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Currency of scientific results

The modelling results contained in this product were completed in June 2016 using the best
available data, models and approaches available at that time. The product content was completed
in April 2017.

All products in the model-data analysis, impact and risk analysis, and outcome synthesis (see
Figure 1) were published as a suite when completed.
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Introduction

The Independent Expert Scientific Committee on Coal Seam Gas and Large Coal Mining
Development (IESC) was established to provide advice to the federal Minister for the Environment
on potential water-related impacts of coal seam gas (CSG) and large coal mining developments
(IESC, 2015).

Bioregional assessments (BAs) are one of the key mechanisms to assist the IESC in developing this
advice so that it is based on best available science and independent expert knowledge.
Importantly, technical products from BAs are also expected to be made available to the public,
providing the opportunity for all other interested parties, including government regulators,
industry, community and the general public, to draw from a single set of accessible information. A
BA is a scientific analysis, providing a baseline level of information on the ecology, hydrology,
geology and hydrogeology of a bioregion with explicit assessment of the potential impacts of CSG
and coal mining development on water resources.

The IESC has been involved in the development of Methodology for bioregional assessments of the
impacts of coal seam gas and coal mining development on water resources (the BA methodology;
Barrett et al., 2013) and has endorsed it. The BA methodology specifies how BAs should be
undertaken. Broadly, a BA comprises five components of activity, as illustrated in Figure 1. Each BA
will be different, due in part to regional differences, but also in response to the availability of data,
information and fit-for-purpose models. Where differences occur, these are recorded, judgments
exercised on what can be achieved, and an explicit record is made of the confidence in the
scientific advice produced from the BA.

The Bioregional Assessment Programme

The Bioregional Assessment Programme is a collaboration between the Department of the
Environment and Energy, the Bureau of Meteorology, CSIRO and Geoscience Australia. Other
technical expertise, such as from state governments or universities, is also drawn on as required.
For example, natural resource management groups and catchment management authorities
identify assets that the community values by providing the list of water-dependent assets, a key
input.

The Technical Programme, part of the Bioregional Assessment Programme, will undertake BAs for
the following bioregions and subregions (see
http://www.bioregionalassessments.gov.au/assessments for a map and further information):

o the Galilee, Cooper, Pedirka and Arckaringa subregions, within the Lake Eyre Basin bioregion

e the Maranoa-Balonne-Condamine, Gwydir, Namoi and Central West subregions, within the
Northern Inland Catchments bioregion

e the Clarence-Moreton bioregion

e the Hunter and Gloucester subregions, within the Northern Sydney Basin bioregion
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e the Sydney Basin bioregion
e the Gippsland Basin bioregion.

Technical products (described in a later section) will progressively be delivered throughout the
Programme.

Component 5: Outcome synthesis

1 2| 3 |4

U1

Water-
dependent
asset
register

12151894 eled

Existing
data

Risk
treatment

Data from monitoring

Knowledge

Risk
evaluation

Risk \ Communications

assessment

Figure 1 Schematic diagram of the bioregional assessment methodology

The methodology comprises five components, each delivering information into the bioregional assessment and building on prior
components, thereby contributing to the accumulation of scientific knowledge. The small grey circles indicate activities external to
the bioregional assessment. Risk identification and risk likelihoods are conducted within a bioregional assessment (as part of

Component 4) and may contribute activities undertaken externally, such as risk evaluation, risk assessment and risk treatment.
Source: Figure 1 in Barrett et al. (2013), © Commonwealth of Australia
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Methodologies

The overall scientific and intellectual basis of the BAs is provided in the BA methodology (Barrett
et al., 2013). Additional guidance is required, however, about how to apply the BA methodology to
a range of subregions and bioregions. To this end, the teams undertaking the BAs have developed
and documented detailed scientific submethodologies (Table 1), in the first instance, to support
the consistency of their work across the BAs and, secondly, to open the approach to scrutiny,
criticism and improvement through review and publication. In some instances, methodologies
applied in a particular BA may differ from what is documented in the submethodologies — in this
case an explanation will be supplied in the technical products of that BA. Ultimately the
Programme anticipates publishing a consolidated 'operational BA methodology' with fully worked
examples based on the experience and lessons learned through applying the methods to

13 bioregions and subregions.

The relationship of the submethodologies to BA components and technical products is illustrated
in Figure 2. While much scientific attention is given to assembling and transforming information,
particularly through the development of the numerical, conceptual and receptor impact models,
integration of the overall assessment is critical to achieving the aim of the BAs. To this end, each
submethodology explains how it is related to other submethodologies and what inputs and
outputs are required. They also define the technical products and provide guidance on the content
to be included. When this full suite of submethodologies is implemented, a BA will result in a
substantial body of collated and integrated information for a subregion or bioregion, including
new information about the potential impacts of coal resource development on water and water-
dependent assets.
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Table 1 Methodologies

Each submethodology is available online at http://data.bioregionalassessments.gov.au/submethodology/XXX, where ‘XXX’ is
replaced by the code in the first column. For example, the BA methodology is available at
http://data.bioregionalassessments.gov.au/submethodology/bioregional-assessment-methodology and submethodology M02 is
available at http://data.bioregionalassessments.gov.au/submethodology/M02. Submethodologies might be added in the future.

Code Proposed title Summary of content

bioregional- Methodology for bioregional A high-level description of the scientific and intellectual
assessment- assessments of the impacts of coal basis for a consistent approach to all bioregional
methodology seam gas and coal mining assessments

development on water resources

M02 Compiling water-dependent assets Describes the approach for determining water-dependent
assets
MO03 Assigning receptors to water- Describes the approach for determining receptors
dependent assets associated with water-dependent assets
MO04 Developing a coal resource Specifies the information that needs to be collected and
development pathway reported about known coal and coal seam gas resources as

well as current and potential resource developments

MO05 Developing the conceptual model  Describes the development of the conceptual model of
of causal pathways causal pathways, which summarises how the ‘system’
operates and articulates the potential links between coal
resource development and changes to surface water or

groundwater
MO06 Surface water modelling Describes the approach taken for surface water modelling
MO07 Groundwater modelling Describes the approach taken for groundwater modelling
M08 Receptor impact modelling Describes how to develop receptor impact models for

assessing potential impact to assets due to hydrological
changes that might arise from coal resource development

M09 Propagating uncertainty through Describes the approach to sensitivity analysis and
models quantification of uncertainty in the modelled hydrological
changes that might occur in response to coal resource
development

M10 Impacts and risks Describes the logical basis for analysing impact and risk
M11 Systematic analysis of water- Describes the process to identify potential water-related
related hazards associated with hazards from coal resource development

coal resource development
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Technical products

The outputs of the BAs include a suite of technical products presenting information about the
ecology, hydrology, hydrogeology and geology of a bioregion and the potential impacts of CSG and
coal mining developments on water resources, both above and below ground. Importantly, these
technical products are available to the public, providing the opportunity for all interested parties,
including community, industry and government regulators, to draw from a single set of accessible
information when considering CSG and large coal mining developments in a particular area.

The information included in the technical products is specified in the BA methodology. Figure 2
shows the relationship of the technical products to BA components and submethodologies.
Table 2 lists the content provided in the technical products, with cross-references to the part of
the BA methodology that specifies it. The red outlines in both Figure 2 and Table 2 indicate the
information included in this technical product.

Technical products are delivered as reports (PDFs). Additional material is also provided, as
specified by the BA methodology:

e unencumbered data syntheses and databases
e unencumbered tools, model code, procedures, routines and algorithms
e unencumbered forcing, boundary condition, parameter and initial condition datasets
e lineage of datasets (the origin of datasets and how they are changed as the BA progresses)
e gaps in data and modelling capability.
In this context, unencumbered material is material that can be published according to conditions

in the licences or any applicable legislation. All reasonable efforts were made to provide all
material under a Creative Commons Attribution 3.0 Australia Licence.

Technical products, and the additional material, are available online at
http://www.bioregionalassessments.gov.au.

The Bureau of Meteorology archives a copy of all datasets used in the BAs. This archive includes
datasets that are too large to be stored online and datasets that are encumbered. The community
can request a copy of these archived data at http://www.bioregionalassessments.gov.au.
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Figure 2 Technical products and submethodologies associated with each component of a bioregional assessment

In each component (Figure 1) of a bioregional assessment, a number of technical products (coloured boxes, see also Table 2) are
potentially created, depending on the availability of data and models. The light grey boxes indicate submethodologies (Table 1) that

specify the approach used for each technical product. The red outline indicates this technical product. The BA methodology (Barrett
et al., 2013) specifies the overall approach.
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Table 2 Technical products delivered for the Hunter subregion

For each subregion in the Northern Sydney Basin Bioregional Assessment, technical products are delivered online at
http://www.bioregionalassessments.gov.au, as indicated in the ‘Type’ column?. Other products — such as datasets, metadata, data
visualisation and factsheets — are provided online. There is no product 1.4. Originally this product was going to describe the
receptor register and application of landscape classes as per Section 3.5 of the BA methodology, but this information is now
included in product 2.3 (conceptual modelling) and used in product 2.6.1 (surface water numerical modelling) and product 2.6.2
(groundwater numerical modelling). There is no product 2.4. Originally this product was going to include two- and three-
dimensional representations as per Section 4.2 of the BA methodology, but these are instead included in products such as product
2.3 (conceptual modelling), product 2.6.1 (surface water numerical modelling) and product 2.6.2 (groundwater numerical
modelling).

Component Title Section in the |Type®
BA
methodology®

Context statement 2.5.1.1,3.2 PDF, HTML

Coal and coal seam gas resource

2.5.1.2,3.3 PDF, HTML
assessment

Component 1: Contextual

information for the Hunter Description of the water-dependent

. 2.5.1.3,34 PDF, HTML, register
asset register

subregion
Currfent water accounts and water 2515 PDF, HTML
quality
Data register 2.5.1.6 ReEister

Observations analysis, statistical

. . ) 2.5.2.1,2.5.2.2 |PDF, HTML
analysis and interpolation

Conceptual modelling 2.5.2.3,4.3 PDF, HTML
Component 2: Model-data
analysis for the Hunter g Water balance assessment 2524 PDF, HTML
subregion Surface water numerical modelling 4.4 PDF, HTML
Groundwater numerical modelling |4.4 PDF, HTML
Receptor impact modelling 2.5.2.6,4.5 PDF, HTML

Component 3 and Component
4: Impact and risk analysis for Impact and risk analysis 5.2.1,2.5.4, 5.3 |PDF, HTML
the Hunter subregion

Component 5: Outcome
synthesis for the Hunter Outcome synthesis 2.5.5 PDF, HTML
subregion

2The types of products are as follows:

o ‘PDF’ indicates a PDF document that is developed by the Northern Sydney Basin Bioregional Assessment using the structure,
standards and format specified by the Programme.

e ‘HTML’ indicates the same content as in the PDF document, but delivered as webpages.

o ‘Register’ indicates controlled lists that are delivered using a variety of formats as appropriate.

bMethodology for bioregional assessments of the impacts of coal seam gas and coal mining development on water resources
(Barrett et al., 2013)
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About this technical product
The following notes are relevant only for this technical product.

o All maps created as part of this BA for inclusion in this product used the Albers equal area
projection with a central meridian of 151.0° East for the Northern Sydney Basin bioregion
and two standard parallels of —18.0° and —36.0°.

e Visit http://bioregionalassessments.gov.au to access metadata (including copyright,
attribution and licensing information) for datasets cited or used to make figures in this
product.

¢ In addition, the datasets are published online if they are unencumbered (able to be
published according to conditions in the licence or any applicable legislation). The Bureau of
Meteorology archives a copy of all datasets used in the BAs. This archive includes datasets
that are too large to be stored online and datasets that are encumbered. The community can
request a copy of these archived data at http://www.bioregionalassessments.gov.au.

e The citation details of datasets are correct to the best of the knowledge of the Bioregional
Assessment Programme at the publication date of this product. Readers should use the
hyperlinks provided to access the most up-to-date information about these data; where
there are discrepancies, the information provided online should be considered correct. The
dates used to identify Bioregional Assessment Source Datasets are the dataset’s published
date. Where the published date is not available, the last updated date or created date is
used. For Bioregional Assessment Derived Datasets, the created date is used.

References

Barrett DJ, Couch CA, Metcalfe DJ, Lytton L, Adhikary DP and Schmidt RK (2013) Methodology for
bioregional assessments of the impacts of coal seam gas and coal mining development on
water resources. A report prepared for the Independent Expert Scientific Committee on Coal
Seam Gas and Large Coal Mining Development through the Department of the Environment.
Department of the Environment, Australia. Viewed 1 March 2018,
http://data.bioregionalassessments.gov.au/submethodology/bioregional-assessment-
methodology.

IESC (2015) Information guidelines for the Independent Expert Scientific Committee advice on coal
seam gas and large coal mining development proposals. Independent Expert Scientific
Committee on Coal Seam Gas and Large Coal Mining Development, Australia. Viewed 1
March 2018, http://www.iesc.environment.gov.au/publications/information-guidelines-
independent-expert-scientific-committee-advice-coal-seam-gas.
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2.1 Observations analysis for
the Hunter subregion

This product includes the observations analysis, statistical analysis and interpolation of datasets used
in the bioregional assessment. Only those datasets required for product 2.6.1 (surface water numerical
modelling), product 2.6.2 (groundwater numerical modelling) and product 2.3 (conceptual modelling)
are covered.

The data are categorised according to the following disciplines:

e geography

e geology

e hydrogeology and groundwater quality

e surface water hydrology and water quality

e surface water — groundwater interactions.

The observations analysis includes an assessment of data errors and uncertainties; the spatial and
temporal resolution of observations; and algorithms used in the development of derived datasets. It
requires development — and reporting — of summary statistics that describe the nature, variation and
uncertainty for datasets.

The statistical analysis and interpolation aims to develop a quantitative understanding of the Hunter
subregion by analysing the observed data and — where required — interpolating into locations where
data are sparse.

This product also provides advice on data gaps. More information on data gaps will be reported in later
products.

This product concludes with a detailed description of water management for coal resource
developments. Only that information required for numerical modelling (in product 2.6.1 (surface
water numerical modelling) and product 2.6.2 (groundwater numerical modelling)) is included.
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Component 2: Model-data analysis for the Hunter subregion

2.1.1 Geography

2.1.1 Geography

Summary

This section covers data characteristics, including accuracy, of geographic datasets used to
inform the hydrological modelling for the Hunter subregion.

For physical geography brief descriptions are provided for (i) digital elevation model (DEM)
data, (ii) vegetation height and (iii) land use datasets.

For climate data brief descriptions are provided for (i) precipitation (P), (ii) maximum and
minimum air temperature (Tmax and Tmin, respectively) and (iii) net radiation (Rn).

Subregion-specific characterisation of errors of the input climate data for the long-term (from
January 1980 to December 2009) monthly relative error values are reported. These errors
have little impact on prediction of additional coal resource development (ACRD) impacts, but
could improve the model calibrations.

All geographic data specific to the bioregional assessment (BA) of the Hunter subregion were
obtained from state or national datasets. No statistical analyses or interpolations were undertaken
within the Assessment to generate any of these datasets. Spatial datasets were clipped to the
Hunter subregion boundary such that subregion characteristics could be identified and simple
statistics calculated (e.g. areas, maximum elevation). Details of the source data and/or methods
are provided in Section 2.1.1.1 about observed data.

Spatial analyses specific to the Hunter subregion were undertaken on some of the meteorological
datasets to characterise the errors for water balance modelling. These methods are presented in
Section 2.1.1.2 about statistical analysis and interpolation.

2.1.1.1 Observed data
2.1.1.1.1 Physical geography
Digital elevation model

A digital elevation model (DEM) is needed in both the groundwater model and the landscape
water balance model (Australian Water Resources Assessment (AWRA) landscape model, AWRA-L)
to define surface topography for representing hydraulic gradients, flow directions and defining
contributing areas. The DEM (Bioregional Assessment Programme, Dataset 1) was obtained from
3-second (~90 m) resolution data from the Shuttle Radar Topography Mission (SRTM), flown in
February 2000 (Farr et al., 2007). The technique, known as interferometric synthetic aperture
radar, uses two radar antennas, positioned 60 m apart, to acquire pairs of images of Earth, from
which phase difference measurements can be calculated to compute elevations at Earth’s surface.
The positional accuracy (x, y) of the SRTM data are in the order of 10 m (Smith and Sandwell,
2003; Rodriguez et al., 2006). For Australia, these data were processed according to Gallant et al.
(2011) and the elevational accuracy (z) of the SRTM DEM compared to 1198 permanent survey
mark (PSM) data points had a mean error of —0.539 m. The absolute accuracy of the DEM was
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2.1.1 Geography

14.54 m at the 95th percentile with a root mean square error (RMSE) of 7.029 m in open, flat
terrain. Ninety-nine percent of points are within a height difference of less than 29.97 m (Gallant
et al., 2011).

The groundwater modelling domain extends offshore, beyond the area covered by the 3-second
DEM. To extend the digital elevation model to include the topography of the ocean floor,

the 9-second Australian Bathymetry and Topography Grid produced by Geoscience Australia
(2009) (Dataset 2) was resampled to 3 seconds and stitched onto the SRTM DEM. This has been
generated from a number of different datasets, including single beam and multi-beam bathymetry
data, laser airborne depth sounder data, satellite measurements and various topographic and
DEM data. Each dataset was gridded at 9 seconds without smoothing, and overlayed with the
most accurate grid on top and the least accurate grid at the bottom.

The combined grid of the groundwater modelling domain for the Hunter subregion is a derived
product of the Bioregional Assessment Programme (Dataset 3).

Vegetation height

The groundwater model uses information derived from vegetation height to differentiate between
deep-rooted and shallow-rooted vegetation. While there can be enormous variability in the
relationship between vegetation height and root depth due to site-specific factors such as soil
depth, nutrient availability and water availability, observation data indicates that trees generally
have deeper root systems than shrubs and herbaceous plants. For example, Canadell et al. (1996)
compiled and analysed a dataset containing 290 observations of maximum rooting depth from
major terrestrial biomes across the globe and found that the mean and standard error of
maximum rooting depths for trees, shrubs and herbaceous plants were 7.0+1.2 m, 5.1+0.8 m and
2.6+0.1 m, respectively.

Vegetation height data for the groundwater modelling domain were obtained from a global 1 km
grid resolution vegetation height dataset (Caltech/JPL, Dataset 4). This dataset was derived from
measurements made by a satellite-based light detection and ranging system (lidar) between 20
May 2005 and 23 June 2005 using the Geoscience Laser Altimeter System (GLAS) aboard ICESat
(Ice, Cloud and Land Elevation Satellite). Using a regression tree approach, Simard et al. (2011)
modelled overstorey vegetation height globally at 1 km spatial resolution with a vertical RMSE of
4.4 m and coefficient of determination (r?) of 0.7 when compared against 59 flux-tower field
observations.

The model uses this vegetation height surface to define a spatially-variable evapotranspiration
extinction depth (i.e. the depth below which water cannot be extracted from the soil via plant
roots) that is used in scaling potential evapotranspiration (PET) to actual evapotranspiration
(AET).The evapotranspiration extinction depth parameter is a fixed parameter in the groundwater
modelling. Specification of this parameter is likely to have a moderate impact on model
predictions (see Section 2.6.2.8 of companion product 2.6.2 for the Hunter subregion (Herron

et al., 2018)).
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Component 2: Model-data analysis for the Hunter subregion

2.1.1 Geography

Land use

The AWRA-R river model needs details of irrigated areas and crop types along each section of the
river network in order to distribute non-spatial irrigation diversion data appropriately in the
model. Land use data were clipped using reach boundaries to derive irrigated areas and crop
types. Land use data for the Hunter subregion were obtained from the Catchment Scale Land Use
Management (CLUM) raster surface compiled November 2012 (ABARES, 2012) (Dataset 5). The
most current catchment-scale land use dataset for Australia has been compiled using nationally
agreed land use mapping principles and procedures of the Australian Land Use and Management
(ALUM) Classification version 7. The land use datasets were collected as part of state and territory
mapping programs and the Australian Collaborative Land Use and Management Program
(ACLUMP). The November 2012 dataset is a combined 50 m raster for Australia, with edge-
matching errors corrected for NSW (for which there were no new data provided compared to the
previous version). The land use surface is based on data collected between 1997 and 2009, from
sources ranging from 1:25,000 to 1:250,000 in scale. Section 2.1.4.2.3 contains the specific details
for representing areas of irrigation in the river modelling.

2.1.1.1.2 Climate

For retrospective climate analysis the following variables are required for hydrological modelling
of the Hunter subregion: (i) precipitation (P), (ii) maximum and minimum air temperature (Tmax
and Tmin, respectively) and (iii) net radiation (Rn). Gridded climate surfaces (Bureau of
Meteorology, Dataset 6) have been used in the calculation of PET and catchment runoff. This
dataset contains daily data for the aforementioned climate variables for the whole Australian
continent at a 0.05 degree (or ~5 km) grid cell resolution from 1 January 1900.

Precipitation

Daily precipitation grids (Bureau of Meteorology, Dataset 6) are generated by the Bureau of
Meteorology using optimal geostatistics techniques, which take account of elevation, to
interpolate daily and monthly station P totals between isolated stations (Jones et al., 2009). Daily
time step data were used as input to surface water modelling, with groundwater models using
monthly input data. Given that precipitation is the most spatially discontinuous meteorological
process, it is the on-ground observation network that has the highest spatial density of
observations (Jones et al., 2009, Figure 2). Jones et al. (2009) fully cross-validated the estimates
for the seven years from 2001 to 2007 by randomly deleting 5% of the stations in the network,
performing an analysis using the remaining 95% of station observations and then calculating the
analysis errors for the omitted stations. Between 2001 and 2007, the Australia-wide mean daily
precipitation was 1.8 mm/day with a RMSE of 3.1 mm/day (Jones et al., 2009, Table 3b). This
represents a relative error of 172% (calculated as RMSE/mean), although absolute differences may
be small. For 2001 to 2007, the Australia-wide mean monthly precipitation was 54.3 mm/month
with a RMSE of 21.2 mm/month (Jones et al., 2009, Table 3a). This represents a relative error of
39% (calculated as RMSE/mean). These errors will have little impact on prediction of ACRD
changes, which are calculated as the difference between the CRDP and baseline futures and use
the same rainfall time series. However, the errors can impact on model calibrations, as the quality
of the input data is fundamental to obtaining an acceptable calibration.
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2.1.1 Geography

Temperature

Daily maximum temperature (Tmax) and minimum temperature (Tmin) grids (Bureau of
Meteorology, Dataset 6) are generated by the Bureau of Meteorology using optimal geostatistics
techniques that take elevation into account (the environmental lapse rate) to interpolate daily
extremes of air temperature measured at isolated stations (Jones et al., 2009). The mean daily
Tmax and mean daily Tmin for Australia between 2001 and 2007 were 24.9 and 12.8 °C with RMSE
statistics of 1.2 and 1.7 °C, respectively (Jones et al., 2009, Table 2b). These represent relative
errors of 5 and 13%, respectively (calculated as RMSE/mean). The mean monthly Tmax and mean
monthly Tmin for all Australia between 2001 and 2007 were 24.9 and 12.7 °C with RMSE statistics
of 0.7 and 1.0 °C, respectively (Jones et al., 2009, Table 2a). These represent relative errors of 3
and 8%, respectively (calculated as RMSE/mean).

Solar radiation

Daily solar radiation (Rn) data are available from 1900 onwards as part of the Bureau of
Meteorology gridded climate surfaces for Australia (Bureau of Meteorology, Dataset 6). The
dataset comprises two distinct periods: post-1982, daily solar radiation values are based on
observations from ground-based and satellite instruments; prior to 1982, the daily values are
based on the long-term climatologies from the post-1982 period. This means, for example, that
the solar radiation on 1 January is the same for every year from 1900 to 1981 and reflects the
average solar radiation on 1 January in the years since 1981. Uncertainties in the solar radiation
data arise from the effect of cloud cover (~5%) and water vapour in the atmosphere (~2%).
Comparisons with ground-based measurements (made with pyranometers) indicate that satellite
methods tend to slightly over estimate the radiant exposure in wet, cloudy conditions and to
under estimate in dry conditions (Bureau of Meteorology, 2016).

2.1.1.2 Statistical analysis and interpolation

All geographic data specific to the Hunter subregion were obtained from state or national
datasets. This means no statistical analysis or interpolation was performed within the BA process
to generate any of the geographic datasets. However, to characterise errors of the input climate
data used for the water balance modelling, some subregion-specific spatial analysis was
undertaken.

In addition to generating daily and monthly grids of meteorological variables (P, Tmax and Tmin),
the Bureau of Meteorology (Jones et al., 2009) also generate daily and monthly RMSE grids of the
same variables. These daily and monthly RMSE grids are a combined measure of the observational
error and geostatistical error, the latter being a function of the interpolation algorithm, density of
isolated station observations and degree of spatial autocorrelation of the process(es) driving the
spatial variance captured in the data being interpolated.

To characterise errors of the input climate data, the long-term (from January 1980 to December
2009) monthly mean and RMSE values for rainfall (P), max temperature (Tmax) and minimum
temperature (Tmin) were calculated. Relative errors, expressed as a percentage, were calculated
by dividing monthly RMSE mean grid by the monthly mean grids for each meteorological variable.
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Component 2: Model-data analysis for the Hunter subregion

2.1.1 Geography

The spatially-averaged long-term monthly mean rainfall for the Hunter subregion is 64 mm/month
(Figure 3a) with a RMSE of 30 mm/month (Figure 3b). This results in a relative error of 48% in the
input rainfall grids (Figure 3c). The relatively high error is due in part to the high spatial and
temporal variability in rainfall and relatively low degree of spatial autocorrelation, which may not
be sufficiently captured through the network of meteorological stations. Relative error tends to be
lower in the coastal areas and around the larger inland towns, reflecting the denser network of
rainfall gauges, and higher in the less populous areas, such as the conservation areas in the south-
west, where the rainfall station network is sparse.
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Figure 3 Spatial variation of precipitation from 1980 to 2009

(a) monthly mean precipitation, (b) monthly mean root mean square error (RMSE) precipitation and (c) monthly mean precipitation
relative error for the Hunter subregion and proximal surface water basins
Data: Bureau of Meteorology (Dataset 6), Bioregional Assessment Programme (Dataset 7)

For air temperatures, a meteorological field that has higher spatial autocorrelation than rainfall,
the regional distribution is governed by topography and distance from the ocean. The Tmax
spatially-averaged long-term monthly mean is 22.9 °C (Figure 4a) with a RMSE of approximately
0.4 °C (Figure 4b) for the Hunter subregion. This results in a relative error of 1.8% for Tmax
(Figure 4c). Tmin has a similar spatial pattern, with a spatially-averaged long-term monthly mean
of 10.5 °C (Figure 5a), a RMSE of approximately 0.6 °C (Figure 5b) and a relative error of 6.1%
(Figure 5c).
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2.1.1 Geography
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Figure 4 Spatial variation of maximum air temperature (Tmax) from 1980 to 2009

(a) monthly mean Tmax, (b) monthly mean root mean square error (RMSE) Tmax and (c) monthly mean Tmax relative error for the
Hunter subregion and proximal surface water basins
Data: Bureau of Meteorology (Dataset 6), Bioregional Assessment Programme (Dataset 7)
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Figure 5 Spatial variation of minimum air temperature (Tmin) from 1980 to 2009

(a) monthly mean Tmin, (b) monthly mean root mean square error (RMSE) Tmin and (c) monthly mean Tmin relative error for the
Hunter subregion and proximal surface water basins
Data: Bureau of Meteorology (Dataset 6), Bioregional Assessment Program (Dataset 7)
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2.1.1 Geography

2.1.1.3 Gaps

The characterisation of input data errors in Section 2.1.1.2 suggests that having a denser network
of rainfall gauging stations would reduce the uncertainty of the precipitation grid and hence the
uncertainty in the results of the numerical models.
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2.1.2 Geology

2.1.2 Geology

Summary

A regional scale geological model for the Hunter subregion has been built. This model
represents the Carboniferous to Triassic strata of the northern part of the Sydney geological
basin.

The geological model is an interpretation of the subsurface geometry, composition and
structure of part of the Sydney Basin. The interpretation is based on petroleum exploration
wells, geological maps and geophysical datasets and takes into account their inherent
uncertainties and resolution. The well data provide critical point source information to
constrain the depth of the main stratigraphic horizons, and understand the main rock types
and sedimentary facies. The uncertainty surrounding these data increases with the distance
from the wells. Geological maps and geophysical data were used to constrain the modelled
interpolation of the point source well data.

Isopach maps (i.e. stratigraphic thickness maps) were built and used to define the basin scale
architecture. Each isopach map was calibrated against well picks at the formation scale and
constrained by trends observed within each interval. Definition of a reference regional
horizon and the stacking of the successive isopach maps resulted in an initial non-eroded
geological model. Major folds and fault trends were reviewed and the model was corrected
based on the main anticlinal and synclinal axes, as this reduced correlation errors between
the initial geological model and the formation tops in wells. The geological model was then
eroded to conform with the present-day topographic surface and each stratigraphic unit
populated with stochastic facies calibrated from well data and regional stratigraphic columns.

While there is considerable opportunity to improve upon the Hunter regional scale geological
model through making use of more of the available data, the current version is fit for the
purposes of the regional-scale groundwater modelling. The groundwater model is used to
simulate hydrological changes across a wide range of parameter values to reflect regional
differences and account for the uncertainty in the geological model. The groundwater

model emulators provide a means of incorporating better local-scale information, where it

is available, to constrain the results from the regional groundwater model (see companion
product 2.6.2 (groundwater numerical modelling) for the Hunter subregion (Herron et al.,
2018)).

This section outlines the rationale and describes the methods for building a geological model of
the Hunter subregion. For bioregional assessment (BA) purposes, a three-dimensional geological
model of the Hunter subregion was needed to define regional-scale geological architecture for
modelling the impacts of coal mining on groundwater, particularly in terms of connectivity to the
surface water system and to the subregion’s water-dependent assets. The Hunter subregion
covers a specific geological area of the Sydney Basin, including Newcastle Coalfield, Hunter
Coalfield and parts of the Western Coalfield as well as minor parts of the Gunnedah and Werrie
geological basins. Additional documentation about the geology of the Hunter subregion is
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summarised in companion product 1.1 for the Hunter subregion (McVicar et al., 2015), particularly
information relevant to the development of a regional geological model.

A number of coal seam gas (CSG) models have been developed for this region. Many focus on CSG
distribution and quality in the individual coalfields (e.g. Creech, 1994; Faiz et al., 2003; Faiz et al.,
2007; Burra and Esterle, 2012; Pinetown, 2010, 2014; Thomson et al., 2008), although some are at
the scale of the Sydney Basin (e.g. Burra et al., 2015). These models provide details of CSG
maturity and geochemistry but do not provide a regional geological interpretation at the scale of
the Hunter subregion.

Other existing models do focus on the geological framework of the Sydney Basin, but were
developed for understanding the geological basement structure and have limited resolution of the
Permo-Triassic stratigraphy. Coal measures occur within the Permian age units, which when not
outcropping at the surface lie below Triassic units. It is the Permo-Triassic stratigraphy then that is
of most relevance for a geological model to underpin the Hunter bioregional assessment. It is the
basement structure and main structural trends that have been particularly well investigated in the
pre-existing geological models — for example: in a study that integrated multidisciplinary datasets,
such as deep reflection seismic, gravity and magnetic datasets (Blevin et al., 2007); in a synthesis
of the Sydney Basin deep, regional structure by SRK Consulting (Woodfull et al., 2004); more
recently, a geological model was built to refine the gravity interpretation (Danis et al., 2011); and
NSW Trade and Investment have undertaken a study based on Chemical Abrasion Isotope Dilution
Thermal lonisation Mass Spectrometry (CA-IDTIMS) tuff dating and stratigraphic correlation at the
scale of the geological Sydney-Gunnedah Basin (Oliveira et al., 2014). This last study provides a
regional-scale interpretation of a few stratigraphic intervals within the sedimentary pile such as
the Permo-Triassic limit, the upper coal measures interval, the Greta Coal Measures and the top of
the Dalwood Group.

Following a review of existing geological datasets and models available, it was concluded that a
BA-specific geological model for the Hunter subregion could provide better representation of the
Permo-Triassic stratigraphy and provide an independent review and interpretation of the hard
datasets (i.e. original datasets, with the minimum of interpretation) in the time frame of the
Assessment (June 2014 to February 2015). Quaternary alluvium is not represented in the
geological model, but is incorporated into the groundwater model where it is needed to represent
alluvial aquifers and connections between groundwater and surface water.

Details of the observed datasets are provided in Section 2.1.2.1. Note that the Hunter geological
model is based on publicly available datasets. The methods used to generate derivative datasets
and their use in producing the three-dimensional geological model are described in

Section 2.1.2.2.

2.1.2.1 Observed data

Three types of observed data were used to develop and build a geological model for the Hunter
subregion: deep wells datasets (DTIRIS NSW, Dataset 1; CSIRO, Dataset 2, Dataset 4; Bioregional
Assessment Programme, Dataset 3), surface geological maps (Geoscience Australia, Dataset 5) and
geophysical datasets (Geoscience Australia, Dataset 6, Dataset 7).
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The deep wells dataset consists of stratigraphic and lithological data extracted from petroleum
exploration well completion reports (WCRs) (WCR details are included within the list of references
following Section 2.1.2.3). Other well data are available, such as groundwater bores and coal bores
that could provide more detail within each shallow geological level, but they were not integrated
into the model due to time and resource constraints and the objective of building a model fit for
regional-scale groundwater modelling.

The geophysical and geological maps datasets comprise regional-scale data that could be
incorporated into a model with a 2 km? grid cell resolution within the available time and
resources. The selected datasets comprise SRTM (Shuttle Radar Topography Mission) topography
(Geoscience Australia, Dataset 7), bathymetry (Geoscience Australia, Dataset 6) and deep
structure datasets, the 1:2,500,000 scale Geological Map of NSW (Scheibner, 1999) and the
stratigraphy, structural and isopach maps described in companion product 1.1 for the Hunter
subregion (McVicar et al., 2015). Maps based on these datasets are published in this companion
product as follows:

e Figure 29 Structural elements of the Sydney Basin (Stewart and Alder, 1995)

e Figure 30 Surface geological map of the Hunter subregion (modified from Stewart and Alder,
1995 and Geoscience Australia 2012)

e Figure 31 Thickness contour map of the upper coal measures of the Sydney Basin (modified
from Blevin et al., 2007)

e Figure 33 Generalised stratigraphic column of the Permian and Triassic units in the main
coalfields of the Sydney Basin (Geoscience Australia, 2014)

e Figure 35 Structural elements of the Newcastle Coalfield (Agnew et al., 1995)
e Figure 36 Structural elements of the Western Coalfield (Yoo et al., 1995).

2.1.2.1.1 Deep wells dataset

The deep wells data (DTIRIS NSW, Dataset 1; CSIRO, Dataset 2, Dataset 4; Bioregional Assessment
Programme, Dataset 3) provide information about the rock types and stratigraphic unit limits of
the Hunter subregion from geophysical logs, core and cutting analyses summarised in the WCRs
(see the listing of WCRs within the list of references following Section 2.1.2.3).

The first wells were drilled in the 1920s by the Thrift Mineral Prospecting Syndicate. The rate of
deep well drilling increased in the 1960s with the Australian Oil and Gas Corporation Ltd
exploration campaigns. In the late 1980s and early 1990s, CSG emerged as a viable development
opportunity and provided the motivation to drill more wells. Sydney Gas Ltd, Sydney Gas
Operations, Macquarie Energy Pty Ltd and AGL Energy Limited have been responsible for most of
the drilling in the last 15 years.

In all, 105 WCRs were consulted and included all onshore deep wells in the Hunter subregion, as
well as those within 50 km of its boundaries (104 wells) and one offshore well, located within

50 km of the subregion (Table 3). The offshore well is New Seaclem 1 and was drilled in 2011
(Advent Energy, 2011). A full listing of the WCRs is provided within the list of references following
Section 2.1.2.3.
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Table 3 List of petroleum wells with well completion reports publicly available in the Hunter subregion

Well name

Allambi 1C
Balmain 1
Baulkham Hills 1
Belford 1
Belford Dome 1
Berkshire Park 1

Big Adder Hill 1

Black Springs 1
Bootleg 2A
Bootleg 3
Bootleg 4
Bootleg 5
Bootleg 6
Bootleg 7
Brawboy 1
Brawboy 2

Bulga 1

Camberwell 1
Camberwell 2

Cape Three Points 1
Catherine Hill Bay 1
Coolahville 1C
Cuanl

Dartbrook 1

Doolans Creek 1

Dural 1
Dural 3
Dural South 1

East Dunlop 1

East Maitland 1

Elizabeth
Macarthur 21V

Date | Company

2007
1937
1961
1965
1930
1968

1995

2008
1982
1982
1982
1981
1982
1982
2009
2010
1994

1966
1986
1974
2009
2007
2010
2009

1995

1957
1958
1966
1995

1963
2004

Eastern Star Gas Limited

Natural Gas and Oil Corporation Ltd
Australian Oil and Gas Corporation Ltd
Australian Oil and Gas Corporation Ltd
Unknown

Australian Oil and Gas Corporation Ltd

Amoco Australia Development
Company Ltd

Sydney Gas Ltd

Australian Gas Light Company Ltd / OXY
Australian Gas Light Company Ltd / OXY
Australian Gas Light Company Ltd / OXY
Australian Gas Light Company Ltd / OXY
Australian Gas Light Company Ltd / OXY
Australian Gas Light Company Ltd / OXY
Santos QNT Pty Ltd

Santos QNT Pty Ltd

Amoco Australia Petroleum Company
Ltd

Australian Qil and Gas Corporation Ltd
Sydney Qil Company Pty Ltd
Robertson Research Australia Pty Ltd
Macquarie Energy Pty Ltd

Eastern Star Gas Limited

Santos QNT Pty Ltd

AGL Energy Limited

Amoco Australia Petroleum Company
Ltd

Australian Oil and Gas Corporation Ltd
Australian Oil and Gas Corporation Ltd
Shell Development Pty Ltd

Amoco Australia Petroleum Company
Ltd

Planet Exploration Company Pty Ltd

Sydney Gas Ltd

Latitude

-31.9229°
—33.8517°
—-33.7502°
—32.6529°
—32.6472°
—33.6798°

-32.4771°

—32.1636°
—-33.6871°
—33.1433°
—-33.3790°
—33.1299°
—33.2022°
—33.4329°
-31.8974°
—31.9043°

—32.6939°

—32.5405°
—32.5412°
—33.4779°
-33.1620°
—31.8444°
-31.9724°
—32.1349°

—32.2154°

—33.6856°
—33.6667°
—33.7084°

—32.1390°

—32.7609°

-34.1138°
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Longitude

149.6865°
151.1777°
151.0084°
151.2847°
151.2852°
150.7905°

150.7760°

150.6523°
151.0604°
151.4179°
151.4720°
150.6927°
150.9740°
150.8632°
150.6419°
150.6425°

151.0158°

151.1018°
151.1055°
151.4405°
151.6301°
155.6986°
150.6433°
150.8001°

150.3090°

151.0567°
151.0163°
151.0161°

150.2987°

151.6176°

150.7261°

Total depth
(m MD KB?)

385
1504
1067
1175

472
1091

657

761
1411
406
748
1099
898
1072
1435
1089
1097

1903
1173
610
1099
396
1422
895
945

1586
1971
3059
1094

3049
640
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Well name Latitude Longitude | Total depth
(m MD KB?)

Farley 1 1935 W. Maskell —32.7510° 151.5106° 1635

Farley 2 1959 Sun Oil and Gas Company of California -32.7316°  151.4922° 632

Fullerton 1 2011 Dart Energy Limited —32.8086° 151.8379° 901

Fullerton 2 2011 Dart Energy Limited —32.8406° 151.8369° 1152

Fullerton 3 2011 Dart Energy Limited —32.8308° 151.8251° 853

Fullerton 4 2011 Dart Energy Limited —32.8180° 151.8793° 750

Goulburn River 1 1995 Amoco Australia Development —32.4236° 150.6534° 609
Company Ltd

Hawkesbury 1993 Pacific Power —33.9702° 151.2300° 1251

Bunnerong 1

Hawkesbury 1995 Pacific Power —33.8958°  151.1938° 1317

Eveleigh 1

Hawkesbury 1991 Pacific Power —33.3757° 151.3846° 1000

Lisarow 1

Hawkesbury 1992 Pacific Power —33.2328°  151.4994° 260

Munmorah 1

Hawkesbury 1993 Pacific Power —33.2341° 151.5001° 269

Munmorah 2

Hawkesbury 1994 Pacific Power —33.2351°  151.4952° 245

Munmorah 3

Higher Macdonald 1968 Australian Oil and Gas Corporation Ltd —33.2137°  150.9339° 628

1

Howes Swamp 1 1970 Esso Exploration and Production —33.1289°  150.6919° 2570
Australia Inc

Hunter Bulga 1 2004 Sydney Gas Ltd —-32.7412°  151.1051° 537

Hunter Bulga 2 2004 Sydney Gas Ltd —32.7433° 151.1108° 531

Hunter Corehole 3 2007 Sydney Gas Ltd —-32.6473°  150.9852° 906

Hunter Corehole 1 2009 Sydney Gas Ltd —-32.6580° 151.1319° 900

Hunter Coricudgy 1 1992 Pacific Power -32.8557° 150.3477° 865

Hawkesbury Llanillo 1991 Pacific Power —32.4360° 150.8365° 766

1

Hawkesbury 1991 Pacific Power —-32.439° 150.8026° 700

Randwick Park 1

Jerrys Plains 1 1969 Esso Exploration and Production —32.4730° 150.9412° 1595
Australia Inc

Jilliby 1 2004 Sydney Gas Operations (Wyong) —33.2543°  151.3865° 621

Jilliby 13 2005 Sydney Gas Operations (Wyong) —33.2420° 151.3881° 613

Jilliby 1B 2004 Sydney Gas Operations (Wyong) —33.2560° 151.3867° 500

Jilliby 2 2004 Sydney Gas Operations (Wyong) —33.2366°  151.3723° 591
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Well name

Kenthurst 1

Knight 1

Kulnura 1
Kurrajong Heights 1
Loder 1

Loder 1

Longley 1

Lower Portland 1
Macdonald 2
Maison Dieu 1
Martindale 1/1A
Meads Crossing 1
Mellong 1
Millfield 1
Monkey Place 1
Monkey Place 2
Monkey Place 3
Monkey Place 4
Mt Murwin 1
New Seaclem

North Castlereagh
1

North Colah 1
Oakdale 1

Paynes Crossing 1
Pinegrove 1

Riverstone 1

Rothanal 1
Rouchel Rouchel 1
Rouchel Rouchel 2
Roughit 1
Sedgefield 1
Shearman 1

Singleton 1

1963
2002
1964
1962
1927
1963
1973

1968
1971
2008
1967
2011
1964
1966
2010
2010
2010
2010
1963
2011
1993

1971
2009
2008
2002
1992

2008
2009
2009
2008
1964
1989
1992

Australian Oil and Gas Corporation Ltd
Sydney Gas Company NL

Australian Qil and Gas Corporation Ltd
Australian Qil and Gas Corporation Ltd
Oil And Gas Investigations Ltd
Australian Oil and Gas Corporation Ltd

North West Oil and Minerals Company
NL

Australian Oil and Gas Corporation Ltd
Metals Investment Holdings NL
Sydney Gas Ltd

Australian Oil and Gas Corporation Ltd
Planet Gas Limited

Australian Oil and Gas Corporation Ltd
Australian Oil and Gas Corporation Ltd
AGL Energy Limited

AGL Energy Limited

AGL Energy Limited

AGL Energy Limited

Australian Qil and Gas Corporation Ltd
Advent Energy Limited

Amoco Australia Petroleum Company
Ltd

Metals Investment Holdings NL
Santos QNT Pty Ltd

Sydney Gas Ltd

Sydney Gas Ltd

Amoco Australia Petroleum Company
Ltd

Sydney Gas Ltd

Santos QNT Pty Ltd

Santos QNT Pty Ltd

Sydney Gas Ltd

Australian Oil and Gas Corporation Ltd
Command Petroleum NL

Amoco Australia Petroleum Company
Ltd

Latitude

-33.6615°
—-32.7009°
—33.2138°
—33.5268°
—32.6268°
—32.6322°

—33.3561°

—33.4326°
—33.3182°
—32.5148°
—-32.5160°
—32.2656°
—32.9995°
—32.8759°
—32.7459°
—32.7425°
—32.7467°
—32.7478°
—32.8492°
—32.9304°

—33.6387°

—33.6098°
—-31.7587°
—32.8757°
—32.5624°

—33.6769°

—32.6783°
—31.9881°
—31.9881°
—32.5724°
—-32.5113°
—32.8436°

—32.5334°

24 | Observations analysis, statistical analysis and interpolation for the Hunter subregion

Longitude

151.0183°
151.0540°
151.1972°
150.6196°
151.1260°
151.1334°

151.2886°

150.8635°
150.9632°
151.0698°
150.6153°
150.0916°
150.7122°
151.2077°
151.1468°
151.1450°
151.1422°
151.1477°
150.9504°
153.3736°

150.6780°

151.1089°
155.8618°
151.0826°
150.9650°

150.8130°

151.2651°
150.8061°
150.8061°
151.2575°
151.2546°
151.8105°

151.1411°

Total depth

(m MD KB?)

1067

748
2473
2783

729
2063
1031

886
752
292

1181
590
905
644
556
571
571
685
887
750

1320

837
892
1082
511
1537

866
484
999
1064
687
739
1299



2.1.2 Geology

Well name Latitude Longitude | Total depth
(m MD KB?)
St Albans 1 1970 Metals Investment Holdings NL —33.3559°  150.9787° 845
Terrigal 1 1961 J. Stevens —33.4393° 151.4312° 1886
Turill 1 2010 Santos QNT Pty Ltd —32.0627°  150.0555° 1110
Turnermans 1 2009 AGL Energy Limited -32.4787°  150.6772° 727
Wappinguy 1 2009 Sydney Gas Ltd —32.2089°  150.4841° 901
Whybrow 2 1986 Sydney Qil Company Pty Ltd —-32.6774°  150.9822° 610
Windermere 1 2010 AGL Energy Limited —32.6400° 151.0220° 623
Windermere 2 2010 AGL Energy Limited —-32.6431° 151.0208° 615
Windermere 3 2010 AGL Energy Limited —32.6400° 151.0158° 609
Windermere 4 2010 AGL Energy Limited -32.6433°  151.0252° 733
Windy Hill 1 1992 Amoco Australia Petroleum Company —32.8543° 151.6417° 928
Ltd
Wollombi Brook 1 1994 Amoco Australia Petroleum Company —32.7633° 151.0769° 996
Ltd
Woodbury 1 1966 Planet Exploration Company Pty Ltd —32.7892° 151.6822° 671
Wybong 1 1995 Amoco Australia Petroleum Company —32.2734°  150.6548° 763
Ltd

adepths are measured depth (MD) relative to the kelly bushing (KB). A kelly bushing is an adapter that connects the rotary table to
the kelly which transmits the rotary motion to the drillstring during drilling.
Data: see the listing of well completion reports within the list of references following Section 2.1.2.3

Well distribution varies across the Hunter subregion (Figure 6). The highest concentrations are in
the Hunter Coalfield around Singleton, and the Newcastle Coalfield between Lake Macquarie and
Tuggerah Lakes. However, much of the subregion has sparse deep wells data. The measured
depths (MD) of these wells vary between 245 m MD (well Hawkesbury Munmorah 3) and

3059 m MD (well Dural South 1) relative to the kelly bushing (KB) at the top of each well, just
above ground level (a kelly bushing is an adapter that connects the rotary table to the kelly —a
square or hexagonal steel bar with a hole drilled through the middle for a fluid path — which
transmits the rotary motion to the drillstring during drilling). The quality of the stratigraphic and
structural interpretations is variable, reflecting the ages of the wells and differences in geological
interpretation from one company to another and from one coalfield to another. The data that can
be used to construct a regional geological model are identified as part of the statistical analysis
(Section 2.1.2.2.3).
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Component 2: Model-data analysis for the Hunter subregion

2.1.2 Geology
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Figure 6 Spatial distribution of petroleum wells within the Hunter subregion

GL = ground level; well depths are relative to ground level in this figure
Data: CSIRO (Dataset 2)

2.1.2.1.2 Geological maps and geophysical datasets

Onshore topography and offshore bathymetric datasets were used to map the upper surface of
the Hunter subregion. The surface topography used in the geological model was extracted from a
3-second digital elevation model (DEM) (Geoscience Australia, Dataset 7). The offshore
bathymetric surface was extracted from 9-second bathymetry data (Geoscience Australia,
Dataset 6). Both datasets are described in Section 2.1.1. The grids were reprojected to Australian
Map Grid (AMG) zone 56 with a cell resolution of 90 m to fit with the petroleum well coordinate
system and get the best from the data with reasonable computer processing performance. This
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resolution is compatible with the 2 km? cell size of the model. The base of the Hunter subregion
geological model was extracted from the Structurally Enhanced view of Economic Basement data
(known as OZ SEEBASE) (FrOG Tech, Dataset 8). This dataset provides depth to basement model all
over Australia and was used because it is publicly available.

Existing data about geological structures (folds and faults), as well as stratigraphic unit extents and
thicknesses, are in Section 1.1.3 of companion product 1.1 for the Hunter subregion (McVicar et
al., 2015). These data, which are also listed in Section 2.1.2.1, were digitised and integrated in the
three-dimensional model calibration dataset (see Section 2.1.2.2.3).

2.1.2.2 Statistical analysis and interpolation

Observed datasets (Section 2.1.2.1) were analysed and processed to form derived datasets for use
in the bioregional assessment of the Hunter subregion. These datasets were analysed and
interpolated to develop a three-dimensional geological model of the Carboniferous to Triassic
stratigraphic sequences of the Hunter subregion. The three-dimensional geological model with

2 km? cell size was built using Roxar Reservoir Management Software (Roxar RMS). Developed by
Emerson (2016), this product is traditionally used in the oil and gas industry to make hydrocarbon
reservoir or basin-scale models. Other packages are available, such as GOCAD® Mining Suite or
Leapfrog® three-dimensional geological mining software. Roxar RMS was adopted because it has
the option of computing 3D facies grids based on a stratigraphic analysis approach within the grid
cells (see Emerson (2016) for more details).

2.1.2.2.1 Workflow

Having established the need to build a regional geological model for bioregional assessment
purposes, a workflow was defined to construct the first-order subsurface structural and
stratigraphic architecture of the Hunter subregion. The approach is based on classical three-
dimensional geological modelling approaches (Ross et al., 2004) to produce a simple regional
model from poorly constrained datasets. The aim of this workflow is to model the large-scale
stratigraphic units without introducing structural complexity into the grid geometry that is not
supported by the available hard data (Wellmann et al., 2010). The workflow comprised:

1. selection and processing of the observed data to form derived datasets and implementing
the model numerical database (see Section 2.1.2.2.2), including:

a. defining regional horizons

b. determining horizon tops and lithological datasets from the deep well dataset and
geological maps

c. mapping the topography and bathymetry of the subregion from DEM data
2. three-dimensional non-faulted and non-eroded geological modelling (see Section 2.1.2.2.3):
a. selecting reference horizons and creating a horizon depth map
b. isopach mapping
c. building a preliminary (non-faulted and non-eroded) geological model
d. extracting depth structure maps from the geological model

3. fold and fault analysis to refine the geological model (see Section 2.1.2.2.4).
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2.1.2 Geology

2.1.2.2.2 Data selection and processing

Spatial distribution of the deep wells data in the Hunter subregion is poor: only heterogeneous
scattered well data are available as shown by Figure 6. These types of data are point source and do
not provide much insight into the three-dimensional structure of the geological units at depth.

Generalised stratigraphic columns for the Hunter, Newcastle, Western and Central coalfields
(shown in the geology section of the companion product 1.1 for the Hunter subregion (McVicar et
al., 2015)) and correlations proposed by NSW Trade and Investment (Oliveira et al., 2014) were
used to define ‘regional horizons’ for the purpose of this Assessment. Nine regional horizons were
determined. They are named according to the nomenclature used by NSW Trade and Investment,
with ‘M’ referring to Mesozoic and ‘P’ to Paleozoic. The relationship between these regional
horizons and the stratigraphic units in each of the four coalfields are shown in Table 4.

Well completion reports (WCR) were analysed to determine the top depth of regional horizons. Of
the 105 wells in the original dataset, 44 wells had information that could be used in the model.
The markers of the horizon top depths in the wells are called ‘well picks’. Table 5 summarises for
each well in the derived dataset the pick depths and the top of regional horizon to which it
corresponds. The uncertainties in the depths to the tops of the horizons are not known. They are a
function of the original well stratigraphic interpretation; a new integrated interpretation of all the
well logs could remove some uncertainty at this stage. However, due to operational constraints,
this type of integrated interpretation could not be achieved for this geological model.

The well top data and relevant structural contours from the outcrop limits and mapped isopachs in
the Newcastle Coalfield (see Figure 35 in companion product 1.1) and Western Coalfield (see
Figure 36 in companion product 1.1) were mapped for each of the regional horizons (Figure 7).
P500 and P100 are the best constrained horizons in terms of number of well tops. Figure 7 shows
the distribution of the nine horizon tops in nine separate maps.
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Table 4 Relationship between regional horizons and stratigraphic units in the coalfields of the Hunter subregion

Regional

horizon name

Age (geological
stage)

Newcastle
Coalfield

Hunter Coalfield

Western Coalfield

Central or
Southern
coalfields

M600 Top Anisian Top Hawkesbury  Top Hawkesbury  Top Hawkesbury = Base Wianamatta
Sandstone Sandstone Sandstone Group

M700 Top Olenekian Base Hawkesbury Base Hawkesbury Base Hawkesbury Base Hawkesbury
Sandstone Sandstone Sandstone Sandstone

P0O00O Top Changhsingian Base Narrabeen Base Narrabeen Base Narrabeen Base Narrabeen
Group Group Group Group

P100 Upper Base Newcastle Base Newcastle Top Watts Top Bargo

Wuchiapingian Coal Measures Coal Measures Sandstone Claystone

P500 Mid Capitanian Base Tomago Coal Base Wittingham Base lllawarra Base lllawarra
Measures Coal Measures Coal Measures Coal Measures

P550 Top Wordian Base Mulbring Base Mulbring Base Berry Base Berry
Siltstone Siltstone Siltstone Siltstone

P600 Mid Roadian Base Maitland Base Maitland Base Shoalhaven  Base Shoalhaven
Group Group Group Group

P700 Upper Kungurian Base Greta Coal Base Greta Coal
Measures Measures

P900 Base Serpukhovian Base Seaham Base Seaham

Formation Formation

Refer to the Sydney Basin stratigraphic column in Hodgkinson et al. (2016) for more details

Table 5 Depth to top of regional horizons from deep wells across the Hunter subregion

Well name Regional Pick depth | Well name Regional Pick depth

horizon top (m TVD ss?) horizon top (m TVD ss?)
Allambi_1C M700 —367.84 Howes_Swamp_1 P600 1545.87
Allambi_1C P0O00O —258.84 Howes_Swamp_1 P900 2256.96
Allambi_1C P500 —154.24 Hunter_Bulga_1 P000 24.53
Allambi_1C P550 —138.04 Hunter_Bulga_1 P100 30.59
Allambi_1C P900 —103.54 Hunter_Bulga_1 P500 463
Baulkham_Hills_1 M600 —89.4 Hunter_Bulga_2 P0O00 34.46
Baulkham_Hills_1 M700 154.44 Hunter_Bulga_2 P100 50.28
Baulkham_Hills_1 P500 977.4 Hunter_Bulga_2 P500 449.44
Berkshire_Park_1 M600 396.3 Hunter_Coricudgy_1 M700 -947.2
Berkshire_Park_1 M700 1062.3 Hunter_Coricudgy_1 PO0O —-462.2
Berkshire_Park_1 P0O0O 3281.6 Hunter_Coricudgy_1 P500 403.15
Berkshire_Park_1 P500 3490.6 lilliby_13 M700 5.3
Big_Adder_Hill_1 P500 550.32 lilliby_13 P000 389.41
Black_Springs_1 P000 24.88 lilliby_13 P100 550.69
Brawboy_1 M700 —356.18 lilliby_13 P500 601.3
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Well name Regional Pick depth | Well name Regional Pick depth

horizon top (m TVD ss?) horizon top (m TVD ss?)
Brawboy_1 P0O00O 238.92 Kenthurst_1 M600 0
Brawboy_1 P100 550.8 Kenthurst_1 M700 259.08
Brawboy_1 P500 667.12 Kenthurst_1 P0O00 856.18
Brawboy_2 M700 —-171.5 Kenthurst_1 P100 1067.1
Brawboy_2 P0O00O 225 Kulnura_1 M600 0
Brawboy_2 P100 534 Kulnura_1 M700 94.48
Brawboy_2 P500 638 Kulnura_1 P0O00 836.67
Catherine_Hill_Bay_1 P0O00O —42.3 Kulnura_1 P100 981.76
Catherine_Hill_Bay_1 P100 369.1 Kulnura_1 P500 1446.27
Catherine_Hill_Bay_1 P500 1003.7 Kulnura_1 P550 1904.39
Coolahville_1C M700 —430.84 Kulnura_1 P600 2472.53
Coolahville_1C P0O00 —280.94 Longley_1 M700 —-180.7
Coolahville_1C P500 —156.34 Longley_1 P0O00 627
Coolahville_1C P550 —-129.14 Longley_1 P100 1031.1
Coolahville_1C P900 —125.34 Meads_Crossing_1 M700 -59.39
Cuan_1 M700 —297.5 Meads_Crossing_1 PO0O 79.9
Cuan_1 P0O00 54.5 Meads_Crossing_1 P500 168.09
Cuan_1 P100 448.1 Mellong_1 M600 0
Cuan_1 P500 978 Mellong_1 M700 112.77
Dartbrook_1 P100 —205.83 Mellong_1 P0O00 755.9
Dartbrook_1 P500 618.65 Mellong_1 P100 905.25
Dural_1 M700 265.17 Monkey Place_1 P0O00 -101
Dural_1 P0O00 844.29 Monkey_ Place_1 P100 —33.67
Dural_1 P100 1150.62 Monkey_Place_1 P500 452
Dural_1 P500 1150.62 Monkey_Place_2 P0O00 —88.43
Dural_1 P600 1368.55 Monkey_Place_2 P100 -60.39
Dural_1 P700 1422.5 Monkey_Place_2 P500 479.57
Dural_South_1 M600 -161.23 Monkey_Place_3 P0O00O -95.3
Dural_South_1 M700 76.52 Monkey_Place_3 P100 -16.11
Dural_South_1 P0O00 634.3 Monkey_Place_3 P500 472.7
Dural_South_1 P100 787.61 Monkey_Place_4 P0O00 -105.2
Dural_South_1 P500 1416.41 Monkey_Place_4 P100 -24.9
Dural_South_1 P550 2217.12 North_Colah_1 M700 -5.79
Dural_South_1 P600 2851.72 North_Colah_1 PO0O 681.95
Dural_South_1 P900 2851.72 North_Colah_1 P500 745.84
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Well name

Elizabeth_Macarthur_1H
Elizabeth_Macarthur_1H
Fullerton_2

Fullerton_4
Hawkesbury_Bunnerong_1
Hawkesbury_Bunnerong_1
Hawkesbury_Bunnerong_1
Hawkesbury_Bunnerong_1
Hawkesbury Eveleigh 1
Hawkesbury_Eveleigh 1
Hawkesbury_Eveleigh 1
Hawkesbury_Eveleigh_1
Higher_Macdonald_1
Higher_Macdonald_1
Higher_Macdonald_1
Howes_Swamp_1
Howes_Swamp_1
Howes_Swamp_1

Howes_Swamp_1

Regional Pick depth

horizon top (m TVD ss?)
M700 137.82
P000 507.7
P500 1140.23
P500 157.5
M600 =25
M700 211.78
P0O0O 776.02
P500 1226.05
M600 25
M700 290
P0O0O 912
P500 1317
M700 3.38
P000 567.87
P500 606.88
M600 —300.61
M700 —-216.79
P000 429.69
P500 1288.92

Well name

Oakdale_1
Oakdale_1
Oakdale_1
Oakdale_1
Oakdale_1
Oakdale_1
Riverstone_1
Riverstone_1
Riverstone_1
Rouchel_Rouchel_1
Rouchel_Rouchel_2
Tangorinl
Turnermans_1
Wappinguy_1
Wappinguy_1
Windermere_1
Windermere_3

Windermere_4

2TVD ss = total vertical depth subsea reported to the Australian Height Datum
Data: see the listing of well completion reports within the list of references following Section 2.1.2.3

Regional
horizon top

M700
PO0OO
P100
P500
P550
P900
M600
M700
PO0O
PO0O
P100
P700
P100
PO0O
P500
P500
P500
P500

2.1.2 Geology

Pick depth
(m TVD ss?)

—262.5
30.9
105
167.3
231.5
250.8
68

287

96
—289.9
329.2
—18.66
-21.8
166.86
669.42
479.69
512.64

-14.15
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Figure 7 Distribution of regional horizon tops from the wells derived dataset for the Hunter subregion

(a) P900 shows all 105 petroleum wells. The 45 well picks that contained sufficient information to define a formation top are
coloured differently for each horizon: (a) P900, (b) P700, (c) P600, (d) P550, (e) P500, (f) P100, (g) PO0O, (h) M700 and (i) M600.
‘Well picks” are the markers of the formation top depths in the wells.

Outcrop limits are shown for the (c) P600 and (e) P500 horizons.

Isodepth points are shown for (g) PO00

Data: DTIRIS NSW (Dataset 1), CSIRO (Dataset 2, Dataset 4), Bioregional Assessment Programme (Dataset 3)

The 3-second DEM and 9-second bathymetry data (see Section 2.1.2.1.1) were extrapolated with a
local B-spline algorithm (Roxar package) to produce a topographic and bathymetric map of the
Hunter subregion (Figure 8). The local B-spline algorithm calculates the amplitude of a family of
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bell-shaped functions (B-splines) using a local heuristic approach. The sum of these functions
defines a function in (x, y) that approaches the input data: this method generates stable and
functional results for all types of mapping (Emerson, 2016).

~32°

—33°

v

& 3¢ Tuggerah Lake

Bathurst
L ]

J

HUN-212-003
E:] Model extent Surface topography 0 25 50
[ subregion TVD ss (m) I Kilomletres l
& Petroleum well |
. -225

Figure 8 Surface topography and offshore bathymetry of the Hunter subregion

TVD ss = total vertical depth subsea reported to the Australian Height Datum; negative values represent elevation above sea level
Data: Bioregional Assessment Programme (Dataset 3), Geoscience Australia (Dataset 5, Dataset 6)
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2.1.2.2.3 Three-dimensional non-faulted and non-eroded geological model

The stratigraphic reference horizons selected for the Sydney Basin geological model of the Hunter
subregion were the P900, P500, P100 and PO0O horizons (Figure 9). These were chosen because
they have the highest density of well picks or are important regional stratigraphic markers in the
Sydney Basin (Oliveira et al., 2014).

Horizon P900 is the base of the Sydney Basin sedimentary sequence (i.e. the surface of the
geological basement). The horizon depth map for P900 (Figure 9a) was obtained using a global
B-spline algorithm with a 500 m lateral step (x and y). The modelled depth varies between +5780
and —730 m total vertical depth subsea (TVD ss). This reference is used in the well database

(Table 5) and is kept in the geological model for consistency purposes. Modelled depths have been
compared with the OZ SEEBASE dataset and the calibration with well picks. Basement highs occur
onshore along the western and north-east borders of the Sydney Basin; and offshore along a
north-east to south-west trend. This basement structure is located deeper than 3000 m below sea
level in the central and eastern parts of the basin where thick Permian and Mesozoic sediment
layers are observed (purple colours, Figure 9a). This map is an intermediary modelling result that
only considers the well picks of P900, without correlation with other structural data and the
present-day surface topography.

The P500, P100 and P0O0O horizons are all important levels within the geological model as they are
the stratigraphic boundaries of the main upper Permian coal-bearing units: the Newcastle,
Wittingham, lllawarra and Tomago coal measures (Table 4). The initial modelling step maps each
horizon independently and does not account for the present-day erosional level (as explained in
the workflow, Section 2.1.2.2.1). The horizons were mapped with a 500 m increment in x and y
based on the well picks and available mapping data. P500 depth varies between +1830 and —

730 m TVD ss, P100 between 1050 and —733 m, PO00 between 918 and —796 m. At this stage of
the model development, the resulting horizon depth maps are non-deterministic, and the level of
geological uncertainty increases proportionally with decreased number of data points. The
horizons only conform to the available well data and regional maps, and are not further
constrained by other sources of stratigraphic information. This means that there may be a poor
level of consistency between different horizons, and in some cases they may even overlap at
depth. To build a more coherent stratigraphic model, the next step is to generate isopach maps
(thickness maps) of each geological unit, which can be used to constrain the three-dimensional
structure of each horizon away from the wells (Figure 9 and Figure 10).
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Figure 9 Non-eroded and non-folded regional horizon maps for Hunter subregion reference horizons: (a) P900,

(b) P500, (c) P100 and (d) PO0O

(a) P900 shows all 105 petroleum wells. Well picks used to define formation tops are coloured differently for each horizon.

‘Well picks’ are the markers of the formation top depths in the wells.

QOutcrop limits are shown in (b) for the P500 horizon.
Isodepth points are shown for (d) PO00

Data: DTIRIS NSW (Dataset 1), CSIRO (Dataset 2, Dataset 4), Bioregional Assessment Programme (Dataset 3)
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Six isopach maps were developed by extrapolation away from the calibration points defined by the
44 input wells and with reference to existing mapping (Table 4, Figure 7, Figure 9, Figure 10). The
calibration points are called isodepths. An isodepth is the difference between two well picks for a
given stratigraphic unit at a given well location. To obtain an isodepth measurement, two
consecutive stratigraphic well tops must be available within the well dataset:

1. top of P700 to top of P900 — lower Permian volcanic-bearing conglomerate, siltstone and
sandstone units of the Dalwood Group

2. top of P600 to top of P700 — Greta Coal Measures
3. top of P500 to top of P550 — siltstone-dominated units, including Mulbring Siltstone in
Newcastle and Hunter coalfields, and Berry Siltstone in Western Coalfield

4. top of PO0O to top of P100 — upper Permian coal-bearing units including the Newcastle Coal
Measures in Hunter and Newcastle coalfields, and lllawarra Coal Measures in the Western
Coalfield (base of Narrabeen Group to top of Watts Sandstone)

5. top of M700 to top of POO0 —Triassic Narrabeen Group
6. top of M600 to top of M700 —Hawkesbury Sandstone.

These maps provide a two-dimensional representation of geological unit thickness. For the isopach
maps that show the top of PO0O to top of P100 (Figure 10d) and top of M700 to top of PO00
(Figure 10e), thickness varies between 200 to 790 m and 154 to 789 m, respectively. Thickening
occurs from the central Hunter subregion towards the north and south-east of the subregion.

For the other isopach maps, there are no obvious thickness trend variations and a constant
thickness has been adopted. Average value of these thicknesses have been determined based on
the well pick depths (Table 5) and thickness of formations given in Section 1.1.3.2 of companion
product 1.1 (McVicar et al., 2015):

e 365 m for the Dalwood Group (top of P700 to top of P900)
e 88 m for Greta Coal Measures (top of P600 to top of P700)

e 500 m for Mulbring Siltstone in Newcastle and Hunter coalfields and the Berry Siltstone in
the Western Coalfield (top of P500 to top of P550)

e 290 m for Hawkesbury Sandstone (top of M600 to top of M700).

The resulting isopach maps are non-deterministic and the uncertainty increases as the isopach
data concentration decreases. These isopach maps are another intermediary step in the
development of the final geological model and do not represent the final isopach data in the
Hunter subregion geological model.
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Figure 10 Isopach maps showing distribution of formation thicknesses from the wells derived dataset for the Hunter
subregion

(a) Top of P700 to top of P900O, (b) Top of P600 to top of P700, (c) Top of P500 to top of P550, (d) Top of POOO to top of P100,
(e) Top of M700 to top of P100 and (f) Top of M600 to top of M700

An isodepth is the difference between two well picks for a given stratigraphic unit at a given well location

Data: DTIRIS NSW (Dataset 1), CSIRO (Dataset 2, Dataset 4), Bioregional Assessment Programme (Dataset 3)

The reference structural maps of P900, P500, P100, POOO (Figure 9) and the isopach maps

(Figure 10) were used as input to build a non-faulted and non-eroded geological model. The
geological modelling option of the Roxar RMS software takes all this information into account and
can generate different simulations depending on the weight given to each dataset. A scenario
giving a weight of ‘1’ to the reference horizons and ‘0.5’ to the isopachs was selected. The
weighting adjustment is a classical approach in geological modelling, used to minimise the
differences between the model results and the input data (Caumon et al., 2009). In this case, the
reference horizons are known to be more constrained than the isopachs (Figure 9 and Figure 10)
and can thus be used to build the model. The geological modelling option corrects the potential
errors in each horizon interpolation, taking into account the interaction between all horizons to
respect a minimum thickness between each horizon as well as the geological chronology (for
example, P500 cannot occur above P100). This model has a horizontal resolution of 2 km x 2 km (x,
y), with 109 layers along the vertical (z) for a total of 511,118 cells. The layers along the vertical
can have variable size: 109 layers were adopted to allow a maximum thickness of 200 m to each
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cell and enable the generation of a facies grid with a non-homogeneous lithology within each unit.
The depth ranges between 1185 m above sea level (the highest elevation known in the subregion)
and 5062 m below sea level (the deepest part of the sedimentary infill sequence of the Sydney
Basin).

Figure 11 shows depth structure maps of the non-faulted and non-eroded horizons extracted from
the geological model.
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Figure 11 Depth structure maps of folded and non-eroded horizons extracted from the geological model for the
Hunter subregion

Outcrop limits are shown on (e) and (c) and the isodepth points on (g).

‘Well picks’ are the markers of the formation top depths in the wells.

The depths are in TVD ss AHD = total vertical subsea reported to Australian Height Datum; negative values represent elevation
above sea level

Data: DTIRIS NSW (Dataset 1), CSIRO (Dataset 2, Dataset 4), Bioregional Assessment Programme (Dataset 3)
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2.1.2.2.4 Preliminary three-dimensional geological model

The extracted non-eroded horizons (Figure 11) were compared with the well data in the
geomodelling software (Roxar RMS) and the difference between the datasets was minimised as a
function of the main fold trends observed within the Hunter subregion. Then, the resulting
horizons were eroded by the topographic level to obtain a preliminary three-dimensional present-
day geological model (CSIRO, Dataset 9). Folding seems to be the dominant first-order structure
influencing the regional horizon structures: anticline and synclines are indeed the most
represented structure within the subregion (Stewart and Alder, 1995).

Fault and fractures are present within the basin but there is insufficient information about their
three-dimensional structure, dip, throw and displacement to inform the model in the time frame
of the Assessment. Therefore, faults have not been represented in the model (see Section 2.1.2.3).

The three-dimensional structure of the preliminary geological model and the facies distribution
within the structural grid are illustrated in Figure 12 and Figure 13. The facies were simply defined
at regional scale from the regional generalised stratigraphic column of the Permian and Triassic
units in the main coalfields of the Sydney geological basin (Figure 33 of companion product 1.1. for
the Hunter subregion (McVicar et al., 2015)). Figure 13 provides an overview of the facies
architecture, illustrating the mixed facies of the Permian coal-bearing intervals capped in the
central and western parts of the basin by more uniform Triassic sandstone, siltstone and
mudstone formations. Figure 14 shows the regional horizon tops extracted from this folded and
eroded geological model. The main fold trends affect the entire stratigraphic sequence and the
white areas reflect the zones eroded at present day. The model had been folded through several
numerical iterations of Roxar RMS stratigraphic modelling plugging to minimise the difference
between the primary maps (Figure 11) and the well picks (Table 4). While Figure 14 also shows the
surface expressions of faults from previous geological mapping, they are not included in the
Hunter geological model.
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Figure 12 Three-dimensional perspective view of the eroded and folded geological model for the Hunter subregion

View from the south, showing the surface expression of model horizons across the subregion. Upland areas are dominated by
horizon 1; in the more eroded areas, the Newcastle, Tomago, Wittingham and lllawarra Coal Measures (horizons 4 and 5) are at or
closer to the surface, and are the main mining areas of the Hunter and Western coalfields where a mix of open-cut and
underground mining occur; only underground mining occurs in the Newcastle Coalfield along the coast where the Greta Coal
Measures (horizon 8) are deeper.

Data: CSIRO (Dataset 9)
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Figure 13 Three-dimensional perspective view of the regional lithology pattern in the geological model for the
Hunter subregion

View from the south, showing a change in surface lithology from siltstone and sandstone outcrops in the upland areas of the
subregion to shale and sand bed lithologies in more eroded areas. Mining is undertaken in areas where the siltstone and sandstone
outcrops have been eroded.

Data: CSIRO (Dataset 9)
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Figure 14 Depth structure maps extracted from the folded and eroded geological model for the Hunter subregion

Depth in m TVD ss = total vertical depth to the Australian Height Datum; negative values represent elevation above sea level. Faults
from previous geological mapping are shown, but are not included in the Hunter geological model.
Data: CSIRO (Dataset 9)

2.1.2.3 Gaps

The geological model of the Hunter subregion was built between June 2014 and early February
2015, during which time data had to be acquired, processed, unified between the different
coalfields and filtered to obtain data that could be used in the BA to underpin a regional-scale
geological model. While a lot of different geological datasets exist in the Sydney Basin, to manage
the data requirements and simplify the analyses in the time available, a decision was made to
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focus on petroleum well data that are deep enough to give access to different sedimentary units
and are relatively homogeneous from one company dataset to another. Before developing the
geological model, members of the project team met with geologists from Sydney University and
NSW Trade and Investment in order to discuss their approach and obtain data. With more time to
acquire and analyse their data and/or collaborate with them in developing the regional model, a
refined geological model may have been possible. Areas for improvement include the following:

e The Hunter subregion geological model is focused on the Permo-Triassic strata and is
characterised by a lack of structural constraints and the heterogeneity of the datasets. The
Sydney Basin basement structure has been well characterised through the use of deep
reflection seismic, magnetic and gravity data (Blevin et al., 2007; Danis et al., 2011), but the
link between the Permo-Triassic sedimentary rocks and this deep structure needs to be
more closely analysed.

e The incorporation of well data, which were not publicly available from the DIGS (Digital
Imaging Geological System) database at the time when the Hunter geological datasets were
being compiled (August 2014) could help to better constrain the geological framework.

e As explained in the introduction, other types of well data, such as coal and groundwater
bores, could be included to add lithological and stratigraphic detail to the shallower levels of
the model.

¢ Shallow seismic reflection data would improve the mapping of the Permo-Triassic horizon
tops across the Hunter subregion.

e Depth interpretation of the raw seismic data is needed to improve the definition of
geological structures in the Permo-Triassic strata. Interpretation reports were provided to
the project by NSW Trade and Investment and reviewed by the BA team, but useful
calibrated and shallow interpreted (in depth) seismic line data were not obtained. There
would be value in reinterpreting the seismic reflection data, calibrating the wells and then
converting the data from the time to the depth domain.

e The model could be updated by incorporating a stochastic distribution of the faults, as was
done in the Gloucester Basin case study (Frery et al., 2018). A small displacement along a
fault can lead to discontinuities in hydrogeological flow paths. These small-displacement
faults are difficult to interpret, especially from onshore seismic data. A power law approach
can be the best way to represent these structures in the model. Results from the
groundwater modelling in the Gloucester subregion (Peeters et al., 2016) showed, however,
that faults had little impact on model results.

e The lithology and the facies, defined from the general stratigraphic column, can be refined
to include hydraulic properties and potential connectivity between horizons.

e A finer resolution model would permit better integration of the well data and geological
complexity in defined areas.

Some of the foregoing deficiencies in the current geological model are compensated for in the
groundwater modelling through simulating hydrological changes across a wide range of parameter
values which reflect regional differences and account for the uncertainty in the geological model.
The groundwater model emulators provide a means of incorporating better local-scale
information, where it is available, to constrain the results from the regional groundwater model
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(see companion product 2.6.2 (groundwater numerical modelling) for the Hunter subregion
(Herron et al., 2018). Thus the regional-scale geological model does not need to represent a lot of
local detail to be fit for the regional-scale groundwater modelling undertaken for the bioregional
assessment.
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Advent Energy Ltd (2011) Well completion New Seaclem 1 PEP 11 — New South Wales. Advent
Energy Ltd, Australia.

AMOCO Australia Petroleum Company (1992) Well completion Singleton 1 PEL 267 — New South
Wales. AMOCO Australia Petroleum Company, Australia.

AMOCO Australia Petroleum Company (1994) Well completion Bulga 1 PEL 267 — New South
Wales. AMOCO Australia Petroleum Company, Australia.

AMOCO Australia Petroleum Company (1995) Well completion Wollombi Brook 1 PEL 267 — New
South Wales. AMOCO Australia Petroleum Company, Australia.

AMOCO Australia Petroleum Company (1996) Well completion Big Adder Hill 1 PEL 4 — New South
Wales. AMOCO Australia Petroleum Company, Australia.

AMOCO Australia Petroleum Company (1996) Well completion Doolans Creek 1 PEL 4 — New South
Wales. AMOCO Australia Petroleum Company, Australia.

AMOCO Australia Petroleum Company (1996) Well completion East Dunlop 1 PEL 4 — New South
Wales. AMOCO Australia Petroleum Company, Australia.

AMOCO Australia Petroleum Company (1996) Well completion Goulburn River 1 PEL 4 — New
South Wales. AMOCO Australia Petroleum Company, Australia.

AMOCO Australia Petroleum Company (1996) Well completion Windy Hill 1 PEL 267 — New South
Wales. AMOCO Australia Petroleum Company, Australia.

AMOCO Australia Petroleum Company (1996) Well completion Wybong 1 PEL 4 — New South
Wales. AMOCO Australia Petroleum Company, Australia.
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Australian Gas Light Company (2009) Well completion Dartbrook 1 PEL 4 — New South Wales.
Australian Gas Light Company, Australia.

Australian Gas Light Company (2009) Well completion Turnermans 1 PEL 4 — New South Wales.
Australian Gas Light Company, Australia.

Australian Gas Light Company (2010) Well completion Monkey Place 1 PEL 267 — New South
Wales. Australian Gas Light Company, Australia.

Australian Gas Light Company (2010) Well completion Monkey Place 3 PEL 267 — New South
Wales. Australian Gas Light Company, Australia.

Australian Gas Light Company (2010) Well completion Windermere 1 PEL 267 — New South Wales.
Australian Gas Light Company, Australia.

Australian Gas Light Company (2010) Well completion Windermere 2 PEL 267 — New South Wales.
Australian Gas Light Company, Australia.

Australian Gas Light Company (2010) Well completion Windermere 3 PEL 267 — New South Wales.
Australian Gas Light Company, Australia.

Australian Gas Light Company (2011) Well completion Monkey Place 2 PEL 267 — New South
Wales. Australian Gas Light Company, Australia.

Australian Gas Light Company (2011) Well completion Monkey Place 4 PEL 267 — New South
Wales. Australian Gas Light Company, Australia.

Australian Gas Light Company (2011) Well completion Windermere 4 PEL 267 — New South Wales.
Australian Gas Light Company, Australia.

Australian Gas Light Company and Australian Occidental Pty Ltd (1982) Well completion Bootleg 3
PEL 260 — New South Wales. Australian Gas Light Company and Australian Occidental Pty
Ltd, Australia.

Australian Gas Light Company and Australian Occidental Pty Ltd (1983) Well completion Bootleg 4
PEL 260 — New South Wales. Australian Gas Light Company and Australian Occidental Pty
Ltd, Australia.

Australian Oil and Gas Corporation Ltd (1963) Well completion Mt Murwin 1 PEL 10 — New South
Wales. Australian Oil and Gas Corporation Ltd, Australia.

Australian Oil and Gas Corporation Ltd (1964) Well completion Sedgefield 1 PEL 103 — New South
Wales. Australian Oil and Gas Corporation Ltd, Australia.

Australian Oil and Gas Corporation Ltd (1965) Well completion Belford 1 PEL 103 — New South
Wales. Australian Oil and Gas Corporation Ltd, Australia.

Australian Qil and Gas Corporation Ltd (1965) Well completion Camberwell 1 PEL 103 — New South
Wales. Australian Oil and Gas Corporation Ltd, Australia.

Australian Oil and Gas Corporation Ltd (1966) Well completion Millfield 1 — New South Wales.
Australian Qil and Gas Corporation Ltd, Australia.
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Australian Qil and Gas Corporation Ltd (1967) Well completion Martindale 1 and 1A PEL 103 — New

South Wales. Australian Oil and Gas Corporation Ltd, Australia.

Command Petroleum Holdings NL (1990) Well completion Shearman 1 PEL 267 — Command
Petroleum Holdings NL, Australia.

Dart Energy (2011) Well completion Fullerton 1 PEL 458 — New South Wales. Dart Energy,
Australia.

Dart Energy (2011) Well completion Fullerton 2 PEL 458 — New South Wales. Dart Energy,
Australia.

Dart Energy (2011) Well completion Fullerton 3 PEL 458 — New South Wales. Dart Energy,
Australia.

Dart Energy (2011) Well completion Fullerton 4 PEL 458 — New South Wales. Dart Energy,
Australia.

Eastern Star Gas (2007) Well completion Allambi 1 PEL 433 — New South Wales. Eastern Star Gas,
Australia.

Eastern Star Gas (2007) Well completion Coolahville 1C PEL 433 — New South Wales. Eastern Star
Gas, Australia.

ESSO (1969) Well completion Jerry Plains 1 PEL 103 — New South Wales. ESSO, Australia.

Macquarie Energy (2010) Well completion Catherine Hill Bay 1 PEL 461 — New South Wales.
Macquarie Energy, Australia.

Maskell W (1977) Well completion Farley 1 — New South Wales. W. Maskell, Australia.

North West Qil and Minerals Company NL (1973) Well completion Longley 1 — New South Wales.
North West Oil and Minerals Company NL.

Oil and Gas Investigations Ltd (2005) Well completion Loder 1 — New South Wales. Qil and Gas
Investigations Ltd, Australia.

Pacific Power (1992) Well completion Hawkesbury Lisarow 1 PEL 279 — New South Wales. Pacific
Power, Australia.

Pacific Power (1992) Well completion Hawkesbury Llanillo 1 PEL 278 — New South Wales. Pacific
Power, Australia.

Pacific Power (1992) Well completion Hawkesbury Randwick Park 1 PEL 278 — New South Wales.
Pacific Power, Australia.

Pacific Power (1994) Well completion Hawkesbury Munmorah 1, 2 and 3 PEL 285 — New South
Wales. Pacific Power, Australia.

Planet Exploration Company (1963) Well completion East Maitland 1 PEL 88 — New South Wales.
Planet Exploration Company, Australia.
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Planet Gas (2012) Well completion Meads Crossing 1 PEL 468 — New South Wales. Planet Gas,
Australia.

Planet Oil Company (1965) Well completion Woodbury 1 PEL 88 — New South Wales. Planet Oil
Company, Australia.

Robertson Research Australia Pty Ltd (1974) Well completion Cape Three Points 1 PEL 191 and 198
— New South Wales. Robertson Research Australia Pty Ltd, Australia.

Santos Qnt Pty Ltd (2009) Well completion Oakdale 1 PEL 456 — New South Wales. Santos Qnt Pty
Ltd, Australia.

Santos Qnt Pty Ltd (2010) Well completion Brawboy 1 PEL 456 — New South Wales. Santos Qnt Pty
Ltd, Australia.

Santos Qnt Pty Ltd (2010) Well completion Brawboy 2 PEL 456 — New South Wales. Santos Qnt Pty
Ltd, Australia.

Santos Qnt Pty Ltd (2010) Well completion Cuan 1 PEL 456 — New South Wales. Santos Qnt Pty Ltd,
Australia.

Santos Qnt Pty Ltd (2010) Well completion Rouchel Rouchel 1 PEL 456 — New South Wales. Santos
Qnt Pty Ltd, Australia.

Santos Qnt Pty Ltd (2010) Well completion Rouchel Rouchel 2 PEL 456 — New South Wales. Santos
Qnt Pty Ltd, Australia.

Santos Qnt Pty Ltd (2011) Well completion Turill 1 PEL 456 — New South Wales. Santos Qnt Pty Ltd,
Australia.

Stevens J (1961) Well completion Terrigal 1 PEL 242 — New South Wales. J. Stevens, Australia.

Sun Oil and Gas Company of California (1957) Well completion Farley 2 PPL 21 — New South Wales.
Sun QOil and Gas Company of California, Australia.

Sydney Gas Ltd (2002) Well completion Knight 1 PEL 267 — New South Wales. Sydney Gas Ltd,
Australia.

Sydney Gas Ltd (2002) Well completion Pinegrove 1 PEL 4 — New South Wales. Sydney Gas Ltd,
Australia.

Sydney Gas Ltd (2004) Well completion Elizabeth Macarthur 1H and 1V PEL 2 — New South Wales.
Sydney Gas Ltd, Australia.

Sydney Gas Ltd (2005) Well completion Jilliby 1 PEL 5 — New South Wales. Sydney Gas Ltd,
Australia.

Sydney Gas Ltd (2005) Well completion Jilliby 1B PEL 5 — New South Wales. Sydney Gas Ltd,
Australia.

Sydney Gas Ltd (2005) Well completion Jilliby 2 PEL 5 — New South Wales. Sydney Gas Ltd,
Australia.
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Sydney Gas Ltd (2008) Well completion Hunter Bulga 1 PEL 267 — New South Wales. Sydney Gas
Ltd, Australia.

Sydney Gas Ltd (2008) Well completion Hunter Bulga 2 PEL 267 — New South Wales. Sydney Gas
Ltd, Australia.

Sydney Gas Ltd (2009) Well completion Hunter Core Hole 1 PEL 267 — New South Wales. Sydney
Gas Ltd, Australia.

Sydney Gas Ltd (2009) Well completion Hunter Core Hole 3 PEL 267 — New South Wales. Sydney
Gas Ltd, Australia.

Sydney Gas Ltd (2009) Well completion Maison Dieu 1 PEL 267 — New South Wales. Sydney Gas
Ltd, Australia.

Sydney Gas Ltd (2009) Well completion Paynes Crossing 1 PEL 267 — New South Wales. Sydney Gas
Ltd, Australia.

Sydney Gas Ltd (2009) Well completion Rothanal 1 PEL 267 — New South Wales. Sydney Gas Ltd,
Australia.

Sydney Gas Ltd (2009) Well completion Roughit 1 PEL 267 — New South Wales. Sydney Gas Ltd,
Australia.

Sydney Gas Ltd (2010) Well completion Black Springs 1 PEL 4 — New South Wales. Sydney Gas Ltd,
Australia.

Sydney Gas Ltd (2010) Well completion Jilliby 13 PEL 5 — New South Wales. Sydney Gas Ltd,
Australia.

Sydney Gas Ltd (2010) Well completion Wappinguy 1 PEL 4 — New South Wales. Sydney Gas Ltd,
Australia.

Sydney Oil Company Pty Ltd (1986) Well completion Camberwell 2 PEL 267 — New South Wales.
Sydney Oil Company Pty Ltd, Australia.

Sydney Oil Company Pty Ltd (1986) Well completion Whybrow 2 PEL 275 — New South Wales.
Sydney Oil Company Pty Ltd, Australia.

Unknown (1928) Well completion Belford Dome 1 — New South Wales. Unknown, Australia.
Wells from the South Sydney Deep Well Completion Reports V02 dataset

AMOCO Australia Petroleum Company (1992) Well completion Riverstone 1 PEL 260 — New South
Wales. AMOCO Australia Petroleum Company, Australia.

AMOCO Australia Petroleum Company (1996) Well completion North Castlereagh 1 PEL 2 — New
South Wales. AMOCO Australia Petroleum Company, Australia.

Australian Gas Light Company and Australian Occidental Pty Ltd (1983) Well completion Bootleg
2A PEL 260 — New South Wales. Australian Gas Light Company and Australian Occidental Pty
Ltd.
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Australian Oil and Gas Corporation Ltd (1957) Well completion Dural 1 PPL 3 — New South Wales.
Australian Qil and Gas Corporation Ltd, Australia.

Australian Oil and Gas Corporation Ltd (1958) Well completion Dural 3 PPL 3 — New South Wales.
Australian Qil and Gas Corporation Ltd, Australia.

Australian Oil and Gas Corporation Ltd (1961) Well completion Baulkham Hills 1 PPL 3 — New South
Wales. Australian Oil and Gas Corporation Ltd, Australia.

Australian Oil and Gas Corporation Ltd (1962) Well completion Kurrajong Heights 1 — New South
Wales. Australian Oil and Gas Corporation Ltd, Australia.

Australian Oil and Gas Corporation Ltd (1963) Well completion Kenthurst 1 PPL 3 — New South
Wales. Australian Oil and Gas Corporation Ltd, Australia.

Australian Qil and Gas Corporation Ltd (1964) Well completion Kulnura 1 PEL 102 — New South
Wales. Australian Oil and Gas Corporation Ltd, Australia.

Australian Oil and Gas Corporation Ltd (1964) Well completion Mellong 1 PEL 103 — New South
Wales. Australian Oil and Gas Corporation Ltd, Australia.

Australian Oil and Gas Corporation Ltd (1968) Well completion Berkshire Park 1 PEL 102 — New
South Wales. Australian Oil and Gas Corporation Ltd, Australia.

Australian Oil and Gas Corporation Ltd (1968) Well completion Higher MacDonald 1 PEL 102 — New
South Wales. Australian Oil and Gas Corporation Ltd, Australia.

Australian Qil and Gas Corporation Ltd (1968) Well completion Lower Portland 1 — New South
Wales. Australian Oil and Gas Corporation Ltd, Australia.

ESSO (1970) Well completion Howes Swamp 1 PEL 103 — New South Wales. ESSO, Australia.

Metals Investment Holdings (1971) Well completion MacDonald 2 (St. Albans 1) MEL 220 — New
South Wales. Metals Investment Holdings, Australia.

Metals Investment Holdings (1971) Well completion North Colah 1 — New South Wales. Metals
Investment Holdings, Australia.

Metals Investment Holdings (1971) Well completion St. Albans 1 MEL 220 — New South Wales.
Metals Investment Holdings, Australia.

Natural Gas and Qil Corporation Ltd (1937) Well completion Balmain 1 — New South Wales.
Natural Gas and Oil Corporation Ltd, Australia.

North West Qil and Minerals Company NL (1973) Well completion Longley 1 — New South Wales.
North West Oil and Minerals Company NL.

Pacific Power (1992) Well completion Hunter Coricudgy 1 PEL 278 — New South Wales. Pacific
Power, Australia.

Pacific Power (1994) Well completion Hawkesbury Bunnerong 1 PEL 5 — New South Wales. Pacific
Power, Australia.
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Pacific Power (1995) Well completion Hawkesbury Everleigh 1 PEL 5 — New South Wales. Pacific
Power, Australia.

Shell Development Australia (1967) Well completion Dural South 1 PEL 102 and 103 — New South
Wales. Shell Development Australia, Australia.

Datasets

Dataset 1 DTIRIS NSW, Minerals Division Titles Branch (2015) Hunter Deep Well Completion
Reports. Bioregional Assessment Source Dataset. Viewed 01 April 2016,
https://data.bioregionalassessments.gov.au/dataset/f2df86d5-6749-48c7-a445-
d60067109f08.

Dataset 2 CSIRO (2015) South Sydney Deep Well Completion Reports. Bioregional Assessment
Source Dataset. Viewed 01 April 2016,
https://data.bioregionalassessments.gov.au/dataset/dbeba812-8f42-4377-a178-
608deaf82811.

Dataset 3 Bioregional Assessment Programme (2015) Location of Petroleum Wells North and
South Sydney Basin. Bioregional Assessment Derived Dataset. Viewed 01 April 2016,
https://data.bioregionalassessments.gov.au/dataset/d409881e-6a95-43bf-afcl-
5f82bb9e588b.

Dataset 4 CSIRO (2015) HUN Deep Wells Biomarker. Bioregional Assessment Source Dataset.
Viewed 01 April 2016, https://data.bioregionalassessments.gov.au/dataset/24dc9764-79bc-
4887-9b47-0f1206f9b8da.

Dataset 5 Geoscience Australia (2012) Surface Geology of Australia, 1:1 000 000 scale, 2012
edition. Bioregional Assessment Source Dataset. Viewed 31 March 2015,
http://data.bioregionalassessments.gov.au/dataset/8284767e-b5b1-4d8b-b8e6-
b334fa972611.

Dataset 6 Geoscience Australia (2014) Bathymetry GA 2009 9sec v4. Bioregional Assessment
Source Dataset. Viewed 12 November 2015,
http://data.bioregionalassessments.gov.au/dataset/60fb8bf5-b97d-49¢9-b7fb-
e7d594d2c75b.

Dataset 7 Geoscience Australia (2010) Geoscience Australia, 3 second SRTM Digital Elevation
Model (DEM) vO1. Bioregional Assessment Source Dataset. Viewed 12 November 2015,
http://data.bioregionalassessments.gov.au/dataset/12e0731d-96dd-49cc-aa21-
ebfd65a3f67a.

Dataset 8 FROGTECH Pty Ltd (2014) Phanerozoic OZ SEEBASE v2 GIS. Bioregional Assessment
Source Dataset. Viewed 22 March 2016,
http://data.bioregionalassessments.gov.au/dataset/26e0fbd9-d8d0-4212-be52-
ca317e27b3bd.
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https://data.bioregionalassessments.gov.au/dataset/f2df86d5-6749-48c7-a445-d60067109f08
https://data.bioregionalassessments.gov.au/dataset/dbeba812-8f42-4377-a178-608deaf82811
https://data.bioregionalassessments.gov.au/dataset/dbeba812-8f42-4377-a178-608deaf82811
https://data.bioregionalassessments.gov.au/dataset/d409881e-6a95-43bf-afc1-5f82bb9e588b
https://data.bioregionalassessments.gov.au/dataset/d409881e-6a95-43bf-afc1-5f82bb9e588b
https://data.bioregionalassessments.gov.au/dataset/24dc9764-79bc-4887-9b47-0f1206f9b8da
https://data.bioregionalassessments.gov.au/dataset/24dc9764-79bc-4887-9b47-0f1206f9b8da
http://data.bioregionalassessments.gov.au/dataset/8284767e-b5b1-4d8b-b8e6-b334fa972611
http://data.bioregionalassessments.gov.au/dataset/8284767e-b5b1-4d8b-b8e6-b334fa972611
http://data.bioregionalassessments.gov.au/dataset/60fb8bf5-b97d-49c9-b7fb-e7d594d2c75b
http://data.bioregionalassessments.gov.au/dataset/60fb8bf5-b97d-49c9-b7fb-e7d594d2c75b
http://data.bioregionalassessments.gov.au/dataset/12e0731d-96dd-49cc-aa21-ebfd65a3f67a
http://data.bioregionalassessments.gov.au/dataset/12e0731d-96dd-49cc-aa21-ebfd65a3f67a
http://data.bioregionalassessments.gov.au/dataset/26e0fbd9-d8d0-4212-be52-ca317e27b3bd
http://data.bioregionalassessments.gov.au/dataset/26e0fbd9-d8d0-4212-be52-ca317e27b3bd
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Dataset 9 Bioregional Assessment Programme (2015) HUN Geological Model Eroded Horizons vO1.
Bioregional Assessment Derived Dataset. Viewed 2 June 2016,
http://data.bioregionalassessments.gov.au/dataset/0499bee7-a0c4-45e8-978b-
e0ef0055fb0e.
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Summary

Datasets used in the groundwater modelling are identified. They include regolith depth,
extent of Hunter alluvium, depth to watertable, recharge and hydraulic conductivity datasets.

Sources of data are provided, as well as the methods used to analyse and generate new
datasets to inform the modelling. A detailed description of the data analysis and methods to
create a recharge surface for the Hunter subregion is provided.

Depth to watertable data from Hunter subregion bores are generally poor, with many bores
having only one or two measurements, as well as lack of supporting information and
negligible quality assurance. Depth to watertable data are needed to constrain groundwater
model results and to produce an interpolated depth to watertable surface for the subregion;
however, the lack of confidence in the underpinning data results in increasing uncertainty in
derived products.

This section describes some of the datasets that have been used to inform the groundwater
modelling of the Hunter subregion. Some are used directly (this includes clipping to the required
extent for modelling and/or extracting a specific attribute), whereas others have been derived
from multiple data sources for modelling purposes. Not all datasets are reported here. Data used
in calibration of groundwater models are reported in companion product 2.6.2 for the Hunter
subregion (Herron et al., 2018). The geological model is described in Section 2.1.2 of this product.

Table 6 lists the key datasets used to construct the groundwater model and where they are
reported within the Hunter subregion suite of products. The datasets are classified as either
‘source datasets’ (i.e. pre-existing datasets sourced from outside the Bioregional Assessment
Programme, but including data sourced from the Programme partner organisations) or ‘derived
datasets’ that have been generated by the Programme for groundwater modelling purposes in the
Hunter subregion. Details of source datasets and data processing to represent the baseline and
additional coal resource developments in the modelling simulations are provided in Section 2.1.6
of this product.

No groundwater quality data are used in the groundwater modelling.
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Table 6 Key datasets used for groundwater modelling for the Hunter subregion

Dataset Source or Dataset Details in
Derived
Digital elevation model Derived Bioregional Assessment Section 2.1.3.2.2
Programme (Dataset 1)
Vegetation height Source Caltech/JPL (Dataset 2) Section 2.1.3.2.2
Geological model Derived Bioregional Assessment Section 2.1.2
Programme (Dataset 3)
Recharge Derived Bioregional Assessment Section 2.1.3.2.1 and Section 2.1.3.2.1
Programme (Dataset 4)
Regolith depth Source CSIRO (Dataset 5) Section 2.1.3.1.1
Alluvium extent Derived Bioregional Assessment Section 2.1.3.1.1
Programme (Dataset 6),
extracted from Geoscience
Australia (Dataset 7)
Depth to watertable Derived Bioregional Assessment Section 2.1.3.1.3
Programme (Dataset 8)
Hydraulic conductivity Derived Bioregional Assessment Section 2.1.3.2.2
Programme (Dataset 9)
River network Derived Bioregional Assessment Product 2.6.2 Groundwater numerical
Programme (Dataset 10) modelling (Herron et al., 2018)
Groundwater extractions Source NSW Department of Product 2.6.2 Groundwater numerical

(non-mining)

Potential evapotranspiration Derived

Primary Industries, NSW
Office of Water (Dataset 11)

Bioregional Assessment
Programme (Dataset 12)

modelling (Herron et al., 2018);
Product 1.5 Current water account for the
Hunter subregion (Zhang et al., 2016)

Product 2.6.2 Groundwater numerical
modelling (Herron et al., 2018)

Section 2.1.3.1 provides details of observed (source) data that have been used for groundwater
modelling. The statistical analysis and interpolation section (Section 2.1.3.2) describes the
methods for deriving datasets for input into the groundwater model from existing data.

2.1.3.1 Observed data

2.1.3.1.1 Recharge

Groundwater recharge refers to surface water that moves to groundwater. It is not a water flux
that is easy to measure and little observation data are available. Various methods are used to
estimate recharge: some estimates are provided here for the Hunter subregion, but they are not

strictly observations data.

The simplest method to estimate recharge is using a constant percentage of rainfall and to assume
no other losses. Groundwater recharge is commonly a priori estimated at 2% of rainfall or less but
with higher values in areas of higher regolith permeability (Mackie Environmental Research, 2006)
as a first estimate. Assuming the 2% level applies uniformly across the subregion and using the
subregion average rainfall of 793 mm, an estimate of the catchment average annual recharge of
15.9 mm is obtained.

56 | Observations analysis, statistical analysis and interpolation for the Hunter subregion



2.1.3 Hydrogeology and groundwater quality

The next level of complexity requires a spatially variable modelled estimate of recharge. A
recharge surface has been generated for the Hunter subregion and Sydney Basin bioregion and is
detailed in section 2.1.3.2. The recharge surface reflects the variability arising from lower rainfall
conditions in the western parts of the catchment, compared to higher recharge in the sandy
alluvial soils of the Hunter River and coastal dunes (see Figure 22). Estimates of mean annual
recharge of 7.2 mm in the 7700 km? Goulburn River basin and 9.0 mm for the 13,616 km? of the
subregion upstream of Greta (which includes the Goulburn River basin) were obtained from this
gridded surface. Using a weighted difference by area, the mean annual recharge rate for the
5916 km? containing the regulated Hunter River alluvium in the subregion is 11.4 mm, or around
1.5% of rainfall.

2.1.3.1.2 Regolith depth and alluvium extent

The alluvium and other near-surface (not more than about 10 m below surface) strata are where
exchanges between groundwater and surface water occur. Characteristics of the near-surface
zone differ from the deeper stratigraphy: the alluvium is often a significant source of fresh
groundwater; non-alluvial near-surface areas are typically more weathered and have higher
hydraulic conductivities than the underlying rocks; and near-surface zones may be only partially
saturated. Another advantage of having a clear estimate of the extent of the alluvium and its
hydrogeology is that this zone often supports many GDEs, both those with above-ground
expression as well as subsurface ecosystems. These characteristics mean that an accurate
representation of the near-surface zone is advantageous in a groundwater model.

Regolith depth data over Australia can be found in Wilford et al. (2015; CSIRO, Dataset 5). This
dataset maps the depth of the regolith over Australia at a 3-second (~90 m) resolution. Figure 15
shows regolith depth for the Hunter subregion. Mean regolith depth is less than 4 m, although is
significantly deeper in alluvial areas (up to 20 m) and coastal sand beds (up to 40 m). This dataset
informs the thickness of the topmost layers within the groundwater model (see companion
product 2.6.2 for the Hunter subregion (Herron et al., 2018)).

The spatial extent of the alluvium and coastal sands in the Hunter subregion is shown in Figure 16
(Bioregional Assessment Programme, Dataset 6). These data are derived from the Surface Geology
of Australia 2012 edition (Geoscience Australia, Dataset 7), which is a seamless national coverage
of outcrop surficial geology at or around the 1:1,000,000 scale.

In the groundwater model the depth of the alluvium is assumed equal to the depth of the regolith;
therefore, Figure 15 and Figure 16 define the three-dimensional extent of the alluvium in the
groundwater model. This is described further in companion product 2.6.2 for the Hunter subregion
(Herron et al., 2018).
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Regolith thickness (m) .
45 :] Hunter subregion
——— Watercourse
0

Figure 15 Depth of regolith over the Hunter subregion
Data: CSIRO (Dataset 5)
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Figure 16 Spatial extent of the alluvium and coastal sands in the Hunter subregion

Note some areas of alluvium appear isolated from the stream network because not all streams are shown.
Data: Bioregional Assessment Programme (Dataset 6)

2.1.3.1.3 Observed depths to watertable

The Hydstra Groundwater Measurement (HYDMEAS) database (Bioregional Assessment
Programme, Dataset 8) contains 6906 measurements of depth to watertable at 584 locations in
the Hunter subregion. Measurements of watertable depth span the period 1902 to 2012, with
depths ranging between —1 m (above ground surface) and 99 m (below ground surface). The NSW
Office of Water (now DPI Water), who originally published these data, makes no claims as to the
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accuracy of the records. Note that depth to watertable is used here to include groundwater depth
and depth to watertable because there is often insufficient information about the screening
depths of bores within the database to differentiate between the two. A measurement of water
level in a bore that is screened to a depth below the watertable will give a depth to groundwater;
this is not necessarily the same as depth to watertable from an unscreened bore at the same
location.

Figure 17 shows the frequency distribution of observations per bore. More than 25% of the bores
(162) have only one measurement, while a further 55 bores have only two measurements. The
median number of observations at a single point is 3. This dataset is used to constrain the
parameters of groundwater model uncertainty analysis, however, given the poor quality of the
dataset, it may not provide much constraint (see companion product 2.6.2 for the Hunter
subregion (Herron et al., 2018)).

Bores with more frequent measurements are located around Muswellbrook, Singleton and
Denman.

180
160
140
120
100
80
60
40
20

Number of bores

1 2 3-5 5-9 10-20 =20
Number of observations

Figure 17 Observation points in the HYDMEAS database categorised by the number of observations recorded

Data: Bioregional Assessment Programme (Dataset 8)
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Figure 18 shows time series of depth to watertable at these locations which, in spite of the relative
lack of recent measurements, suggest a consistent pattern of varying depth to watertable along
the Hunter River valley, with deeper groundwater levels at Muswellbrook (around 12 m depth),
shallowing around Denman to between 4 and 5 m depth, and then deepening again around
Singleton (around 8 m depth).

Depth to water table (m)
= o

12

14 I I I I I
1950 1960 1970 1980 1990 2000 2010

—e— GWO037907 (Singleton)
—e— GWO040503 (Denman)
—e— GWO033610 (Muswellbrook)

Figure 18 Observed depth to watertable at three locations within the Hunter subregion

Data: Bioregional Assessment Programme (Dataset 8)

Figure 19 shows mean depth to watertable for the 584 bores; however, as previously discussed,
most of these mean depths are based on limited observations and take no account of when the
measurements were taken.
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Figure 19 Mean depth to watertable (metres below ground surface) at groundwater bore locations across the
Hunter subregion

Data: Bioregional Assessment Programme (Dataset 8)
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2.1.3.2 Statistical analysis and interpolation

2.1.3.2.1 Recharge

Groundwater recharge from rainfall is a crucial input into numerical groundwater models. As there
have not been previous estimates of recharge in the Hunter subregion at a scale suitable for the
numerical modelling, a gridded recharge surface has been generated for the Hunter subregion
using the chloride mass balance method (Anderson, 1945). This simple and cost-effective method
for estimating recharge is the most commonly used method in Australia due to the availability of
data to support it (Crosbie et al., 2010).

The assumptions that underpin the chloride mass balance method are summarised (Wood, 1999):

e Chloride in groundwater is only sourced from rainfall (not rock weathering or interactions
with streams or deeper aquifers).

e Chloride is conservative in the system (no sources or sinks).
e The chloride flux does not change over time (steady-state conditions).

e There is no recycling of chloride in the system (e.g. due to irrigation drainage).

If these assumptions are met, then recharge can be estimated as follows:

_ 100D
T gw (1)

where recharge (R) is in mm/year, chloride deposition (D) is in kg/ha/year and the chloride
concentration of groundwater [Cl], is in mg/L.

The recharge for the Hunter subregion and Sydney Basin bioregion were estimated together as
they are both contained within the geological Sydney Basin. The results for the Sydney Basin
bioregion are included here.

The chloride deposition over the geological Sydney Basin was extracted from the national dataset
at a resolution of 0.05° (Leaney et al., 2011) (CSIRO, Dataset 13). This dataset was created from
297 field measurements of chloride deposition at point locations and then fitted to the model of
Keywood et al. (1997). Figure 20a shows chloride deposition to be much greater near the coast
compared to inland areas, which is due to decreasing concentrations of atmospheric salts with
distance from the sea.

The chloride concentrations of groundwater were obtained from data collected by NSW Office of
Water (now DPl Water) (NSW Office of Water, Dataset 14). There are 1393 points covering several
decades of chloride data in the geological Sydney Basin (Figure 20a). A borehole may have one or
more observations; where there were multiple observations for a borehole, the geometric mean
was used to characterise the chloride concentration, otherwise the isolated value was used. At
each location, the chloride data were assigned to a stratigraphic layer based on mapped surface
geology (Geoscience Australia, Dataset 15) where better data did not exist. In most cases it was
assumed that the bores were completed into the stratigraphic layer representing the surface
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geology, since there were only a few where the information existed to show otherwise (e.g. bores
drilled through Wianamatta Shale to sample the Hawkesbury Sandstone).

In alluvial areas, the chloride signal reflects not only a contribution from rainfall, but also from
streams and upward flow from deeper aquifers (Raiber et al., 2016). Consequently, the first
assumption of the chloride mass balance method is not met and 529 data points from alluvial
areas were excluded from the analysis. The remaining 864 measurements of groundwater chloride
concentration were used to calculate point estimates of recharge. Figure 20b shows the spatial
distribution of these 864 data points. They are not uniformly distributed across the Sydney Basin
with better spatial coverage of recharge estimates in the Hunter subregion.

The second assumption in the chloride mass balance methodology is that the chloride is
conservative in the system. In areas without halite deposits it is generally assumed that there are
no geological sources of chloride and the trace amounts of vegetation uptake is recycled to the
systems as leaves decay.

The assumption of steady-state conditions is difficult to meet in any area where there has been
land use change. This can be mitigated by only using shallow bores as the water sampled would be
younger. For an area that was cleared 200 years ago with an average recharge rate of 10 mm/year
and a porosity of 0.02, the recharge post-clearing would have penetrated 100 m below the water
table. If deep bores are used then there is the possibility of having a low bias to the recharge
estimates. An attempt was made to only sample younger water by only including bores in the
analysis that were screened in the same stratigraphic layer as the surface geology (e.g. bores
sampled from the Hawkesbury Sandstone were excluded if they were overlain by the Wianamatta
Shale).

The assumption of no recycling of chloride can be achieved by not using bores that are in areas
under irrigation.
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Figure 20 Inputs into the chloride mass balance method of estimating recharge

Left panel (a) showing the chloride deposition and the chloride concentration of the watertable aquifer and the right panel (b)
showing the mean annual rainfall and the point estimates of recharge (excluding points on alluvium)

Data: CSIRO (Dataset 13), NSW Office of Water (Dataset 14), Bureau of Meteorology (Dataset 16), Bioregional Assessment
Programme (Dataset 19)
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To generate a continuous surface of recharge estimates for input into the groundwater model, the
point estimates derived from the chloride mass balance method needed to be upscaled. Crosbie et
al. (2010) found that mean annual rainfall, soil type and vegetation type are the key determinants
of recharge. Crosbie et al. (2013) used these variables successfully to upscale point estimates to a
continuous recharge surface. However, due to the paucity of point recharge estimates under
different soil and vegetation types in the geological Sydney Basin, the mean annual rainfall
(Bureau of Meteorology, Dataset 16) and eight different classes of surface geology have been used
as covariates. The eight geological classes were based on layers defined in the Hunter subregion
geological model (see Section 2.1.2.3) with the exception of the near-surface class, which has been
split for the purposes of the recharge analysis into three different classes: Dunes (contains coastal
dunes, dunes and sandplains), Volcanics (Liverpool Range Volcanics and similar) and Shales
(Wianamatta Group and similar).

A log-linear relationship was adopted for estimating mean annual recharge from mean annual
rainfall. This is similar to relationships developed previously from both field and modelled data
(Crosbie et al., 2013; Crosbie et al., 2010). Use of a log-linear relationship can result in recharge
rates at the higher end of the rainfall spectrum that are greater than rainfall (especially when
extrapolated beyond the range of the field data). To prevent this, a global maximum recharge rate
equal to half the rainfall was imposed, which is approximately the highest recharge estimated
from the point scale chloride mass balance estimates. As the chloride mass balance method was
not appropriate for alluvial areas, empirical relationships developed from historical field data to
predict recharge using mean annual rainfall (Bureau of Meteorology, Dataset 16), soil clay content
(Bioregional Assessment Programme, Dataset 17 and vegetation (ABARES, Dataset 18) were used
(Wohling et al., 2012).

Figure 21 shows the log-linear relationship for estimating mean annual recharge from mean
annual rainfall. This shows that for a given rainfall amount the Dunes, Volcanics and M600 (top of
Hawkesbury Sandstone) classes have comparably more recharge than the other classes. The coal-
bearing formations (P000) tend to have recharge that is similar to that of the aquitards
(Wianamatta Group). Figure 22 shows the upscaled mean annual recharge with the highest
recharge along the coast where rainfall is highest on the Dunes, alluvium and M700 (top of the
Narrabeen Group); recharge is greatly reduced inland (particularly in the Goulburn river basin).
The mean areal recharge across the entire Hunter subregion was estimated to be 23 mm/year.
(For the Sydney Basin bioregion, the mean areal recharge was estimated to be 45 mm/year).
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Figure 21 Relationship between mean annual rainfall and mean annual recharge for groupings of surface geology

The black line is the line of best fit through the data points. All of the regression lines are significant at a p-value of 0.01 except for
P700 (p=0.11).
Data: Bioregional Assessment Programme (Dataset 19)
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Figure 22 Upscaled estimates of mean annual recharge over the Sydney Basin

Data: Bioregional Assessment Programme (Dataset 4)
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The deterministic estimate of recharge shown in Figure 22 was used as the base recharge in the
numerical groundwater model. However, an estimate of the uncertainty around this deterministic
estimate is necessary for carrying out the sensitivity and uncertainty analyses. The sources of
uncertainty that can be quantified are the chloride deposition and the regression function. The
chloride deposition shown in Figure 20 is the best estimate reported by Leaney et al. (2011), who
also produced gridded estimates of the mean, standard deviation and skewness from 1000 equally
well-calibrated replicates (Bioregional Assessment Programme, Dataset 9). These gridded datasets
were used to stochastically generate ten alternate chloride deposition grids. Each of these ten
deposition grids were used to generate the regression equations between mean annual rainfall
and mean annual recharge using bootstrapping (Efron and Tibshirani, 1994) with replacement for
ten replicates. This provided 100 replicate regression equations to use in up-scaling (Figure 23).
[Bootstrapping is a statistical method that involves random sampling with replacement. In this
case it has been used by leaving out some of the data points and replacing them with replicates of
other data points and then re-calculating the regression equation. This allows us to estimate the
uncertainty in the regression equations developed between rainfall and recharge.]

Observations analysis, statistical analysis and interpolation for the Hunter subregion | 69

uoidaigns 491uny ay3 40} SsisAjeue ejep-|9poA g Juauodwo)



Component 2: Model-data analysis for the Hunter subregion

2.1.3 Hydrogeology and groundwater quality

{a) PO0D (b} P500 (¢) Volcanics
= °o : 2 o ° | = &
o = ] o o a
= - E o o 8 E
E o oo o " 2 E_ [Te] 3 o %DD%GS@DDDD E 2 N "
o o i = o
8 - e ° - 5 |
WL L of EolBe e @ | BT >
= - o = -— - - (=] o o Q
I ¢ B ow_ . s o ogm B 2T, e
o | =2 o -] o ™| w .
g g I = %D ==} ° 2 o7 & o
5 E?@D g 5 B0 5 5 %
= 7 oem o & ow | Ay = N
(=] [=] [=] =} (=]
4 o w - 7 | %0 - S
' T T T T T T T T T 2 T T T T T T T
600 800 1000 1400 1000 1500 2000 600 800 1000 1400 1800
Mean annual rainfall {mmiy} WMean annual rainfall (mm/y) WMean annual rainfall (mmiy)
(d) PT00 (e) M60D () Shales
— i —_ ] o 7] — - [
= | o od = ad ot Y
E 2 1 = % a E =
E - B ] @%ﬁ £;§8§ E o Fo oo s 5
o o ° ] [ o @Pn" o - o Ga C
e - 2 B R, SEa e E o 0
£ o i - . | = | FD Fo & [N £ - o oo o
= .- ° B s «gﬂﬁo 0
= = o =
R o 2 S e 2 2% @ et
C . cC [=] C
Boa g g — h —
g = g g "
- | o® — 3 o — E -1 o
T I T I T ! T T T I I I ' T T I T I I T
700 300 500 1000 1100 600 &00 1000 1400 600 &00 1200 1600
Mean annual rainfall {mmiy}) Wean annual rainfall {mm'y) Wean annual rainfall {mm'y)
(g) Dunes (h) M700
- w
- — 1 o
E‘ = o E‘ o %80 D;'
£ [a] o UpD = g | o o oA
o - g g % o &
5 o] 5 - o e
£ & 5 o | & o o =) =} o
g B - °eaf ’ 5
R @ EREGIE a °°
E -7 o E = a” a
5 R 5 oog "
CO g G 00
i - o Y &0
— T T T T T T o T T T T T
950 1050 1150 1250 800 300 1000 1200 1400
Mean annual rainfall (mméy) Wean annual rainfall {mmiy}

Figure 23 Relationship between mean annual rainfall and mean annual recharge considering the uncertainty in the
chloride deposition and the regression equation for groupings of surface geology

Each line is 1 of 100 replicates of the regression equation between mean annual rainfall and mean annual recharge.
Data: Bureau of Meteorology (Dataset 16), Bioregional Assessment Programme (Dataset 4)

There is a higher uncertainty in the relationships developed for the below P700 class (i.e. below
the Greta Coal Measures in the Hunter and Western coalfields) compared to the other classes
(Figure 23) due to the lack of data and the spread in the point estimates of recharge. This is
reflected in the upscaled estimates of recharge (Figure 24). The areally averaged recharge for the
50th percentile of the 100 replicates is 25 mm/year, with the 5th and 95th percentiles being 21
and 31 mm/year respectively for the Hunter subregion. (For the Sydney Basin bioregion the areally
averaged recharge estimates are 35, 42 and 53 mm/year for the 5th, 50th and 95th percentiles
respectively.)
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Figure 24 Uncertainty in the recharge estimation across the Hunter subregion and Sydney Basin bioregion displayed
as the (a) 5th, (b) 50th and (c) 95th percentiles from 100 replicates

Data: Bioregional Assessment Programme (Dataset 4)

The limitations of the recharge estimation as applied here relate to the assumptions underpinning
the methodology: by not accounting for the chloride that is lost from the system through surface
runoff, recharge can be overestimated; whereas not accounting for the enhanced deposition on
forested areas leads to underestimating recharge. The assumption of steady state conditions will
be violated in areas that have not attained equilibrium following the clearing of native vegetation
for agriculture, and will likely lead to an underestimation of recharge. No attempt was made to
quantify the impacts of such forms of uncertainty.

2.1.3.2.2 Hydraulic conductivity

Hydraulic conductivities control the direction and speed of groundwater flow. Rock layers can be
aquitards with low conductivity that retard flow between aquifers, which have higher conductivity.
Hence rock conductivity characterises groundwater hydrological connectivity and flow directions.

It is notoriously difficult to appropriately assign a single conductivity to a hydrostratigraphic layer
because rocks exhibit strong heterogeneity and anisotropy. Often in groundwater models, a
horizontal conductivity and a vertical conductivity are assigned and these are varied by an order of
magnitude or more in an uncertainty analysis to simulate the rock’s inherent heterogeneity.

Analyses of hydraulic conductivity measurements from the Hunter subregion were undertaken to
determine whether they correlate with the stratigraphic layers of the geological model or the
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lithologies of the lithological model (Section 2.1.2). The groundwater model is built on these two
models, so if any layers or lithologies were found to have a particular hydraulic conductivity, it
would inform the parameterisation of the groundwater model. The analysis also informs the
uncertainty analysis by placing realistic limits on the variation in hydraulic conductivity.

Hydraulic conductivities and porosities have been measured by mining companies throughout the
Hunter subregion for the purpose of characterising their local hydrogeological conditions. The
measurements are recorded in environmental impact statements for these mining companies.
Five hundred and seventy-seven measurements were selected for analysis because they contained
sufficient information to determine their spatial location (including depth), and the
hydrostratigraphic unit sampled. They have been compiled into a dataset for the groundwater
modelling for the Hunter subregion (Bioregional Assessment Programme, Dataset 9), which
includes references to the 21 source documents. The data are highly variable.

Most of the 577 measurements pertain to coal fields and coal-bearing strata, and a significant
number are on coal. This introduces some unavoidable bias into the analysis presented below.
Measurements are broadly of two types: downhole, where conductivity is measured in the field;
and lab, where a rock core is extracted and tested. About 55% of measurements were conducted
in the field using various methods, while 20% were performed in the lab. The remaining 25% did
not specify the experimental method.
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Figure 25 Hydraulic conductivity differentiated by measurement type and correlated with depth

Multiple regression analyses revealed no strong correlation with lithology (Figure 26), Hunter
geological model (Section 2.1.2) stratigraphic layers (Figure 27) or geographic area (Figure 28). The
measured conductivities for each stratigraphic layer in Figure 27 generally vary by 7 to 8 orders of
magnitude, although when the very low conductivities from the lab-based measurements are
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excluded the range of variability is more like 5 to 6 orders of magnitude. Either way the data show
very high intra-layer variability at a regional scale, which means a tightly constrained set of
hydraulic conductivity values cannot be specified for each layer.

A similar conclusion is reached when the measurements are classified by lithology (Figure 26). The
wide variability in hydraulic conductivity measurements within all lithology classes indicates there
is no basis for differentiating between lithologies by hydraulic conductivity at the scale
represented by the measurements. A correlation might exist if the hydraulic conductivities for a
lithology or stratigraphic layer were biased towards the right (high conductivity) or to the left (low
conductivity) in Figure 26 and Figure 27.

The lack of correlation is due in part to the coarse resolution of the regional geological and
lithological models, and the challenges presented in attempting to define distinct lithological and
stratigraphic characteristics across vast areas from point measurements. The variation in hydraulic
properties which might give rise to a particular sequence of aquitards and aquifers at a local scale
cannot be assumed to extend over the wider subregion. While there may be distinct geographical
differences between sites (e.g. conductivities at one mine site generally being lower than at
another mine site, even when the measurements are apparently taken from the same geological
layer and lithology), these represent local-scale effects and are largely irrelevant to regional-scale
representation of hydrogeology for which variations in hydraulic conductivity over large scales
govern groundwater flow. The Hunter groundwater model cannot make direct use of the point-
scale hydraulic conductivity data except where it shows a good correlation with regional-scale
features, which our analyses indicate it does not. However, such local-scale information can be
incorporated into the model emulators. Incorporating local-scale information constrains model
predictions in the area where the information is relevant, and this process is demonstrated in
companion product 2.6.2 for the Hunter subregion (Herron et al., 2018).
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Figure 26 Hydraulic conductivity differentiated by lithology class and correlated with depth

Lithologies are defined in Section 2.1.2 and are: 1, mostly sandstone; 2, mostly siltstone; 3, mostly shale; 4, sandbeds in the
fluviatile system; 5, fine sands, silts, and coal; 6, mixture of shale, siltstone and mudstone. The Min and Max model are used by the
Hunter groundwater model in the uncertainty analysis (Herron et al., 2018). The Binned mean line shows the arithmetic mean of
the conductivity measurements, binned to 100 m depth intervals.

Data: Bioregional Assessment Programme (Dataset 9)
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Figure 27 Hydraulic conductivity differentiated by stratigraphy, and correlated with depth for Hunter groundwater

model layers (a) 0 (bottom), (b) 2 and 3, (c) 4, (d) 5, (e) 6, (f) 7 and (g) 8, 9 and 10

Layer 1 is not shown because there were no data for this layer. While Layer 0 is the lowest stratigraphic layer in the sequence, the

measurements correspond to shallow depths, where this layer outcrops at the surface.
Data: Bioregional Assessment Programme (Dataset 9)
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Figure 28 Hydraulic conductivity differentiated by geographic area, and correlated with depth
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The various plots show there may be a weak correlation between hydraulic conductivity and
depth. In particular, the field-based measurements show a trend of decreasing conductivity with
depth (Figure 25), based predominantly on measurements in the Maitland Group stratigraphic
units (Figure 27b) and the Tomago, Wittingham and Middle and Lower Illawarra coal measures
(Figure 27c). When the data are plotted on a linear scale (Figure 29), it is evident that
measurements from the deeper lithologies and stratigraphic layers have hydraulic conductivities
less than 0.5 m/day, but there is a lot of variability below this value. The hydraulic conductivity
measurements greater than 0.5 m/day are almost all within the top 100 m. As discussed
previously, the large degree of scatter is due to the different test types, different formations being
sampled and the inherent heterogeneity of rocks and sediments.

While the correlation is weak, Figure 26, Figure 27 and Figure 29 suggest that representing
hydraulic conductivity as a function of depth in the Hunter groundwater model is more accurate
than adopting a constant hydraulic conductivity throughout. The bold lines (Max model and Min
model lines) shown in Figure 26 correspond to the maximum and minimum hydraulic conductivity
values used in the groundwater model uncertainty analysis, which are discussed further in
companion product 2.6.2 for the Hunter subregion (Herron et al., 2018).

The binned-mean line in Figure 26 shows the arithmetic mean, which is biased to the higher
hydraulic conductivity measurements, for each 100 m depth increment. It is used to inform the
parameterisation of the Hunter groundwater model, as flow at the large scale is governed by
preferential pathways of high conductivity. A small region of low conductivity is almost irrelevant
at the large scale. This pattern can be observed in Figure 25, which distinguishes the
measurements by testing type. The downhole field tests typically yield higher conductivities than
lab methods because: (1) a successful coring requires reasonably coherent rock with few fractures,
while downhole measurements may be sampling a highly fractured region (Rovey and Cherkauer,
1995); and (2), the groundwater flows through preferential pathways of high conductivity. The
depth-decay functions presented in the figures above (‘Max model’ and ‘Min model’) more
accurately capture measurements at larger scales than at the scale of cores. This is discussed
further in Herron et al. (2018).

Figure 28 distinguishes the conductivity measurements by geographical area. Most data come
from the ‘Central’ area (Hunter Coalfield), so the depth decay function used most accurately
captures the hydraulic conductivities in that region. The data are more limited for the other two
areas and the quantitative form of the depth decay is less clear, especially in the ‘Western’ area
(Western Coalfield) where measurement depths are concentrated within the top 150 m with
relatively few measurements at greater depths. Nevertheless, the ‘Max model’ and ‘Min model’
conductivities used in the uncertainty analysis bound the plausible range of conductivities in all
regions. Similar depth relationships have been used in the Hunter subregion previously. For
example, correlations with depth reported in AGE (2012) and AGE (2014) lie between the
maximum and minimum shown in Figure 26, and Figure 13 in companion submethodology M07
(as listed in Table 1) for groundwater modelling (Crosbie et al., 2016). Parsons Brinckerhoff (2015)
shows a relationship with depth for hydraulic conductivity data from the Hunter, Gloucester and
Sydney regions.
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Figure 29 Hydraulic conductivity (on a linear scale) and its relation with depth

Data: Bioregional Assessment Programme (Dataset 9)

When measurements were classified into alluvium, coal-bearing and rock groupings, the units
containing coal are found to be typically up to three orders of magnitude more conductive than
the rock that does not contain coal (Figure 30). However, as coal seams are not explicitly
represented in the Hunter groundwater model, this distinction is not incorporated into the model.

The alluvium plays an important role in surface water — groundwater interactions. Nine of the 577
measurements pertained to alluvium, and these had mean conductivity of 0.25 m/day (Figure 30).
This informs the parameterisation of the Hunter groundwater model.

Comparatively few measurements of porosity were available from the environmental impact
statements. The porosity data obtained are shown in Figure 31, along with maximum and
minimum values used in the Hunter groundwater uncertainty analysis.

80 | Observations analysis, statistical analysis and interpolation for the Hunter subregion



2.1.3 Hydrogeology and groundwater quality

L ]
L]
[ ]
e ®
: . o
300 .‘* LI -~ .g 2"
E L 1 e L
£ ® . ®
a 400 ] L] o g @
a ® o
Ld
L ]
500 - * L
L ]
L ]
G000 [ ]
p L
oo L L
EUD L 1 1 L i i 1 i ' 1
1.0E-07 1.0E-06 1.0E-05 1.0E-04 1.0E-03 1.0E-02 1.0E-M 1.0E+00 1.0+ 1.0E+02
Conductivity {m/day)
& Containing coal ® Rock & Alluviurm
Figure 30 Hydraulic conductivity for coal, rock and alluvium, and correlated with depth
Data: Bioregional Assessment Programme (Dataset 9)
0
100
200
300
E 400
2
& 500
GO0 ° p
F
{J
o0 ra
¥
,
G4
&
800 o
200 . . . i
1.00E-02 1.00E-01 1.00E+DD 1.00E+01 1.00E+D2
Porasity (%)
& Rock s Coal == === Max Model (non-alluvium) Min Model (non alluvium)

Figure 31 Porosity correlated with depth
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Component 2: Model-data analysis for the Hunter subregion

2.1.3 Hydrogeology and groundwater quality

2.1.3.3 Gaps

Groundwater data are often patchy and poorly documented, particularly for regional applications.
This has been identified in the Hunter subregion, particularly for depth to watertable and
recharge.

The uncertainty analysis (Section 2.6.2.8 of companion product 2.6.2 for the Hunter subregion
(Herron et al., 2018)) will help to quantify the magnitude of the uncertainty arising from poor
observation data. The capacity to constrain groundwater model outputs with better localised data
is expected to be limited. More information on data gaps will be provided in this product, since the
modelling and analysis help identify the most significant data gaps and can inform
recommendations for the future.
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Dataset 19 Bioregional Assessment Programme (2015) SYD Point Recharge Estimates from
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2.1.4 Surface water hydrology and water quality

2.1.4  Surface water hydrology and water quality

Summary

This product summarises key datasets that are used in surface water modelling of the Hunter
subregion. Streamflow data from 14 gauging stations are used to calibrate the Australian
Water Resources Assessment (AWRA) landscape model (AWRA-L), and 34 for calibrating the
AWRA-R river model.

To represent the geometry of a river, 34 surveyed cross-sections were obtained and
associated river lengths were computed from geographic data. At 22 additional locations,
where surface water simulations are required but no information on cross-sections were
available, a method was developed that related catchment area and mean annual streamflow
to an idealised trapezoidal cross-section. At another seven locations, cross-sections from
nearby gauging stations were used.

To simulate irrigation demand in the river model, irrigated areas and crop types for river
reaches were obtained from land use data.

Surface water modelling results are generated at model nodes. The hydrological changes
along the links (reaches) between them must be interpolated from the results at the model
nodes. The mapping of links to nodes is presented. It is essential for defining the surface
water zone of potential hydrological change from additional coal resource developments. For
some links, interpolations are not recommended.

Many datasets have been used to inform the surface water modelling of the Hunter subregion.
Some are used directly, while others have been derived from other existing data. Not all the
datasets are reported here. Table 7 lists the key datasets for surface water modelling (AWRA-R
and AWRA-L), whether they have been derived from existing data for surface water modelling
purposes in the Hunter subregion and where they are reported within the Hunter subregion suite
of products.

As stated in companion product 2.3 (conceptual modelling) for the Hunter subregion (Dawes et al.,
2018), no surface water quality data are used directly in the numerical modelling for surface
water, nor were water quality data used indirectly to inform other model inputs. The AWRA-R
model represents mine site discharges of mine water as part of the Hunter River Salinity Trading
Scheme, but only in terms of volumes and timing of discharges as determined by discharge
windows (related to exceedance of defined flow rate thresholds) and permissible discharge
volumes used to manage salinity in the Hunter River. Thus no water quality data are considered in
this section.
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2.1.4 Surface water hydrology and water quality

Table 7 Key datasets for surface water modelling for the Hunter subregion
Dataset Source or derived Section or product

Streamflow Source (Bioregional Assessment 2.1.4.1.1
Program, Dataset 1)

River cross-sections at Source (CSIRO, Dataset 2) 2.14.1.2
gauging stations

River cross-sections at Derived (Bioregional Assessment 2.14.2.1
simulation nodes Programme, Dataset 3)

River reach lengths Derived from river network data 2.1.4.2.2

(CSIRO, Dataset 4, Dataset 5)

Irrigation area extents and  Derived (CSIRO Land and Water, 2.1.4.23
crop types Dataset 9) from land use (Department

of Agriculture: Australian Bureau of

Agricultural and Resource Economics,

Dataset 8)

Hunter River Salinity Derived from observed daily 2.14.2.4
Trading Scheme discharges streamflow data (Bioregional

Assessment Programme, Dataset 1) and

observed mine discharge data (EPA,

Dataset 10)

River extractions Derived from IQQM modelling data 2.6.1.4.2 in Surface water numerical
(NSW Department of Primary Industries modelling
(Office of Water), Dataset 11)

Dam releases, reservoir Derived from IQQM modelling ( NSW 2.6.1.4.2 in Surface water numerical
storage and allocations Department of Primary Industries modelling

(Office of Water), Dataset 11) and

reservoir storage from observed data

(CSIRO Land and Water, Dataset 12)

Catchment boundaries Derived from digital elevation models ~ 2.6.1.4.2 in Surface water numerical
(DEM) (CSIRO Land and Water, modelling
Dataset 7) and stream gauging stations
(CSIRO Land and Water, Dataset 13)

Section 2.1.4.1 provides details of observed data that have been used for surface water modelling.
The statistical analysis and interpolation section (Section 2.1.4.2) describes the methods for
deriving datasets for input into the AWRA-R river model from existing data. This section also
presents the method for interpolating and extrapolating results generated at model nodes to links
(river reaches) in the link-node structure.

2.1.4.1 Observed data

2.1.4.1.1 Stage and streamflow data

There are 43 streamflow gauging stations (Bioregional Assessment Programme, Dataset 1) in the
subregion: 39 are located in the Hunter river basin and have gauge IDs with the prefix 210---, and
four are located in the Macquarie-Tuggerah lakes basin and have gauge IDs prefixed by 211---
(Figure 32). There are 34 and 14 gauging stations used for AWRA-R and AWRA-L surface water
model calibrations, respectively. The site details and data used for surface water modelling are
summarised in Table 8.
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Table 8 Gauge information for streamflow data for the Hunter subregion

AWRA-R = Australian Water Resources Assessment river model
AWRA-L = Australian Water Resources Assessment landscape model

Gauge |River name |Gauge name Catchment | Latitude | Longitude Gauge AWRA

closed module

210001 Hunter Singleton 16,400 -32.562° 151.170° 3Jan1913 No AWRA-R
210002 Hunter Muswellbrook Br 4,220 -32.258° 150.888° 2Jan 1913 No AWRA-R
210004 Wollombi Warkworth 1,848 —-32.572° 151.045° 10 Feb 1908 No AWRA-R
Brook
210006 Goulburn Coggan 3,340 -32.345° 150.102° 1Jan 1913 No AWRA-R
210011 Williams Tillegra 194 -32.320° 151.687° 20Feb1931 No AWRA-L
210014 Rouchel Rouchel Brook 395 —32.153° 151.048° 7 Dec 1934 No AWRA-R
Brook (The Vale) AWRA-L
210015 Hunter Glenbawn 1,295 -32.113° 150.990° 1 Dec 1940 No AWRA-R
210016 Goulburn Kerrabee 4,950 -—-32.418° 150.318° 15 Dec 1940 No AWRA-R
210017 Moonan Moonan Brook 103 -31.943° 151.280° 18 Dec 1940 No AWRA-L
Brook
210022 Allyn Halton 205 —32.308° 151.512° 12 Dec 1940 No AWRA-L
210028 Wollombi Wollombi Brook 1,672 -32.651° 151.020° 27 Dec 1949 No AWRA-R
Brook at Bulga
210031 Goulburn Sandy Hollow 6,810 -32.347° 150.573° 24 Dec 1954 No AWRA-R
210040 Wybong Ck Wybong 676 —32.270° 150.635° 16 Dec 1955 No AWRA-R
AWRA-L
210042 Foy Brook  Ravensworth 170 -32.398° 151.047° 24 Dec 1956 No AWRA-R
210044 Glennies Ck Middle Falbrook 466 —32.452° 151.148° 27 Jan 1956 No AWRA-R
(Fal Dam Site)
210048 Wollombi Paynes Crossing 1,064 -32.860° 151.058° 2 Dec 1940 No AWRA-L
Brook
210052 Pages Gundy Recorder 1,050 -32.012° 150.997° 26 De 1958 No AWRA-R
AWRA-L
210055 Hunter Denman 4,530 -32.382° 150.710° 5Feb 1959 No AWRA-R
210056 Hunter Aberdeen 3,090 -32.160° 150.882° 18 De 1959 No AWRA-R
210059 Bayswater  D/S Liddell (Site 88 —32.403° 151.022° 3 Dec 1973 No AWRA-R
Ck 2)
210060 Baerami Ck Baerami 384 —-32.445° 150.452° 15 Dec 1980 1Jan 1992 AWRA-R
210061 Pages Blandford 302 -—-31.812° 150.925° 21 Dec 1960 No AWRA-R
(Bickham)
210064 Hunter Greta 17,320 -32.667° 151.400° 6 Dec 1968 No AWRA-R
210080 West Brook U/S Glendon 80 -—32.473° 151.282° 30 Dec 1969 No AWRA-R
Brook AWRA-L
210082 Wollar Ck U/S Goulburn 274 -32.340° 149.952° 1Dec 1980 1Jan 1997 AWRA-R
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Data: Bioregional Assessment Programme (Dataset 1)
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Figure 32 Location of stream gauges in the Hunter subregion (listed in Table 8)

Data: Bioregional Assessment Programme (Dataset 1, Dataset 15), Bureau of Meteorology (Dataset 14)

The daily streamflow values in the time series are aggregated from instantaneous observations of
streamflow that have been converted from observed stage height using a rating curve. Thus the
quality of the streamflow records depend on the quality of the rating curves.
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Using the numerical quality codes that are part of the streamflow data records, the daily
streamflow data were processed into unified six-class quality codes for each gauge (Viney et al.,
2011; Zhang et al., 2013) (Table 9). The six unified quality categories are defined as follows:

e good: data are an accurate representation of streamflow
e fair: data are a moderately accurate representation of streamflow

e poor: data are a poor representation of streamflow and may be unsuitable for some
guantitative applications

e unverified: data quality is not known

e non-conforming: data are unsuitable for most applications requiring quantitative analysis,
but may contain useful qualitative information

e missing: data are missing or unusable.

Streamflow data flagged as good, fair, poor or unverified were kept while the flow data flagged as
non-conforming were excluded. The non-conforming and missing streamflow data are both
labelled in the dataset as —9999.

Table 9 Quality codes for the NSW gauges for the Hunter subregion
<17, 30, 32-34, 36-39, 94 Good
17, 31, 40-46, 57-58, 82, 95 Fair

26, 51, 54, 60-75, 80, 91, 100,140 Poor

130 Unverified
35,52,77,152 Non-conforming
153-255 Missing

Data: Bioregional Assessment Programme (Dataset 1)

Figure 33 summarises the percentage of each quality code for each streamflow gauge. No
streamflow gauges have non-conforming data. Most of the data falls into the categories of ‘good’,
‘fair’ and ‘unverified’. The amount of missing data for eight catchments accounts for more than
30%.
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Figure 33 Percentage of streamflow data in each quality code class by gauging station

Data: Bioregional Assessment Programme (Dataset 1)

The stage and streamflow data are used as provided in the calibration of surface water models
reported in companion product 2.6.1 for the Hunter subregion (Zhang et al., 2018).
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2.1.4.1.2 River cross-sections

Information on stream cross-sections are used in AWRA-R to represent the geometry of a river
reach. A river reach is defined for modelling purposes as the runoff contributing area between two
streamflow gauges or simulation nodes. This definition expands on the more traditional definition
of a reach, which includes only the segment of river between two streamflow gauges or simulation
nodes. Reach geometry — as defined by the upstream and downstream cross-sections —is used in
AWRA-R to compute instream actual evapotranspiration and rainfall fluxes, instream capacity and
losses to groundwater (Lerat et al., 2013; Dutta et al., 2014). The cross-sections for 34 streamflow
gauges used in AWRA-R (Table 8) were obtained from CSIRO (Dataset 2). These, plus the 22
headwater derived cross-sections (see Section 2.1.4.2.1), defined the calibration node-link
network (CSIRO Land and Water, Dataset 7), where a link is defined as the element that routes
water through the system.

DPI Water collects cross-section data every few years. In AWRA-R, only the latest or most detailed
(for example, the one with more distance measurements) was used, hence potential changes in
cross-section due to scour and re-deposition of sediment after peak flows are not reflected in the
model (McMillan et al., 2010). In addition, distances between gauges vary from a few to tens of
kilometres, which may result in an underestimation or overestimation of the river width and depth
when averaging the river instream capacity from the upstream and downstream cross-sections.
Model calibration will partially compensate proportional biases arising from this underestimation.

2.1.4.2 Statistical analysis and interpolation

2.1.4.2.1 River cross-sections at simulation nodes

In Australia, cross-section data are generally available at streamflow gauges only. River model
simulations are required to assess the impacts of coal resource development on streamflow at
several locations where cross-section data are lacking. Obtaining channel cross-sections requires
detailed surveys which are time-consuming and carried out under stringent guidelines
(Stewardson et al., 2005). Regional hydraulic geometry models can be obtained using proxies
(catchment area, mean annual streamflow) that are more readily available. Using data from about
400 stations in Queensland, Tennakoon and Marsh (2007) developed functional relationships of
modest explanatory value (with a coefficient of determination r?~0.3) between cross-section width
and mean channel depth with catchment area and mean annual streamflow. A similar approach
was used here to produce stream cross-sections in headwater catchments where there is no
upstream gauge (so that the averaging method described in Section 2.1.4.1.2 is not applicable), by
assuming that cross-sections at nearby gauging stations (or at gauging stations draining a
comparable catchment area, or at gauging stations with comparable mean annual streamflow)
provided a reasonable estimate of bottom channel width (Bioregional Assessment Programme,
Dataset 3). The information on bottom channel width (L) was then converted into a Cippoletti weir
(Figure 34) with a height (H) able to accommodate AWRA-L maximum streamflow.
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Figure 34 Cross-section of a Cippoletti (trapezoidal) weir

H=height, L=bottom channel width

The flow equation for a trapezoidal Cippoletti weir with side slopes vertical to horizontal ratio of 4
to 1 estimates height (H) for a given flow Q as:

2

H—(Qx%x;)3 (2)
B 2 CyxLy2g

where C4 is the coefficient of discharge (assumed as 0.62; Daugherty and Franzini, 1965), g is
gravity acceleration (9.81 ms™). C4 considers roughness of the channel (e.g. Manning’s n) and
other variables that govern flow and channel cross-sectional area relationship and it can be
adjusted to match maximum flow height for a nearby catchment. This process may be simplistic
and there are no suitable data to evaluate the approach. Methods exist that use DEMs to estimate
cross-sections (Patro et al., 2009), but they require high resolution data currently not available for
the geographic domain (see Teng et al., 2015). The Cippoletti weir cross-sections do not
incorporate overbank geometry, which means that this assumption may be reasonable in the
headwater catchments for which the cross-sections have been derived, as they tend to drain
rapidly (due to the steeper down-valley gradients) only after intense rainfall events, which will
very unlikely overtop the stream bank. Again systematic errors arising may be partially
compensated through calibration. Furthermore, as the Bioregional Assessment Programme is
reporting on the relative difference of hydrological response variables between baseline and the
coal resource development pathway (CRDP), any errors introduced by the above assumptions will
partially cancel out. Table 10 shows the characteristics of the 22 derived cross-sections.
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Table 10 Characteristics and dimensions (used in the Cippoletti weir) of derived cross-sections used in AWRA-R
modelling for the Hunter subregion

AWRA-R = Australian Water Resources Assessment river model

Node ID | Water course Catchment area | Longitude Latitude
(km?)
4 Black Creek 11.42 -32.867° 151.361° 3 3
7 Loders Creek 76.2 -32.611° 151.126° 8 6
8 Doctor's Creek 13.08 -32.605° 151.097° 3 3
9 Loders Creek 38.35 -32.648° 151.114° 6 4
11 Unnamed 14.64 -32.568° 151.089° 3 2
13 Redbank Creek 13.08 -32.559° 151.026° 3 2
15 North Wambo 48.49 -32.592° 150.995° 4 3
Creek
19 Wollomby Brook 97.3 -32.909° 151.282° 8 4
22 Main Creek 20.92 -32.459° 151.112° 5 2
26 Betty's Creek 17.6 -32.458° 151.072° 4 2
27 Swamp Creek 24.52 -32.455° 151.067° 5 2
29 Bayswater Creek 6.98 -32.405° 151.027° 4 2
32 Saltwater Creek 54.17 -32.466° 150.889° 6 4
35 Saddlers Creek 96.31 -32.441° 150.777° 10 4
42 Bylong River 704.13 -32.350° 150.094° 5 4
43 Bylong River 665.39 -32.384° 150.130° 5 4
44 Bylong River 302.52 -32.418° 150.118° 5 4
45 Goulburn River 1981.02 -32.217° 150.073° 20 8
47 Wilpinjong Creek 191.71 -32.314° 149.919° 4 3
50 Goulburn River 317.38 -32.204° 149.829° 6 3
52 Dry Creek 24.62 -32.299° 150.806° 5 3
55 Unnamed 18.36 -32.220° 150.888° 4 3

Data: Bioregional Assessments Programme (Dataset 3)

For seven nodes that were between or close to existing gauges, the cross-section of the closer
gauge or gauge with similar catchment area was chosen to define its cross-section. Table 11 shows
the characteristics and cross-section used in these locations. These were added to the calibration
node-link network, defining the simulation node-link network (CSIRO, Dataset 5). Again, distances
between gauges vary from a few to tens of kilometres, which may result in over- or
underestimation of the river channel geometry when choosing the upstream or downstream
cross-sections. Model calibration will partially compensate proportional biases arising from this
underestimation.
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Table 11 Characteristics of derived cross-sections used in AWRA-R modelling for the Hunter subregion

AWRA-R = Australian Water Resources Assessment river model

River name Catchment Longitude Latitude Cross-section from gauge
area
(km?)
6 Wollar Ck 529.89 —32.261° 149.976° 210006
10 Goulburn 617.79 —32.258° 149.967° 210006
15 Goulburn 1578.36 -32.432° 150.673° 210031
20 Wollombi Brook 1336.72 —32.708° 151.053° 210028
23 Wollombi Brook 1877.16 —32.551° 151.055° 210134
27 Fal Brook 514.05 —32.502° 151.074° 210044
56 Hunter 4338.19 -32.276° 150.857° 210002

Data: Bioregional Assessments Programme (Dataset 3)

2.1.4.2.2 River reach lengths

River reach lengths are used in AWRA-R to compute instream actual evapotranspiration and
rainfall fluxes, instream capacity and groundwater recharge from an irrigated area (Lerat et al.,
2013; Dutta et al., 2014).

River reach lengths are quantified for all rivers in the reach, including main channel and tributary
channels (if these exist) (CSIRO, Dataset 4). River reach lengths are obtained from the River Styles
spatial layer for NSW, which was obtained through digitisation of high resolution aerial or satellite
imagery with field validation from many different sources (NSW Department of Primary Industries
(Office of Water), Dataset 6). Visual assessment showed that these data were more accurate than
drainage networks derived from DEM data, particularly in meandering sections of the river. The
dataset was clipped using catchment boundaries defined by the AWRA-R modelling domain (see
Section 2.6.1.3 in companion product 2.6.1 for the Hunter subregion (Zhang et al., 2018); CSIRO
Land and Water, Dataset 7) and each river reach length was manually selected using GIS software
and lengths computed. These lengths are planar and are different from real lengths, particularly in
steep areas.

2.1.4.2.3 Irrigation areas and crop types

The AWRA-R river model needs details of irrigated areas and crop types in each river reach in
which irrigation is present in order to determine areal extent and crop factors of the most
common crop types (Dutta et al., 2015).

Areas and crop types are obtained from the Catchment scale Land Use Management (CLUM)
(described in Section 2.1.1; Department of Agriculture: Australian Bureau of Agricultural and
Resource Economics and Sciences, Dataset 8). The dataset was clipped using catchment
boundaries defined by the AWRA-R modelling domain (see Section 2.6.1.3 in companion

product 2.6.1 for the Hunter subregion (Zhang et al., 2018); CSIRO Land and Water, Dataset 7) and
the information summarised by reach in order to determine crop types and associated crop
factors (CSIRO Land and Water, Dataset 9). Irrigation areas are determined using the first level
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classification in the CLUM dataset which describes the main land use type. Crop types were
determined from the third level classification, which provides detailed information on crop types.
A summary of areas and crop types per river reach is shown in Table 12.

Table 12 Crop types and areas used for modelling in each AWRA-R reach for the Hunter subregion

AWRA-R = Australian Water Resources Assessment river model

Gauge ID | Crop type Irrigated area Total Percentage of
(ha) irrigated area | total irrigated
(ha) area
210001 4.2.0 Grazing irrigated modified pastures 1602.45 1691 94.7%
4.4.2 Irrigated oleaginous fruits 62.60 3.7%
4.4.3 Irrigated tree nuts 8.80 0.5%
4.5.4 Irrigated seasonal vegetables & herbs 17.44 1.0%
210002 4.2.0 Grazing irrigated modified pastures 431.12 431 100.0%
210044 4.2.0 Grazing irrigated modified pastures 99.71 100 100.0%
210055 4.2.0 Grazing irrigated modified pastures 1192.56 1193 100.0%
210064 4.2.0 Grazing irrigated modified pastures 2996.88 3505 85.5%
4.4.1 Irrigated tree fruits 2.81 0.1%
4.4.2 Irrigated oleaginous fruits 37.37 1.1%
4.4.3 Irrigated tree nuts 10.28 0.3%
4.4.4 Irrigated vine fruits 383.25 10.9%
4.5.4 Irrigated seasonal vegetables & herbs 73.96 2.1%
210083 4.2.0 Grazing irrigated modified pastures 2165.51 3336 64.9%
4.4.2 Irrigated oleaginous fruits 16.47 0.5%
4.4.4 Irrigated vine fruits 1153.65 34.6%
210127 4.2.0 Grazing irrigated modified pastures 547.87 592 92.5%
4.4.2 Irrigated oleaginous fruits 5.20 0.9%
4.4.4 Irrigated vine fruits 39.21 6.6%
210128 4.2.0 Grazing irrigated modified pastures 333.85 334 100.0%
210134 4.2.0 Grazing irrigated modified pastures 534.74 539 99.1%
4.4.2 Irrigated oleaginous fruits 3.60 0.7%
4.4.3 Irrigated tree nuts 1.02 0.2%

Data: CSIRO Land and Water (Dataset 9)

2.1.4.2.4 Hunter River Salinity Trading Scheme discharges

The purpose of the Hunter River Salinity Trading Scheme (HRSTS) is to manage river salinity to
ensure suitable outcomes for agriculture, mining, electricity generation, town water supply and
other uses by using a system of salt credits (NSW Environment Protection Authority, 2003). Mines
discharge saline water collected in mine pits and shafts to continue with their operations, and
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electricity generators discharge water used for cooling that is more saline due to evaporation
leading to more concentration of natural salt. The scheme has been devised so that participants in
the scheme (mines and electricity generators) can only discharge saline water when conditions in
the receiving stream are such that the mixing is below a certain threshold (measured in electrical
conductivity units or EC). Three sectors in the river are considered: upper, middle and lower,
delimited by three gauging stations (Table 14). In addition, in each sector three streamflow
thresholds determine how scheme participants can release saline water. During low-flow
conditions, no discharges are allowed. During high-flow conditions, limited discharge is allowed
and controlled by the salt credit system in which members of the scheme coordinate discharges to
abide by the HRSTS. During flood conditions, unlimited discharges are allowed as long as the salt
concentration does not go above 900 EC (NSW Environment Protection Authority, 2003).

Discharge data (NSW Environment Protection Authority, Dataset 10) from scheme participants
were analysed to determine timing and discharge volumes under the different flow conditions
(Bioregional Assessment Programme, Dataset 1) for the above mentioned sectors. The NSW
Environment Protection Authority (EPA) dataset provided observed discharge volumes and EC
data for eleven sites, including two sites in the upper sector (mining), four sites for the middle
sector (three mining and one electricity generation), and five sites for the lower sector (four
mining and one electricity generation), which have gauging stations nearby with observed daily
streamflow data. The water discharge records for the three sectors were for the years 2006 to
2012. The lower sector had 217 discharge records from 2007 to 2012, whereas the middle sector
had 345 records for the period from 2006 to 2012. The upper sector only had 12 discharge records
for the years 2008 to 2012. Details for each site considered in the analysis are presented in

Table 13.

Table 13 Details for sites in the Hunter River Salinity Trading Scheme (HRSTS) with discharge records

EPA Discharge [Sector Start date End date

licence records

number
Bengalla Mine 6538 8 Upper 8 Feb 2008 12 Feb 2008
Mt Arthur Coal 11457 4 Upper 5 Mar 2012 8 Mar 2012
Hunter Valley Operations 640 112 Middle 7 Feb 2008 24 Mar 2012
Bayswater Power Station 779 134 Middle 6 Jun 2006 9 Mar 2012
Liddell Coal Operations 2094 42 Middle 22 Aug 2007 8 Mar 2012
Ravensworth Operations 2652 57 Middle 24 Dec 2007 28 Nov 2011
Wambo Coal 529 31 Lower 1 Apr 2009 5 Mar 2012
Bulga Coal 563 81 Lower 9 Dec 2007 10 Jun 2012
Warkworth Coal Mine 1376 56 Lower 22 Aug 2007 10 Sep 2012
Mount Thorley Operations 1976 44 Lower 2 Sep 2008 15 Mar 2012
Redbank Power Station 11262 5 Lower 2 Sep 2008 7 Mar 2012

Data: NSW Environment Protection Authority (Dataset 10)

Water quality is not considered in the surface water modelling for the bioregional assessment of
the Hunter subregion, however discharge from participants in the scheme may impact water
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guantity and thus hydrological response variables. Thus, simple rules for mine and electricity
generation water discharge were devised and implemented in AWRA-R. The following
assumptions were made in the estimation:

e Discharge is allowed above a defined threshold, equal to the high-flow conditions specified
by the HRSTS in each sector of the river (Table 14).

e The scheme would not expand in the future.

e Participants in the scheme will use a similar proportion of their dewatering entitlement in
the future.

e Discharge is related to climate, since opportunities to discharge are increased by wetter
conditions, and saline water impounded in storages or mine pits may increase in volume
during wetter conditions prompting its release.

e Salinity is not the purpose of current modelling, but it is assumed that water quality is
acceptable.

Although there were only up to six years of discharge data, a pattern between discharge and
rainfall was examined. As pointed out previously, it was hypothesised that mines and electricity
generators would need to do more dewatering in a wetter climate and there would also be more
opportunities for discharging. Conversely, less dewatering would be needed in a drier climate
alongside less opportunities for discharge. Therefore, wet and dry years were identified by using
the mean annual long-term rainfall from 1973 to 2014. Years above average (wet) were 2007,
2008, 2010 and 2011, whereas 2009 and 2012 were below average (dry) years. Figure 35 shows
discharge volumes for all individual discharges in each HRSTS sector were grouped into wet and
dry years and combined to produce a daily discharge. Note that under these criteria there were
only three discharge events in the upper sector during dry years. Although water discharge is
somewhat lower during dry years, the differences are not important when compared to high-flow
conditions. Consequently, discharge volumes (see below) in the model were not varied to reflect
wet and dry years.
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Figure 35 Box plots of water discharge for each sector during dry and wet years

Orange identifies the median value; green boxes define the interquartile ranges; whiskers indicate the 10th and 90th percentiles of
discharges. Individual scheme participant discharges are combined in each sector for dry and wet years to produce a daily
discharge.

HRSTS = Hunter River Salinity Trading Scheme; n is the number of discharge events in each sector for dry and wet years

Data: NSW Environment Protection Authority (Dataset 10)

The NSW EPA data were used to estimate annual releases to obtain a mean annual release by river
sector. Also individual releases were used to estimate a ratio of discharge to streamflow volume
(Table 14). In the model, it is assumed that scheme participants can discharge water up to a
volume determined by the mean annual release. The amount discharged once the streamflow
threshold is exceeded is determined by the fixed ratio of water, which depends on the streamflow
volume. Discharge is computed daily, which is the temporal resolution of observed streamflow
data and modelling time-step (see Section 2.6.1.3 in companion product 2.6.1 for the Hunter
subregion (Zhang et al., 2018)). In dry years when the streamflow threshold may not be exceeded
very often, scheme participants may not be able to discharge all their mean annual volume. It is
assumed that the water that cannot be discharged is reused or otherwise disposed of. In wet
years, when there are more opportunities for discharge, scheme participants will often discharge
the full mean annual water discharge volume.

Table 14 Gauges, streamflow thresholds and mean annual discharge volumes and discharge/streamflow ratio used
in the simplified discharge scheme for the Hunter subregion

Gauge ID |Name Streamflow threshold Mean annual Discharge to
(ML/d) discharge volume streamflow ratio
(ML/y)
210055  Hunter R at Denman 1000 750 0.006
210127  Hunter R upstream Glennies Ck 1800 1000 0.009
210001 Hunter R at Singleton 2000 100 0.009

Data: Bioregional Assessment Programme (Dataset 1), NSW Environment Protection Authority (Dataset 10)

2.1.4.2.5 Node-link interpolation

The AWRA-R model generates outputs at model nodes. In order to characterise the changes in
stream hydrology from additional coal resource development throughout the Hunter River
modelling domain, results from the model nodes must be interpolated or extrapolated to reaches
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(links) in the river network for which results are not specifically computed. Companion
submethodology MO06 (as listed in Table 1) for surface water modelling (Viney, 2016) details the
approach. In general, results at a model node are assumed to apply to some length of reach
upstream and downstream of the node, so far as there is no significant change in the hydrology
along the reach. Where a change in flow could occur, such as from a tributary inflow or
hydrological changes caused by mining, it is not appropriate to interpolate from the model nodes
beyond this point of difference.

The interpolation (link to node mapping) is informed by analysis of Google Earth imagery and GIS
layers of mine footprints, stream network and subcatchment areas. Figure 36 shows the link to
node mapping for the modelled link-node networks of the Hunter River and Wyong River (not to
scale): red lines delineate distinct reaches, each of which is associated with a number in a circle,
corresponding to a model node, or to a cross in a circle, indicating that an interpolation cannot be
made. Non-model reaches (dashed blue lines) have been added to identify inflows to model links
where results from a model node are no longer applicable; and non-model nodes (open blue
circles) have been included to identify points along a reach where some other change in
hydrology, such as a coal mine or tidal influence, renders the interpolation inaccurate. Table 15
lists the non-model nodes and provides details of their location.

102 | Observations analysis, statistical analysis and interpolation for the Hunter subregion



(a)

Boyswater Creek

Liddell
Dam

Saddlers Creek Saltwater Creek

/S

®

g Unnomed

Creek

Foy Br

Y-

/@/@

ook

2.1.4 Surface water hydrology and water quality

Glennies Creek (Fal Brook)

Glennies
Creek
Dam

u@
Goorangoola Koukarah Creek Glendon Brook
Creek
Swamp Creek \ @
.23 West Brook %.%
1 ®

Main Creek /
o ek 9 ®

(x1%) Dam) kg
@ ® x6%)
@ ® @ﬁcm
Hunter, 3 ES 1
Aiver_N N O NONZ (@) s ® @ o5 /) ) AN w (9 ® O]
7 @ 2 L 4 @
9,
@ 34 33 : @ 11
Redbank Creek 4‘13) %s7)
N
Goulburn River Doyles Creek  Appletree Unnamed Doctors Anvil Creek
Creek @ 14 Creek Creek
North Wombo Creek Rothbury Creck
31 Loders Creek
——@®—— Model node and link
O Non-modelled node and reach )
@ . Unnamed
Interpolation source: all HRVs ok
. Black Creek
Interpolation source: some HRVs
@ Congewal Creek
H No interpolation Wollomb! Brook
Rouche! Brook
Back Creek
62
() _ @ 54 53 N ® 51
5 < :
55 5 036
'l Wybang Creek % 37 > @
@ .'5 & Unnamed Creek Dry Creek @ 38‘\
Kingdon 7 Gulf Creek .
Pands ® \ \ @ Hungerford Creek
Giants Creek \
s River Petwyn  Middie *5 ® ® @ 39 Baerami Creek
Valley Brook /
Creek /\
Widden Brook
@ ® 0
Hmmpsum \
Warlands Creek Merriwa River \
Pages River Dart Brook Bow Ris /
Wyong River [)
N yong A0 43 44 Bylang River
—2@— Model node and link /)
Wyong River 5@
illiby Creek Krui River \ B Creek
O Non-modelled node and reach @ NG e
65 46 @ 48 Wollar Creek
H Interpolation source: all HRVs Porters Creek /1‘
®
Interpolation source: some HRVs /
B - Wilpinjong Creek
® -
H No interpolation ¢

Goulburn River

Figure 36 Link-node mapping for (a) the lower Hunter River and (b) upper Hunter, Goulburn and Wyong River

modelled river networks

HRV = hydrological response variable

Not all tributary inflows are deemed to cause a noticeable hydrological change to the receiving
stream. Small inflows into much larger streams, such as from Unnamed Creek at node 11 into the
Hunter River, do not affect the interpolation along the receiving reach — that is, results from
node 10 are assumed applicable both upstream and downstream of the inflow point; whereas
larger inflows can cause a sufficiently large hydrological change such that results from an
upstream node can be applied only to the reach upstream of the junction and results from the
downstream node applied only to the reach downstream of the junction. This is illustrated where
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Wollombi Brook joins the Hunter River, with the Hunter River reach upstream of the junction
mapped to node 20 and the reach downstream of the junction mapped to node 10.

Table 15 Location details of non-model nodes used to inform the Hunter River link-node mapping

Non-model | Details of location
node

X1* An unnamed stream entering Saddlers Creek from the right at a location —32.4263° latitude, 150.7973°
longitude, 2.8 km due north-east of the junction of Saddlers Creek and Hunter River

X2* A location —32.5000° latitude, 151.0789° longitude on Fal Brook 1.45 km from the junction of Fal Brook
and Hunter River in roughly a 62 degree heading

X3* An unnamed stream entering Wollombi Brook from the right at a location 2.0 km east of Cockfighters
Bridge (node 16)

X4* An unnamed stream entering Wollombi Brook from the right at a location 1.9 km north of Cockfighters
Bridge (node 16)

X5* A location —32.5729° latitude, 151.0730° longitude on the unnamed creek containing node 11 where
the creek crosses under the transmission lines about 1.9 km west-south-west of the junction of the
unnamed creek and Hunter River

X6* Unnamed Creek entering West Brook from the right at —32.5145° latitude, 151.2731° longitude,
approximately 4.6 km south of node 5

X7* Unnamed Creek entering Black Creek from the right at —32.7454° latitude, 151.3561° longitude,
approximately 3.9 km south-east of node 3

X8* A location on Dart Brook at the road bridge at —32.0469° latitude, 150.8177° longitude, approximately
5.0 km south-east of node 58

X9* A location —32.6950° latitude, 151.5689° longitude on the Hunter River where the rail line crosses the
river

X10* A location on the unnamed creek containing node 55 at a road crossing at —32.2089° latitude,

150.8707° longitude

At the most downstream point of the link-node network, results from node 1 (stream gauge
210064 on Hunter River at Greta) can be extrapolated to the tidal limit of the Hunter River. This is
represented in Figure 36 (a) by non-model node (X9*) and corresponds to the point on the Hunter
River where the rail line crosses the river.

Extrapolation upstream of a headwater model node is considered appropriate where there is no
coal resource development in the headwater catchment and only as far as the first substantial
tributary inflow. An example of this is upstream of node 39 on Baerami Creek. Where there is a
coal resource development, such as Ulan mine which is upstream of node 50 on the Goulburn
River, no extrapolation is possible.

The interpolation and extrapolation of model results from nodes to stream reaches is used to
inform where the receptor impact models (see companion product 2.7 for the Hunter subregion
(as listed in Table 2)) can be applied to enable an analysis of risk and impact upon the subregion’s
landscape classes and assets (see companion product 3-4 for the Hunter subregion (as listed in
Table 2)).
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2.1.4.3 Gaps

One of the gaps in the surface water modelling relates to the creation of model nodes in the link-
node network where there are no observations of streamflow or river geometry. The approach
used to derive cross-sections and the estimates of streamflow from AWRA-L should not
significantly affect predictions of the differences in hydrological response variables due to the
additional coal resource development (ACRD), because they are represented the same way in both
baseline and the coal resource development pathway (CRDP).

The data obtained from the NSW Environment Protection Authority in relation to discharges under
the Hunter River Salinity Trading Scheme (HRSTS) covered the period from 2006 to 2012 (the
HRSTS was established in 1995). Given the short duration of record, the set of rules implemented
in the model to simulate discharge may not adequately represent the real pattern of discharges.
Mine discharge management is complex — for example, participants can come up with alternative
ways of using or disposing of water produced as a result of their operations; salinity credits can be
traded between scheme participants — and the rules developed from the six years of data can only
be a simplistic representation of what really happens. The implementation of HRSTS discharges is
not expected to impact on predictions of the differences in hydrological response variables due to
the ACRD because the salinity credits are set within the scheme, the same rule set is applied to
baseline and CRDP, and high rainfall and dam releases, and not mining operations, are the key
determinants of discharge windows.

The mapping of links to nodes for interpolation and extrapolation of model results to other parts
of the river network shows that there are reaches in the stream network where interpolating
results from model nodes is not recommended. The incorporation of additional, strategically
placed model nodes within the link-node network would largely address this for non-headwater
reaches, but the simulations would need to be re-done to generate outputs at these nodes. The
distance upstream to where results can be extrapolated to is limited. Thus streamflow changes
beyond the link-node extent are a knowledge gap. Not all streams in the stream network were
included in the link-node network.

More information on data gaps will be provided in Section 2.6.1.3 and Section 2.6.1.4 of
companion product 2.6.1 for the Hunter subregion (Zhang et al., 2018), because the modelling and
analysis contributes to identifying main gaps. Likewise, recommendations for monitoring will be
reported in later products.
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2.1.5 Surface water — groundwater interactions

Summary

No observed datasets that specifically represent surface water — groundwater interactions in
the Hunter subregion have been used in the hydrological modelling of the Hunter subregion.

A number of methods for estimating the groundwater contribution to streamflow are used to
explore the variability in the baseflow index in the Hunter subregion. The estimates vary
widely, from around 15 to 66% of streamflow, depending on the method and assumptions
made.

Results of this analysis have been used to constrain groundwater modelling results, reported
in companion product 2.6.2 (groundwater numerical modelling) for the Hunter subregion
(Herron et al., 2018).

2.1.5.1 Observed data

Regional-scale coverage of surface water — groundwater flux data are generally lacking, although
there are local studies that have attempted to quantify these fluxes (Heritage Computing Pty Ltd,
2012; Worley Parsons, 2009). For regional-scale modelling, local-scale data can be useful for
defining the variability in surface water — groundwater connections across the subregion and
putting some upper and lower bounds on the groundwater contribution to streamflow (expressed
as a proportion of total streamflow, or baseflow index; see also Kellett et al., 1989). In the EPA
(2013) salinity assessment of the Hunter River basin, it was concluded that ‘the detailed
interaction between groundwater and surface water in many parts of the Hunter River catchment
still requires further research’.

No observed datasets that specifically represent surface water — groundwater interactions have
been used as inputs into the hydrological modelling of the Hunter subregion because this is a
variable calculated by the model, nor have they been used to constrain model results. Instead a
range of common approaches to estimating the groundwater contribution to streamflow are used
to determine possible ranges, including extrapolation from local-scale information reported in a
mine environmental impact statement (EIS; Section 2.1.5.2).

2.1.5.2 Statistical analysis and interpolation

2.1.5.2.1 Groundwater contributions to stream flow

A simple method to estimate the proportion of streamflow that is derived from groundwater is to
assume that all recharge contributes to streamflow. As previously stated in Section 2.1.3.1, in the
absence of other data, groundwater recharge is commonly estimated as 2% of rainfall (Mackie
Environmental Research, 2006). For a mean annual rainfall of 793 mm for the subregion, an
estimate of 16 mm of subregion mean annual recharge is obtained.

For steady-state conditions, and assuming all groundwater recharge discharges to the stream as
baseflow, a crude estimate of the contribution from groundwater to streamflow can be made. The
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mean annual streamflow recorded in the Hunter River at Greta (gauge 210064) between 1968 and
2015 was 709.5 GL/year, equivalent to a depth of 41.0 mm across the 17,320 km? contributing
area (DPI, 2015). For 16 mm of recharge, this equates to a maximum baseflow contribution from
groundwater of about 39%, with the remainder of Hunter River flow coming from surface and
shallow subsurface runoff. The gauging station at Greta is used for this estimate because it is the
most downstream gauge on the Hunter River that is not tidally influenced and represents the
lower limit of the Hunter subregion river model.

Using the subregion estimate of mean annual recharge of 9.0 mm from the recharge surface
reported in Section 2.1.3.2, this simple ratio approach to estimating the baseflow contribution to
Hunter River flow at Greta (gauge 210064) yields a maximum baseflow contribution of 28%.

It is a simplification to assume that all diffuse recharge becomes river discharge even in a closed
basin where evaporation and pumping occur (i.e. no other losses), however, this does provide an
upper estimate for baseflow. It needs to be supported by other measures such as environmental
tracers and computer models of mines near rivers. For example, in a groundwater modelling study
at the North Wambo Underground Mine, fitted diffuse recharge was 1.2% of rainfall and alluvial
discharge to the river accounted for two-thirds of all losses (Heritage Computing Pty Ltd, 2012).
This could be used as a first estimate to partition aquifer discharge between baseflow and
evaporation losses, reducing the previous maximum estimates of baseflow to 25.8 and 18.5%.

As previously described, the stream and alluvial aquifer are considered to be closely coupled and
are managed conjunctively. Fluxes are expected in both directions under mean climatic conditions.
In the case of modelling the North Wambo Underground Mine, the transient water balance
estimated that from 2003 to 2009 the river leaked 12.1 ML/day into the alluvium and the alluvium
returned 17.4 ML/day to the river. This is a net baseflow discharge of 5.3 ML/day, which based on
the model area of 304 km? equates to an annual depth of 6.4 mm.

It is difficult to make accurate generalisations of baseflow discharge for the subregion based on
spatially averaged, or small-scale spatially explicit, models of recharge alone. If the total discharge
values from the North Wambo model are representative of the subregion more generally this
would equate to a gross discharge 20.9 mm (i.e. a baseflow index of 51.0%) or, taking account of
the 12.1 ML/day that leaked from the river, a net baseflow contribution from groundwater of
15.3%.

To place this in context, estimates of baseflow index using digital filtering (Lyne and Hollick, 1979)
vary from 40 to 66% for eight rivers in the Hunter river basin, and 44 to 49% for two rivers in the
Macquarie Tuggerah Lakes basin (see Figure 44 in companion product 1.1 for the Hunter
subregion (McVicar et al., 2015)). These estimates based solely on daily flow values do not account
for leakage and return flow between the river and alluvium.

No other analyses were undertaken to inform the surface water and groundwater modelling.
The foregoing estimates of baseflow contributions show that it is hard to specify this term for
modelling purposes, but suggest an upper limit for the groundwater contribution to streamflow
of 66%.

The modelling framework that has been developed represents surface water — groundwater
interactions through using outputs from the groundwater model as inputs into the river model
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2.1.5 Surface water — groundwater interactions

(see companion product 2.6.2 (groundwater numerical modelling) for the Hunter subregion
(Herron et al., 2018)). For the purposes of constraining the modelled surface water — groundwater
fluxes, it has been assumed that on average groundwater contributions to streamflow will not
exceed 70% of the mean streamflow record (Herron et al., 2018). This proportion was deliberately
chosen to be higher than the various estimates of baseflow that have been made for the Hunter
subregion.

2.1.5.3 Gaps

A range of different methods are available to estimate the baseflow component of streams, as it is
not something that is easy to measure directly. Estimates of baseflow can help to constrain the
groundwater model, but the estimates themselves can be highly variable. Local scale estimates
of groundwater contributions to streamflow are sometimes reported in mine environmental
impact statements, but these were not actively sought during the project. Local-scale data are

of little value for parameterising the regional-scale groundwater model, but may be of use in
constraining model results locally by training the groundwater model emulators on the local data.
While a high baseflow index was adopted to constrain groundwater model results across the
Hunter subregion (see companion product 2.6.2 for the Hunter subregion (Herron et al., 2018)),
training of the model emulators on local information may lead to local improvements in model
predictions.

Lack of surface water — groundwater interactions data are not a major gap for modelling purposes,
as the focus of the modelling is on evaluating the difference between two futures using a
probabilistic approach, not on building a deterministic model calibrated to historical data. The
groundwater model generates baseflow volumes for input into the river model. This is the major
interaction between surface water and groundwater.
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2.1.6 Water management for coal resource developments

Summary

The surface water and groundwater numerical models require data on impacted areas,
depths of mine workings, water extractions and discharge rules to quantify the hydrological
impacts of mine developments. These data have been sourced primarily from mining
company documents and state agency datasets. Details of the source data and the methods
used to generate datasets for input into the models are presented in this section.

The objective of groundwater and surface water modelling in bioregional assessments is to
quantify the cumulative impacts of coal resource developments on regional hydrology. In

Section 2.3.5 of companion product 2.3 for the Hunter subregion (Dawes et al., 2018), four causal
pathway groups are identified that potentially link hydrological changes from mining
developments to water-dependent assets in the wider region. These causal pathway groups are
subsurface depressurisation and dewatering, subsurface physical flow paths, surface water
drainage and operational water management. The models require information on the location and
magnitude of hydrological changes at each mine site to quantify the changes on and off the site
via these causal pathways.

The Australian Water Resources Assessment (AWRA) landscape water balance model (AWRA-L)
requires a time series of the mine site footprint area for each mining operation, where the
footprint includes all disturbed surface areas — including the open-cut pits, areas above longwall
panels, roads, spoil dumps, water storages and infrastructure — as well as undisturbed areas from
which runoff is captured by water storages. Except for the footprint areas above longwall mine
panels, the model assumes all runoff generated from the footprint area is retained on site. For the
mine footprints above longwall mines, the model assumes that there is some interception of
runoff as a consequence of subsidence (see companion product 2.6.1 (surface water numerical
modelling) for the Hunter subregion (Zhang et al., 2018)).

While a mine’s footprint is known to vary over the life of the mine, a constant footprint was used
in the groundwater modelling, broadly corresponding to the maximum footprint. Variations in
time are represented through a changing annual flow rate, rather than a time-varying footprint.
Each mine complex may have many individual mine workings. Mine workings are individual pits, or
clusters of pits, or groups of longwall panels that mine the same seam, or a bord-and-pillar area,
defined by availability of geometry and flow rate data. Given the coarse resolution of the regional-
scale groundwater model (minimum pixel area of ~500 m), the finer details of individual roadways,
chain pillars, bords, etc. are not represented in the model. In most areas, even individual longwall
panels are not resolved. The depth of the footprint is the lowest depth of excavation for the mine
workings, which could be the bottom of the open-cut pit, the deepest longwall panel, or the
deepest bord-and-pillar section. Details on representation of mine footprints in the groundwater
model can be found in Section 2.6.2.5 of companion product 2.6.2 for the Hunter subregion
(Herron et al., 2018).
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Component 2: Model-data analysis for the Hunter subregion

2.1.6 Water management for coal resource developments

The river model (AWRA-R) requires data on extractions from the river for both mining and non-
mining uses. It also represents licensed discharges to the stream. Section 2.1.4 details data and
methods for representing licensed extractions and discharge rules in the river in the model.

Key sources of mine water management information are the mining companies and state
agencies. In particular, mining companies prepare a range of reports as part of the mining
approvals process and subsequent management, monitoring and reporting processes. These
include annual environmental management reports, annual reviews, briefing papers, conditions of
approval, Director-General’s or Secretary’s environmental assessment reports, environmental
impact statements (EIS), groundwater monitoring program reports, mine plan reviews, mining
operations plans, subsidence management plans and water management plans. These reports can
be obtained from either or both of the mining company and the NSW Planning and Environment’s
Major Projects Assessments websites. These reports were searched for information to inform both
surface water and groundwater modelling.

This section provides details of the data used in the numerical models to represent mine water
management, including the sources of data, quality and quantity of data and the steps undertaken
to derive datasets for input into the models. Table 16 lists the relevant datasets, identifies which
model uses them, the relevant causal pathway group and the relevant section of this product.
Water management plans referred to as sources of information for representing mine water
management in the numerical models are listed in the references list at the end of this section.

A number of additional coal resource developments were not modelled by the groundwater
and/or surface water models (see Section 2.3.4 of companion product 2.3 for the Hunter
subregion (Dawes et al., 2018)). Therefore details relevant to modelling these mines are not
included in this section. The potential impacts from these developments will be considered
qualitatively in companion product 3-4 for the Hunter subregion (as listed in Table 2).

Table 16 Datasets used to represent mine water management in hydrological modelling for the Hunter subregion

Dataset Model Causal pathway group Section
Surface water mine Surface water — AWRA-L  Surface water drainage 2.16.1.1
footprints

Groundwater mine Groundwater Subsurface depressurisation and dewatering; 2.16.1.1
footprints Subsurface physical flow paths

Groundwater flow rates  Groundwater Subsurface depressurisation and dewatering 2.1.6.1.2

(mine water make)

River and alluvial water ~ Surface water - AWRA-R  Operational water management 21423
source extractions

Mine discharges to rivers Surface water — AWRA-R  Operational water management 2.14.24
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2.1.6 Water management for coal resource developments

2.1.6.1 Data sources

2.1.6.1.1 Mine footprints

To quantify the hydrological changes of mine developments, the location and spatial extent of the
mine footprint over time is needed. Footprint polygons are used in the modelling to identify which
cells in the models need to be modified to reflect impacts of mine development in the baseline
and coal resource development pathway (CRDP).

Several sources of data were used to delineate footprint areas for groundwater and surface water
modelling. Groundwater and surface water footprints are not the same. The maximum footprint
for groundwater modelling is the union of the areas at the ground surface disturbed by open-cut
mining and overlying underground extraction areas. The surface water footprint includes, in
addition to the mine working area, other disturbed areas at the surface associated with site
facilities, spoil dumps, roads and areas where runoff is intercepted and retained on site as part of
a site’s mine water management plan.

To inform the modelling for the baseline coal resource development (baseline), historical footprint
information was obtained from mine environmental impact statements (EIS) and similar reports,
NSW Department of Trade and Investment (DTI), and by digitising the identifiable areas of open-
cut mines from Landsat 5 TM imagery.

For additional coal resource development (ACRD) mines, the projected future mine footprints
were obtained either directly from mining companies or from mine EIS and associated reports.

Table 17 summarises the sources of groundwater mine footprint data and mine flow rates for
groundwater modelling. While the footprints have been obtained from a range of sources, flow
rates were obtained only from EIS or similar reports. Table 18 summarises data sources for the
surface water mine footprints used in the surface water modelling. Details of the source data and
methods for extracting data are also provided. Mine extraction periods considered for each open-
cut in the surface water modelling are also presented in Table 18. The mining periods were
extracted from various mining company documents published at different times and there may be
inconsistencies between reports. As noted in companion product 2.3 (conceptual modelling) for
the Hunter subregion (Dawes et al., 2018), the dates used to determine whether a mine was
baseline or additional coal resource development are not necessarily the same as the dates used
for modelling. Differences are likely to be small (not more than a few years), and are unlikely to
significantly impact the estimates of year of maximum difference between the modelled CRDP and
baseline.
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Component 2: Model-data analysis for the Hunter subregion

2.1.6 Water management for coal resource developments

Table 17 Data sources for mine footprints and mine flow rates used in the groundwater modelling for the Hunter

subregion

Mining company or

operator

Open-cut or
underground

Footprint
source

Flow rate and footprint references
and datasets

Abel

Ashton

Austar

Awaba

Bengalla

Bloomfield

Bulga

Bylong

Chain Valley

Cumnock

Dartbrook

Donaldson

Donaldson Coal
(Yancoal)

Yancoal Australia

Yancoal Australia

Centennial Coal

Rio Tinto

Bloomfield Collieries

Glencore

KEPCO

Lake Coal
(LDO Coal)

Glencore

Anglo American

Donaldson Coal
(Yancoal)

uG

OC& UG

uG

UG

ocC

ocC

0OC& UG

OC & UG

uG

UG

uG

ocC

EIS

EIS

EIS

EIS and DTI

EIS

Mining
company

Mining
company

EIS

EIS

DTI

Mining
company

DTI

Donaldson Coal Pty Ltd (2011, 2013);
NSW Department of Planning and
Infrastructure (2013a); RW Corkery
and Co Pty Ltd (2012a, 2014a)

Ashton Coal Operations Pty Ltd (2011,
2012, 2014); Aquaterra (2009, 2010);
NSW Department of Planning and
Infrastructure (2012); Wells
Environmental Services (2009a,
2009b)

Austar Coal Mine Pty Ltd (2010, 2011,
2012, 20133, 2013b,2014); Connell
Wagner Pty Ltd (2007); Umwelt
Australia Pty Ltd (2008a, 20113,
2011b)

NSW Department of Industry,
Resource and Energy Division (Dataset
9); GeoTerra Pty Ltd (2013); NSW
Department of Planning and
Infrastructure (2011)

Australasian Groundwater and
Environmental Consultants Pty Ltd
(2013a); Bengalla Mining Company Pty
Ltd (2014); Hansen Bailey (2014)

Bloomfield Group (Dataset 14);
Aquaterra (2008a)

Glencore Xstrata (2015); Mackie
Environmental Research (2013a)

Australasian Groundwater and
Environmental Consultants Pty Ltd
(2013b)

AECOM Australia Pty Ltd (2011a);
GeoTerra Pty Ltd (2013); LakeCoal Pty
Ltd (2014); Lake Coal PTY LTD (Dataset
16); NSW Department of Planning and
Infrastructure (2013b)

NSW Department of Industry,
Resource and Energy Division (Dataset
9)

Anglo American (Dataset 12); NSW
Department of Planning (2002)

NSW Department of Industry,
Resource and Energy Division
(Dataset 9)
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Mine

Drayton (aka
Kayuga Mine)

Drayton South

Glendell
Hunter Valley

Operations

Integra

Liddell

Mandalong

Mangoola

Mannering

Moolarben

Mount Arthur

Mount Owen

Mining company or

operator

Anglo American

Anglo American

Glencore

Rio Tinto

Vale Australia

Glencore

Centennial Coal

Glencore

Lake Coal

(Centennial Coal)

Yancoal Australia

BHP Billiton

Glencore
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Open-cut or
underground

ocC

ocC

0ocC

ocC

OC& UG

ocC

uG

ocC

UG

OC& UG

0OC& UG

ocC

2.1.6 Water management for coal resource developments

Footprint
source

Mining
company

EIS

Mining
company

EIS

EIS

Mining
company

EIS

Mining
company

EIS

EIS

EIS

Mining
company

Flow rate and footprint references
and datasets

Anglo American (Dataset 12);
Australasian Groundwater and
Environmental Consultants Pty Ltd
(2006a); WRM Water and
Environment Pty Ltd (2012)

Australasian Groundwater and
Environmental Consultants Pty Ltd
(2012, 2015); Hansen Bailey Pty Ltd
(2012, 2015)

CSIRO (Dataset 20)

Environmental Resources
Management Australia Pty Ltd (2008);
Mackie Environmental Research
(2003, 2010)

Australasian Groundwater and
Environmental Consultants Pty Ltd
(2007); Environmental Resources
Management Australia Pty Ltd (2009);
GeoTerra Pty Ltd (2009a, 2009b);
Pegasus Technical (2009a, 2009b); RW
Corkery and Co Pty Ltd (2010); SCT
Operations Pty Ltd (2009)

Glencore (Dataset 10); Sinclair Knight
Merz Pty Ltd (2013)

Ditton Geotechnical Services Pty Ltd
(2013); GHD Pty Ltd (2013); GSS
Environmental (2013)

Glencore (Dataset 10); Mackie
Environmental Research (2006)

Centennial Mannering Pty Ltd (2012);
EMM Consulting Pty Ltd (2014); GSS
Environmental (2012); Hansen Bailey
Pty Ltd (2007)

Aquaterra (2008b); Pegasus Technical
(2009c, 2009d); RPS Aquaterra (2011)

Australasian Groundwater and
Environmental Consultants Pty Ltd
(2006b, 2009, 2013c); Mackie
Environmental Research (2007); Mine
Subsidence Engineering Consultants
Pty Ltd (2007); Resource Strategies
(2013); Umwelt Australia Pty Ltd
(2007, 2008b)

Glencore (Dataset 10); Glencore
(2014a); Jacobs Group Australia Pty
Ltd (2014)
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Component 2: Model-data analysis for the Hunter subregion

2.1.6 Water management for coal resource developments

Mine Mining company or

operator

Open-cut or
underground

Footprint
source

Flow rate and footprint references
and datasets

Mount Pleasant Rio Tinto

Mount Thorley- Coal and Allied

Warkworth (Rio Tinto)

Muswellbrook Muswellbrook Coal
Company
(Idemitsu)

Myuna Centennial Coal

Newstan Centennial Coal

Ravensworth Glencore

Complex

Rix's Creek Bloomfield Collieries

Spur Hill Malabar Coal

Tasman Donaldson Coal
(Yancoal)

Ulan Glencore

Wambo Peabody Energy
Australia

Wallarah 2 Wyong Coal

ocC

ocC

OC& UG

UG

UG

OC & UG

ocC

UG

uG

UG

0OC & UG

UG

EIS

Mining
company

Mining
company

EIS

EIS and DTI

Mining
company

EIS and
mining
company
Mining
company

EIS

EIS and
mining
company

Mining
company
EIS and
mining
company

Australasian Groundwater and
Environmental Consultants Pty Ltd
(2013a); Bengalla Mining Company Pty
Ltd (2014); Coal and Allied (1997);
Cumberland Ecology (2010); Hansen
Bailey Pty Ltd (2014)

Rio Tinto (Dataset 17); Australasian
Groundwater and Environmental
Consultants Pty Ltd (2010, 2014a,
2014b)

Idemistu Australia Resources (Dataset
15); Muswellbrook Coal Company Ltd
(2007, 2008, 2009, 2010, 2011, 2012,
2013, 2014)

AECOM Australia Pty Ltd (2011b); GHD
Pty Ltd (2010a); GeoTerra Pty Ltd
(2013)

NSW Department of Industry,
Resource and Energy Division
(Dataset 9); Centennial Coal Company
Ltd (2012); GeoTerra Pty Ltd (2013);
GHD Pty Ltd (2010b); GSS
Environmental (2011)

Glencore (Dataset 10); Australasian
Groundwater and Environmental
Consultants Pty Ltd (2013d); Mackie
Environmental Research (2009, 2012);
Xstrata Coal Pty Ltd (2013)

Bloomfield Group (Dataset 14);
AECOM Australia Pty Ltd (2015); RPS
(2014)

Spur Hill Management Pty Ltd
(Dataset 18); HydroSimulations
(2013a)

RW Corkery and Co Pty Ltd (2012b,
2013, 2014b); Resource Strategies
(n.d.); RPS Aquaterra (2012)

Glencore (Dataset 10); Mackie
Environmental Research (2011, 2015);
Umwelt Australia Pty Ltd (2009,
2011c)

Wambo Coal Pty Ltd (Dataset 13);
HydroSimulations (2014)

Wyong Areas Joint Venture (Dataset
19); Mackie Environmental Research
(2013b); NSW Department of Planning
and Infrastructure (2014)
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Mine Mining company or Open-cut or
operator underground
West Wallsend Glencore UG
Wilpinjong Peabody Energy oC
Australia

2.1.6 Water management for coal resource developments

Footprint

source
Mining
company and
DTI

EIS

Flow rate and footprint references
and datasets

Glencore (Dataset 10); NSW
Department of Industry, Resource and
Energy Division (Dataset 9); Glencore
(2014b, 2014c); HydroSimulations
(2013a)

Australasian Groundwater and
Environmental Consultants Pty Ltd
(2005); Gilbert and Associates Pty Ltd
(2013c); HydroSimulations (2013b)

DTl = NSW Department of Trade and Investment, EIS = environmental impact statement, OC = open-cut, UG = undergroundc
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Component 2: Model-data analysis for the Hunter subregion

2.1.6 Water management for coal resource developments

Table 18 Data sources for mine footprints used in the surface water modelling for the Hunter subregion

Mining company | Mining

Footprint source |Reference or dataset

Ashton

Austar

Bengalla

Bulga

Bylong

Dartbrook

Drayton
Drayton South
Glendell

Hunter Valley
Operations

Integra

Liddell

Mangoola

Yancoal Australia

Yancoal Australia

Rio Tinto

Glencore

KEPCO

Anglo American

Anglo American
Anglo American

Glencore

Rio Tinto

Vale Australia

Glencore

Glencore

2003-2035

2005-2036

1998-2049

1986-2035

2017-2046

1993-2016

2007-2027
2016-2036

2007-2033

1968-2040

1991-2045

1983-2044

2008-2036

Landsat 5 T™M
imagery, EIS and
DTI

EIS and DTI

Landsat 5 T™M
imagery, EIS and
DTI

Landsat 5 TM
imagery, EIS, DTI
and mining
company

EIS

EIS and mining
company

EIS
EIS

Google Earth
imagery

Landsat 5 TM
imagery and DTI

Landsat 5 T™M
imagery, EIS and
DTI

Landsat 5 TM
imagery, EIS and
DTI

EIS and DTI

Aquaterra (2009); RPS Aquaterra and Ashton
Coal Operations Pty Ltd (2012); Wells
Environmental Services (2009b); Bioregional
Assessment Programme (Dataset 7); NSW
Department of Industry, Resource and Energy
Division (Dataset 9)

Austar Coal Mine Pty Ltd (2013a); Umwelt
Australia Pty Ltd (2008a); NSW Department of
Industry, Resource and Energy Division
(Dataset 9)

WRM Water and Environment Pty Ltd (2013a);
Bioregional Assessment Programme

(Dataset 7); NSW Department of Industry,
Resource and Energy Division (Dataset 9)

Hansen Bailey Pty Ltd (2010) Umwelt Australia
Pty Ltd (2013); Bioregional Assessment
Programme (Dataset 7); NSW Department of
Industry, Resource and Energy Division
(Dataset 9); Glencore (Dataset 10, Dataset 11)

Australasian Groundwater and Environmental
Consultants Pty Ltd (2013b); WRM Water and
Environment Pty Ltd (2015a)

NSW Department of Planning (2005); Anglo-
American (Dataset 12)

Hansen Bailey Pty Ltd (2006)
WRM Water and Environment Pty Ltd (2015b)

Bloomfield Group (Dataset 14)

Bioregional Assessment Programme
(Dataset 7); NSW Department of Industry,
Resource and Energy Division (Dataset 9)

Australasian Groundwater and Environmental
Consultants Pty Ltd (2007); Environmental
Resources Management Australia Pty Ltd
(2009); SCT Operations Pty Ltd (2009); WRM
Water and Environment Pty Ltd (2009);
Bioregional Assessment Programme (Dataset
7); NSW Department of Industry, Resource and
Energy Division (Dataset 9)

Gilbert and Associates Pty Ltd (2013a);
Bioregional Assessment Programme
(Dataset 7); NSW Department of Industry,
Resource and Energy Division (Dataset 9)

WRM Water and Environment (2013b); NSW
Department of Industry, Resource and Energy
Division (Dataset 9)
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Mine

Moolarben

Mount Arthur

Mount Owen

Mount
Pleasant

Mount
Thorley-
Warkworth

Muswellbrook

Ravensworth
Complex

Rix's Creek

Ulan

Wambo

Wallarah 2

Wilpinjong

Mining company | Mining

period?®

Yancoal Australia 2009-2055

BHP Billiton

Glencore

Rio Tinto

Coal and Allied
(Rio Tinto)

Muswellbrook
Coal Company
(Idemitsu)

Glencore

Bloomfield
Collieries

Glencore

Peabody Energy
Australia

Wyong Coal

Peabody Energy
Australia

2001-2046

1993-2047

2018-2056

1980-2057

1983-2032

1999-2059

1989-2058

1980-2041

1987-2036

2018-2056

2005-2102

2.1.6 Water management for coal resource developments

Footprint source

EIS

Landsat 5 TM
imagery and EIS

EIS and DTI

EIS

Landsat 5 TM
imagery and EIS

Landsat 5 TM
imagery and DTI

EIS and mining
company

Landsat 5 TM
imagery, EIS and
DTI

Landsat 5 TM
imagery and EIS

Landsat 5 TM
imagery, DTl and
mining company

EIS

EIS

Reference or dataset

Patterson Britton and Partners Ltd (2006);
Pegasus Technical (2009d); Worley Parsons
Services Pty Ltd (2008)

Gilbert and Associates Pty Ltd (2009); Gilbert
and Associates Pty Ltd (2013b); Bioregional
Assessment Programme (Dataset 7)

Umwelt Australia Pty Ltd (2014); NSW
Department of Industry, Resource and Energy
Division (Dataset 9)

Coal and Allied (1997)

Mackie Environmental Research (2002); WRM
Water and Environment Pty Ltd (2014);
Bioregional Assessment Programme

(Dataset 7)

Bioregional Assessment Programme
(Dataset 7); NSW Department of Industry,
Resource and Energy Division (Dataset 9)

Umwelt Australia Pty Ltd (2010a, 2010b);
Glencore (Dataset 10)

AECOM Australia Pty Ltd (2015); Bioregional
Assessment Programme (Dataset 7); NSW
Department of Industry, Resource and Energy
Division (Dataset 9)

Umwelt Australia Pty Ltd (2009); Bioregional
Assessment Programme (Dataset 7)

Bioregional Assessment Programme
(Dataset 7); NSW Department of Industry,
Resource and Energy Division (Dataset 9);
Wambo Coal Pty Ltd (Dataset 13)

WRM Water and Environment Pty Ltd (2013c)

Gilbert and Associates (2005, 2013c)

@ Mining period referred to in the table corresponds to assumed active phase of mine extraction for the open cut mines in the
surface water model
DTl = NSW Department of Trade and Investment, EIS = environmental impact statement
Data: Bioregional Assessment Programme (Dataset 1, Dataset 2, Dataset 3, Dataset 4)

Environmental impact statements and other mine documents

Environmental impact statements (EIS), Director-General’s and Secretary’s environmental

assessment reports, mining operation plans and water management plans were downloaded from

the websites of the NSW Department of Planning and Environment Major Projects Assessments
and mining companies.

The groundwater modelling uses the maximum extent of extraction, rather than a time series of

extraction area, to define where pumping occurs. Reports were searched for maps or plans of the
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mine working areas that included spatial coordinates. The maximum mine working areas were
digitised from these figures and georeferenced. The footprints have been simplified by reducing
the number of vertices to speed up modelling while ensuring that mine footprints are never more
than 300 m from known mining boundaries, such as the edge of mining extraction panels. The
sources of data for each mine footprint for groundwater modelling are summarised in Table 17.

The depth of each footprint was determined and expressed as elevation in metres above the
Australian Height Datum (mAHD). Most of the depths were contained in computer-aided design
(CAD) drawings supplied by the mining companies. In some cases, the depths had to be found in
the EISs and similar documents. The simplest of these were listed in the text, retrieved from a
cross-section or stratigraphic column, or used pit or seam floor contour images. Other mine
elevations were calculated by subtracting the depth of geological cover from the topographic
elevation obtained from the EIS or Google Earth. For Integra Underground Coal Mine, the
elevation of the Hebden seam was determined from seam floor contours. The approximate
vertical separation between the Hebden seam, the Barrett seam and the Middle Liddell seam was
calculated from the stratigraphic column of the mine (SCT Operations Pty Ltd, 2009, p. 2, Figure 2).
From this information, the elevations of the Barrett and Middle Liddell seams were calculated. If
none of these methods were possible, the depth of a nearby mine working was used instead. The
groundwater footprints were exported in polygon file format (as .ply files) for groundwater
modelling.

To obtain mine footprints for surface water modelling, the mining reports were searched for past
and future projected mine layouts and surface water contributing areas. Each figure was digitised
and georeferenced using one of four methods:

1. The preferred method was to use maps or plans with coordinates already on them.

2. If there were no coordinates, then three point locations were matched with points on
Google Earth and the latitude and longitude from Google Earth were used to georeference
the image.

3. If there were not three clearly identifiable point locations in the image, then supplementary
points were found by matching contour information to the Shuttle Radar Topography
Mission Smoothed Digital Elevation Model (SRTM DEM-S) grid (Geoscience Australia,
Dataset 5).

4. Other site-specific approaches:

a. Mangoola Coal Mine did not have adequate georeferencing points in the Year 10 and
Final Landform images so these images were georeferenced to the matching project
boundary in the other Mangoola Coal Mine images.

b. The West Wallsend Colliery existing pit top surface facilities image, containing a satellite
photo background, was georeferenced using Google Earth. The West Wallsend Colliery
pit top facility outline was used to georeference the water management system image
as they both contained the same outline.

The runoff contributing areas were calculated as a time series over the life of the mine, where
possible. If a contributing area was not provided, the mine layout was used in conjunction with the
SRTM DEM-S data to determine the area draining into the mine. Any area upslope of a water
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storage or dirty water area that was not diverted around the mine was included in the surface
water mine footprint area. If these areas could not be determined from published information,
only the area of the open-cut pit was used to define the mine footprint. The surface water
footprints were exported as shapefiles (.shp) for modelling. Details of the mines and sources from
which surface water mine footprints were obtained are summarised in Table 18.

Mining company spatial data

The Hunter Bioregional Assessment team (Assessment team) submitted a request to mining
companies in the Hunter subregion for mine footprint data for the life of the mine, including the
rehabilitation period. Some mining companies supplied mine footprint polygons under a restricted
access licence agreement, which permits use for modelling purposes, but cannot be made publicly
available. The mines for which footprints were obtained from mining companies are summarised
in Table 17 and Table 18.

These mining companies provided approximately 600 files, mostly in AutoCAD and shapefile
formats, but data were also provided as PDFs and PowerPoint documents. In most cases the data
were provided in Map Grid of Australia (MGA) coordinates, otherwise these data were converted
to MGA coordinates. Although some companies provided year-by-year mine plans from 2012 to
mine completion, most data were provided at less frequent intervals, and some companies
provided just the final mined area. Most data covered only future plans and did not include plans
or discussion of historical operations. For open-cut operations, most data represented the pitshell,
while for underground operations, the data represented individual longwall panels or perimeters
of proposed mined areas. Some data were three-dimensional, with the elevation or depth of the
mining seam or pit floor included. The data were synthesised manually, including combining
various individual files where necessary, to produce the polygons (and seam-depth information, if
available). During this process, the 500 m resolution of the groundwater model was always taken
into account, which allowed a simplified polygonal representation that did not include individual
roadways, bords, etc.

NSW Department of Trade and Investment historical data (2000 to 2012)

The Assessment team submitted a request to DTl for mine footprint data for Hunter subregion
mines for every fourth year from 2000 to 2015. This interval was adopted as a convenient way of
managing the size of the data request and providing a reasonable time step to represent the
change in footprint areas over time. The dataset supplied was a complex assortment of files
(10,937 files in 615 folders), including a number of format types (e.g. PDFs, shapefiles, e00 files,
AutoCAD files) and containing information on different aspects of mine operations. In all, there
were 473 e00 files and 1627 shapefiles that were potentially useful. Only a subset of these
datasets represented the spatial extent of mine workings that were needed for defining the
impacted areas for modelling. Some files for years other than those specifically requested were
also included in the dataset supplied. All data were supplied under a restricted access licence
agreement, which permits use for modelling purposes in the bioregional assessment, but cannot
be made publicly available.

DTl also provided the drafting instructions sent to mines, which specify the formats in which mine
footprint data are to be supplied to DTI by the mines. The drafting specifications have changed a
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few times over this period and adherence to the specifics of the standards has also varied,
meaning that there was sufficient variability in file formats and naming conventions to make the
extraction of the required data a very manual task of potentially limited value.

Following analyses of the files, a set of rules was developed based on the various file naming
conventions to select the data files that were deemed most likely to contain mine working spatial
data. A script was written that mined the folders for spatial files based on keywords, including
mine name and year, in the file path name. For each of the files identified, an attempt was made
to extract any polygon features. There were 45,267 mine footprint polygons extracted for 47
mines from 396 (19%) of the spatial data files. Figure 37 shows the number of polygons extracted
for each year from the supplied data. The extracted data were biased towards the years 2008 and
2012, which reflects more consistent adoption by the mining sector of the formats and naming
conventions specified in the drafting specifications. Comparatively few polygons were obtained for
2004 and none were obtained for 2000.
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Figure 37 Number of mine footprint polygons obtained from NSW Department of Trade and Investment data by
year
Data: NSW Department of Industry, Resource and Energy Division (Dataset 9)

Due to the large number of heterogeneous datasets, summarising the attribute data within these
spatial datasets proved difficult. As a result, the attribute information should be viewed as
indicative of the attributes in the underlying files.

Based on inspection of the data, the projection for most of the polygons was determined to be
EPSG:28356 (MGA zone 56); however, a few of the source datasets were not in this projection and
were not incorporated into the derived dataset (Bioregional Assessment Programme, Dataset 7
(restricted access)). DTI footprint areas were used for only some mines (see Table 17 and

Table 18).
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Landsat imagery open-cut mine footprints (1983 to 2002)

Landsat 5TM images were downloaded from Australian Geoscience Data Cube (AGDC; Geoscience
Australia, 2015) between July and August 2015. The AGDC is an integrated gridded data analysis
environment established by Geoscience Australia, CSIRO and the NCI, and maintained by
Geoscience Australia. It contains the full archive of Australian Landsat 5 TM imagery. Images are
provided at a one-by-one degree resolution (nominally 25 m) called a tile.

The historical open-cut mines for the Hunter subregion are covered by three tiles: 149 -033, 150 _-
033 and 151_-033. All available summer images, including both Landsat 5 TM and Landsat 7 ETM
images, for the years 1987, 1992, 1997 and 2002 for these three tiles were downloaded
(Geoscience Australia, Dataset 5). In addition, imagery was obtained for a number of open-cut
mines that commenced between 2002 and 2008. This period was identified as a potential gap in
the footprint data supplied by DTl because the early DTI files varied so much in format and naming
conventions that consistent patterns for mining the files prior to 2007 could not be defined. Two
open-cut mines had mine footprints digitised from Landsat images in 2004 and 2005.

Images were displayed in ArcMap for quality assessment and the best images were selected for
digitising. Identifiable open-cut mine footprints were manually digitised in ArcGIS and saved as Arc
shapefiles (Bioregional Assessment Programme, Dataset 7). Publicly available materials were used
to help define the mine boundaries where necessary, including reports published by mine
operators and Google Map. For example, a figure in an EIS from Rio Tinto (2015), which showed
the boundaries between the Bulga, Mount Thorley-Warkworth and Wambo mining leases, was
used to identify which open-cut mine in the imagery belonged to its respective mining operation.

The open-cut mine footprint areas obtained from the Landsat 5 TM imagery are summarised in
Table 19.
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Table 19 Mine footprint areas for open-cut mines in the Hunter subregion between 1987 and 2006

Open-cut mine Mine footprint Mine Mine Mine Mine Mine Mine
area 1987 footprint footprint footprint footprint footprint footprint
(km?) area 1992 | area 1997 | area 2002 | area 2004 | area 2005 | area 2006
(km?) (km?) (km?) (km?) (km?) (km?)
Ashton JNA NA NA NA 2.28 NA NA
Bengalla NA NA NA 2.39 NA NA NA
Bloomfield 1.69 3.31 3.52 2.01 NA NA 1.69
Bulga 4.98 5.72 2.61 13.05 NA NA 4.98
Donaldson NA NA NA 1.49 NA NA NA
Drayton 10.50 11.59 13.71 10.38 NA NA 10.50
Hunter Valley 41.47 41.83 72.21 66.67 NA NA 41.47
Operations
Integra NA 5.23 11.96 14.52 NA NA NA
Liddell 4.93 3.81 7.11 12.02 NA NA 4.93
Mount Arthur NA NA NA 5.56 NA 14.42 NA
Mount Thorley 11.34 15.09 17.76 17.92 NA NA 11.34
(part of Mount
Thorley-
Warkworth)
Muswellbrook 0.74 1.10 1.77 1.71 NA NA 0.74
Narama 6.06 9.21 7.69 5.94 NA NA 6.06
(part of
Ravensworth
Complex)
Rix’s Creek NA 3.69 8.75 11.19 NA NA NA
Ulan 2.67 5.59 5.92 6.38 NA NA 2.67
Wambo 2.70 6.99 8.78 6.07 NA NA 2.70

NA = data not available
Data: Geoscience Australia (Dataset 6), Bioregional Assessment Programme (Dataset 7)

Google Earth imagery

During the data compilation and pre-processing stage for generating the footprint time series,
quality assurance checks were performed using Google Earth. During this process, some gaps were
identified for the Glendell Coal Mine footprint areas and were resolved by digitising from the
Google Earth imagery. These were obtained from images in years 2008, 2009, 2013 and 2015
(Bloomfield Group, Dataset 14).

2.1.6.1.2 Flow rates

The annual groundwater flow rate (also referred to as ‘mine water make’) is the amount of water
that flows into the groundwater footprint area in a year. Mine reports were the source of flow
rate information (see Table 17), in which flow rate data were typically published in tables or
graphs of groundwater inflow or influx. The latest version of a report was used to accommodate
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for any overlap in data. When only a maximum flow rate was available, it was assumed that this
flow rate would be achieved in the final year of mining, and that the flow rate would increase from
zero at the commencement of mining to this maximum in a linear fashion. Where possible, the
flow rates were split into individual pits or mine sections to more accurately reflect the
distribution of groundwater inflow across the mine site. Any data gaps in groundwater flow rates
were estimated by a linear interpolation between available data. Flow rates were assumed to be
zero before mining commenced, and return to zero upon mine closure, unless otherwise indicated
in the literature. Flow data were not obtained for the baseline Ulan open-cut mine and there were
insufficient data to represent the additional coal resource developments of West Muswellbrook
open-cut, Wambo underground and Wilpinjong open-cut in the groundwater model (see

Section 2.3.4 of companion product 2.3 conceptual modelling for the Hunter subregion (Dawes et
al., 2018)).

2.1.6.2 Translating surface water mine footprint areas into time series of
hydrological changes

A number of assumptions need to be made in the surface water modelling to represent the
hydrological impacts of mining developments on water-dependent assets. These assumptions are
consistent with the policy and legislative framework governing the operation of mines (see
Section 2.3.4 of Dawes et al. (2018)). This section discusses the approach for defining surface
water footprint time series and characterising their hydrological responses pre- and post-
development.

Table 20 lists the assumptions made in generating the time series of footprint areas to represent
the areas within AWRA-L where hydrological changes must be applied. It also includes the
assumptions made for representing hydrological changes due to mines. More detail about the
implementation of these assumptions can be found in companion product 2.6.1 for the Hunter
subregion (Zhang et al., 2018).
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Table 20 Assumptions made in surface water modelling for representing hydrological impacts of mines and generation of time series data

Characteristic

Generating time Start date for baseline mines
series

Start date for additional coal
resource development (ACRD)
mines

End date for baseline mines

End date for ACRD mines

Assumption for modelling

As specified in development consent that was
current at December 2012

1. as specified in development consent or

2. as indicated by a mining company report or
representative, if different from what was in
development consent or

3. if not commenced and uncertain when it will
commence, assume 2018.

As specified in development consent (includes a
change in end date from an approved
modification that does not involve an expansion
of mining area).

Does not include extensions in time to
accommodate expansion of mining areas that
commenced after December 2012. These
become part of coal resource development
pathway (CRDP) as ACRD.

Either:
1. end date in development consent or
2. end date estimated from mine plan life.
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Basis for assumption

Many mines have been operating in the Hunter subregion for
decades. Over that time, the mining companies have changed,
operations have been consolidated, some operations have ceased
and new developments have commenced.

The Assessment team does not have the information to model
impacts of all historical mines. For modelling, the Assessment team
use the timelines of the operation that was current at the date
selected for defining baseline and additional coal resource
developments.

ACRD activities do not always commence when the proposal
indicates. This can be because of delays in the approval process, or
following approval delays related to the mines operations.

Start dates have been determined from current mine reports or mine
company contacts.

A start date has been estimated for mines that were proposing to
start by a date that has passed without them having done so.



Characteristic

Maximum footprint

Interpolation between data
points

Post-mining longwall footprints

Post-mining open-cut footprints

Final void areas

Open-cut mines above longwall
panels

Longwall mine site facilities
over longwall panels

Longwall panels over longwall
panels

Assumption for modelling

Assumed to occur at end of mining operations
(i.e. rehabilitation is assumed to commence at
end of mine life). Except, where data have been
obtained that indicates a footprint has
contracted and expanded over time (applies to
baseline only).

Linear

Sustained at maximum footprint to 2102

Sustained at maximum footprint for 10 years.
Scaled back to final void area (if known) or to
0.16 times the maximum footprint area for a

further 10 years

1. |If there are polygon(s) from environment
impact statement (EIS), then use these

2. If final voids not known, then use 0.16 of
maximum footprint area

Open-cut disturbances over-ride longwall
disturbances — longwall footprints must be
clipped using open-cut footprint to avoid
double accounting. Open-cut hydrological
impact (i.e. 100% reduction in runoff) in areas
of intersection; longwall hydrological impact in
unique areas

Underground mining site facilities override
longwall mine panel hydrological impacts. To
avoid double accounting, clip the site facilities
area from longwall panel polygon.

Union of the polygons to obtain maximum
footprint. Adding polygons will result in double
accounting of hydrological impacts.

2.1.6 Water management for coal resource developments

Basis for assumption

Rehabilitation is typically undertaken progressively, but details of this
and also hydrological recovery times are not known. Approach is
conservative.

Use only data available.

Subsidence is permanent.

Backfilling of pit is likely to occur more quickly than this; infiltration
properties of infilled mine unknown.

For mines for which data were available, final void area was
compared to the maximum footprint area. The median of the ratio of
final void area to the maximum footprint area was 16%, with a range
of 4% to 32%.

Open-cut mining impacts are at the surface and assumed to have
direct and complete impact on surface drainage. Where longwall
panels go under existing open-cut excavations, they will have no
additional impact on drainage at surface.

As above. Site facilities associated with any mining operation involve
disturbances at the surface, which have direct impact on runoff
processes.

Extractions from deeper seams are assumed to not increase the
impact at the surface caused by the first level of excavation.
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Characteristic

Longwall mine

Surface water
hydrological impact

Bord-and-pillar mines

Longwall mine site facilities

Open-cut mine, site facilities,
runoff contributing areas to
water management storages

Assumption for modelling

Some minor subsidence ensues resulting in a
long-term (permanent) 5% reduction in surface
water runoff from the affected area.

Zero impact on surface runoff.

100% reduction in surface runoff (from affected
areas) for duration of mining and subsequent
10 years, then linearly reduced to zero over the
next ten years.

100% reduction in runoff from affected areas
for duration of mining;

sustained for 10 years following cessation of
mining; reduced over a further 10 years to 0.16
of maximum footprint area (see final voids).

ACRD = additional coal resource development, CRDP = coal resource development pathway
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Basis for assumption

Subsidence is not modelled, but is inevitable where longwall mining
occurs. Impacts on surface runoff can vary from very little to more
than 50% interception, although the latter is unlikely. A 5% reduction
in runoff is assumed as mines are required to minimise this impact
and make good on streamflow reductions.

The Assessment team does not have any basis for varying this by mine
location, longwall panel depth or other factors.

There is negligible subsidence because bord-and-pillar mining method
generally involves minimal collapsing of the mine access shaft once
extraction is completed.

e Mines comply with NSW Water Act 1912, NSW Mining Act 1992,
NSW Protection of the Environment Operations Act 1997 and NSW
Water Management Act 2000.

o Runoff generated from disturbed areas is retained on-site. Site
drainage is designed to ensure that dirty water is not discharged to
river network.

e Assume that site facilities are not abandoned immediately when
mining ceases, allowing for rehabilitation of site. Rehabilitation is
assumed to return disturbed areas to pre-disturbance conditions
over 10 years, following completion of rehabilitation. Anecdotal
evidence from environmental officers at Glencore suggested 5-10
years for return to undisturbed conditions.

o Mines comply with NSW’s Water Act 1912, NSW’s Mining Act 1992,
NSW’s Protection of the Environment Operations Act 1997 and
NSW’s Water Management Act 2000.

o Runoff generated from disturbed areas and intercepted catchments
is retained on site. Site water management is designed to ensure
that dirty water is not discharged to river network.

e Assume 10 years to complete rehabilitation and abandon site
following cessation of mining. Rehabilitation is assumed to return
disturbed areas to pre-disturbance conditions over 10 years,
following completion of rehabilitation.



2.1.6 Water management for coal resource developments

2.1.6.2.1 Calculating final void areas for surface water modelling

The final void in an open-cut mining operation refers to the pit or pits that are left following the
completion of landscape rehabilitation. For some open-cut mines, final void areas were specified
in environmental management plans and these have been used directly in defining the final area
of disturbance in the footprint time series. For open-cut mines, where the final void area was not
provided, it has been assumed that (i) there is a final void and (ii) a reasonable estimate can be
made based on final void area to maximum footprint area from other mines where data are
available. The ratio of final void area to maximum footprint area for each of the mines for which
these data were available was quantified (Table 21). The median proportion was estimated to be
16% of the maximum footprint area (mean 20%), with a range of 4% to 52%. The median value
was adopted for calculating the final void area (Afing/ vois) from maximum footprint area
(Amax_footprint) @t other open-cut mine sites as follows:

Afinal_void = 0-16*Amax_footprint (3)

Table 21 Open-cut mines used to define the ratio of final void area to maximum footprint area

Maximum area Final void area Ratio of final void area to
(km?) (km?) max area
(%)

Ashton 5.07 0.34 6.7%
Bulga 44.24 7.09 16%
Drayton 7.69 2.42 31.5%
Drayton South 17.01 2.62 15.4%
Liddell 10.67 2.88 27.0%
Mangoola 19.93 0.86 4.3%
Mount Pleasant 32.58 4.15 12.7%
Mount Thorley 27.33 14.13 51.7%
Ravensworth 26.85 1.34 5.0%
Wilpinjong 12.76 3.63 28.5%
Median 18.47 2.75 15.7%

Refer to Table 18 for references and datasets for each mine
Data: Bioregional Assessment Programme (Dataset 4, Dataset 21)
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2.1.6.3 Summary of baseline and coal resource development pathway model
data for surface water and groundwater modelling

Table 22 summarises the areas of changed surface water hydrology for three key points in the
footprint time series for each open-cut mine: end of 2012 prior to commencement of any
additional coal resource development mines in the CRDP; the maximum disturbed area
represented in the model; and the final disturbed area following full rehabilitation. Open-cut
mines and site facilities (whether they be for open-cut or underground operations) are included in
the areas given, as they have the same hydrological effect in the surface water model. The table
also includes the maximum disturbed area at the surface for underground mines (final column).
Maximum extent, maximum seam depth and maximum flow rate for each mine working
represented in the Hunter subregion groundwater model are summarised in Table 23. The data in
Table 22 and Table 23 were extracted from the various sources identified in Table 17 and Table 18.
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Table 22 Key characteristics of data used to represent mine impacts in the surface water model for the Hunter subregion

Mine or mine Open-cut or In baseline? In CRDP? 2012 area Maximum area Final area Maximum area Name of post-2012 mine
complex underground disturbed by disturbed by disturbed by disturbed expansion project
open-cut pits,| open-cut pits, open-cut pits, | above longwall
site facilities site facilities site facilities panels
(km?) (km?) (km?) (km?)
Ashton (o]6 Y Y 2.38 2.38 0.38 na na
ocC N Y 2.38 5.07 0.72 na South East Open-Cut mine
UG Y Y 0 0 0 5..12 na
Austar UG Y Y 1.25 1.25 0 1674 na
Bengalla ocC Y Y 4.66 4.24 0.68 na na
oC N Y 4.66 15.86 1.83 na Expansion
Bulga (o]6 Y Y 11.97 19.62 3.14 na na
(o]6 N Y 11.97 44.24 7.09 na Bulga Coal Optimisation Project
UG Y Y 0 0 0 20.15 na
Bylong oC N Y 0 8.49 1.37 na Bylong Coal Project (new mine)
UG N Y 0 0 0 18.05 Bylong Coal Project (new mine)
Dartbrook UG Y Y 0.74 0.74 0 5.07 na
Drayton oC Y Y 7.69 6.55 2.42 na na
Drayton South  OC N Y 0 17.01 2.62 na Drayton South Coal Project
Glendell ocC Y Y 4.38 5.12 0.49 na na
Hunter Valley ocC Y Y 37.83 37.83 6.05 na na
Operations
Integra ocC Y Y 20.6 21.8 3.49 na na
UG Y Y 0.08 0.08 0 13.31 na
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Mine or mine Open-cut or In baseline? In CRDP? 2012 area Maximum area Final area Maximum area Name of post-2012 mine
complex underground disturbed by disturbed by disturbed by disturbed expansion project
open-cut pits,| open-cut pits, open-cut pits, | above longwall
site facilities site facilities site facilities panels
(km?) (km?) (km?) (km?)
Liddell ocC Y Y 7.61 10.49 1.68 na na
oC N Y 7.61 12.46 1.99 na Expansion
Mangoola (o]@ Y Y 3.72 19.93 0.86 na na
Moolarben ocC Y Y 5.17 15.88 2.54 na na
oC N Y 5.17 23.75 4.58 na Stage 1
UG Y Y 0 0 0 10.41 na
UG N Y 0 0 0 17.91 Stage 2
Mount Arthur oC Y Y 39.67 59.27 9.48 na na
oC N Y 39.67 60.72 9.71 na Expansion of South Pit into
Bayswater No.3 mining lease
UG N Y 0 0 0 19.09 na
Mount Owen ocC Y Y 5.74 17.38 2.78 na na
oC N Y 5.74 23.05 3.69 na Mount Owen Continued Operations
Project
Mount Pleasant OC N Y 0 32.58 4.15 na na
Mount Thorley— OC Y Y 27.33 27.33 14.13 na na
Warkworth
ocC N Y 27.33 43.31 14.13 na Expansion
Muswellbrook OC Y Y 3.46 3.46 0.55 na na
Ravensworth ocC Y Y 10.99 26.85 1.34 na na
UG Y Y 0 0 0 14.62 na
Rix's Creek (o]6 Y Y 4.58 8.75 1.4 na na
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Mine or mine
complex

Ulan

Wallarah 2
Wambo

Wilpinjong

Open-cut or
underground

ocC
uG
UG
uG
(0]®
(0]®

In baseline?

In CRDP?

Y
Y
Y
Y
Y

Y

2012 area
disturbed by
open-cut pits,
site facilities
(km?)

0
9.27
8.38

2.1.6 Water management for coal resource developments

Maximum area Final area Maximum area Name of post-2012 mine
disturbed by disturbed by disturbed expansion project
open-cut pits, open-cut pits, | above longwall
site facilities site facilities panels

(km?) (km?) (km?)
16.25 2.6 na na
0 0 33.74 na
0 0 45.61 Expansion
0.4 0 37.52 na
20.38 3.26 na na
12.76 3.63 na na

baseline = baseline coal resource development, OC = open-cut, UG = underground, na = not applicable
Mines in the coal resource development pathway (CRDP) include mines in the baseline and additional coal resource developments. Data from various sources (see Table 18)

Data: Bioregional Assessment Programme (Dataset 1, Dataset 2, Dataset 3, Dataset 4, Dataset 21)
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Component 2: Model-data analysis for the Hunter subregion

2.1.6 Water management for coal resource developments

Table 23 Key characteristics of data used to represent mine impacts in the groundwater model for the Hunter subregion

Period of

pumping

Name of post-2012 mine
expansion project

Open-cut or In baseline? In CRDP? Maximum Minimum seam | Maximum flow
underground footprint area | depth (mAHD) rate (ML/y)
(km?)
Abel UG Y Y 23.82 -220 2300
Ashton oC Y Y 1.5 10 47
ocC N Y 3.82 -50 51
UG Y Y 5.12 —265 584
Austar UG Y Y 16.74 -390 505
UG N Y 16.74 -390 770
Bengalla oC Y Y 7.17 0 475
ocC N Y 11.99 0 475
Bloomfield oC Y Y 6.31 =55 750
Bulga ocC Y Y 5.96 -46 73
oC N Y 6.72 -237.6 73
UG Y Y 27.17 —202 950
Bylong oC N Y 4.08 270 548
UG N Y 18.33 180 183
Chain Valley UG Y Y 8.55 —200 2800
UG N Y 8.55 —-200 3900
Cumnock UG Y Y 8.54 -60 400
Dartbrook UG Y Y 5.07 —60 274
Donaldson ocC Y Y 2.45 -55 250
Drayton oC Y Y 3.66 128 983
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2009-2027
2004-2013

2004-2013,
2017-2026

2004-2026
2009-2014
2009-2044
1998-2023
1998-2035
2006-2018
1990-2031
1990-2031
2008-2041
2016-2024
2023-2044
2005-2015
2005-2028
1951-2011
1997-2005
2001-2013

2010-2021

na

na

South East Open-Cut mine

na

na

Modification to Stage 3 area
na

Expansion

na

na

Bulga Coal Optimisation Project
na

Bylong Coal Project (new mine)
Bylong Coal Project (new mine)
na

Chain Valley Modification 1

na

na

na

na



2.1.6 Water management for coal resource developments

Open-cut or In baseline? In CRDP? Maximum Minimum seam | Maximum flow Period of Name of post-2012 mine
underground footprint area | depth (mAHD) rate (ML/y) pumping expansion project
(km?)
Drayton South OC N Y 8.86 90 175 2015-2031 Drayton South Coal Project
Glendell ocC Y Y 2.01 -14 438 2007-2024 na
Howick West  OC Y Y 30.15 -25 225 1979-2027 na
(part of Hunter
Valley
Operations)
Hunter Valley OC Y Y 29.31 -125 5831 2002-2035 na
Operations
Integra oC Y Y 4.96 -125 117 1997-2019 na
UG Y Y 14.02 —400 478 1999-2041 na
Liddell ocC Y Y 2.71 -17.5 3468 2009-2023 na
ocC N Y 3.37 -17.5 3468 2009-2023 Expansion
Mandalong UG Y Y 15.06 -280 885 2004-2016 na
UG N Y 44.01 —280 2154 2004-2052 Mandolong Southern Expansion
Project
Mangoola ocC Y Y 8.94 124 660 2006-2029 na
Mannering UG Y Y 16.35 —200 624 2001-2019 na
Moolarben ocC Y Y 10.63 380 160 2011-2016, na
2030-2036
ocC N Y 23.94 380 664 2011-2036 Stage 1
UG Y Y 17.19 260 1797 2011-2042 na
UG N Y 27.89 260 1797 2011-2042 Stage 2
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Component 2: Model-data analysis for the Hunter subregion

2.1.6 Water management for coal resource developments

Open-cut or In baseline? In CRDP? Maximum Minimum seam | Maximum flow Period of Name of post-2012 mine
underground footprint area | depth (mAHD) rate (ML/y) pumping expansion project
(km?)
Mount Arthur OC Y Y 42.57 100 952 2008-2029 Expansion of South Pit into
Bayswater No.3 mining lease
UG N Y 30.62 —-60 2101 2007-2030 na
Mount Owen oC Y Y 4.13 =70 915 2007-2022 na
oC N Y 5.92 =70 915 2007-2031 Mount Owen Continued
Operations Project
Mount ocC N Y 19.99 0 694 2016-2038 na
Pleasant
Mount ocC Y Y 15.58 =50 949 1980-2020 na
Thorley— .
Warkworth ocC N Y 15.58 -50 949 1980-2036 Expansion
Muswellbrook UG Y Y 2.58 -80 1372 2006-2015 na
ocC Y Y 2.96 149 115 2009-2014 na
Myuna UG Y Y 62.61 -140 10360 1980-2032 na
Newstan UG Y Y 35.35 —65 2051 1999-2015 na
Ravensworth ocC Y Y 8.76 -124 546 2006-2041 na
UG Y Y 18.41 -180 497° 2005-2036 na
Rix's Creek ocC Y Y 5.12 -5 299 2013-2038 na
Tasman UG Y Y 14.61 -50 70 2007-2014 na
Ulan UG Y Y 47.3 287.6 5950 1985-2031 na
UG N Y 78.88 287.6 9335 1985-2031 Ulan West (expansion)
Wallarah 2 UG N Y 37.52 -412 876 2018-2058 na

140 | Observations analysis, statistical analysis and interpolation for the Hunter subregion



2.1.6 Water management for coal resource developments

Open-cut or In baseline? In CRDP? Maximum Minimum seam | Maximum flow Period of Name of post-2012 mine
underground footprint area | depth (mAHD) rate (ML/y) pumping expansion project
(km?)
Wambo ocC Y Y 21.01 -100 365 1968-2029 na
UG Y Y 10.49 —48 1350 2007-2019 na
West Wallsend UG Y Y 26.22 -127.3 1213 2008-2028 na
Wilpinjong ocC Y Y 19.15 345 1950 20052026 na

areported maximum is 558 ML/y, but lower value was used in modelling due to mine being put in care and maintenance

baseline = baseline coal resource development, ACRD= additional coal resource development, OC = open-cut, UG = underground, na = not applicable

Mines in the coal resource development pathway (CRDP) include the mines in the baseline and additional coal resource developments. Data from various sources (see Table 17)
Data: Bioregional Assessment Programme (Dataset 22, Dataset 23, Dataset 24, Dataset 25)
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Component 2: Model-data analysis for the Hunter subregion

2.1.6 Water management for coal resource developments

Figure 38 and Figure 39 illustrate spatial distribution of the maximum footprint areas under
baseline (Figure 38) and additional coal resource development (Figure 39) for surface water and
groundwater models in the Hunter subregion. As discussed in Section 2.3.4 of companion
product 2.3 for the Hunter subregion (Dawes et al., 2018), not all mines are incorporated in both
the surface water and groundwater models for both baseline and CRDP model runs. There were
mines where flow rate data were not available and other mines where the surface water models
were not able to represent the key processes influencing local hydrology (e.g. tidal dynamics and
urban runoff), which precluded them from being modelled.

Figure 40 shows the footprint time series for baseline and CRDP for the period from 1983 to 2102.
These time series were derived for each mine from available data (points) using the assumptions
summarised in Table 20. The time series baseline and CRDP data are used in surface water
modelling to estimate impacts of the additional coal resource development mines on hydrological
response variables. The hydrological impacts are reported in companion product 2.6.1 for the
Hunter subregion (Zhang et al., 2018).

Figure 41 shows the flow rate time series for baseline and CRDP mine areas for the period from
1968 to 2058. Deriving the time series from available data (points) for each mine is based on the
assumptions described in companion product 2.6.2 for the Hunter subregion (Herron et al., 2018).
Some plots present a flow rate time series for multiple mines (e.g. Bloomfield plot includes
Donaldson; Newstan and Awaba) or by complex (e.g. Mt Owen Complex includes Glendell, Mount
Owen and Ravensworth East open-cuts). When time series for individual workings are combined
into a single time series, the maximum flow rate is not necessarily equal to the sum of the
individual maxima (Table 23), which may occur in different years. The time series baseline and
CRDP data are used in groundwater modelling to estimate the effects of the additional coal
resource developments on hydrological response variables and are reported in Herron et al.
(2018). There can be differences in the start and end dates used in the surface water and
groundwater models, which reflect lack of certainty about when additional coal resource
development mines will commence, assumptions about when groundwater pumping commenced
and ceased and assumptions about how long impacts of mining are sustained after mining ceases
(see Table 20).
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2.1.6 Water management for coal resource developments
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Figure 38 Maximum footprint areas for baseline mines used in surface water and groundwater models

Baseline coal resource development (baseline) is defined as a future that includes all coal mines and coal seam gas (CSG) fields that
are commercially producing as of December 2012. This figure is not representative of all mines in the baseline. Maximum footprint
areas for mines in the baseline depict only those mines with sufficient data and information to be qualitatively assessed through
surface water and groundwater modelling.

Data: Bioregional Assessment Programme (Dataset 21, Dataset 22, Dataset 23, Dataset 24, Dataset 25)
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Component 2: Model-data analysis for the Hunter subregion

2.1.6 Water management for coal resource developments
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Figure 39 Maximum mine footprint areas for the additional coal resource developments (ACRD) used in surface
water and groundwater models

ACRD is defined as all coal mines and coal seam gas (CSG) fields, including expansions of baseline operations, that are expected to
begin commercial production after December 2012. CRDP is defined as a future that includes all coal mines and coal seam gas (CSG)
fields that are in the baseline as well as those that are expected to begin commercial production after December 2012.

This figure is not representative of all ACRD mines in the CRDP. Maximum footprint areas for ACRD depict only those ACRDs with
sufficient data and information to be qualitatively assessed through surface water and groundwater modelling.

Data: Bioregional Assessment Programme (Dataset 21, Dataset 22, Dataset 23, Dataset 24, Dataset 25)
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Component 2: Model-data analysis for the Hunter subregion

2.1.6 Water management for coal resource developments
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Figure 40 Time series graphs of open-cut and underground mine footprint areas for surface water modelling

Green = baseline, blue = CRDP mines; lines are interpolations between data points, represented by open circles
Data: Bioregional Assessment Programme (Dataset 1, Dataset 2, Dataset 3, Dataset 4, Dataset 21)

Observations analysis, statistical analysis and interpolation for the Hunter subregion | 147

Z 1uauodwo)

uoi8aJgns Ja1uny ay3 Joj sisAjeue elep-|apoA



ion

Model-data analysis for the Hunter subreg

Component 2

Rate (MLU/year)

Rate (MLU/year)

Rate (MLU/year)

Rate (MU/year)

2.1.6 Water management for coal resource developments

2500

2000

1500

=
o
=3
1=

500

800

Abel UG

=== baseline

5%

2020
ar

Austar UG

—
2040 2050 2060

700

2
S

w
-3
S

rs
S
S

w
S
S

N
1=
o

b
=3
S

1000

800

600

400

200

1200

1000

g
=)

2
S

IS
=3
=

200

5%

2020
Year

Bloomfield

—
2040 2050 2060

=== baseline

5%

2020
ar

Bulga UG

—
2040 2050 2060

=== baseline

B

2020
ar

2040 2050 2060

Figure 41 continued on following page

Ashton

700 T

600

500

s
=3
=3

Rate (MU/year)
w
=3
1=

200

100

1% 80 1990

2000 2010 2020 2030 2040

ar

Bengalla and Mount Pleasant

2050

2060

700 T

600

500

s
=3
=3

Rate (MU/year)
w
=3
1=

N
1=
S

100

1% 80 1990

80 T

000 2010 2020 2030

ar

Bulga OC

040

2050

2060

70

Rate (ML/year)
s w
S =]

w
S

N
S

1% 80 1990

2000 2010 2020 2030 2040

ar

Bylong

2050

2060

600 T

500

B
1=}
1=

Rate (MU/year)
w
=3
S

N
=3
=]

100

1% 80 1990

2000 2010 2020 2030 2040
Year

148 | Observations analysis, statistical analysis and interpolation for the Hunter subregion

2050

2060



Chain Valley UG and Mannering UG and Myuna UG

14000

12000

10000

8000

Rate (ML/year)

4000

2000

300

I%BD 1990 2000 2010 2020 203 2040 2050 2060

Year

Dartbrook UG

250

~N
o
=]

Rate (ML/year)
—
o
=]

bt
=3
=

50

=== baseline

B

180

80 1990 2000 2010 2020 2030 2040 2050 2060
ar

Drayton South OC

160

140

120

Rate (MLU/year)
=
@ =3
S =

23

&
S

20

B

5000

4000

3000

Rate (ML/year)

2000

1000

1%80 1990 2000 2010 2020 2030 2040 2050 2060

80 1990 2000 2010 2020 2030 2040 2050 2060
Year

Hunter Valley Operations OC

=== baseline

ar

Figure 41 continued on following page
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Component 2: Model-data analysis for the Hunter subregion

2.1.6 Water management for coal resource developments
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Figure 41 Time series graphs of open-cut and underground mine flow rates used in groundwater modelling

Mount Arthur UG was approved in 2008 and expected to start in 2009, which would have made it a baseline development. As
mining did not commence prior to December 2012, it was classified as an ACRD. However, it was incorrectly modelled as starting in
2008. Where time series is composite of a number of mine workings, the maximum flow rate on the graph is not necessarily equal
to the sum of the maxima of the individual workings given in Table 23 due to the maxima occurring in different years.

Data: Bioregional Assessment Programme (Dataset 22; Dataset 23; Dataset 24; Dataset 25)

2.1.6.4 Gaps

The Hunter subregion has a long history of mining. There are 42 baseline mines and 22 additional
coal resource developments that have been represented in the numerical modelling. To quantify
the effects that these developments have on regional-scale hydrology requires a significant
investment of time, in terms of obtaining the relevant digital data from the mines and state
agencies that produce or hold these data, sifting through the large number of environmental
assessment documents produced by mining companies to extract relevant bits of information to
inform the modelling, digitising maps and remotely sensed imagery to obtain footprint areas,
undertaking analyses to determine patterns of change and rules for representing hydrological
changes in the models and so on. Excluding those coal resource developments identified in
companion product 2.3 (conceptual modelling) for the Hunter subregion (Dawes et al., 2018) as
having insufficient data available to model, data have been obtained to represent the hydrological
effect of every modelled mine. Thus gaps in the context of the mine water management data used
in the numerical modelling relate to opportunities to improve the input datasets and better
represent processes in the model beyond what was possible with the time and resources that
were available. The following are where uncertainties could be reduced through acquiring more
data and/or making better use of the available data:

e Mine footprint data — a range of sources of data and methods for defining areas where
hydrology is affected by mining were relied upon, resulting in a dataset with considerable
uncertainty in extent of areas affected hydrologically by mining over time. There is potential
to improve footprint time series data through closer collaboration with mining companies
and state agencies that have mining data to access more data, to better understand the
available data (e.g. what it represents, purpose, provenance), to undertake quality assurance
(e.g. method of mapping, scale of mapping) and to collate data from different sources into a
combined dataset based on the foregoing.
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e Final voids — use actual data from all sites with open-cut operations to define the final voids,
rather than estimating from mines with data.

e Analysis of modelled flow rates (undertaken to determine water licence entitlement
volumes) and actual flow rates data to determine extraction rates relative to licensed
volume and drivers of use rates (e.g. climate).

Companion product 2.6.1 (surface water numerical modelling; Zhang et al. (2018)) and companion
product 2.6.2 (groundwater numerical modelling; Herron et al. (2018)) for the Hunter subregion
provide more details of the sources of uncertainty in representing the hydrological effects of coal
resource development and implications for modelling results.
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2.1.6 Water management for coal resource developments
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26e2c7b9e9e0.

Dataset 5 Geoscience Australia (2011) Geoscience Australia, 1 second SRTM Digital Elevation
Model (DEM). Bioregional Assessment Source Dataset. Viewed 31 March 2016,
http://data.bioregionalassessments.gov.au/dataset/9a9284b6-eb45-4a13-97d0-
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2.1.6 Water management for coal resource developments
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Glossary

Glossary

The register of terms and definitions used in the Bioregional Assessment Programme is available
online at http://environment.data.gov.au/def/ba/glossary (note that terms and definitions are
respectively listed under the 'Name' and 'Description’ columns in this register). This register is a list
of terms, which are the preferred descriptors for concepts. Other properties are included for each
term, including licence information, source of definition and date of approval. Semantic
relationships (such as hierarchical relationships) are formalised for some terms, as well as linkages
to other terms in related vocabularies.

expansions of baseline operations, that are expected to begin commercial production after
December 2012

transmitting useful quantities of water. Aquitards often form a confining layer over an artesian
aquifer.

associated with a subregion or bioregion. Technically, an asset is a store of value and may be
managed and/or used to maintain and/or produce further value. Each asset will have many values
associated with it and they can be measured from a range of perspectives; for example, the values
of a wetland can be measured from ecological, sociocultural and economic perspectives.

below accessible groundwater. Commonly refers to igneous and metamorphic rocks which are
unconformably overlain by sedimentary beds or cover material, and sometimes used to indicate
'bedrock' (i.e. underlying or encasing palaeovalley sediments)

developments are taking place, or could take place, and for which bioregional assessments (BAs)
are conducted

of a bioregion, with explicit assessment of the potential direct, indirect and cumulative impacts of
coal seam gas and coal mining development on water resources. The central purpose of
bioregional assessments is to analyse the impacts and risks associated with changes to water-
dependent assets that arise in response to current and future pathways of coal seam gas and coal
mining development.

an aquifer, or to passively observe or collect groundwater information. Also known as a borehole
or piezometer.
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planned or unplanned —that link coal resource development and potential impacts on water
resources and water-dependent assets

fields that are in the baseline as well as those that are expected to begin commercial production
after December 2012

associated with a coal seam gas (CSG) operation or coal mine. For example, components during
the development life-cycle stage of a coal mine include developing the mine infrastructure, the
open pit, surface facilities and underground facilities. Components are grouped into life-cycle
stages.

resources and water-dependent assets resulting from coal seam gas and coal mining
developments when all past, present and reasonably foreseeable actions that are likely to impact
on water resources are considered

set of information. Datasets may be spatial (e.g. a shape file or geodatabase or a Web Feature
Service) or aspatial (e.g. an Access database, a list of people or a model configuration file).

body (e.g. a river or lake)

diversion: see extraction

living environment interacting as a functional unit. Note: ecosystems include those that are
human-influenced such as rural and urban ecosystems.

and/or quality of surface water or groundwater. An effect is a specific type of an impact (any
change resulting from prior events).

pumping or gravity channels
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Glossary

subregion is defined by the geological Gloucester Basin. It is located just north of the Hunter Valley
in NSW, approximately 85 km north-north-east of Newcastle and relative to regional centres is 60
km south-west of Taree and 55 km west of Forster.

permeability material), or water occurring at a place below ground that has been pumped,
diverted or released to that place for storage there. This does not include water held in
underground tanks, pipes or other works.

Broken Bay on the New South Wales Central Coast to just north of Newcastle. The subregion is
bordered in the west and north—west by the Great Dividing Range and in the north by the towns of
Scone and Muswellbrook. The Hunter River is the major river in the subregion, rising in the
Barrington Tops and Liverpool Ranges and draining south-west to Lake Glenbawn before heading
east where it enters the Tasman Sea at Newcastle. The subregion also includes smaller catchments
along the central coast, including the Macquarie and Tuggerah lakes catchments.

An impact might be equivalent to an effect (change in the quality or quantity of surface water or
groundwater), or it might be a change resulting from those effects (for example, ecological
changes that result from hydrological changes).

could result in an effect (change in the quality or quantity of surface water or groundwater). There
might be multiple impact modes for each activity or chain of events.

transfers into the water system (both surface water and groundwater) for a defined area
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http://environment.data.gov.au/def/ba/glossary/_hydrogeology:1
http://environment.data.gov.au/def/ba/glossary/_hydrological-response-variable:1
http://environment.data.gov.au/def/ba/glossary/_impact:2
http://environment.data.gov.au/def/ba/glossary/_impact-mode:2
http://environment.data.gov.au/def/ba/glossary/_inflow:1

Component 2: Model-data analysis for the Hunter subregion

Glossary

are expected to respond similarly to changes in groundwater and/or surface water due to coal
resource development. Note that there is expected to be less heterogeneity in the response within
a landscape class than between landscape classes. They are present on the landscape across the
entire BA subregion or bioregion and their spatial coverage is exhaustive and non-overlapping.
Conceptually, landscape classes can be considered as types of ecosystem assets.

magnitude of permeability depends largely on the porosity and the interconnectivity of pores and
spaces in the ground.

Programme (including from Programme partner organisations) or a dataset created by the
Programme based on analyses conducted by the Programme for use in the bioregional
assessments (BAs)

collapse, or when soil or geological formations (including coal seams, sandstone and other
sedimentary strata) compact due to reduction in moisture content and pressure within the
ground.

surface water: water that flows over land and in watercourses or artificial channels and can be

captured, stored and supplemented from dams and reservoirs
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http://environment.data.gov.au/def/ba/glossary/_landscape-class:5
http://environment.data.gov.au/def/ba/glossary/_material:1
http://environment.data.gov.au/def/ba/glossary/_model-node:2
http://environment.data.gov.au/def/ba/glossary/_permeability:1
http://environment.data.gov.au/def/ba/glossary/_porosity:1
http://environment.data.gov.au/def/ba/glossary/_receptor:3
http://environment.data.gov.au/def/ba/glossary/_recharge:1
http://environment.data.gov.au/def/ba/glossary/_risk:1
http://environment.data.gov.au/def/ba/glossary/_runoff:1
http://environment.data.gov.au/def/ba/glossary/_sensitivity:2
http://environment.data.gov.au/def/ba/glossary/_source-dataset:2
http://environment.data.gov.au/def/ba/glossary/_stratigraphy:1
http://environment.data.gov.au/def/ba/glossary/_subregion:1
http://environment.data.gov.au/def/ba/glossary/_subsidence:2
http://environment.data.gov.au/def/ba/glossary/_surface-water:1

Glossary

knowledge of an event, its consequence, or likelihood. For the purposes of bioregional
assessments, uncertainty includes: the variation caused by natural fluctuations or heterogeneity;
the incomplete knowledge or understanding of the system under consideration; and the
simplification or abstraction of the system in the conceptual and numerical models.

management purposes (e.g. subcatchment, catchment, basin or drainage division, or groundwater
management unit, subaquifer, aquifer, groundwater basin)

transferred to another area for use. It is not representative of 'on-farm' or 'town' use; rather it
represents the volume taken from the environment.

evaluating or recovering various natural resources, such as hydrocarbons (oil and gas) or water. As
part of the drilling and construction process the well can be encased by materials such as steel and
cement, or it may be uncased. Wells are sometimes known as a ‘wellbore’.
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http://environment.data.gov.au/def/ba/glossary/_uncertainty:2
http://environment.data.gov.au/def/ba/glossary/_water-dependent-asset:1
http://environment.data.gov.au/def/ba/glossary/_water-make:2
http://environment.data.gov.au/def/ba/glossary/_water-system:1
http://environment.data.gov.au/def/ba/glossary/_water-use:2
http://environment.data.gov.au/def/ba/glossary/_watertable:1
http://environment.data.gov.au/def/ba/glossary/_well:3

180 | Observations analysis, statistical analysis and interpolation for the Hunter subregion



2.2 Statistical analysis and
interpolation

Originally the statistical analysis and interpolation was intended to be reported independently of
the observations analysis. Instead it has been combined with the observations analysis as product
2.1-2.2 to improve readability. For statistical analysis and interpolation see Section 2.1 of this
product.
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