simulations. 

Water Pressure  
• No water supply works have been identified within the 

depressurisation zone predicted in model simulations. 
Water Quality  
• Following cessation of mining activities, G&A’s water balance 

assessment (2013) predicts salinity in the South Pit final void will 
increase continuously over time (G&A, 2013), resulting in the 
potential for long term impacts to groundwater quality in the hard rock 
aquifer due to leakage of increasingly saline water from the South Pit 
final void when water levels are above approximately 65 m AHD. Full 
recovery levels are predicted to be to 67 m AHD. 
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5. Monitoring and Management 
5.1 Regional Monitoring 
LCO currently undertakes a comprehensive groundwater monitoring program (Umwelt, 2008a; 
SKM, 2012), with results reported in Annual Environmental Management Reports. The current 
groundwater monitoring network in the immediate vicinity of Liddell is shown in Figure 2-13 and 
includes piezometers in the Bowmans Creek alluvium and shallow bedrock (overburden) and bores 
in the target coal measures. The piezometers are measured monthly for groundwater level and 
every two months for water quality. Eleven of the piezometers are also sampled biannually, and 
groundwater samples are analysed for a range of inorganics (refer Section 2.6.5; Umwelt, 2008a). 

Model simulations of the proposed modification draw on observations from monitoring bores across 
the model domain, including the monitoring network around Mount Owen and Glendell operations. 
These are used are calibration points for the numerical model (Figure 3-4).predict drawdown to 
occur within the Bowmans Creek alluvial aquifer to the southeast of the Liddell DA boundary. 
Drawdown in the alluvium is predicted to peak at the end of mining, though the incremental 
drawdown resulting from the modification is predicted to be less than one metre. Taking into 
account the extent of the current monitoring network, additional sites from the recently established 
Mt Owen Complex Groundwater Investigation Program (SKM, 2012) should be added to the 
monitoring program in order to better evaluate the impacts and risks of the proposed mine 
expansion on the Bowmans Creek alluvial system. These bores include shallow alluvial standpipes 
as well as multiple depth vibrating wire piezometers (VWPs) along Bowmans Creek to the 
southeast of LCO. 

5.2 Water Quality 
The water management plan (Umwelt, 2013b) and groundwater monitoring program (Umwelt, 
2013a) currently in place at LCO references the trigger values provided in the Australian and New 
Zealand Guidelines for Fresh and Marine Water Quality (ANZECC, 2000) as default criteria.  The 
80th percentile trigger values provided in the ANZECC (2000) guidelines have been adopted due to 
the highly disturbed nature of the site (Umwelt, 2008a).  The data indicates that analyte 
concentrations in groundwater samples at LCO generally fall below the adopted criteria. 
Exceedances of the default criteria are observed for heavy metals copper and zinc and to a lesser 
extent aluminium, lead and nickel.  No major trends are apparent for these species during the 
monitoring period, however, indicating minimal impact on groundwater quality as a result of mining 
activities. 

Continued monitoring under this plan will continue. In addition, a series of new standpipes and 
piezometers have recently been installed on Bowmans Creek, to the south of LCO, and these will 
be incorporated in the monitoring program of LCO to identify any downstream impacts from 
operations. 
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5.3 Bowmans Creek Alluvial Aquifer 
Model simulations predict that leakage from the Bowmans Creek alluvium into the underlying strata 
occurs as a result of current operations at LCO and will continue under the proposed modification. 
The additional leakage, however, is not expected to have a significant additional impact on 
groundwater levels within the alluvium under the Proposed Action. Cumulative impacts from LCO 
and surrounding operations are not predicted to significantly alter the current flow regime of 
Bowmans Creek. Bowmans Creek is classified as highly productive biophysical strategic 
agricultural land (BSAL) under the Upper Hunter Strategic Regional Land Use Plan and has been 
identified in the DGR’s and by NSW Office of Water as a potential receptor of concern; therefore 
continued monitoring of the alluvial system will be undertaken to identify any potential impacts. 
Such monitoring and management is especially applicable towards the end of the proposed 
modification (years 2020 to 2022) when the predicted leakage rates may increase. 

Based upon the impact assessment and predictive model results, an adaptive management 
strategy is proposed for the monitoring and (if necessary) mitigation of any potential unacceptable 
impacts to the Bowmans Creek alluvial system. Key aspects and justification for this approach are 
presented in Table 5-1. 

 



LCO Development Consent Modification 5 
Groundwater Impact Assessment 
January 2014 
 

SINCLAIR KNIGHT MERZ       
 
Liddell GIA V08_20140207_Final.docx PAGE 112 

• Table 5-1 – Adaptive Management Approach for Groundwater Management 
Management Approach Discussion 

Continue monitoring the alluvial 
and shallow bedrock groundwater 
systems in accordance with the 
current Groundwater Monitoring 
Program for LCO 

Site monitoring data suggests current operations are having negligible 
impacts on the alluvial system, and model results predict that leakage 
rates will not significantly increase over and above those estimated for 
current operations until 2019. The progression of the South Pit, which 
with the exception of the MIA finishes in 2019, therefore appears to have 
negligible impact on the alluvial system compared to current mine 
operations. 

Supplement the existing 
monitoring program with 
additional monitoring locations for 
the alluvial system, focusing on 
those areas predicted by the 
model to have drawdown as a 
result of the proposed 
modification 

Site monitoring data suggests current operations are having negligible 
impacts on the alluvial system, and model results predict that drawdown 
may occur in the alluvial aquifer to the southeast of the LCO DA 
boundary. The shallow alluvial standpipes and VWPs installed as part of 
the Mt Owen Complex Groundwater Investigation Program (SKM, 2012) 
would provide suitable additional locations to monitor and track these 
predicted impacts and should be included as part of the Liddell monitoring 
network. These bores are shown in Figure 3-4. 

Continued refinement and re-
validation of the groundwater 
model with additional data 
collected to provide more 
confidence in the predictive 
results 

As with any model representations of real systems, additional site data 
will allow alteration and refinement of the model and will provide added 
confidence in the results. As discussed in Section 3.9, the groundwater 
model was constructed using a pre-cautionary approach, with results 
considered to represent conservative estimations of potential impacts. 
The results of monitoring programs and additional studies can be used to 
determine the frequency of refinement for the model. 

If necessary, pursuit of additional 
licences for the Jerrys Water 
Source to cover the predicted 
losses from the Bowmans Creek 
alluvial system 

Based on the current predictive modelling results, LCO currently holds 
sufficient water licence allocations for the Jerry Water Source to account 
for the estimated losses from the Bowmans Creek alluvium. Total 
licensed allocations for the Jerrys Creek water source of more than 600 
ML/year allows LCO to pursue additional licences should any future 
modelling suggest greater losses may occur. 

If and where necessary, 
adjustment of mining and/or 
dewatering plans to mitigate 
unacceptable actual or predicted 
impacts on the alluvial system 

Given the predicted impacts to the alluvial system do not significantly 
increase over and above those estimated for current operations (and all 
impacts are currently deemed to be of minimal impact), on-going data 
collection will be used to verify model predictions and determine whether 
corrective action is required. 

 

5.4 Dewatering and Inflow Management 
The current water management system at LCO (updated in 2012 after Umwelt, 2008b) has been 
designed to address four main areas: 

 Surface water runoff to existing pits and operation areas; 

 Groundwater seepage in open cut and old underground workings; 

 Mine operation water for the coal handling and processing plant and dust suppression; and 

 Off-site discharges and water sharing arrangements. 

The water management system includes a system of surface water structures designed to separate 
and capture surface runoff and seepage water from open cut pits and collect groundwater 
extracted from dewatering bores. Under current operating conditions the site water balance results 
in LCO being a net water producer, with surplus water being exported to surrounding mines.  
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Groundwater modelling undertaken for this assessment has provided estimates of dewatering rates 
and pit inflows for the proposed modification (refer Figure 3-20). The current Water Management 
Plan (Umwelt, 2008b) should be reviewed and updated to ensure the management system can 
accommodate these estimated loads. The update should include a review of the site water 
balance, erosion and sediment control plan, and surface water and groundwater response plan to 
account for the estimated extraction loads and expansion of open cut pits. Given the proposed 
modification falls entirely within the approved LCO DA boundary and extends current open cut 
operations, significant amendments to the water management strategy and site water balance are 
not expected to be required. 

5.5 Water Licences 
Estimates of total groundwater extraction rates (i.e. dewatering rates plus pit inflows) required to 
accommodate the proposed modification peak at approximately 5,500 ML/year. LCO currently 
holds sufficient licences (27,000 ML/year) to extract groundwater from the regional hard rock 
aquifer to accommodate these flows. 

5.6 Review and Reporting 
As mentioned above, the existing Water Management Plan and Groundwater Monitoring Program 
for LCO should be updated to include the above management and monitoring recommendations. In 
line with current practice, the water management system, site water balance, and monitoring 
results should be subject to an annual review by an experienced hydrogeologist and reported in 
LCO’s Annual Environmental Management Report. Should any review or monitoring data indicate 
significant variance with model predictions, existing monitoring data, or otherwise suggest 
substantial and/or unexpected impacts to surface water or groundwater systems, the implications 
and potential risks should be assessed and appropriate response actions undertaken in 
accordance with the Surface Water and Groundwater Response Plan contained in the Water 
Management Plan. 

In addition, after commencement of the proposed modification, the groundwater model should 
continue to be updated and refined as additional data are collected to evaluate model predictions 
with respect to site monitoring data. When necessary, model re-calibration and predictive scenarios 
should be undertaken to reduce model uncertainty and provide confirmatory predictions. 
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6. Conclusions 
6.1 Concluding remarks 
This Groundwater Impact Assessment addresses those DGRs, and specific issues outlined by 
NSW Office of Water, that require assessment of potential impacts of LCO’s proposed mine 
modification on local groundwater resources. These issues have been addressed through the use 
of a regional numerical groundwater model and evaluation of impacts to receptors in the context of 
the regional setting and historical mining activities. 

Results from numerical model simulations allow us to evaluate the magnitude of potential direct 
impacts resulting from the proposed mine extension and the likelihood that these impacts will 
adversely affect potential receptors. The results of the predictive model simulations provide the 
following conclusions:  

Impacts to Bowmans Creek alluvial aquifer 

 With the exception of the final year of the Entrance Pit progression (year 2022), the magnitude 
of alluvial losses estimated by the model under the proposal is similar to the leakage rates 
predicted for current approved mining operations at LCO. These estimated losses from the 
alluvium amount to between 30 and 40 ML/year to 2020 and peak at 65 ML/year for 2021. This 
is on top of a significant component (about 60 to 80 ML/year) attributable to other impacts, 
though specific sources have not been identified. 

 Under the proposed modification, model results predict that the progression of the South Pit 
has negligible impact on the Bowmans Creek alluvial aquifer in terms of increased leakage or 
drawdown. This is due to the fact that the dewatering required to accommodate the extension 
to the South Pit is the same as the dewatering currently being undertaken at LCO to 
accommodate present mining operations. 

 The peak leakage rate corresponds to progression of the Entrance Pit to the south-eastern 
side of the dyke and Davis Creek Fault and into the M49 underground workings. 

 Estimates of historical baseflow contributions to Bowmans Creek streamflow suggest the peak 
estimated loss of groundwater flow caused by the proposed modification accounts for 
approximately 1% to 3% of the estimated baseflow component of streamflow and less than 1% 
of measured annual streamflow. Furthermore, the peak estimated leakage rate falls well below 
the range of baseflow contributions estimated from the historical record. 

 Recent groundwater monitoring data and predictive model results indicate leakage from the 
alluvial aquifer induced by previous underground mining and current open cut mining activities 
at LCO are having minimal (<2m) impact on groundwater levels within the alluvium. As a result 
the estimated losses in groundwater flow under the proposed modification are unlikely to have 
a significant impact on streamflow in Bowmans Creek or on water levels within the associated 
alluvial aquifer. Peak drawdown estimates fall below the minimal impact criteria for aquifer 
interference activities as defined in the NSW Aquifer Interference Policy (2012). 

 Recent groundwater monitoring data and predictive model results indicate leakage from the 
alluvial aquifer induced by current mining activities at LCO are having negligible impact on 
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groundwater levels within the alluvium. As a result the estimated losses in groundwater flow 
under the proposed modification are unlikely to have a significant impact on streamflow in 
Bowmans Creek or on water levels within the associated alluvial aquifer. 

 Historical monitoring of groundwater within the Bowmans Creek alluvium suggests minimal 
impact of mining operations on groundwater quality, and model simulations provide no 
indication that the proposed modification will alter the hydrogeologic regime in a manner that 
would adversely affect groundwater quality. 

 Predicted drawdown within the Bowmans Creek alluvial aquifer is expected to be negligible 
(less than 0.25 m) relative to current water levels up to 2019. Site monitoring data confirms no 
measurable drawdown has occurred within the alluvial aquifer under current mining operations 
at LCO. When estimated leakage rates peak at the end of mining, drawdown is predicted to 
peak at just over one meter relative to current water levels. This peak drawdown estimate falls 
below the minimal impact criteria (<2 m) for aquifer interference activities as defined in the 
NSW Aquifer Interference Policy (2012). 

Impacts to hard rock aquifers 

 Estimated total groundwater extraction from the regional hard rock aquifer, determined as the 
sum of pit inflows and dewatering requirements, needed to accommodate the proposed 
modification peaks at less than 5,500 ML/year. LCO currently holds extraction licences 
totalling 27,000 ML/year for this water source.  

 Post mining equilibrium simulations predict the Entrance Pit final void will act as a sink and the 
South Pit will act as a source for groundwater flow from and to the regional hard rock aquifer 
when final void water levels are above approximately 65 m AHD. Predicted increases in 
salinity in the South Pit final void (G&A, 2013) result in potential long term impacts to 
groundwater quality in the hard rock aquifer due to leakage of increasingly saline water from 
the South Pit final void when water levels in the void are above approximately 65 m AHD. 

Management Approach 
Based upon the impact assessment and predictive model results, an adaptive management 
strategy is proposed for the monitoring and (if necessary) mitigation of any potential unacceptable 
impacts to the Bowmans Creek alluvial system. The following measures are provided for 
consideration for monitoring and management of these potential impacts: 

 The current Water Management Plan for LCO should be reviewed and updated to ensure the 
management system can accommodate the estimated dewatering rates and pit inflows for the 
proposed open cut extensions. 

 Monitoring of the Bowmans Creek alluvium and shallow bedrock groundwater systems in 
accordance with the current Groundwater Monitoring Program for the site should continue.  

 The existing monitoring network should be supplemented with additional monitoring locations 
for the alluvial system, focusing on those areas predicted by the model results for potential 
additional drawdown as a result of the proposed modification. The Groundwater Monitoring 
Program should be reviewed and updated to include the expanded monitoring network. The 
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bores installed as part of the recently completed Mt Owen Complex Groundwater Investigation 
Program (SKM, 2012) would provide suitable additional monitoring locations. 

 Continue to update, refine and re-validate the groundwater model with additional site and 
monitoring data as it is collected. Additional data will provide more confidence in the predictive 
model results and allow LCO to re-visit predictive simulations when necessary. The frequency 
for review and updates to the model should be determined based on the results of monitoring 
programs and other studies. Additional modelling may not be required if observed data 
confirms the conservative nature of the numerical model. 

 If updated model results predict future groundwater losses from the Bowmans Creek alluvial 
aquifer in excess of LCO’s licence allocations for the Jerrys Water Source, LCO should pursue 
additional licences to cover the estimated losses; and  

 If and where necessary, adjustment of mining and/or dewatering plans to mitigate actual or 
predicted impacts on the alluvial system may be required. 
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Appendix A: LCO Groundwater Monitoring 
Program Analytical Results 
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Appendix B: Hunter Valley Regional Groundwater 
Model – Ancillary Information 

B.1. Data Sources 

Data used in constructing and developing the regional scale model and in preparing this report 

have been gathered from a number of sources. The availability of detailed quantitative data is 

primarily limited to Glencore operations within the region (e.g. Liddell, Mt Owen, Glendell and 

Ravensworth underground and surface operations) due to the confidential nature of data from non-

Glencore sources, though where possible summary information is sourced from publicly available 

reports for such operations. Table B-1 presents a summary of the data sources used in this report. 

Table B-1 – Summary of Data Sources 

Source Mine Operation Data Type Timeframe 

Aquaterra, 2009 Ashton Underground 

Piezometric elevations 

Groundwater chemistry 

Aquifer hydraulic properties 

Alluvium leakage estimates 

2006 – 2009 

Beckett, 1987 

Liddell: 
    Hazeldene U/G 

    Liddell U/G 

    Foybrook O/C 

    Swamp Creek O/C 

Alluvium leakage estimates 

Mine inflow data 
1987 

MER, 1998 
Ravensworth East 
Open Cut Mine 

Hydrochemistry 

Hydraulic properties 
1995-1997 

MER, 2011a Mt Owen Complex 

Piezometric elevations 

Groundwater salinity 

Aquifer hydraulic properties 

Baseflow estimates (modelled) 

2008 – 2010 
 

 

 

MER, 2011b 
Ravensworth 
Underground 

Piezometric elevations 

Groundwater chemistry 

Aquifer hydraulic properties 

Baseflow estimates (modelled) 

Alluvium leakage estimates (modelled) 

Mine inflow estimates (modelled) 

Pre-mining & 2010 -
2024 (modelled) and 
2000 – 2011 
(measured) 

 

1980 - 2040 

 
2005 - 2035 

Probert & 
Stevenson, 
1970 

Liddell U/G Mine inflow data 1970 

Umwelt, 1997 
Ravensworth East 
Open Cut Mine 

Historical information 1972-1999 

Umwelt, 2008a 
Liddell Coal 
Operations 

Piezometric elevations 

Groundwater quality 

2002 – 2007 

 

Umwelt, 2008b Mt Owen Complex 

Piezometric elevations 

Groundwater quality 

Mine inflow data (modelled) 

2005 – 2008 

 

2008 - 2023 
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Source Mine Operation Data Type Timeframe 

URS, 2009 Integra 

Piezometric elevations 

Groundwater quality 

Aquifer hydraulic properties 

Mine inflow data (modelled) 

Alluvium & creek leakage estimates 
(modelled) 

2007 - 2009 

 

 
 

2008 - 2040 

Xstrata, 2011 Glendell 
Piezometric elevations 

Groundwater quality 
2008 – 2011 

 

B.2. Model Layers 

The model includes 20 layers representing stratigraphy from the ground surface down to the 

Saltwater Creek Formation, with a description of each model layer provided in Table B-2.  

Table B-2 – Model Layers 

Layer Name Description 

1 Alluvium Alluvial deposits surrounding the major rivers. 

2 Alluvium/Regolith Basal Alluvial sediments surrounding the rivers and Regolith (weathered rock) 
elsewhere.  

3 Overburden Everything between the base of weathering and the top of the Bayswater 
Seam, can include seams, but mostly sandstone, claystone and/or siltstone. 

4 Bayswater Seam All the Bayswater Seams. Includes the upper Bayswater 1, upper Bayswater 
2 and Lower Bayswater at Liddell. Also includes interburden between these 
seams. 

5-6 Interburden Everything between the base of the Bayswater Seam and the top of the 
Upper Pikes Gully Seam, includes Lemington Seam. 

7 Upper Pikes Gully 
Seam 

Upper Pikes Gully Seam. 

8 Interburden Everything between the base of the upper Pikes Gully Seam and the top of 
the middle Pikes Gully Seam. 

9 Middle and Lower 
Pikes Gully Seam 

Everything between the top of the middle Pikes Gully Seam and the base of 
the lower Pikes Gully Seam, includes interburden between the two seams. 

10 Interburden Everything between the base of the lower Pikes Gully Seam and the top of 
the Arties Seam. 

11 Arties Seam All the Arties Seams. Includes the Arties A, Arties B, Arties L1 and Arties L2 
at Liddell. 

12 Interburden Everything between the base of the lower Pikes Gully Seam and the top of 
the Arties Seam. 

13 Liddell Seam 
Sections A & B 

All the Liddell Seams in Sections A and B. Includes the Liddell A1, Liddell 
Parting, Liddell B1, upper Liddell B2 and lower Liddell B2 at Liddell. Also 
includes interburden between these seams. 

14 Liddell Seam 
Section C 

All the Liddell Seams in Section C. Includes the upper Liddell C1, lower 
Liddell C1 at Liddell. Also includes interburden between the two seams. 

15 Liddell Seam 
Section D 

All the Liddell Seams in Section D. Includes the upper Liddell D1, lower 
Liddell D1 at Liddell. Also includes interburden between the two seams. 

16 Interburden Everything between the base of the Liddell Seam Section D and the top of the 
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Layer Name Description 

Barrett Seam. 

17 Barrett Seam All the Barrett Seams, including the Barrett A, upper Barrett B, middle Barrett 
B, lower Barrett B, Barrett C1, Barrett C2 and Barrett D seams. Also includes 
interburden between these seams. 

18 Interburden Everything between the base of the Barrett Seam and the top of the Hebden 
Seam. 

19 Hebden Seam All the Hebden Seams. Includes upper Hebden and lower Hebden at Liddell. 
Also includes interburden between the two seams. 

20 Saltwater Creek 
Formation 

This layer represents the basement below the Hebden Seam, its upper part is 
composed of the Saltwater Creek Formation. 

 

A number of assumptions were made to create the surfaces that define the tops and bottoms of the 

model layers. 

For all areas outside the extents of Light Detection and Ranging (LIDAR) remote sensing data 

provided by Glencore, the top of layer 1 (which represents the ground surface) is based on a 25 m 

digital elevation model (DEM) obtained from NSW Land and Property Information.  

Alluvial deposits are included in the uppermost layer of the model.  In areas where alluvial deposits 

are present the thickness of the top model layer varies from 10 m in the upper reaches of 

Bowmans, Bayswater and Glennies Creeks, to 30 m along the Hunter River. These alluvial 

thicknesses are based on Probert and Stevenson (1970) and Beckett (1987) and represent the 

maximum thicknesses of alluvial sediments beneath the alignment of the rivers and creeks. The 

alluvium thickness was set to 1 m along the boundaries of the alluvium extent. This extent is based 

on the analysis of the latest available LIDAR data (personal communication with Col Mackie). 

Outside the areas where alluvium is present the top model layer is uniformly 1 m thick. 

Layer 2 of the model represents some areas of alluvial sediments within the river valleys and 

regolith elsewhere.   

The tops and bottoms of the model layers that represent the coal measures and interburden strata 

were based on surfaces from the Liddell Minescape Geological Model, the Ravensworth \ Glendell 

geological model, and the Mt Owen geological model. Beyond the Glencore mine extents (Liddell, 

Ravensworth, Glendell and Mt Owen), layer elevations from the original RUM model (MER, 2011b) 

were used where correspondence exists between the RUM and regional scale model layering. The 

correspondence between the RUM model layers and the regional scale model layers is 

summarized in Figure B-1. 

The sub-crop locations for the individual seams are not known with accuracy outside the Liddell 

and Mt Owen geological models. The Bayswater Seam was assumed to sub-crop where the Jerrys 

Plain Subgroup does, while the Pikes Gully, Arties, Liddell, Barrett and Hebden Seams were 

assumed to sub-crop where the Vane Subgroup sub-crops. The sub-crop of the Jerrys Plain 

Subgroup and the Vane Subgroup were located according to the Hunter Coalfield Regional 

Geology map (NSW Department of Mineral Resources, 1993). 

The top of RUM model layer 10 (Lower Pikes Gully Seam) was assumed to be the top of the 

Middle Pikes Gully Seam in the regional model. This assumption is reasonable to the south of 
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Liddell where the difference is less than 4 m, though it is recognized that greater discrepancies 

may occur further to the south. 

The division of the Liddell Seam into Sections A & B, C and D was based on their respective 

elevations at LCO. These seams separate to the south of LCO. Thus, in the southern part of the 

model the three layers representing the Liddell Seam may incorporate significant thicknesses of 

interburden. In order to account for this stratigraphy lower hydraulic conductivity values are 

assigned to the model layers that represent the Liddell Seam in the south of the model. 

The bottom layer (basement) was assigned a constant thickness of 20 m. 

Figure B-1 – Relationship between the RUM and Regional Scale Model Layers  

 



LCO Development Consent Modification 5 
Groundwater Impact Assessment 
January 2014 
 

SINCLAIR KNIGHT MERZ       

 

Liddell GIA V08_20140207_Appendices PAGE 144 

The extent and depth of model layer 1 in the area of the Bowmans Creek alluvium was determined 

from LIDAR data and borehole logs, resulting in the alluvial layer shown in Figure B-2. SKM was 

able to identify 41 bore logs that provided information on alluvial thickness, albeit with varying 

levels of confidence. The locations of the 41 boreholes used to define the Bowmans Creek alluvium 

are shown in Figure B-2. Boreholes that do not fully penetrate the alluvium provided an indication 

of minimum alluvium thickness.  A summary of the borehole data used is shown in Table B-3. For 

grid development, at the outer extent of the alluvium the thickness was set to 0 m. The maximum 

alluvial thickness was assumed to occur at the centre of the alluvial valley and was based on 

previous interpretations of the Bowmans Creek alluvium (MER, 2011b).  

B.3. Stream Routing Package 

The Stream Routing Package (STR) is used for replicating the surface water - groundwater 

interactions of Bowmans Creek. The advantage of using the STR is that stream flow is estimated 

sequentially along the path of the stream boundary. An initial flow is assigned to the stream at the 

upstream end of the boundary string. For subsequent downstream cells, the flow entering the cell is 

equal to the flow entering the previous stream cell plus or minus any predicted baseflow input or 

river loss to groundwater. As a result a mass balance is kept on the stream. This feature is 

important for replicating ephemeral streams and for restricting the potential stream losses 

simulated in flow restricted streams such as Bowmans Creek. 

LIDAR data was used to estimate bottom elevations for the STR cells. Locations and estimated 

surface elevations of cross-sections of the Bowmans Creek alluvium estimated from the LIDAR 

data are shown in Figure B-2. The Bowmans Creek channel can be clearly distinguished; however 

the coarse spacing of the model grid means the lowest points of the stream bottom are likely to be 

missed in the model discretization. As a result the stream bottom was set at 0.5 m below the lowest 

value estimated from the LIDAR data, and the stream stage was set at 0.5 m above the stream 

bottom. Where LIDAR coverage was not available the 25 m Digital Elevation Model (DEM) was 

used. 

Drain cells are assigned to non-perennial streams (e.g. Yorks, Bettys and Swamp Creeks) within 

the model domain, with the drain elevation assumed to be 0.1 m below the ground surface 

elevation. The drain cell conductance is set sufficiently high not to constrain flow to these cells. 
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Figure B-2 – Modelled Thickness and Extent of Alluvium  

  



LCO Development Consent Modification 5 
Groundwater Impact Assessment 
January 2014 
 

SINCLAIR KNIGHT MERZ       

 

Liddell GIA V08_20140207_Appendices PAGE 146 

Table B-3 – Boreholes used to determine Bowmans Creek Alluvium Thickness 

Borehole 
ID Easting Northing 

Alluvial 
Thickness 
(m)* 

Borehole 
ID Easting Northing 

Alluvial 
Thickness 
(m)* 

BC-SP01 317410 6411576 4.4 GNP-02 317564 6410201 >4 

BC-SP02 317483 6411487 8.7 GNP-03 316946 6411686 2.8 

BC-SP03 317547 6411405 >7.5 GNP-06 317605 6411062 >2 

BC-SP04 317610 6411320 >6.5 GNP-07 316530 6412448 4.3 

BC-SP06 317596 6411588 9.25 GW027690 316222 6412982 >5.5 

BC-SP07 317681 6411448 10.15 GW028247 316275 6412952 >2.44 

BC-SP08 317608 6411897 >5.9 GW046787 317205 6409241 >8 

BC-SP09 317675 6411703 8.15 GW078054 317122 6409486 >10.8 

BC-SP10 318080 6409400 6 RA10 317639.7 6404335 >13 

BC-SP11 318137 6409337 9.4 RA14 317643.4 6404698 >11 

BC-SP12 318201 6409265 6.3 RA15 317420.5 6404748 >10.5 

BC-SP13 318253 6409210 3.5 RA17 317695.5 6404876 >10.5 

BC-SP15 318182 6409484 5 RA30 317810.6 6406501 >9 

BC-SP16 318290 6409376 4.6 T10 317683.6 6404450 >10 

BC-SP17 318319 6409543 6.5 T1-A 318337.7 6406309 >7.9 

BC-SP18 317350 6411325 3.8 T2-A 317583.3 6405217 >8.9 

BC-SP19 317462 6411178 2.1 T3-A 317654.2 6404708 >9.9 

BC-SP20 318184 6409118 4.5 T4-A 317685.8 6404323 >10 

BC-SP21 318057 6409176 6.7 T5 317946.1 6406549 >8 

BC-SP22 317992 6409051 6 T6 317975.1 6406675 >7 

    T7 317717.4 6406336 >7 

 

B.4 Mining operations and sequencing 

As described in Section 3.5, 38 mining operations (open pit, underground and de-watering 

activities) were incorporated into the regional model such that each layer affected by each 

operation is impacted at the time defined by operation plans or information from annual operation 

reports, environmental impact statements or released reports. Figure B-3 presents a summary of 

the mining operations included in the numerical model and the layers affected by each operation, 

and  

Figure B-4 shows temporal sequencing of the 38 mining operations incorporated into the model. 

Maps of the model drain cells are illustrated for each layer in  

Figure B-5 to Figure B-23. 
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Figure B-3 – Mining operations* included in the numerical model and the layers that are affected by each operation.  

 
* Mining operations include: open pit development (including back-filling and rehabilitation); underground mining and dewatering activities. In addition, surface water channels 
(tributaries) are included as receptors of mining operations. 
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Figure B-4 – Temporal sequencing* of the 38 mining operations, as incorporated into the numerical model.  

 
 
* Note: Time sequence follows modelling time steps (1-36). Steps 1 and 2 represent pre-modelling and steady-state (pre-transient modelling) considerations, respectively. 
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Figure B-5 – Model Drain Cells for Layer 1 
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Figure B-6 – Model Drain Cells for Layer 2 
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Figure B-7 – Model Drain Cells for Layer 3 
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Figure B-8 – Model Drain Cells for Layer 4 
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Figure B-9 – Model Drain Cells for Layer 5 

 



LCO Development Consent Modification 5 
Groundwater Impact Assessment 
January 2014 
 

SINCLAIR KNIGHT MERZ       

 

Liddell GIA V08_20140207_Appendices PAGE 155 

 

Figure B-10 – Model Drain Cells for Layer 6 
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Figure B-11 – Model Drain Cells for Layer 7 
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Figure B-12 – Model Drain Cells for Layer 8 
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Figure B-13 – Model Drain Cells for Layer 9 
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Figure B-14 – Model Drain Cells for Layer 10 
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Figure B-15 – Model Drain Cells for Layer 11 
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Figure B-16 – Model Drain Cells for Layer 12 
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Figure B-17 – Model Drain Cells for Layer 13 
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Figure B-18 – Model Drain Cells for Layer 14 
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Figure B-19 – Model Drain Cells for Layer 15 
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Figure B-20 – Model Drain Cells for Layer 16 
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Figure B-21 – Model Drain Cells for Layer 17 
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Figure B-22 – Model Drain Cells for Layer 18 
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Figure B-23 – Model Drain Cells for Layer 19 
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Appendix C: Bore Hydrographs 

Observed and modelled hydrographs for the model run period are provided for the bores located 

on (Figure C-1). Hydrographs illustrate the modelled heads for the 11 model realisations that 

satisfied all the calibration criteria for bores which have observed time series data. Not included are 

bores with single point water level data. 

The first six realisations are derived from the PEST optimised realisations, the last 5 from 

stochastic-only realisations. Note that the stochastic realisation for Real583 did not converge to 

provide a valid calibration. 

The calibration period starts from a steady state optimisation for 1980 and continues through 2012. 

Three bore “types” are distinguished: Alluvial Bores; Project Bedrock Bores and Other Bores. 

Project Bedrock Bores include those hard-rock bores considered to have the most relevance to the 

Project and for which we had adequate confidence in the datasets and knowledge of bore 

construction to constrain calibration parameters. Other bores (Table C-1) include the Project 

bedrock bores and other bores in the region that were used in the weighted statistics calculations.  

Table C-2, 3 and Table C-4 present a summary of the bore depths and target layers for the Alluvial 

Bores, Project Bedrock Bores and Other Bores respectively. 

 



LCO Development Consent Modification 5 
Groundwater Impact Assessment 
January 2014 

SINCLAIR KNIGHT MERZ       

 

Liddell GIA V08_20140207_Appendices PAGE 170 

Figure C-1 – Bore locations within the Model Domain distinguished by Calibration type (Alluvial, Bedrock Project, Other)  
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Table C-1 – Bores Used or Assessed During the Calibration and Verification Process

1
 

Observation Points used in statistics 

All Alluvial 
Bores 

(unweighted) 

Project 
Bedrock 

Observations 
(unweighted) 

 
All Bedrock Observations 

(includes Project Bedrock and Other Bores)  
(Weighted) 

ALV1-L ALV1-S ALV1-S CS4657-LPG GNP3-LLD GNP8-LLD 

ALV1-L ALV1-S ALV1-S GNP1-ART NPZ10_L SDH16 

ALV2-L ALV2-S ALV2-S GNP1-BRT NPZ10_S SDH18 

ALV3-L ALV3-S ALV3-S GNP1-HEB NPZ11_L SMC002-BY3 

ALV4-L ALV4-S ALV4-S GNP1-LLD NPZ11_S SMC002-BY5 

ALV7-L ALV7-S ALV7-S GNP1-MLD NPZ12_L SMC002-RFL 

ALV8-L ALV8-S ALV8-S GNP1-PG NPZ12_S SMC002-RNL 

BC_SP02 East CDB GNP1-ULD NPZ13_L SMC002-RTU 

BC_SP03 North CS4536 GNP2-ART NPZ13_S SMO023-BY3 

BC_SP06 NPZ10_l CS4539A GNP2-BAR NPZ14_L SMO023-BY5 

BC_SP09 NPZ10_s CS4545 GNP2-HEB NPZ14_S SMO023-RFL 

BC_SP10 NPZ3_l CS4545B GNP2-LLD NPZ15_L SMO023-RNL 

BC_SP11 NPZ3_s CS4545C GNP2-MLD NPZ15_S SMO023-RTU 

BC_SP12 NPZ4_l CS4545D GNP2-PG NPZ16_L SMO023-RVU 

BC_SP13 NPZ4_s CS4547C GNP2-ULD NPZ16_S SMO028-BAY 

BC_SP14 NPZ7_l CS4641C GNP3-ART NPZ1-DEEP SMO028-LBA 

BC_SP15 NPZ7_s CS4655-BAY GNP3-BRT NPZ2-DEEP SMO028-LBG 

BC_SP16 NPZ8_l CS4655-BRT GNP3-HEB NPZ3_L SMO028-LBJ 

BC_SP17 NPZ8_s CS4655-LLD GNP3-LLD NPZ3_S SMO028-LCF 

BC_SP20 NPZ9_l CS4655-LMA GNP3-MLD NPZ3-DEEP SMO028-LDF 

BC_SP21 NPZ9_s CS4655-LMH GNP3-PG NPZ4_L  

BC_SP22 South CS4655-UAR GNP3-ULD NPZ4_S  

GCP19  CS4655-ULD GNP4-ART NPZ4-DEEP  

GCP21  CS4655-UPG GNP4-BRT NPZ6-DEEP  

GCP22  CS4656-BRT GNP4-HEB NPZ6_L  

GCP23  CS4656-LLD GNP4-LLD NPZ6_S  

GCP25  CS4656-LMA GNP4-MLD NPZ7_L  

GCP26  CS4656-LMF GNP4-PG NPZ7_S  

                                                      

1
 Note: ALV* bores suffixed _L are shallow (alluvial) bores; _S penetrate the shallow bedrock; 

NPZ* bores suffixed _L are deep (Coal Measures) bores; _S penetrate the shallow bedrock; 
 NPZ*-DEEP bores are located in the Cumnock underground workings 
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Observation Points used in statistics 

All Alluvial 
Bores 

(unweighted) 

Project 
Bedrock 

Observations 
(unweighted) 

 
All Bedrock Observations 

(includes Project Bedrock and Other Bores)  
(Weighted) 

GCP28  CS4656-UAR GNP4-ULD NPZ8_L  

GCP29  CS4656-ULD GNP5-ART NPZ8_S  

GCP40  CS4656-UPG GNP5-BAR NPZ9_L  

  CS4657-BRT GNP5-HEB NPZ9_S  

  CS4657-LLD GNP5-INT RNVW1-BAY  

  CS4657-LMA GNP5-LLD RNVW1-BRT  

  CS4657-LMF GNP5-MLD RNVW1-LLD  

  CS4657-LMH GNP5-PG RNVW1-LMA  

  CS4657-LPG GNP5-ULD RNVW1-LMH  

  CS4657-UAR GNP6-ART RNVW1-UAR  

  CS4657-ULD GNP6-BAR RNVW1-ULD  

  CS4658-BAY GNP6-HEB RNVW1-UPG  

  CS4658-BRT GNP6-LLD RNVW2-BRT  

  CS4658-LLD GNP6-MLD RNVW2-LLD  

  CS4658-LMA GNP6-PG RNVW2-LMA  

  CS4658-LMH GNP6-ULD RNVW2-LMH  

  CS4658-UAR GNP7-ART RNVW2-UAR  

  CS4658-ULD GNP7-BRT RNVW2-ULD  

  CS4658-UPG GNP7-HEB RNVW2-UPG  

  DUR2 GNP7-LLD RNVW3-BRT  

  east GNP7-MLD RNVW3-LLD  

  south GNP7-PG RNVW3-LMA  

  north GNP7-ULD RNVW3-UAR  

  GA1 GNP8-BAR RNVW3-ULD  

  GA2 GNP8-HEB RNVW3-UPG  

  GCP17 GNP8-LLD RNVW4-BRT  

  GCP24 GNP8-MLD RNVW4-LLD  

  GCP27 GNP8-ULD RNVW4-UAR  

    RNVW4-ULD  

    RNVW4-UPG  
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Table C-2 – Known bore depths and target layers for Alluvial Bores 

Bore I.D Easting 
 

Northing 
 

Depth (mbgl) 
 

Collar (mAHD) 
 

Sampled unit 
 

Model 
layer 

ALV1-L 315528 6417638 - 111.194 Alluvium 1 

ALV2-L 316328.5 6414721 - 97.876 Alluvium 1 

ALV3-L 315703.6 6417044 - 109.49 Alluvium 1 

ALV4-L 315994.6 6416421 - 107.70 Alluvium 1 

ALV7-L 316513.7 6413617 - 93.78 Alluvium 1 

ALV8-L 316151.4 6413367 - 92.024 Alluvium 1 

BC-SP02 317483 6411487 8.7 - Alluvium 1 

BC-SP03 317547 6411405 7.5 - Alluvium 1 

BC-SP06 317596 6411588 9.25 - Alluvium 1 

BC-SP09 317675 6411703 8.15 - Alluvium 1 

BC-SP10 318080 6409400 6 - Alluvium 1 

BC-SP11 318137 6409337 9.4 - Alluvium 1 

BC-SP12 318201 6409265 6.3 - Alluvium 1 

BC-SP13 318253 6409210 3.5 - Alluvium 1 

BC-SP14 318305 6409158 5.9 - Alluvium 1 

BC-SP15 318182 6409484 5 - Alluvium 1 

BC-SP16 318290 6409376 4.6 - Alluvium 1 

BC-SP17 318319 6409543 6.5 - Alluvium 1 

BC-SP20 318184 6409118 4.5 - Alluvium 1 

BC-SP21 318057 6409176 6.7 - Alluvium 1 

BC-SP22 317992 6409051 6 - Alluvium 1 

GCP19 325086 6408333 11.35 - Alluvium 1 

GCP21 324466 6407916 11 - Alluvium 1 

GCP22 324558 6407814 11.1 - Alluvium 1 

GCP23 324535 6407659 7.5 - Alluvium 1 

GCP25 323066 6406766 9.15 - Alluvium 1 

GCP26 323884 6406293 11 - Alluvium 1 

GCP28 322652 6405459 8.73 - Alluvium 1 

GCP29 323194 6405354 6.41 - Alluvium 1 

GCP40 321115 6409047 6 - Alluvium 1 

GA1 318378 6408259 - - Alluvium - 

GA2 318578 6407366 - - Alluvium - 
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Table C-3 – Known bore depths and target layers for Project Hard Rock bores 

 

* Note: NPZ bores screened from the base of well to 1m below the ground surface 

 

Bore I.D Easting 
 

Northing 
 

Elevation 
(mAHD) 

Total depth 
(mbgl) 

 

Total depth 
(mAHD) 

Screen interval 
(mAHD)

* Sampled unit 
 

Model layer 

ALV1-S 315528 6417638 111.11 - - - Overburden  3 

ALV2-S 316328.5 6414721 97.88 - - - Overburden 3 

ALV3-S 315703.6 6417044 109.49 - - - Overburden 3 

ALV4-S 315994.6 6416421 107.7 - - - Overburden 3 

ALV7-S 316513.7 6413617 93.78 - - - Overburden 3 

ALV8-S 316151.4 6413367 92.08 - - - Overburden 3 

South 322157.2 6412294 110.93 - - - Unknown 3 

East 323332 6412810 153.49  - - - Unknown 3 

North 323156.2 6414021 140.65 - - - Unknown 3 

NPZ10-L 320960.9 6411696 116.7 61 55.7 115.7 to 55.7 Fractured rock - no seam 3 

NPZ10-S 320960.9 6411696 116.7 27 89.7 115.7 to 89.7 Overburden 1 

NPZ3-L 321181 6410357 93.5 30 and 60 63.5 and 33.5 
92.5 to 63.5 

92.5 to 33.5 
Fractured rock - no seam 3 

NPZ3-S 321181 6410357 93.5 6 87.5 92.5 to 87.5 Overburden 1 

NPZ4-L 319532.7 6415152 124.8 110 14.8 123.8 to 14.8 Fractured rock - no seam 3 

NPZ4-S 319532.7 6415152 124.8 60 64.8 123.8 to 64.8 Overburden 1 

NPZ7-L 323812.2 6410786 95.4 110 -14.6 94.4 to -14.6 Fractured rock – no seam 6 

NPZ7-S 323812.2 6410786 95.4 62 33.4 94.4 to 33.4 Lemington seam (regolith) 1 

NPZ8-L 324314.4 6412607 120.02 - - - Unknown 3 

NPZ8-S 324314.4 6412607 120.02 - - - Overburden 1 

NPZ9-L 320643 6412905 113.9 50 63.9 112.9 to 63.9 Fractured rock 3 

NPZ9-S 320643 6412905 113.9 22 91.9 112.9 to 91.9 
Ravensworth seam 

(regolith) 
1 
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Table C-4 – Known bore depths and target layers for Other Hard Rock bores 

Bore I.D Easting 
 

Northing 
 

 
Total depth 

(mbgl) 
 

Collar 
elevation 
(mAHD) 

Sampled unit 
 

Model 
layer 

CS4536 312585.7 6409158 - 91.5 Liddell seams 13 

CS4539A 311501.4 6407889 - 135.3 Pikes Gully seam 9 

CS4545 312852.4 6408418 - 82.65 Liddell seams 13 

CS4545B 312852.4 6408414 - 82.65 Liddell seams 13 

CS4545C 312852.4 6408414 - 82.65 Liddell seams 13 

CS4545D 312852.4 6408414 - 82.65 Liddell seams 13 

CS4547C 312360.4 6406897 - 97.44 Upper Liddell 13 

CS4641C 313549 6410436 - 81.64 Lower Pikes Gully 9 

CS4655-Bay 313604.6 6407913 36.6 - Bayswater seam 4 

CS4655-Brt 313604.6 6407913 250.4 - Barrett seam 17 

CS4655-LLd 313604.6 6407913 225 - Lower Liddell seam 15 

CS4655-LmA 313604.6 6407913 132.1 - Lemington seam 6 

CS4655-LmH 313604.6 6407913 77.7 - Lemington seam 6 

CS4655-UAr 313604.6 6407913 180.94 - Arties seam 11 

CS4655-ULd 313604.6 6407913 203.5 - Upper Liddell 13 

CS4655-UPG 313604.6 6407913 149.77 - Upper Pikes Gully 9 

CS4656-Brt 313030.6 6408901 217.06 - Barrett seam 17 

CS4656-LLd 313030.6 6408901 194.3 - Lower Liddell 15 

CS4656-LmA 313030.6 6408901 100 - Lemington seam 6 

CS4656-LmF 313030.6 6408901 76.9 - Lemington seam 6 

CS4656-UAr 313030.6 6408901 143.8 - Arties seam 11 

CS4656-ULd 313030.6 6408901 172.3 - Upper Liddell 13 

CS4656-UPG 313030.6 6408901 118.6 - Upper Pikes Gully 9 

CS4657-Brt 312358.7 6408152 205.58 - Barrett seam 17 

CS4657-LLd 312358.7 6408152 185.96 - Lower Liddell 15 

CS4657-LmA 312358.7 6408152 96.75 - Lemington seam 6 

CS4657-LmF 312358.7 6408152 75.25 - Lemington seam 6 

CS4657-LmH 312358.7 6408152 48.93 - Lemington seam 6 

CS4657-LPG 312358.7 6408152 114.76 - Lower Pikes Gully 9 

CS4657-UAr 312358.7 6408152 140.07 - Arties seam 11 

CS4657-ULd 312358.7 6408152 165.7 - Upper Liddell seam 13 

CS4658-Bay 311860 6407656 54.2 - Bayswater seam 4 

CS4658-Brt 311860 6407656 239.25 - Barrett seam 17 

CS4658-LLd 311860 6407656 219.5 - Lower Liddell 15 

CS4658-LmA 311860 6407656 134.2 - Lemington seam 6 

CS4658-LmH 311860 6407656 91.86 - Lemington seam 6 

CS4658-UAr 311860 6407656 175.67 - Arties seam 11 

CS4658-ULd 311860 6407656 196.91 - Upper Liddell 13 

CS4658-UPG 311860 6407656 153.42 - Upper Pikes Gully 9 

DUR2 313488 6416643 - 161.4 Liddell seams 14 

CDB 312953 6413510 - - Liddell seams 13 

GNP1-Art 318491.9 6408641 112 - Arties seam 11 

GNP1-Brt 318491.9 6408641 186 - Barrett seam 17 
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Bore I.D Easting 
 

Northing 
 

 
Total depth 

(mbgl) 
 

Collar 
elevation 
(mAHD) 

Sampled unit 
 

Model 
layer 

GNP1-Heb 318491.9 6408641 212 - Hebden seam 19 

GNP1-LLd 318491.9 6408641 170 - Lower Liddell 15 

GNP1-MLd 318491.9 6408641 153 - Middle Liddell 14 

GNP1-PG 318491.9 6408641 90 - Pikes Gully 9 

GNP1-ULd 318491.9 6408641 142 - Upper Liddell 13 

GNP2-Art 317563.6 6410220 139 - Arties 11 

GNP2-Bar 317563.6 6410220 228 - Barrett 17 

GNP2-Heb 317563.6 6410220 254 - Hebden 19 

GNP2-LLd 317563.6 6410220 211 - Lower Liddell 15 

GNP2-MLd 317563.6 6410220 190 - Middle Liddell 14 

GNP2-PG 317563.6 6410220 119 - Pikes Gully 9 

GNP2-ULd 317563.6 6410220 185 - Upper Liddell 13 

GNP3-Art 316945.5 6411691 129 - Arties 11 

GNP3-Brt 316945.5 6411691 201 - Barrett 17 

GNP3-Heb 316945.5 6411691 222 - Hebden 19 

GNP3-LLd 316945.5 6411691 182.5 - Lower Liddell 15 

GNP3-MLd 316945.5 6411691 163.5 - Middle Liddell 14 

GNP3-PG 316945.5 6411691 108.5 - Pikes Gully 9 

GNP3-ULd 316945.5 6411691 148.5 - Upper Liddell 13 

GNP4-Art 316930.7 6412932 160 - Arties 11 

GNP4-Brt 316930.7 6412932 238 - Barrett 17 

GNP4-Heb 316930.7 6412932 254 - Hebden 19 

GNP4-LLd 316930.7 6412932 222.8 - Lower Liddell 15 

GNP4-MLd 316930.7 6412932 198 - Middle Liddell 14 

GNP4-PG 316930.7 6412932 145 - Pikes Gully 9 

GNP4-ULd 316930.7 6412932 180 - Upper Liddell 13 

GNP5-Art 317864.7 6409317 170 - Arties 11 

GNP5-Bar 317864.7 6409317 250 - Barrett 17 

GNP5-Heb 317864.7 6409317 272.5 - Hebden 19 

GNP5-Int 317864.7 6409317 40 - Interburden 3 

GNP5-LLd 317864.7 6409317 234 - Lower Liddell 15 

GNP5-MLd 317864.7 6409317 215 - Middle Liddell 14 

GNP5-PG 317864.7 6409317 148 - Pikes Gully 9 

GNP5-ULd 317864.7 6409317 202 - Upper Liddell 13 

GNP6-Art 317604.6 6411061 106 - Arties 11 

GNP6-Bar 317604.6 6411061 176 - Barrett 17 

GNP6-Heb 317604.6 6411061 201.5 - Hebden 19 

GNP6-LLd 317604.6 6411061 160 - Lower Liddell 15 

GNP6-MLd 317604.6 6411061 145 - Middle Liddell 14 

GNP6-PG 317604.6 6411061 85 - Pikes Gully 9 

GNP6-ULd 317604.6 6411061 125 - Upper Liddell 13 

GNP7-Art 316530.7 6412452 147.2 - Arties 11 

GNP7-Brt 316530.7 6412452 220 - Barrett 17 

GNP7-Heb 316530.7 6412452 241 - Hebden 19 

GNP7-LLd 316530.7 6412452 203 - Lower Liddell 15 
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Bore I.D Easting 
 

Northing 
 

 
Total depth 

(mbgl) 
 

Collar 
elevation 
(mAHD) 

Sampled unit 
 

Model 
layer 

GNP7-MLd 316530.7 6412452 191 - Middle Liddell 14 

GNP7-PG 316530.7 6412452 126 - Pikes Gully 9 

GNP7-ULd 316530.7 6412452 168.5 - Upper Liddell 13 

GNP8-Bar 319387.7 6407393 86.5 - Barrett 17 

GNP-Heb 319387.7 6407393 105.5 - Hebden 19 

GNP-LLd 319387.7 6407393 65 - Lower Liddell 15 

GNP-MLd 319387.7 6407393 46 - Middle Liddell 14 

GNP-ULd 319387.7 6407393 31 - Upper Liddell 13 

NPZ11-L 318059.4 6412639 102 - Upper Pikes Gully 5 

NPZ11-S 318059.4 6412639 61 - Regolith 1 

NPZ12-L 318440.4 6411519 97 - Lower Pikes Gully 5 

NPZ12-S 318440.4 6411519 48 - Regolith 1 

NPZ13-L 318302.4 6409556 134 - Lower Liddell 7 

NPZ13-S 
318302.4 6409556 

70 - Lower Pikes Gully 
(regolith) 

1 

NPZ14-L 319470.6 6407093 91 - Hebden seam 13 

NPZ14-S 319470.6 6407093 51 - Lower Liddell (regolith) 1 

NPZ15-L 320784.3 6407934 130 - Unknown 6 

NPZ15-S 
320784.3 6407934 

59 - Lemington seam 
(regolith) 

1 

NPZ16-L 318193.4 6409141 173 - Upper Liddell 6 

NPZ16-S 
318184 6409127 

60 - Lemington seam 
(regolith) 

1 

NPZ6-L 322579.7 6410412 102 - Ravensworth seam 3 

NPZ6-S 314646.7 6409099 70 - Regolith 1 

NPZ1-Deep 313562.4 6404972 122 91.43 Lemington seam 6 

NPZ1-Int 313562.4 6404972 91 91.43 Bayswater seam 4 

NPZ2-Deep 313315.5 6405817 120 100.86 Lemington seam 6 

NPZ3-Deep 312653.8 6406480 110 102.5 Lemington seam 6 

NPZ4-Deep 311899.1 6406810 90 125.55 Lemington seam 6 

RNVW1-Bay 313911 6403956 68 - Bayswater seam 4 

RNVW1-Brt 313911 6403956 326 - Barrett seam 17 

RNVW1-LLd 313911 6403956 270 - Lower Liddell 15 

RNVW1-LmA 313911 6403956 109 - Lemington seam 6 

RNVW1-LmH 313911 6403956 48 - Lemington seam 6 

RNVW1-UAr 313911 6403956 150 - Arties seam 11 

RNVW1-ULd 313911 6403956 240 - Upper Liddell 13 

RNVW1-UPG 313911 6403956 190 - Upper Pikes Gully 9 

RNVW2-Brt 313433.9 6405372 305 - Barrett seam 17 

RNVW2-LLd 313433.9 6405372 258 - Lower Liddell 15 

RNVW2-LmA 313433.9 6405372 85 - Lemington seam 6 

RNVW2-LmH 313433.9 6405372 43 - Lemington seam 6 

RNVW2-UAr 313433.9 6405372 140 - Arties seam 11 

RNVW2-ULd 313433.9 6405372 239 - Upper Liddell 13 

RNVW2-UPG 313433.9 6405372 180 - Upper Pikes Gully 9 
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Bore I.D Easting 
 

Northing 
 

 
Total depth 

(mbgl) 
 

Collar 
elevation 
(mAHD) 

Sampled unit 
 

Model 
layer 

RNVW3-Brt 312235.3 6406367 254 - Barrett seam 17 

RNVW3-LLd 312235.3 6406367 210 - Lower Liddell 15 

RNVW3-LmA 312235.3 6406367 61 - Lemington seam 6 

RNVW3-UAr 312235.3 6406367 103 - Arties seam 11 

RNVW3-ULd 312235.3 6406367 180 - Upper Liddell 13 

RNVW3-UPG 312235.3 6406367 143 - Upper Pikes Gully 9 

RNVW4-Brt 314086.9 6411002 225 - Barrett seam 17 

RNVW4-LLd 314086.9 6411002 200.5 - Lower Liddell seam 15 

RNVW4-UAr 314086.9 6411002 114 - Arties seam 11 

RNVW4-ULd 314086.9 6411002 163 - Upper Liddell 13 

RNVW4-UPG 314086.9 6411002 101.5 - Upper Pikes Gully 9 

SMCO02-BY3 322098.3 6410658 178 - Bayswater 4 

SMCO02-BY5 322098.3 6410658 188.5 - Bayswater 4 

SMCO02-int 322098.3 6410658 56 - Interburden 3 

SMCO02-RFL 322098.3 6410658 138 - Ravensworth 3 

SMCO02-RNL 322098.3 6410658 107 - Ravensworth 3 

SMCO02-RTU 322098.3 6410658 48 - Ravensworth 3 

SMO023-BY3 322088.1 6411418 208.5 - Bayswater 4 

SMO023-BY5 322088.1 6411418 215 - Bayswater 4 

SMO023-RFL 322088.1 6411418 180.5 - Ravensworth 3 

SMO023-RNL 322088.1 6411418 155.5 - Ravensworth 3 

SMO023-RTU 322088.1 6411418 84 - Ravensworth 3 

SMO023-RVU 322088.1 6411418 59 - Ravensworth 3 

SMO028-Bay 323345.7 6411410 20 - Bayswater 4 

SMO028-LBA 323345.7 6411410 128.5 - Lemington 6 

SMO028-LBG 323345.7 6411410 109.5 - Lemington 6 

SMO028-LBJ 323345.7 6411410 100 - Lemington 6 

SMO028-LCF 323345.7 6411410 77.2 - Lemington 6 

SMO028-LDF 323345.7 6411410 42.5 - Lemington 6 

SDH18 313459.7 6410603 - 82.64 Liddell seam 13 

SDH16 313459.7 6410603 - 96.9 Lower Pikes Gully 9 

GA1 318378.8 6408259 - - Regolith 1 

GA2 318578.1 6407367 - - Regolith 1 

GCP17 323803 6409986 7.5 - Regolith 1 

GCP24 323421 6407105 48 - Regolith 1 

GCP27 323197 6406037 37.5 - Regolith 1 
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