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INTRODUCTION

The New South Wales Department of Planning, Industry and Environment (DPIE) is in the process
of updating the Water Sharing Plan for the NSW Great Artesian Basin Groundwater Sources
[Department of Water and Energy (DWE) 2014]. Klohn Crippen Berger Ltd (KCB)has been retained
by DPIE to conduct a literature review of published recharge mechanisms and collate existing
estimates of recharge for the Great Artesian Basin (GAB), focusing on the Southern and Eastern
Recharge Groundwater Sources in New South Wales (Figure 1.1). This report outlines the findings
of the literature review and provides recommended recharge rates for the Southern and Eastern
Recharge Groundwater Sources based on historical studies.

Figure 1.1

1.1

Southern and Eastern Recharge Groundwater Sources (figure provided from New
South Wales DPIE)

Terminology

The following terms were applied throughout this assessment:


Recharge is the addition of water, usually by infiltration, to an aquifer. Recharge rate is
measured in mm/year whereas recharge flux is the recharge rate applied to the recharge
area (ML/year).
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Average Annual Net Recharge (DWE 2009b) is the volume of water added to the
groundwater source annually on a long-term average basis minus an allowance for
groundwater outflow to adjacent groundwater sources.



Intake Beds (Kellett et al. 2003) are areas along the elevated eastern margins of the GAB
where the sandstone aquifers outcrop or subcrop [i.e. where the overlying lowpermeability confining layer(s) are either absent or extremely thin] and most groundwater
recharge occurs.



Localised Recharge (Kellett at al. 2003) is the seepage of water through saturated alluvium
into the underlying sandstone aquifers, and is an important local recharge mechanism in
some places where streams flow across the intake beds. This process is relatively rapid in
terms of allowing water to infiltrate into the aquifer.



Preferred Pathway Flow [Office of Groundwater Impact Assessment (OGIA) 2016a] arises
from changes in permeability with aquifers and in overlying regolith, providing conduits for
water to infiltrate (Kellett et al. 2003). Zones of higher permeability may include fissures,
faults, joints, tree roots, and high-permeability beds within individual formations and along
bedding planes (Kellett et al. 2003, Suckow et al. 2016).



Diffuse Recharge (Kellett et al. 2003) is the process by which rainfall infiltrates directly
through outcropping or subcropping geological units which host aquifers.



Mountain System Recharge (Smerdon et al. 2012a) is the contribution of groundwater
recharge derived from runoff from mountainous areas into adjacent aquifers.



Rejected Recharge (Smerdon et al. 2012a) is the expression used for groundwater flowing
from springs or streams within and near the GAB intake beds, where groundwater
emerges from springs or streams because the groundwater levels within the aquifer are
close to or at the ground surface, resulting in overflow or outflow of the groundwater from
the exposed aquifers particularly where small or large topographic depressions are
present.

Localised recharge, preferred pathway flow, diffuse recharge, and mountain system recharge are
shown schematically on Figure 1.2 (adapted from Radke et al. 2000).
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Figure 1.2

Recharge Mechanisms (adapted from Radke et al. 2000)
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HYDROGEOLOGICAL SETTING

Information provided in this section has been compiled from multiple sources including
Habermehl (1980), Radke et al. (2000), Habermehl et al. (2009), DWE (2009a), Ransley and
Smerdon (2012), and Geoscience Australia and Australian Stratigraphy Commission (2017).

2.1

Great Artesian Basin and Associated Basins

The GAB is one of the largest groundwater systems in the world. It covers 1.7 million km2, about
one-fifth of Australia, and underlies parts of New South Wales, Queensland, South Australia, and
the Northern Territory (Figure 2.1). The New South Wales portion of the GAB covers 207,000 km2,
which represents about 12% of the basin and about 20% of New South Wales.
The GAB is a multi-layered confined aquifer system, with aquifers occurring in Triassic, Jurassic,
and Cretaceous quartzose sandstones. The intervening confining beds consist of low to very low
permeability siltstone and mudstone. The basin is, in places, 3,000 m thick, and forms a large
synclinal structure that was uplifted and exposed along its eastern margin and tilted southwest
(Habermehl 1980).
The GAB comprises the Surat, Eromanga, and Carpentaria basins, and small upper parts of the
Bowen and Galilee basins (Figure 2.1 and Figure 2.2). The Coonamble Embayment forms the
southern part of the Surat Basin in New South Wales. There is some discrepancy in historical
literature regarding the northern extent of the Coonamble Embayment. Wolfgang (2000) indicates
that it is separate from the main part of the Surat Basin in New South Wales (Figure 2.3) whereas
Herczeg and Love (2007) indicate that the Coonamble Embayment covers the entire extent of the
Surat Basin within New South Wales (Figure 2.4).
The Southern and Eastern Recharge Groundwater Source Areas are the focus of this study and are
situated in the New South Wales portion of the Surat Basin (Figure 1.1 and Figure 2.4)
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Figure 2.1

The Great Artesian Basin (from Smerdon et al. 2012b)

200211R_Literature Review Recharge.docx
D10200A04

Literature Review and Recommended Recharge
Rates

Page 5
February 2020

NSW Department of Planning, Industry and
Environment
Southern and Eastern Recharge Groundwater Sources

Figure 2.2

Basins within the Great Artesian Basin (from Habermehl 1980)
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Figure 2.3

Location of the Coonamble Embayment (from Wolfgang 2000)
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Map showing the Recharge Zones within the Coonamble Embayment (adapted
from Herczeg and Love (2007)

Southern and Eastern Recharge Groundwater Sources

The majority of groundwater recharge in the GAB occurs along the elevated eastern margins
where sandstone aquifers outcrop or subcrop. In Queensland, the intake beds trend north-south
in a continuous 20 km and 150 km wide arc stretching from Cape York in the north to east of
Goondiwindi in the south. This recharge zone transitions into the intake beds predominantly
comprised of the Pilliga Sandstone and Keelindi Beds along the southern and eastern margins of
the GAB in New South Wales. Recharge enters the Pilliga Sandstone and permeable layers in the
Keelindi Beds where they outcrop, or at lesser rates, via overlying strata as leakage.
These intake beds are located in the Southern and Eastern Recharge Groundwater Sources which
are approximately 23,600 km2 and 6,100 km2 in area, respectively. The Southern Recharge
Groundwater Source is situated in north-central New South Wales and the Eastern Recharge
Groundwater Source is situated in northeastern New South Wales (Figure 1.1).
The Southern and Eastern Recharge Groundwater Sources include all water contained in all rocks
of Cretaceous, Jurassic, and Tertiary ages, and all alluvial sediments within the boundaries shown
in Figure 1.1, with the following exceptions (DWE 2014):


The water to which the following applies:
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 Water Sharing Plan for the Lower Gwydir Groundwater Source 2003 (current document
from 2019);
 Water Sharing Plan for the Lower Macquarie Groundwater Sources 2003 (current
document from 2019);
 Water Sharing Plan for the Upper and Lower Namoi Groundwater Sources 2003;
 Water Sharing Plan for the Castlereagh below Binnaway Unregulated and Alluvial
Water Sources 2011 (now called Water Sharing Plan for the Castlereagh River
Unregulated and Alluvial Water Sources 2011);
 Water Sharing Plan for the Intersecting Streams Unregulated and Alluvial Water
Sources 2011;
 Water Sharing Plan for the NSW Great Artesian Basin Shallow Groundwater Sources
2011;
 Water Sharing Plan for the NSW Murray Darling Basin Fractured Rock Groundwater
Sources 2011; and
 Water Sharing Plan for the NSW Murray Darling Basin Porous Rock Groundwater
Sources 2011.


2.3

Any alluvial sediments within the excluded alluvial areas, as shown on Figure I-5.2
(excluded alluvial areas are now included in the Water Sharing Plan for the NSW Border
Rivers Unregulated and Alluvial Water Sources 2012 and the Water Sharing Plan for the
Macquarie Bogan Unregulated and Alluvial Groundwater Sources 2012).

Climate

Rainfall is an extremely important contributor to all components of recharge in the Southern and
Eastern Recharge Groundwater Sources. The GAB is largely located in the arid and semi-arid parts
of Australia. The Southern and Eastern Recharge Groundwater Sources (i.e. the intake beds in
New South Wales) straddle the subtropical climate zone with no dry season, and the temperate
climate zone with no dry season and hot summer (classified using the modified Köppen
classification; Stern et al. 2008). The subtropical climate zone has a mean annual temperature of
at least 18°C and extends from Queensland into part of the northern intake beds in New South
Wales. The temperate climate zone occupies part of the eastern and most of the southern intake
beds. The intake beds in New South Wales are located in the sub-humid rainfall zone with erratic
and variable rainfall which generally has a uniform seasonal distribution tending towards summer
dominance in the north. Across the Southern and Eastern Recharge Groundwater Sources, mean
annual rainfall varies from between 400 mm to 500 mm in the southwest to 600 mm to 700 mm
in the north, and generally decreases across the intake beds from east to west (Figure 2.5).
However, this east-west trend is complicated by topography, which causes higher rainfall in areas
with higher altitudes. Rainfall occurs year-round. High magnitude rainfall events occur more
commonly in the northern part of the GAB in Queensland compared to New South Wales. Periods
of below average rainfall droughts occur 20% to 40% of the time. Mean annual evaporation varies
from about 1600 mm to 2400 mm across the New South Wales intake beds and exceeds rainfall
everywhere by a considerable amount.

200211R_Literature Review Recharge.docx
D10200A04

Page 9
February 2020

NSW Department of Planning, Industry and
Environment
Southern and Eastern Recharge Groundwater Sources

Figure 2.5
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Average Annual Rainfall for the Intake Beds in New South Wales (from
Habermehl et al. 2009)

Surface Water

Surface water flow regimes govern the rate, continuity, and extent of groundwater recharge in
the fluvial recharge system. The intake beds in New South Wales are partly located in the
catchments and drainage divisions of several streams. These streams are tributaries of the Darling
River and include (from north to south) the Dumaresq, Macintyre, Gwydir, Namoi, Castlereagh,
Macquarie, and Bogan Rivers (Figure 1.1). These streams generally drain west, northwest, and
north, and are sources of recharge water where they cross the intake beds (Habermehl et al.
2009). Further downstream, these streams may be fed by baseflow from the GAB or rejected
recharge; this occurs where water is restricted from entering the aquifer and discharges to surface
due to a shallow water table or geological/ structural controls (Kellett et al. 2012). Habermehl
(1980) characterised that all streams in the GAB are characterised by extreme variation in
discharge and flow duration. Some streams alternate between gaining streams and losing streams
depending on preceding climate conditions and groundwater levels. Variable seasonal and annual
stream flow patterns are caused by tropical cyclonic and summer monsoonal rainfall (primarily in
northern Queensland), and in most areas, extended periods of droughts (some lasting for many
years) alternate with major, long-lasting floods.
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Hydrostratigraphy

The primary aquifers in the northern and central parts of the GAB are hosted in the Mooga,
Gubberamunda, and Hutton sandstones. The main confining beds include the Wallumbilla, Bungil,
Orallo, and Westbourne Formations, Walloon Coal Measures, and Evergreen Formation. The
primary aquifer in the southern portion of the Surat Basin is the Pilliga Sandstone and permeable
layers in the Keelindi Beds. Confining beds for this portion of the Surat Basin include all or parts of
the Wallumbilla, Bungil, Orallo, and Purlawaugh formations.
The intake beds for the Southern and Eastern Recharge Groundwater Sources on the southern
and eastern margins of the GAB in New South Wales are predominantly comprised of outcrops
and subcrops of the Pilliga Sandstone and Keelindi Beds. These are described as:


Pilliga Sandstone (late Jurassic): medium to coarse grained, well sorted quartzose
sandstone and conglomerate with minor interbeds of mudstone, siltstone, and finegrained sandstone and coal. Maximum thickness of 300 m. The unit was deposited as
extensive high energy braided alluvial systems and thick channel sequences, with finergrained material indicative of channel fill and inter-channel facies.



Keelindi Beds (early Cretaceous to late Jurassic): fine- to coarse-grained, poorly sorted to
well sorted quartzose sandstone, pebbly sandstone, and conglomerate interbedded with
minor shale, siltstone, and coal. Represents a transition to lower energy fluvial systems
including meandering stream and flood plain deposition.

The outcrop of the Pilliga Sandstone and other Jurassic and Cretaceous units and the Cenozoic
overburden are shown on Figure 2.6.
Across the GAB, individual geological units that are hydrogeologically equivalent to each other
have been grouped and assigned an aquifer name based on the primary contributing geological
unit. The Pilliga Sandstone and Keelindi Beds aquifers are included in the Hooray Sandstone and
equivalents aquifer group (which also includes the Bungil Formation, Mooga Sandstone,
Gubberamunda Sandstone, Kumbarilla Beds, Wyandra Sandstone, Cadna-owie Formation, and
Hooray Sandstone aquifers) as well as the Cadna-owie - Hooray Sandstone and equivalents aquifer
group. The Hutton Sandstone is not hydrogeologically equivalent to this group. The stratigraphic
table of the GAB including the Coonamble Embayment is provided in Figure 2.7, with the
hydrogeologically equivalent aquifers highlighted.
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Figure 2.6

Outcrop Areas of the Pilliga Sandstone (Jp) (from Ransley et al. 2012a)
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Figure 2.7

Stratigraphic Table of the Great Artesian Basin (adapted from Kellett et al. 2003)
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Groundwater Levels, Flow, and Gradients

Extensive extraction of groundwater from the GAB since 1978 has impacted both natural and
artificial discharge regimes. Regional artesian pressure declines in the Surat Basin and the
Coonamble Embayment in New South Wales are generally 20 m to 50 m less than the maximums
in southern Queensland (around 100 m); however, some bores do have pressure declines up to
60 m and there are substantial areas with 20 m to 60 m of decline. This has resulted in reductions
of artesian flow in all flowing water bores and cessation of artesian flow in some. Artesian springs
have also suffered a universal decline in groundwater flow and some have ceased flowing
(Habermehl et al. 2009).
In New South Wales, the water table along the western slopes of the Great Dividing Range is
within the Pilliga Sandstone. Groundwater flow is from the western slopes of the Great Dividing
Range basinward, towards the north, northwest, and west in the vicinity of the Southern Recharge
Groundwater Source and towards the west and north in the vicinity of the Eastern Recharge
Groundwater Source (as shown in Figure 2.8 for the entire GAB). Estimated groundwater flow
velocities vary between the different literature reviewed and range from 0.1 m/year to 0.8 m/year
(Wolfgang 2000) to 1.6 m/year to 10 m/year (Habermehl 1980).
A groundwater flow divide is present at the Great Dividing Range to the east of the intake beds,
which is also the easternmost extent of the GAB in New South Wales. Kellett et al. (2012)
interprets a groundwater flow divide along the New South Wales and Queensland border.
Groundwater flow is towards the southwest in Queensland and to the northwest in New South
Wales, converging around the Macintyre River.
Where the potentiometric surface in the Pilliga Sandstone (and equivalents) is higher than the
regional water table, there is the potential for upward flow gradients and vertical leakage into
shallow aquifers. Where the potentiometric surface in the Pilliga Sandstone (and equivalents) is
lower than the regional water table, downward leakage will occur. Figure 2.9 shows the difference
between the regional water table and the potentiometric surface in the Cadna-owie - Hooray
Sandstone and equivalents aquifer group, which includes the Pilliga Sandstone. Positive values
indicate the potential for downward flow, while negative values indicate the potential for upward
flow. The majority of the GAB is under artesian conditions, suggesting that upward vertical
movement could occur through overlying leaky aquitards, though flow is restrained by the low
permeability of the confining beds. Along the margins of the GAB, including in the vicinity of the
Southern and Eastern Recharge Groundwater Sources, downward flow dominates.
Flowing artesian bores, where water rises to surface under artesian pressure are not present in
the recharge zones apart from the far northwestern part of the Eastern Recharge Groundwater
Source area (Figure 2.10) (Habermehl 1980).
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Figure 2.8

Directions of Regional Groundwater Flow and Springs in the Great Artesian Basin
(from Radke et al. 2000)
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Figure 2.9

Difference between the Regional Water Table and the Potentiometric Surface in
the Cadna-owie – Hooray and Equivalents Aquifer (adapted from Smerdon et al.
2012a)
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Location of Flowing Artesian Water Bores (from Habermehl 1980)

Springs

Flowing artesian springs within the GAB are generally associated with structural features or water
under artesian pressure breaking through thin or leaky confining beds. Springs are also present in
some of the recharge areas along the eastern margins of the GAB, but most of these are caused
by rejected recharge. The locations of spring complexes and spring supergroups in the GAB are
provided in Figure 2.8 (from 1980) and Figure 2.11 (from 2012). These figures show that there are
very few springs in or near the intake beds of the Southern and Eastern Recharge Groundwater
Sources; however, according to Miles et al. (2012), there have been no major updates to spring
mapping in New South Wales since 1992. This indicates that there may be more springs that are
not included in these figures.
Spring discharges have generally declined since the early development of extraction bores in the
GAB (Habermehl et al. 2009).
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Figure 2.11

Spring and Spring Supergroup Locations (from Miles et al. 2012)
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LITERATURE REVIEW

The literature review summarises information on approaches and techniques applied for
estimating recharge to the GAB. The review focused on the intake beds in New South Wales and
Queensland; a factual summary of the review findings is included in Appendix I. The reports
reviewed include information of varying technical complexity and of variable spatial scale. The
literature review focused on areas of these documents which relate to recharge mechanisms and
estimates, with the intent to develop a contemporary body of evidence to better understand
recharge in the intake beds of the Southern and Eastern Recharge Groundwater Sources.
Repetition in concepts from prior works is not repeated; rather only new concepts or
advancements in prior knowledge are generally provided. For this reason, documents are
presented in chronological order.
The literature review included in Appendix I is not a technical critique of the work done to reach
the conclusions in each individual report, nor is it an exhaustive review of all reports published or
issued on recharge in the GAB. Supporting content is accepted as correct and current effort in this
review was placed solely on gathering knowledge and practical tools in understanding and
translating the conceptual understanding of recharge processes. Much of the content is
paraphrased directly from the source reports.
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LITERATURE REVIEW DISCUSSION

The majority of groundwater recharge in New South Wales occurs along the elevated eastern
margins of the GAB where sandstone aquifers (predominantly the Pilliga Sandstone and
permeable layers in the Keelindi Beds) outcrop or subcrop (i.e. the Southern and Eastern Recharge
Groundwater Sources in Figure 1.1).

4.1

Recharge Mechanisms

Understanding groundwater recharge mechanisms and rates is often referred to as the most
difficult parameter to measure in a groundwater budget (Healy 2010). Relatively low recharge
rates combined with large spatial and temporal variability of water fluxes (as is encountered in the
GAB) results in additional complexity (Smerdon et al. 2012a).
The principal mechanisms of recharge in the GAB have not appreciably changed since Kellett et al.
(2003), with the exception of the addition of mountain system recharge by Herczeg and Love
(2007). Kellett et al. (2003) is heavily cited in later work and, although some variations of the
processes are presented and the terminology can sometimes vary, the fundamental concepts
remain consistent. The recharge mechanisms into the Southern and Eastern Recharge
Groundwater Sources are:
1. Diffuse recharge;
2. Preferred pathway flow;
3. Localised recharge; and
4. Mountain system recharge (potentially).
In arid Australia, where evapotranspiration exceeds rainfall, extreme rainfall events are a major
factor in recharge by one, some, or all of these mechanisms. This implies that recharge is likely to
be irregular and variable in both time and space (Habermehl et al. 2009). However, there are
circumstances when each mechanism is likely to occur, as discussed below.
Diffuse recharge occurs across most of the intake beds in the Southern and Eastern Recharge
Groundwater Sources, due to outcroppings of permeable sandstone. Diffuse recharge rates are
inferred to be less than the rates of the other recharge mechanisms; however, diffuse recharge
occurs over larger areas (nearly everywhere that permeable sandstone outcrops at surface).
While recharge rates from localised recharge are expected to be higher than diffuse recharge,
recharge is spatially limited in extent to beneath rivers, streams, and alluvial groundwater systems
that overlie permeable aquifers. This restricts recharge flux via the localised mechanism. Localised
recharge in the GAB in New South Wales is expected to occur in locations where larger streams
such as the Dumaresq, Macintyre, Gwydir, Namoi, Castlereagh, Macquarie, and Bogan Rivers
overlie the permeable intake beds, though recharge also occurs from smaller ephemeral streams.
For this recharge mechanism to occur, there must be water in the surface water body and a
downward hydraulic gradient.
Similar to localised recharge, recharge rates via preferred pathway flow are expected to be higher
than diffuse recharge; however, recharge is spatially restricted to permeable features and
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discontinuities. In addition to these permeable features, previous studies have indicated that at
least 150 mm to 200 mm of rainfall over a continuous 30-day period is needed to saturate the
regolith so that preferred pathway flow can occur. Recharge rates via this mechanism are lower in
New South Wales than northern Queensland as the frequency of high rainfall events is less.
Therefore, the recharge flux from preferred pathway flow may not be as dominant as the
historical literature describes.
Mountain system recharge is a relatively newly defined recharge mechanism for the GAB and as
such, has not previously been quantified for the New South Wales intake beds. There is the
potential for runoff from the elevated Great Dividing Range (i.e. mountain system recharge) to
contribute to recharge in the intake beds.
4.1.1 Rejected Recharge
In areas where the potential recharge rate exceeds the rate at which water can enter the
permeable aquifers, the aquifer becomes fully saturated and available recharge may be rejected
via springs or through the bases of streams that are in connection with the intake beds. Some of
these streams may alternate between recharging and discharging line sources depending on the
amount of recharge occurring. Areas of rejected recharge including springs have not been mapped
near the Southern and Eastern Recharge Groundwater Sources but are potentially located near
the western margins of the intake beds where the potentiometric surface is close to or at ground
surface.

4.2

Recharge Estimation Methods

Recharge can be estimated using a wide range of methods. Recharge is commonly estimated at
the watershed scale using simple water budget methods or numerical groundwater flow models.
These methods provide an average recharge estimate for an area; however, recharge can vary
both within and between watersheds because of variations in land use, topography, geology, and
climate. Because of this, recharge estimates with site-specific data can complement the largerscale methods.
The preferred approach to estimating recharge is to use multiple methods to determine, and then
refine, the recharge rate. Recharge studies should begin with a review of background information
(including maps, soils, geology, vegetation, land use, stream flow data, precipitation and climate
data, groundwater level data, groundwater and air quality data, hydraulic properties of the
aquifers, historical studies, etc.) to determine the most suitable approach based on site
conditions. Lists of potential estimation methods, as well as advantages and disadvantages for
each, are provided in Tables I-4.1 and I-11.1 in Appendix I. Depending on the results, numerical
modelling may be beneficial so that the recharge estimates can be further constrained.
According to Crosbie et al. (2010), 77% of the recharge estimates in Australia were made using the
saturated zone steady-state chloride-mass-balance method, with the remaining typically made
from the unsaturated zone steady-state and transient state chloride-mass-balance, groundwater
hydrograph analysis, water balance, and environmental tracer methods. In the intake beds of New
South Wales, the chloride-mass-balance method has been used most frequently to estimate
recharge. This method is generally applied at a point scale but often needs to be upscaled to a
regional scale for water management purposes. A recent study by Crosbie et al. (2018) combined
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the chloride-mass-balance method with regression analysis to upscale the recharge. Other
methods used in New South Wales have included using a percentage of annual rainfall and
isotope analysis. This is similar for Queensland, though groundwater hydrograph analysis and
radiocarbon dating have also been used.
The following sections provide more detail about the key methods used to estimate recharge in
New South Wales and Queensland, as well as which recharge mechanism(s) each is most suitable
for estimating.
4.2.1 Saturated Zone Chloride-Mass-Balance Method
The majority of literature reviewed for the GAB in New South Wales and Queensland used the
saturated zone chloride-mass-balance method as the principal method to estimate recharge
through the intake beds. The premise behind this method is that, in low- to moderate-salinity
environments (much like the Pilliga Sandstone outcrops), the dissolved chloride ion is
conservative, indicating that it does not take part in any geochemical reactions (such as diffusion,
dispersion, adsorption, etc.). As a result of this, chloride concentrations in rainfall can be
compared to those measured in groundwater using the following formula:
𝑅𝑅𝑅𝑅𝑅𝑅ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =

𝐶𝐶ℎ𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑖𝑖𝑖𝑖 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑎𝑎𝑎𝑎𝑎𝑎 𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 × 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
𝐶𝐶ℎ𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑖𝑖𝑖𝑖 𝐺𝐺𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

The chloride concentration in rainfall and dry deposition component is mainly comprised of wet
deposition, and dry deposition is generally considered to be a minor or negligible component
(OGIA 2016a).

This method is commonly used because the data is relatively easy and inexpensive to obtain, the
calculation is simple to use, and the recharge estimates can easily be refined as more data
becomes available. The method effectively provides estimates of net recharge using all recharge
mechanisms (i.e. diffuse recharge, preferred pathway flow, localised recharge) and excludes
recharge that is discharged back into streams or lost through evapotranspiration (Kellett et al.
2003, Habermehl et al. 2009, OGIA 2016a). Recharge can be estimated over larger spatial scales,
as the saturated zone chloride-mass-balance method produces a lumped long-term recharge rate
that has been damped against annual and seasonal variations in rainfall, weather patterns, and
chloride inputs. It removes the bias due to point sampling in the unsaturated zone, an important
consideration in the intake beds where large heterogeneities over horizontal distances occur
frequently (Habermehl et al. 2009).
There is a time lag between the time of recharge at surface and the actual occurrence of recharge
into groundwater; however, the saturated zone chloride-mass-balance method estimates longterm mean recharge rates with the assumption that there are no other sources or sinks for the
deposited chloride.
Herczeg and Love (2007) indicated that extreme care should be used when applying the saturated
zone chloride-mass-balance method to large temporal scales, as the amount of rainfall and the
amount of chloride in rainfall likely varies temporally. This is an important consideration when
assessing palaeo-recharge and predicting future recharge, which are discussed further in Section
4.3.
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4.2.2 Unsaturated Zone Chloride-Mass-Balance Method
The unsaturated zone chloride-mass-balance method requires continuous coring from the ground
surface to the water table. Chloride enters the soil zone with meteoric water and the water is
subsequently lost by evapotranspiration, leaving residual chloride proportional to the amount of
water lost. The nature of the chloride profile reflects the balance between diffuse recharge and
preferred pathway flow. Bulges in chloride concentrations in the upper portion of the hole
followed by a steady or slow decline can be used to estimate diffuse recharge. Lower chloride
concentrations in deeper parts of the hole may represent zones where water is transmitted via
preferred pathway flow.
4.2.3 Percentage of Annual Rainfall
Recharge has historically been expressed as a percentage of average annual rainfall for ease of
reference and application to modelling studies; however, this approach is overly simplistic except
when there is a long-time scale or the recharge area is quite large. The study by Barron et al.
(2010) indicated that annual rainfall was a major factor influencing recharge; however, rainfall
intensity was more of a contributing factor. This was a common theme across the majority of
literature reviewed: preferred pathway flow, which requires episodic, high-rainfall events, is the
dominant recharge mechanism in the intake beds, especially compared to diffuse recharge.
Estimating recharge using a percentage of average annual rainfall only does not fully capture
these events.
Another reason this estimation method is simplistic is that rainfall is not the only mechanism
affecting recharge: topography, land use, vegetation, soil or surficial geology, and hydraulic
properties of the subsurface also need to be considered. With that being said, this is still a useful
method to provide a general indicator of recharge or to quickly confirm recharge rates from other
estimation methods.
4.2.4 Groundwater Hydrograph Analysis
Evidence of localised recharge from stream leakage may be observed in groundwater hydrographs
from nearby monitoring bores. The groundwater level response to changing stream flows and
levels over time can then be evaluated to estimate recharge.
This method is best applied to shallow water tables that show sharp water level increases and
decreases. It is important to note that changes in the groundwater level may be unrelated to
recharge (i.e. groundwater extraction).
4.2.5 Radiocarbon and Stable Isotope Dating
Radiocarbon or stable isotope dating of groundwater can be used to determine groundwater
velocities, which in some situations may be related to recharge rates. Preferred pathway flow is
supported by the occurrence of modern groundwater, as shown by age dating, at considerable
depth in some bores, indicating a relatively quick recharge mechanism. Groundwater dating
techniques are also useful as they can provide information about the groundwater systems over
large time scales.
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Historical and Future Recharge Rates

Palaeo-recharge can be estimated from the combination of stable isotopes and detailed
groundwater chemistry results. Love et al. (2000), Herczeg and Love (2007), and Radke et al.
(2000) suggested that both wetter climates and higher recharge rates (potentially at least three
times greater) occurred in the past, with regional rainfall and diffuse recharge in steady decline
from 130,000 to 10,000 years ago and intermittent periods of no recharge. Habermehl et al.
(2009) assessed stable isotopes, radioactive isotopes, and detailed groundwater chemistry, and
observed that recharge processes in the southern intake beds of the GAB showed the same
evaporative concentration for the past ~30,000 years and isotopic composition had been
relatively constant over that period. This may suggest that recharge rates may not have not
changed substantially over time in the southern intake beds of the GAB.
Few studies have been completed worldwide assessing the impact of future climate variations on
groundwater resources and, in particular, recharge. Welsh et al. (2012) developed models so that
the impact of climate and groundwater development on groundwater levels in 2070 could be
assessed. The future climate scenarios included a change of rainfall and evaporation (extreme wet
conditions, current conditions, and dry conditions). The results indicated that recharge is
predicted to:


Increase everywhere in the Southern and Eastern Recharge Groundwater Sources if the
current climate and development stay the same;



Decrease in the northern and southern parts of the groundwater sources and increase in
the remaining parts of the groundwater sources if the current climate stays the same but
development (i.e. extraction) increases;



Increase everywhere in the groundwater sources under extreme wet conditions (for both
current and future development); and



Decrease in the majority of the areas under extreme dry conditions (for both current and
future development).

Barron et al. (2010) focused on the impact of future climate variations on groundwater in
Australia. Key results include:

4.4



The climate type for the Southern and Eastern Recharge Groundwater Sources had not
changed since at least 1939 and were not predicted to change by either 2030 or 2050.



Annual rainfall is a major factor influencing recharge; however, recharge is more
dependent on rainfall intensity. Rainfall intensity under future climate scenarios is
important to project, particularly in the southern region of the country.



A single global climate model, downscaling method (from regional-scale to local-scale),
and hydrological model may be inadequate for future groundwater resources projection,
and instead, multiple models and methods may be required.

Historical Recharge Estimates (compiled from Literature Review)

Recharge estimates from the literature review for New South Wales, New South Wales and
Queensland, and Queensland are summarised in Table 4.1, Table 4.2, and Table 4.3, respectively.
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Literature Review and Recommended Recharge Rates

Summary of Recharge Estimates from Literature Review – New South Wales

Source

Recharge
ML/year
mm/year

State

Location Details

Mulholland
(1950)

NSW

western flanks of the
Warrumbungle Ranges
in the Coonamble
Embayment

Wolfgang (2000)

NSW

Coonamble Embayment
intake beds

370 to
1,830

Wolfgang (2000)

NSW

Coonamble Embayment
intake beds

9,740

NSW

Coonamble Embayment
intake beds

9,740 to
48,750

Wolfgang (2000)

Area
(km2)

Estimation Method

Comments

453

percentage (15%) of annual rainfall

from Wolfgang (2000): appears low due
to underestimation of recharge area
and the prevailing rainfall rate

0.2 to 1.1

1,625

Cl age data from Radke et al. (2000)
and Pilliga Sandstone storage volume

6
(1.2 to
51.2)

1,625

chloride-mass-balance in saturated
zone; log mean of 6 mm/year

6 to 30

1,625

applied recharge rates (mm/year)
estimated from separate studies
conducted in QLD

2,880

36

from Wolfgang (2000): appears low;
residence time calculations suggest this
should be reassessed
from Wolfgang (2000): consistent with
lower values estimated from studies
conducted in QLD

recharge flux calculated from long-term
average net recharge reported in DWE
(2014) (42,400 ML/year) assuming that
60% throughflow is occurring
(McCallum, A., pers. comm)
recharge flux calculated from long-term
average net recharge reported in DWE
(2014) (19,000 ML/year) assuming that
60% throughflow is occurring
(McCallum, A., pers. comm)

DWE (2009a,
2009b, 2014)

NSW

Southern Recharge
Groundwater Source

106,000

not provided

DWE (2009a,
2009b, 2014)

NSW

Eastern Recharge
Groundwater Source

47,500

not provided

NSW

intake beds

0.1 to 9.0

chloride profiles in unsaturated zone

diffuse recharge

NSW

intake beds

1.5 to 41.3

chloride profiles in unsaturated zone

preferred pathway flow

NSW

intake beds

0 to 10

chloride profiles in saturated zone

assume all mechanisms

NSW

intake beds

Habermehl et al.
(2009)
Habermehl et al.
(2009)
Habermehl et al.
(2009)
Habermehl et al.
(2009)
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Source

State

Location Details

Kellett et al.
(2012)

NSW

intake beds

Smerdon et al.
(2012a)

NSW

intake beds

Crosbie et al.
(2018)

NSW

Gwydir Study Area

Crosbie et al.
(2018)

NSW

Namoi Study Area

Crosbie et al.
(2018)

NSW

Central West Study Area

Recharge
ML/year
mm/year
84,000

Notes: Blank cell = data was not provided in the literature.
NSW = New South Wales, QLD = Queensland.

Table 4.2
Source

State

Location Details

NSW
and
QLD
NSW
and
QLD

200211R_Literature Review Recharge.docx
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9

Area
(km2)
9,300

0.7 to 47.8
(mean 8.1)
6 to 10.4
(median
7.8)
6.4 to 10.2
(median
7.8)
4.7 to 7.5
(median
5.8)

Estimation Method

Comments

applied recharge rate (mm/year)
from Habermehl et al. (2009) to a
smaller area
chloride-mass-balance in saturated
zone
chloride-mass-balance and
regressional kriging

area extends to west of intake beds

chloride-mass-balance and
regressional kriging

area extends to west of intake beds

chloride-mass-balance and
regressional kriging

area extends to west of intake beds

Summary of Recharge Estimates from Literature Review – New South Wales and Queensland
Recharge
ML/year
mm/year

all of GAB except
northern Cape York
185,000
Peninsula
Surat Basin: Cadna-owie
Smerdon et al.
- Hooray aquifer and
157,000
(2012a)
equivalents
Surat Basin: Cadna-owie
NSW
Ransley et al.
- Hooray aquifer and
237,500
and
(2012b)
equivalents and Hutton
QLD
aquifer
Notes: Blank cell = data was not provided in the literature.
NSW = New South Wales, QLD = Queensland, Surat CMA.
Welsh et al.
(2012)

Literature Review and Recommended Recharge Rates

0 to 33
(mean 2.4)

Area
(km2)

Estimation Method

Comments

numerical model (GABtran)

recharge flux (ML/year) was provided in
Smerdon et al. (2012a)

chloride-mass-balance in saturated
zone
conceptual diagrams

potential incorrect recharge fluxes used
for this estimate
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Source
Kellett et al.
(2003)
Kellett et al.
(2003)
Kellett et al.
(2003)
Kellett et al.
(2003)
Kellett et al.
(2003)
Kellett et al.
(2003)

Literature Review and Recommended Recharge Rates

Summary of Recharge Estimates from Literature Review – Queensland
State

Location Details

QLD

intake beds

QLD
QLD
QLD
QLD
QLD

Recharge
ML/year
mm/year

Area
(km2)

Estimation Method

Comments

0.03 to 2.4

various methods

diffuse recharge

intake beds

0.5 to 28.2

various methods

preferred pathway flow

intake beds

up to 30

various methods

localised recharge

Hooray Sandstone
aquifer and equivalents
Hutton Sandstone
aquifer
Border Rivers
Catchment

264,590
115,860
41,680

OGIA (2016a)

QLD

Surat CMA intake beds

358,331

8.9

OGIA (2016b)

QLD

Surat SMA intake beds

172,263

4.3

chloride-mass-balance in the
saturated zone
chloride-mass-balance in the
saturated zone
chloride-mass-balance in the
saturated zone
chloride-mass-balance in the
saturated zone
numerical model using recharge
inputs from OGIA (2016a)

230,000
estimated values based on previous
to
data
250,000
OGIA (2019)
QLD
Surat CMA intake beds
300,000
9
chloride-mass-balance
Notes: Blank cell = data was not provided in the literature.
NSW = New South Wales, QLD = Queensland, Surat CMA = Surat Cumulative Management Area.
Methods to estimate recharge rates in Kellett et al. (2003) included hydrograph analysis, chloride-mass-balance calculations, radiocarbon dating of groundwater, and
stable isotope analysis.
KCB (2016)

QLD

Surat CMA intake beds
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4.4.1 Discussion on the Historical Recharge Rate Estimates
Recharge rates estimated in New South Wales (Table 4.1) range from 0.1 mm/year (Habermehl et
al. 2009) to 51.2 mm/year (Wolfgang 2000); however, the majority of the mean rates range
between 6 mm/year and 10 mm/year. These rates are comparable to the mean recharge rates
estimated in recent studies in Queensland, ranging from 4 mm/year to 9 mm/year (Table 4.3).
Recharge rates estimated in early studies by Mulholland (1950) and Wolfgang (2000) can largely
be ignored when estimating the recharge rate for the Southern and Eastern Recharge
Groundwater Sources, as they are focused on only a small portion of the intake beds in New South
Wales (i.e. the western Coonamble Embayment).
The study by Kellett et al. (2003) was one of the first and most detailed studies focused on
quantifying recharge rates in the Surat Basin. As part of this study, recharge rates for diffuse
recharge, preferred pathway flow, and localised recharge were estimated separately. While this
study was focused on the Queensland portion of the intake beds, the rates estimated are relevant
to New South Wales, but may require adjustments for factors such as climate and geology.
Habermehl et al. (2009) conducted a similar study for the New South Wales portion of the Surat
Basin, focusing on diffuse recharge and preferred pathway flow only. For both the Queensland
and New South Wales studies, the range of rates estimated for preferred pathway flow were
higher than for diffuse recharge.
The diffuse recharge rates from Kellett et al. (2003) are quite a bit lower than the diffuse recharge
rates from Habermehl et al. (2009), which is unexpected as diffuse recharge is expected to be
higher in Queensland due to higher rainfall in this area of Australia. The lower recharge rates from
Kellett et al. (2003) are from a smaller study area and data set, with three years of rainfall data
collected from two weather stations and chloride concentrations from over 600 bores. The
Habermehl et al. (2009) estimates are from a larger study area and data set, with recharge rates
estimated from the long-term mean annual rainfall from ten weather stations and chloride
concentrations in groundwater from over 13,000 bores. It is possible that the diffuse recharge
rates measured by Kellett et al. (2003) are lower than average as a result of the smaller study
area, which may be located in an area that has lower rainfall amounts, lower chloride
concentrations in rainfall, and/or higher chloride concentrations in groundwater, all of which may
result in a lower recharge rate.
A mean recharge rate of 9 mm/year was estimated by Habermehl et al. (2009) using the saturated
zone chloride-mass-balance method. This value is consistent with the rest of the measurements
for New South Wales and is comparable with recent estimates by OGIA in Queensland, which
were also estimated using the chloride-mass-balance method.
The study by Crosbie et al. (2018) was focused on coal-bearing basins in eastern New South Wales
rather than just the intake beds of the GAB or Surat Basin. Three study areas, delineated by
surface water catchments, include the intake beds of the Southern and Eastern Recharge
Groundwater Source Areas (Figure 4.1). Recharge rates were estimated for the Jurassic sediments
(i.e. the Pilliga Sandstone) for each of the study areas using a combination of chloride-massbalance and regressional kriging to upscale from point-scale to regional-scale. Recharge rates
ranged between 4.7 mm/year and 10.4 mm/year and decreased from northeast to southwest.
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Gwydir, Namoi, and Central West Study Areas (used in Crosbie et al. 2018)

4.4.2 Discussion on the Historical Area Estimates
The recharge areas assessed in New South Wales have varied between studies ranging from
453 km2 (for the western Coonamble Embayment) to 32,740 km2 (for the entire intake bed area in
New South Wales). The large range is in part due to the individual studies varying in scale from
regional, such as Habermehl et al. (2009) being focused on the entire intake bed area in New
South Wales, to local, such as Wolfgang (2000) being focused on sub-areas (i.e. the Western
Coonamble Embayment). Adequately delineating the recharge area for the intake beds is an
important factor for estimating recharge flux.
The Southern and Eastern Recharge Groundwater Sources have areas of approximately
23,600 km2 and 6,100 km2 respectively, for a total area of approximately 29,700 km2. This is
similar to the recharge area used by Habermehl et al. (2009) (32,740 km2). Kellett et al. (2012)
assessed this area as being too large and subsequently reassessed the extent of the intake beds as
part of water table mapping. The intake bed area was reduced to 9,300 km2 after removal of the
following: mapped basalts, basement inliers, Warrumbungle dolerites, Garrawilla Volcanics, and
intake beds west of Narromine. The extent of the reduced recharge area was not produced within
their report.
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4.4.3 Discussion on the Historical Recharge Flux Estimates
While recharge rates measured across the intake beds in New South Wales are relatively
consistent, large discrepancies are evident when translating from a recharge rate in mm/year to
recharge flux in ML/year. This is because the area of the intake beds varies between studies, as
discussed in Section 4.4.2. Because of this, this discussion on historical recharge fluxes calculated
from historical literature is limited.
The study by OGIA (2016a) estimated recharge rates and fluxes for the individual
hydrostratigraphic units in the Queensland portion of the Surat Cumulative Management Area
using the saturated zone chloride-mass-balance method. The study by OGIA (2016b) used these as
inputs into a numerical model to refine the recharge estimates. The Bungil Formation, Mooga
Sandstone, and Gubberamunda Sandstone are three of the intake beds in Queensland, and are
hydrogeologically equivalent to the Pilliga Sandstone in New South Wales. Conceptually, the
recharge rates for these three aquifers range between 1.1 mm/year and 5.0 mm/year, with a flux
of 39,937 ML/year (OGIA 2016a). When these values are numerically modelled, the recharge flux
reduced to 25,253 ML/year (OGIA 2016b). These values are lower but within the same order of
magnitude as the estimated recharge flux estimated by Kellett et al. (2012) using a mean recharge
rate of 9 mm/year and an area of 9,300 km2 (84,000 ML/year). The differences are due to lower
recharge rates and a smaller intake area for the Bungil Sandstone, Mooga Sandstone, and
Gubberamunda Sandstone compared to the Pilliga Sandstone.

200211R_Literature Review Recharge.docx
D10200A04

Page 30
February 2020

NSW Department of Planning, Industry and
Environment
Southern and Eastern Recharge Groundwater Sources

5

Literature Review and Recommended Recharge
Rates

RECHARGE FOR THE SOUTHERN AND EASTERN RECHARGE GROUNDWATER
SOURCES

Recharge rates and fluxes for the Southern and Eastern Recharge Groundwater Sources have been
estimated from the reviewed literature. Differing assumptions for recharge mechanisms,
estimation methods, and recharge areas between previous studies contribute to the variations
observed between the individual studies. A summary of recharge for the Southern and Eastern
Recharge Groundwater Sources is provided in the following sections.

5.1

Recharge Mechanisms

Diffuse recharge is expected to occur across most of the intake beds that make up the Southern
and Eastern Recharge Groundwater Sources. Where rivers and streams overlie permeable
sandstone, localised recharge may occur when these surface water bodies are flowing or contain
standing water. Preferred pathway flow may occur where sub-surface features or discontinuities
that are more permeable than the Pilliga Sandstone and Keelindi Beds are present. Flow within
these zones is likely to be episodic and occur when rainfall events saturate overlying regolith,
where present. Mountain system recharge from the Great Dividing Range is also likely
contributing to recharge to the intake beds of the Southern and Eastern Recharge Groundwater
Sources.

5.2

Estimation Method

Most previous studies completed in New South Wales and Queensland have concluded that the
saturated zone chloride-mass-balance method is appropriate for estimating recharge to the intake
beds. This approach was also recently used in updates to the Underground Water Impact Report
for the Surat Cumulative Management Area by OGIA (2019) and, in the absence of additional data,
is also preferred to estimate recharge for the intake beds of the Southern and Eastern Recharge
Groundwater Sources. This approach is suited to the regional scale of this assessment as it
considers contributions from all recharge mechanisms and excludes rejected recharge and
evapotranspiration effects.

5.3

Recharge Areas

The Water Sharing Plan for the NSW Great Artesian Basin Groundwater Sources 2008 (DWE 2014)
indicates that the Southern and Eastern Recharge Groundwater Sources include groundwater
within Cretaceous, Jurassic, and Tertiary rocks and alluvial sediments spatially constrained within
the groundwater source boundaries shown in Figure 1.1.
Digital surficial geology data from the Geological Survey of New South Wales statewide database
was used to estimate recharge areas. Groundwater sources included in adjoining or overlapping
water sharing plans were excluded from the assessment to minimise double accounting of
recharge. These excluded areas included:


Unconsolidated alluvial sediments within the Lower Namoi Groundwater Source and the
Upper Namoi Zone 5, Namoi Valley (Gin’s Leap to Narrabri) Groundwater Source (from the
Water Sharing Plan for the Upper and Lower Namoi Groundwater Source 2019).
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Alluvial sediments within the Castlereagh Alluvial Groundwater Source and the Castlereagh
River Unregulated Water Source (from the Water Sharing Plan for the Castlereagh River
Unregulated and Alluvial Water Sources 2011).



Alluvial sediments within the NSW Border Rivers Downstream Keetah Bridge Alluvial
Groundwater Source, NSW Border Rivers Upstream Keetah Bridge Alluvial Groundwater
Source, Macintyre Alluvial Groundwater Source, and Ottleys Creek Alluvial Groundwater
Source (from the Water Sharing Plan for the NSW Border Rivers Unregulated and Alluvial
Water Sources 2012).



Alluvial sediments within the Macquarie Bogan Alluvial Groundwater Source (from the
Water Sharing Plan for the Macquarie Bogan Unregulated and Alluvial Water Sources
2012).



All rocks that are not of Cretaceous, Jurassic, and Tertiary ages and all alluvial sediments in
the Lachlan Fold Belt MDB Groundwater Source and New England Fold Belt MDB
Groundwater Source (from the Water Sharing Plan for the NSW Murray Darling Basin
Fractured Rock Groundwater Sources 2011).



All basalt and sediments of Tertiary age and all alluvial sediments in the Warrumbungle
Basalt Groundwater Sources (from the Water Sharing Plan for the NSW Murray Darling
Basin Fractured Rock Groundwater Sources 2011).



All rocks that are not of Cretaceous, Jurassic, and Tertiary ages and all alluvial sediments in
the Gunnedah-Oxley Basin MDB Groundwater Source (from the Water Sharing Plan for the
NSW Murray Darling Basin Porous Rock Groundwater Sources 2011).

Figure 5.1 shows the updated recharge areas for the Southern and Eastern Recharge Groundwater
Sources and excluded areas. Table 5.1 summarises the updated recharge areas for the Southern
and Eastern Recharge Groundwater Sources.
Table 5.1

Updated Recharge Areas for the Southern and Eastern Recharge Groundwater
Sources
Groundwater Source

Updated
Recharge Area
(km2)

Southern Recharge Groundwater Source

18,531

Eastern Recharge Groundwater Source

5,656

TOTAL

24,187
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Percentage of Area Assessed by:
Habermehl et al.
Kellett et al.
(2009)
(2012)
(32,740 km2)
(9,300 km2)
not calculated as areas were not
delineated in Habermehl et al.
(2009) and Kellett et al. (2012)
74%
260%
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Figure 5.1

Updated Recharge Areas for the Southern and Eastern Recharge Groundwater Sources (excluded areas also shown)
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Recharge Rates and Fluxes

5.4.1 Recharge Rates
Smerdon et al. (2012a) estimated recharge in the intake beds of New South Wales using the
saturated zone chloride-mass-balance method, incorporating data from a 2011 map of chloride
deposition for Australia (Leaney et al. 2011) and chloride concentrations in groundwater from
Kellett et al. (2003) and Habermehl et al. (2009).
Using the recharge estimates from Smerdon et al. (2012a) and the updated recharge areas
provided in Section 5.3, the recharge rates for the Southern and Eastern Recharge Groundwater
Sources were estimated. The rates are provided in Table 5.2 and shown in Figure 5.2. The Total
Recharge Rate (mm/year) listed in Table 5.2 was calculated by summing the recharge rates from
Smerdon et al. (2012a) for the updated areas of the Southern and Eastern Recharge Groundwater
Sources.
Table 5.2

Estimated Recharge Rates for the Southern and Eastern Recharge Groundwater
Sources

Recharge Rate
Mean (mm/year)
25th Percentile (mm/year)
50th Percentile (mm/year)
75th Percentile (mm/year)
Total (mm/year)

200211R_Literature Review Recharge.docx
D10200A04

Southern Recharge
Groundwater Source
7.5
2.3
3.7
8.1
5,468

Eastern Recharge
Groundwater Source
10.2
6.5
10.1
13.6
2,013

Southern and Eastern Recharge
Groundwater Sources
8.0
-
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Figure 5.2

Estimated Recharge Rates for the Southern and Eastern Recharge Groundwater Sources
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Across the majority of the Southern and Eastern Recharge Groundwater Sources, recharge rates
are less than 10 mm/year. Recharge rates up to 47.8 mm/year are interpreted near the centre of
the Southern Recharge Groundwater Source where the Pilliga National Park and Pilliga State
Conservation Area are located. The vegetation in this undeveloped area is different to the
surrounding developed area, which may be the cause for the higher recharge rates. Higher
recharge rates in the Eastern Recharge Groundwater Source may be a response to the shift from
native to summer crops and irrigated crops in this area (Smerdon et al. 2012a).
5.4.2 Relationship between Mean Annual Rainfall and Recharge
As a general indicator of recharge, mean annual rainfall across the Southern and Eastern Recharge
Groundwater Sources varies between 400 mm to 500 mm in the southwest to 600 mm to 700 mm
in the north, with higher rainfall in some isolated higher altitude areas along the eastern edge of
the groundwater sources. An average recharge rate of 8.0 mm/year (from Table 5.2) equates to
1% to 2% of mean annual rainfall, while the areas of higher recharge (up to 47.8 mm/year) equate
to 5% to 12% of mean annual rainfall. This is generally consistent with historical literature, which
estimated recharge rates ranged between 1% to 7% of mean annual rainfall.
5.4.3 Recharge Fluxes
Using the recharge estimates in Table 5.2 and the updated recharge areas in Table 5.1, total
recharge flux was calculated for the intake beds, with results provided in Table 5.3.
Table 5.3

Estimated Recharge Fluxes for the Southern and Eastern Recharge Groundwater
Sources using Recharge Rates from Smerdon et al. (2012a)

Recharge Flux
Updated Area (km2)
Mean (ML/year)
th
25 Percentile (ML/year)
50th Percentile (ML/year)
75th Percentile (ML/year)
Total (ML/year)

Southern Recharge Groundwater Source
18,531
138,983
42,621
68,565
150,101
138,226

Eastern Recharge Groundwater Source
5,656
57,691
36,764
57,126
76,922
57,806

The recharge fluxes for the Southern Recharge Groundwater Source and the Eastern Recharge
Groundwater Source are order of magnitude comparable to the recharge fluxes used to calculate
long-term average net recharge in the current Water Sharing Plan for the NSW Great Artesian
Basin Groundwater Sources (DWE 2014) (106,000 ML/year and 47,500 ML/year, respectively).
Based on the information reviewed as part of this study, the recommended recharge fluxes to
inform the resource extraction limit are:


Southern Recharge Groundwater Source: 138,200 ML/year, with a range of
42,600 ML/year to 150,100 ML/year (calculated using the 25th and 75th percentiles).



Eastern Recharge Groundwater Source: 57,800 ML/year, with a range of 36,800 ML/year
to 76,900 ML/year (calculated using the 25th and 75th percentiles).

As discussed in Section 4.3, the limited information available regarding the impact of future
climate variations on groundwater resources is currently insufficient to predict future recharge
rates and fluxes.
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CLOSING

This report is an instrument of service of Klohn Crippen Berger Ltd (KCB). The report has been
prepared for the exclusive use of New South Wales Department of Planning, Industry and
Environment (Client) for the specific application to the Southern and Eastern Recharge
Groundwater Sources - Recharge Review project, and it may not be relied upon by any other party
without KCB's written consent.
KCB has prepared this report in a manner consistent with the level of care, skill and diligence
ordinarily provided by members of the same profession for projects of a similar nature at the time
and place the services were rendered. KCB makes no warranty, express or implied.

Yours truly,
KLOHN CRIPPEN BERGER LTD

Carlin Pacholko, P.Geo.
Senior Hydrogeologist

Andrew Hovey, RPGeo
Senior Hydrogeologist, Associate

cp/ah:sj
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Appendix I
Literature Review
I-1

THE GREAT ARTESIAN BASIN, AUSTRALIA (HABERMEHL 1980)

This report is a technical interpretation of the Great Artesian Basin (GAB), covering all elements of
the system at the time of authorship, including previous investigations and sources of data,
geology, groundwater hydrology, groundwater resources, and groundwater utilisation. It covers
all areas of the GAB: New South Wales, Queensland, South Australia, and the Northern Territory.
Outcrop areas of aquifers, most of which provide the opportunity for recharge to the aquifer
units, occur mainly along the eastern margins of the GAB. Most recharge areas are on the western
slope of the Great Dividing Range, though some aquifers in rocks of Triassic age outcrop on the
eastern side of the surface watershed and dip to the southwest. Recharge areas vary from scarpbounded plateaus and cuestas to alluvial or rolling country, traversed by creeks and rivers. Some
recharge takes place through Cainozoic sandy sediments overlying sandstone units.
Discharge from the GAB occurs as natural discharge from concentrated spring outflow, vertical
leakage towards the regional water table, and subsurface outflow into neighbouring basins, and
as artificial discharge by means of free-flowing bores and pumped discharge from sub-artesian
bores. The largest concentrations of springs are in the southern, south-central, and southwestern
parts of the basin. There are few springs in or near the intake areas in New South Wales, with flow
primarily the result of ‘overfilling’ of aquifers (i.e. rejected recharge). Spring discharges generally
have declined since the early development of the bores in the GAB.
Flowing artesian bores occur mainly in the northern, eastern, and southern marginal areas of the
GAB, and in most of the south-central part (Figure I-1.1). In the eastern marginal parts, there are
many non-flowing artesian bores. The GAB is indicated by the grey boundary in Figure I-1.1.
Prior to development, the GAB was in a natural steady-state condition, with an equilibrium
between recharge and natural discharge (e.g. by springs, vertical leakage, and some lateral
outflow). Following development, artificial discharge by bores became very prominent and
vertical leakage and spring discharge diminished. A visible effect has been the reduction in flow
from springs in the south-central and southwestern parts of the basin. Abstraction by bores
caused a steepening of the hydraulic gradient and allowed more recharge water to enter the
system (from about 26 m3/s to 35 m3/s). Habermehl (1980) indicated that, at present (i.e. 1980), a
new steady-state condition had been reached in which total recharge and discharge were
reaching equilibrium again; this was not expected to change significantly provided no new major
developments occurred. Continued or increased development of the GAB by drilling more flowing
and non-flowing artesian water bores or abstracting more water from existing bores by pumping
was predicted to further lower the potentiometric surface and, in time, result in diminishing flows
and cause more bores to cease flowing.
A previous study (Hind and Helby 1969) estimated that groundwater movement in the Coonamble
Embayment varied between 1.6 m/year and 10 m/year. The study by Habermehl (1980) estimated
that groundwater movement in the eastern marginal areas of the basin had an average velocity
between 1 m/year and 5 m/year.
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This is a frequently cited body of work that remains largely contemporary in its interpretation and
forms strong linkage to later, more detailed investigations. Of note, the reference list for this
paper is extensive.

Figure I-1.1

I-2

Location of Flowing Artesian Water Bores (from Habermehl 1980)

HYDROGEOLOGY OF THE PILLIGA SANDSTONE AQUIFER IN THE WESTERN
COONAMBLE EMBAYMENT AND ITS IMPLICATIONS FOR WATER
RESOURCE MANAGEMENT (WOLFGANG 2000)

This PhD thesis is focused on the Pilliga Sandstone aquifer in the western Coonamble Embayment,
a portion of the GAB in New South Wales. The water balance for this unit was approximated using
geological, hydrogeological, and hydrogeochemical analyses completed as part of the thesis. It
was determined that rechange in this area was primarily from rainfall and possibly river leakage,
with minimal inflow laterally, upwards, or downwards from surrounding aquifers. Only diffuse
recharge was estimated, as the data to estimate localised recharge from rivers was either not
available or did not support that method of recharge.
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The conceptual model for recharge to this portion of the GAB was via outcrops and subcrops of
the Pilliga Sandstone aquifer along the western slopes of the Great Dividing Range through alluvial
fans on the Warrumbungle Ranges in the southern and eastern portions of the Coonamble
Embayment. The flow regime within the Coonamble Embayment was thought to be isolated from
the rest of the GAB. Localised recharge was inferred to have changed over geological time due to
Warrumbungle volcanism and climate shifts.
The author surmised from previous studies that the area in which recharge occurred in the
Coonamble Embayment may range from 453 km2 to 35,000 km2. The large range is due to some
studies only considering a small portion of the intake beds being permeable and other studies
including units other than the Pilliga Sandstone (such as the Cainozoic alluvium and fractured
rocks and volcanics in the Warrumbungle Ranges). The author indicated that there was
uncertainty regarding the rate of recharge previously used for the Pilliga Sandstone in the
Coonamble Embayment, in part due to widely-ranging estimates of recharge area.
Historical estimates of diffuse recharge, as well as estimates determined by Wolfgang (2000) using
an intake area of 1,625 km2 (selected based on an interpretation of the drainage patterns of the
Warrumbungle Ranges), are provided in Table I-2.1. The author proposed that a study should be
conducted to confirm the recharge area for the main portion of the Pilliga Sandstone in the
Coonamble Embayment so that recharge could be estimated more accurately.
Table I-2.1

Recharge Estimates (from Wolfgang 2000)

Source

Location

Mulholland
(1950)

western flanks
of the
Warrumbungle
Ranges in the
Coonamble
Embayment

Recharge
Rate
(mm/year)

Area
(m2)

Recharge
Flux
(ML/year)

Estimation Method

453

2,880

percentage (15%) of
annual rainfall

370 to
1,830

Cl age data from
Radke et al. (2000) and
estimated Pilliga
Sandstone storage
volume

9,740

chloride-mass-balance
in saturated zone; log
mean of 6 mm/year
(range from
1.2 mm/year to
51.2 mm/year)

36

Wolfgang
(2000)

Wolfgang
(2000)
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Coonamble
Embayment
intake beds

Coonamble
Embayment
intake beds

0.2 to 1.1

6

1,625

1,625

Wolfgang (2000)
Comments on
Data
appears low due
to
underestimation
of recharge area
(did not include
most of the
Warrumbungle
Ranges due to
structural
considerations)
and the
prevailing rainfall
rate
appears low;
residence time
calculations
suggest this
should be
reassessed
consistent with
lower values
estimated from
separate studies
conducted in
Queensland
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Source

Wolfgang
(2000)

Location

Recharge
Rate
(mm/year)

Area
(m2)

6 to 30

1,625

Coonamble
Embayment
intake beds
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Recharge
Flux
(ML/year)
9,740 to
48,750

Notes: Blank cell indicates data was not provided in Wolfgang (2000).

Estimation Method
applied recharge rates
(mm/year) estimated
from separate studies
conducted in
Queensland

Wolfgang (2000)
Comments on
Data
no comments

Based on an assessment of chloride concentrations in precipitation, soil, and groundwater at 14
bores installed in the Pilliga Sandstone and volcanic, basalt, and fractured rock, Wolfgang (2000)
estimated that up to 7% of mean annual rainfall recharges groundwater. The highest recharge
occurred in bores installed in fractured rock.

I-3

GROUNDWATER RECHARGE IN THE GREAT ARTESIAN BASIN INTAKE
BEDS, QUEENSLAND (KELLETT ET AL. 2003)

I-3.1

Background

This report is a frequently cited technical assessment of groundwater recharge in the Queensland
portion of the GAB, focused on the intake beds. Most subsequent technical reports addressing
recharge refer to this report and apply similar procedures.
An overview of the physiography and hydrogeology of the Queensland GAB is provided as the
basis for the technical assessments presented in the report. The report presents an analysis and
interpretation of a broad range of data regarding recharge. The conclusions section of the report
presents relevant concepts that have been carried across to more recent assessments. A summary
of the relevant information is provided below; for more details, refer directly to Kellett et al.
(2003).

I-3.2

Previous Work

Key points from Kellett et al. (2003) regarding previous work were:


Acknowledgement that there had been little research done on recharge processes in the
GAB, and measurements of recharge are sparse.



A study (Airey et al. 1979) of the environmental isotopes δ2H and δ18O from groundwater
in flowing artesian bores in the Eromanga Basin supported the assumption of continuing
meteoric recharge from geological to modern times. This study also equated sodium and
chloride pulses in groundwater with changes to annual rainfall and redistribution of cyclic
salts in the intake beds over the past 120,000 years.



Calf and Habermehl (1984) measured δ13C and 14C activities in flowing artesian bores and
identified two areas adjacent to the Queensland intake beds where groundwater
contained elevated levels of 14C, with the inference being that relatively rapid recharge
was occurring into the adjacent intake beds. One of the areas was close to Goondiwindi,
located near the Queensland and New South Wales border.
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With a half-life of 300,000 years, 36Cl is not an appropriate isotope for estimating recharge
rates into the intake beds.

I-3.3

Investigation Techniques and Interpretation

Investigation techniques used by Kellett et al. (2003) included: delineation of intake beds using
geological maps, remote sensing, and airborne gamma-radiometrics datasets; monitoring bore
drilling and construction; use of automatic water level recorders; core, bore, and rainfall sampling
and analyses; preparation of water table, depth to water, and chloride concentration maps; and
radiocarbon dating of groundwater.
Interpretations were conducted based on bore hydrographs, depth and configuration of the
regional water table, environmental isotopic signatures, and both unsaturated zone and saturated
zone chloride-mass-balance methods. These interpretations have allowed for recharge
mechanisms occurring in the Queensland GAB intake beds to be identified: localised recharge,
preferred pathway flow, and diffuse recharge.

I-3.4

Recharge Mechanisms

Localised recharge occurs beneath rivers, creeks, and alluvial groundwater systems that overlie
permeable aquifers. The zones are restricted to the alluvium unless the sandstone has been
eroded by the stream and the aquifer is hydraulically loaded by pools. Direct evidence of localised
recharge from stream leakage was identified by the hydrograph response in some observation
bores. Indirect evidence of localised recharge was indicated by groundwater chloride
concentrations increasing systematically with distance away from recharge streams. It was also
identified that some streams which flow across the intake beds alternate between being losing
streams and gaining streams.
The unsaturated zone and saturated zone chloride-mass-balance methods identified preferred
pathway flow as an important recharge process in the intake beds of the Queensland GAB. Kellett
et al. (2003) concluded that, despite limited knowledge, preferred pathway flow is the dominant
recharge process in the GAB intake beds, likely occurring in bedding plane partings and thin
porous strata. Rainfall events with high intensity and volume are required to provide sufficient
saturation of the regolith for recharge events; it is estimated that at least 200 mm of rainfall is
required within a 30-day period for preferred pathway flow to occur. Since the frequency of these
high magnitude events is about twice as high in northern Queensland compared to both central
and southern Queensland, recharge tends to be significantly higher in northern Queensland.
Diffuse recharge has been identified in all the unsaturated zone chloride profiles. Recharge rates
were calculated using the chloride-mass-balance method. The area influenced by the process of
diffuse rainfall recharge is substantial; virtually the entire Queensland GAB intake beds. This
process therefore has the largest spatial extent of the recharge mechanisms considered. However,
rates are an order of magnitude lower than preferred pathway flow and localised recharge
mechanisms.
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Recharge Rates

Recharge rates were calculated by various methods throughout the Queensland intake beds. The
estimates are comparable between each of the methods used. However, in extrapolating data
from different methods over an area, care must be taken to understand the conditions and
factors that affect recharge (e.g. climate, vegetation, topography, soil and aquifer attributes, land
use, etc.).
Recharge rates are locally variable. Rates have been measured across three orders of magnitude
from 0.03 mm/year up to 30 mm/year. Diffuse recharge is responsible for the widespread
addition of less than 0.1 mm/year up to about 3 mm/year over the whole of the intake beds.
Preferred pathway flow generated by high magnitude rainfall events (>200 mm/month) is variable
depending on climatic conditions. Localised recharge rates generated by stream leakage are up to
30 mm/year for this study but may be higher elsewhere. The calculated recharge rates were
generally supported by radiocarbon age dating of groundwater, as older waters were detected in
areas with lower estimates of groundwater recharge. Ranges of expected recharge for the
Queensland intake beds as measured in the study were:


Diffuse recharge

0.03 mm/year to 2.4 mm/year



Preferred pathway flow

0.5 mm/year to 28.2 mm/year



Localised recharge

up to 30 mm/year

The total volumetric recharge flux estimated from this study was 264,590 ML/year for the Hooray
Sandstone and equivalents and 115,860 ML/year for the Hutton Sandstone. The Border Rivers
Catchment, located at the border of Queensland and New South Wales, had an estimated
recharge flux of 41,680 ML/year. The saturated zone chloride-mass-balance method was used for
these flux estimates as it produces a lumped long-term recharge rate damped against annual and
seasonal variations in rainfall and weather patterns, and chloride input. The advantage of using
this method to estimate recharge is that it removes the bias due to point sampling in the
unsaturated zone, an important consideration in the intake beds where heterogeneities over
horizontal distances of the order of tens of metres are the rule rather than the exception. Also,
the saturated zone represents the accumulation of all inputs (diffuse, preferred pathway flow, and
localised recharge) and, since chloride profiles indicate bypass recharge is significantly higher than
diffuse recharge, groundwater chlorinity should be more influenced by the chemistry of the
bypass flow water than the diffuse recharge. A disadvantage of using the saturated zone chloridemass-balance method is that the groundwater at each sampling site is composed of a mixture of
chloride that has infiltrated vertically and chloride that has been transmitted laterally from
upgradient.

I-3.6

Relationship between Rainfall and Recharge

Historically, recharge to the GAB intake beds has been expressed as a percentage of average
annual rainfall. This percentage has been estimated to vary between 1% and 3% in the
Queensland and New South Wales intake beds, but in some cases, percentages of up to 5% of
average annual rainfall have been proposed. Kellett et al. (2003) indicate that the notion of
recharge expressed as a percentage of annual rainfall is overly-simplistic. This study has
established that rainfall of the order of 200 mm or greater over a single month is required to
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generate preferred pathway type recharge. These episodic, high magnitude rainfall events
dominate recharge in the intake beds (in particular in northern Queensland), and recharge
therefore needs to be considered as a function of the frequency of high magnitude rainfall events
and should be regarded in terms of a recharge area index.

I-4

REVIEW OF RECHARGE MECHANISMS FOR THE GREAT ARTESIAN BASIN
(HERCZEG AND LOVE 2007)

I-4.1

Background

The project areas reviewed by Herczeg and Love (2007) were: the western margin of the GAB,
stretching from near Woomera in South Australia, north, then northeast across the southeast of
the Northern Territory and into southwest Queensland; and the Coonamble Embayment within
the New South Wales portion of the GAB (Figure I-4.1). The recharge zones are those areas where
the GAB either outcrops or where overlying water table aquifers have higher heads than the main
GAB aquifer.

Figure I-4.1

Delineation of the Project Areas (from Herczeg and Love 2007)

The Coonamble Embayment is thought to be an isolated part of the GAB, with discharge and
recharge occurring within the embayment and little, if any, connection to the remainder of the
GAB outside of New South Wales. There have been varying estimates of the water balance of the

Appendix I.docx
D10200A04

Page I-7
February 2020

NSW Department of Planning, Industry and
Environment
Southern and Eastern Recharge Groundwater Sources

Literature Review and Recommended Recharge Rates
Appendix I - Literature Review

Pilliga Sandstone aquifer system, with recharge rates and fluxes varying by nearly two orders of
magnitude.
Current recharge rates may be much less than in the past, and storage within the aquifer may be a
legacy of higher recharge rates that were prevalent during much wetter periods many tens to
hundreds of thousands of years ago. The only historical reference to quantifying palaeo-recharge
was from Love et al. (2000), who suggested that recharge rates approximately 30,000 years ago
along the western margin of South Australia were likely to be at least three times greater based
on a decrease in chloride concentrations and depletion of the stable isotopes of the water
molecule along groundwater flow paths.
The large variation in rainfall in Australia in both time and space has resulted in groundwater
recharge varying temporally and spatially. This variability is particularly pronounced in the semiarid and arid regions of the continent.

I-4.2

Recharge Mechanisms

This study indicated that the three dominant recharge mechanisms in the Coonamble Embayment
are diffuse recharge, localised recharge, and mountain block recharge. The relative importance of
the different recharge mechanisms will vary from place to place. There is potentially evidence to
suggest that diffuse recharge is extremely small or non-existent under the current climate
(Matthews 1997; Love et al. 2000), though this does not imply that diffuse recharge did not occur
at higher rates in the past. The importance of ephemeral stream recharge on the basin scale
depends upon the size of the landscape occupied by streams in comparison to the zones of diffuse
recharge as well as the amount of diffuse recharge. Further discussion on mountain block
recharge for the Coonamble Embayment was not included in Herczeg and Love (2007).

I-4.3

Recharge Estimation Techniques

The various methods to estimate recharge that are relevant to semi-arid and arid regions were
described in this study. A summary of advantages and disadvantages of the different recharge
estimation techniques was provided in the Herczeg and Love (2007) report and reproduced in
Table I-4.1.
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Summary of Different Techniques to Estimate Recharge (from Herczeg and Love 2007)

Method
General

Recharge Rate
(mm/year)

Spatial Scale
(m2)

Temporal Scale
(years)

Advantage

Generally
provides process
information

A prerequisite for any recharge study. Develops
conceptual model of recharge processes.
Iterative approach should be used as more data
is gathered throughout the recharge study to
improve the conceptual model.

Background Information
(hydrogeomorphic
mapping)

Can provide
order of
magnitude
estimate of
recharge

Local to
regional

Water Budget

Order of
magnitude at
best

Local to
regional

Generally yearly

Useful as a check on other methods.

Not applicable

Local to
regional

At the time of
measurement

Non-invasive. Good spatial resolution. Provides
data for scaling recharge.

5 to >50

Local to
intermediate

Daily

Only application under ephemeral creeks and
flood out zones.

Darcy - Richards Law

20 to 400

Point

<300

Does not accurately estimate low water fluxes.

Lysimeters

5 to >100

20

Length of test 2
to 3 years

Can provide accurate estimates of deep
drainage.

Applied Tracers

10 to >1,000

100

Length of test <5
years

Very accurate estimates of recharge under
ideal situations.

Chloride-mass-balance

0.01 to 200

Point

5 to 10,000 years

Very accurate for low recharge rates. Has wide
application in semi-arid and arid zones.

Event Markers

10 to 60

Point

<50 years

Potentially useful technique assuming high
water fluxes under ephemeral creeks.

Geophysics and Remote
Sensing
Surface Water
Channel Loss
Unsaturated Zone
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Disadvantage

None.
Requires accurate estimates of
precipitation, evaporation,
transpiration, and runoff.
Estimation of localised recharge
from ephemeral creeks only.
Generally requires expensive
ground-truthing.
Requires daily estimates of
evaporation, transpiration, and
runoff. Expensive.
Expensive. Requires accurate
estimates of hydraulic conductivity.
Expensive field instrumentation and
monitoring. Difficult to represent
natural conditions.
Needs approval from
environmental agencies. Requires
high water fluxes.
Requires estimates of the total
chloride flux under present and
past climates.
Under low water fluxes, the bomb
peak is still in the root zone.
Requires sufficient water fluxes.
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Temporal Scale
(years)

Advantage

Radiotracer Decay

0.1 to 30

Point

500 to >100,000
years

Used in combination with chloride-massbalance to provide palaeo-recharge rates.

Unsaturated Modelling

Infinite

<100

All time scales

Can constrain recharge provided reliable field
data is available.

Darcy’s Law

Order of
magnitude

Local to
regional

Short

Hydrographs

5 to 400

50 to 10,000

Length of record

Chloride-mass-balance

0.01 to 400

5 to 10,000

10 to >10,000

Event Markers

20 to 1,000

5 to 10,000

<50 years

Potentially useful technique assuming high
water fluxes under ephemeral creeks.

Accumulating Tracers

Semi-qualitative
only

5 to 10,000

1,000 to >10,000

May provide estimates of residence time to
back-calculate recharge. Improves conceptual
understanding of system.

Saturated Zone

None in arid zones dominated by palaeorecharge.
Useful technique if water table is shallow. May
be useful under ephemeral streams. In certain
situations, may detect change in land use or
climate.
Integrates preferred flow in unsaturated zone.
Can provide sub-regional estimates of recharge.
Very useful in arid zones as it can measure low
water fluxes.

Radiotracer Decay

1 to 100

5 to 10,000

36

C: 500 to 25,000
Cl 50,000 to
300,000

Integrates recharge process. Very useful for low
water fluxes.

Groundwater Modelling

Infinite (in
theory)

Local to
regional

All time scales

Use should be restricted to constraining
recharge rates with additional isotopic and
chemical data.

14
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Disadvantage
Need to account for subsurface
sources and sinks of tracers.
Requires specialised interpretation.
Relies on reliable estimates of
hydraulic conductivity. Order of
magnitude at best.
Requires accurate estimates of
hydraulic conductivity and gradient.
Has limited application in GAB due
to deep water tables that do not
reflect seasonal recharge.
Must ensure there are no additional
sources or sinks of chloride other
than atmosphere.
Requires accurate estimates of
input functions. Requires expert
interpretation in isotope hydrology.
Often requires sophisticated
sampling methods. Data can be
difficult to interpret. Requires
expert interpretation in isotope
hydrology.
Need to account for subsurface
sources and sinks of tracers. Data
can be difficult to analyse. Requires
expertise in dating methodologies.
Relies on accurate estimates of
hydraulic conductivity. Order of
magnitude at best.
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The most commonly used method to estimate diffuse recharge in arid and semi-arid regions is
using chloride profiles in the unsaturated zone (i.e. chloride-mass-balance). This technique is most
accurate when surface runoff is low and where estimates of long-term chloride deposition from
atmospheric aerosols are available. Extreme care should be used when applying the chloridemass-balance method at large temporal scales, as precipitation and chloride deposition rates vary
temporally and therefore the use of modern chloride deposition rates and chloride concentrations
from the aquifer can lead to erroneous estimates of palaeo-recharge.
Methods to estimate recharge from localised recharge rates rely on both unsaturated zone and
saturated zone water balance and tracer methods; these recharge rates are typically one to two
orders of magnitude greater than the diffuse recharge estimates. Water balance approaches have
a wide range of uncertainty because they rely on accurate measurements of precipitation,
evaporation, transpiration, and runoff to estimate recharge. Increasing the number of time steps
to calculate daily water balances can reduce these errors; however, this approach is considered to
be extremely limited in most applications in the GAB and the only potential use could be the
estimation of localised recharge from ephemeral creeks.
One of the most promising methodologies to estimate recharge are those that use environmental
tracers, which can provide information on a wide range of spatial and temporal scales. It is
strongly encouraged to use multiple environmental tracers for the assessment as some will
provide better estimates on recharge rates and others will provide better information on recharge
mechanisms.
The water table fluctuation method using groundwater hydrographs is likely only to be useful in
areas where the water table is shallow or potentially under zones of localised recharge. It is
important to keep in mind though that groundwater levels may be increasing or decreasing due to
factors unrelated to recharge, such as groundwater extraction. In areas where the water table is
deep, groundwater hydrographs may be constant over time and will not show any seasonal
variations required to estimate recharge.
Recharge estimation techniques that rely on estimating hydraulic conductivity such as Darcy’s Law
and unsaturated and saturated modelling will only provide an order of magnitude estimate of the
recharge rate due to the large spatial variability in hydraulic conductivity. However, groundwater
modelling that incorporates groundwater tracer data has the potential to constrain the recharge
rate and should be attempted, if feasible.

I-5

WATER SHARING PLAN FOR THE NSW GREAT ARTESIAN BASIN
GROUNDWATER SOURCES 2008 [MOST RECENT VERSION: DEPARTMENT
OF WATER AND ENERGY (DWE) 2014], BACKGROUND INFORMATION
(DWE 2009A), AND GUIDE (DWE 2009B)

These documents detail how groundwater from the New South Wales GAB is to be shared
between the environment and water users as well as between different types of water users.
The New South Wales GAB has been divided into five groundwater sources, for management
purposes. Two of these (Southern and Eastern Recharge Groundwater Sources) are in the nonartesian part of the basin. The remaining three (Surat, Warrego, and Central Groundwater
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Sources) are in the artesian part of the basin, where water in bores can flow to surface under
artesian pressures. The locations are shown in Figure I-5.1.

Figure I-5.1

Locations of Groundwater Sources in New South Wales (from DWE 2009a)

Groundwater recharge in New South Wales takes place primarily along the eastern fringe of the
GAB where the sandstone aquifers are exposed at surface. Natural discharge from springs takes
places in the Bogan River-Carinda and Yantabulla-Bourke-Weilmoringle areas in New South Wales,
which are located to the west of the Southern and Eastern Recharge Groundwater Sources.
Recharge of the GAB is derived from rainfall and steam flow entering sandstones in the recharge
areas. The percentage of water entering these units is estimated to be less than 2% of rainfall
because of the limited capacity of the intake beds to transmit water.
The following summary is focused on the Southern and Eastern Recharge Groundwater Sources in
New South Wales. According to DWE (2014), these groundwater sources include all water
contained in all alluvial sediments and all rocks of Cretaceous, Jurassic, and Tertiary age within the
boundaries shown in Figure I-5.1, with the exception of any alluvial sediments within the excluded
alluvial areas (shown in Figure I-5.2) as well as waters to which the following applies:


Water Sharing Plan for the Lower Gwydir Groundwater Source 2003;



Water Sharing Plan for the Lower Macquarie Groundwater Sources 2003;



Water Sharing Plan for the Upper and Lower Namoi Groundwater Sources 2003;
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Water Sharing Plan for the Castlereagh below Binnaway Unregulated and Alluvial Water
Sources 2011;



Water Sharing Plan for the Intersecting Streams Unregulated and Alluvial Water Sources
2011;



Water Sharing Plan for the NSW Great Artesian Basin Shallow Groundwater Sources 2011;



Water Sharing Plan for the NSW Murray Darling Basin Fractured Rock Groundwater
Sources 2011; and



Water Sharing Plan for the NSW Murray Darling Basin Porous Rock Groundwater Sources
2011.

It is important to note that the groundwater source areas shown in Figure I-5.2 have slightly
changed since DWE (2014) was first issued in 2011 (refer to Figure 1.1 for the current boundaries).

Figure I-5.2

Locations of Groundwater Sources in New South Wales including Excluded
Alluvial Areas (from DWE 2014)

The current basis for determining how water is to be shared in the Southern and Eastern Recharge
Groundwater Sources is the long-term average annual net recharge, which is the difference
between recharge and the throughflow water component required for the other groundwater
sources. An average figure is used as the level of recharge to a groundwater source varies from
year to year. The long-term average annual net recharge flux values are provided in Table I-5.1.
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Long-term Average Annual Net Recharge Rates (from DWE 2009a, 2009b, 2014)

Groundwater Source
(New South Wales only)
Southern Recharge
Eastern Recharge

Estimation Method
long-term average annual net recharge
long-term average annual net recharge

Long-term Average Annual Net Recharge
(ML/year)
42,400
19,000

The Water Sharing Plan recognises the effect of climate variability on recharge in the groundwater
sources by having provisions that manage: the sharing of water in these groundwater sources
within the limits of water availability on a long-term basis; and water extraction to a volume that
ensures both the protection of groundwater dependent ecosystems and water quality of these
groundwater sources.

I-6

SUSTAINABLE GROUNDWATER ALLOCATIONS IN THE INTAKE BEDS OF
THE GREAT ARTESIAN BASIN IN NEW SOUTH WALES (HABERMEHL ET AL.
2009)

The study by Habermehl et al. (2009) presented a better understanding of recharge processes and
recharge rates within the New South Wales intake beds, similar to the study conducted by Kellett
et al. (2003) for the Queensland intake beds. The study included the following: drilling of 20 fullycored holes along a transect from Yetman, south of the Queensland border, to near Dubbo to
provide representative coverage of hydrogeological conditions across the study area; sampling
and analyses of cores from the unsaturated zone of some of these drill holes; installing eight
monitoring bores and equipping each with a datalogger to continuously monitor water levels;
collecting and analysing groundwater samples from the eight new monitoring bores and 17
existing water bores for hydrochemistry and environmental isotopes; collecting rainfall samples
on a monthly basis to analyse chloride levels; and assessing regional water levels. The results from
the field and laboratory investigations were combined with existing information to distinguish
between the different recharge processes that occur in the New South Wales intake beds and to
estimate recharge rates.
Some key findings of the study included:


Estimation of recharge for the intake beds based on the hydrograph responses in
groundwater to rainfall was not possible due to a short data record (five months) and lack
of significant rainfall events during this period.



The shape of some contours of the regional water table reflects streams crossing the
intake beds. Leakage through the alluvium of streams could be a major contributor to
recharge, which is supported by fresh groundwater with low chloride concentrations and
total dissolved solids in water bores located near streams.



Based on the chloride profiles in the unsaturated zone of the eight new monitoring bores,
recharge rates were estimated for both diffuse recharge and preferred pathway recharge.
Recharge rates were also estimated at these bores using the saturated zone chloridemass-balance method, which represents all recharge mechanisms. The recharge rates
estimated using the saturated zone chloride-mass-balance method are similar to the
recharge rates estimates from unsaturated preferred pathway recharge and much larger
than the unsaturated diffuse recharge estimates, supporting the assumption that
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preferred pathway recharge is a more dominant recharge mechanism than diffuse
recharge. Diffuse recharge in the unsaturated zone ranged from 0.1 mm/year to
9.0 mm/year, preferred pathway recharge in the unsaturated zone ranged from
1.5 mm/year to 41.3 mm/year, and combined recharge in the saturated zone ranged from
0 mm/year to 10 mm/year.


Depletion of δ2H and δ18O in groundwater occurs with increased rainfall. According to the
δ2H and δ18O data from the eight new monitoring bores, the intake beds did not
experience very high intensity rains during the study. The study also determined that
significant preferred pathway recharge probably only occurs after rainfall events of at least
150 mm to 200 mm in a single continuous period of 30 days.



Palaeo-recharge trends of different recharge frequency in the past and changes to the
climatic conditions as a result of different palaeo-climates over time could be determined
from a combination of stable isotopes (δ2H, δ18O, and 13C), radioactive isotopes (14C and
36Cl), and detailed groundwater chemistry results. Some of the stable isotope values from
the intake beds of the GAB showed that recharged rainwater had been subjected to some
degree of evaporation before recharge. While limited samples were analysed as part of
this study, the results may indicate that the recharge processes showed the same degree
of evaporative concentration for the past ~30,000 years and that the isotopic composition
had been relatively constant over that period.

Based on the results of this study, different recharge processes were distinguished that operate in
the New South Wales part of the GAB intake beds.


Diffuse recharge generally occurs throughout most of the intake beds, but the rate of
inflow is probably much lower than localised or preferred pathway recharge.



Preferred pathway flow requires full saturation of the regolith. This condition will only be
satisfied part of the time as high intensity rainfall is required to provide sufficient water
and saturation of the profile. Little is known about the characteristics of bedding planes,
joints, fractures, zones or beds of different porosity and permeability, and tree roots
within the Pilliga Sandstone in the intake beds.



Localised recharge rates could not be estimated, as more localised and detailed studies are
required to properly assess. Prominent localised recharge zones are likely to include
stretches of the Macintyre, Gwydir, Namoi, Castlereagh, Macquarie, and Bogan Rivers
where they cross the exposed or subcropping Pilliga Sandstone aquifers. A number of
smaller streams and creeks probably also contribute to localised recharge.

Figure I-6.1 shows the recharge rate estimates derived by the saturated zone chloride-massbalance method in the Pilliga Sandstone outcrop areas. The recharge rates typically ranged from
0 mm/year to 10 mm/year across the study area, with a maximum of 35+ mm/year in an area
near the Warrumbungle Ranges. Figure I-6.2 combines the recharge rates estimated in this study
with the recharge rates estimated for the intake beds in Queensland by Kellett et al. (2003) (also
estimated using the saturated zone chloride-mass-balance method). The recharge rates estimated
in the northern part of New South Wales and southern part of Queensland are comparable
(approximately 9 mm/year to 10 mm/year).
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Recharge Estimates for the New South Wales Intake Beds (from Habermehl et al.
2009)
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Recharge Estimates for the New South Wales and Queensland Intake Beds (from
Habermehl et al. 2009)

Airborne gamma-radiometrics and remote sensing data was also used as part of this study to
enhance the delineation of the exposed recharge beds in New South Wales and investigate the
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permeability of surface cover, resulting in an estimated area for the intake beds of 32,740 km2.
Using this area and an average recharge rate of 9 mm/year, the recharge flux to the intake beds of
the Pilliga Sandstone in New South Wales was estimated at 295 GL/year.
Habermehl et al. (2009) concluded that it was difficult to define the range of recharge rates for
the Pilliga Sandstone intake beds with the limited number of observation points and the time
period and samples available as part of this study. They indicated it was even more difficult to
determine the values of recharge rates and the differences between the different types of
recharge, as well as recharge rate differences between the different regions, with such a limited
number of observation points.

I-7

INVESTIGATING THE IMPACT OF CLIMATE CHANGE ON GROUNDWATER
RESOURCES (BARRON ET AL. 2010)

The primary objective of the project by Barron et al. (2010) was to determine how temporal
variability in rainfall and temperature due to climate change will impact groundwater recharge
and groundwater resources across different aquifer types in different climate types across
Australia. A lack of studies has been completed worldwide investigating the impact of climate
change on groundwater resources. A common approach was to apply climate projections derived
from climate models as an input to hydrological models, which in turn were used to define
changes in water flux. However, the results did not adequately account for uncertainties inherent
in using only a single global climate model, downscaling method, and hydrological model to make
projections of groundwater resources under a future climate. As of 2010, there had not been a
study of the influence of climate types upon recharge anywhere in the world.
One aspect of the study was to analyse climate types and climate type transitions across Australia
for the historical period beginning in 1930 to 2009 and under projected future climates for 2030
and 2050. According to the “current” Australian baseline Köppen-Geiger climate type map from
1979 to 2009, the New South Wales intake beds are predominantly located in a temperate
without dry season hot climate (Cfa climate type). Looking at historical climate maps, this area has
remained the same climate type since at least 1939. Projected climate types were produced for
low, medium, and high global warming projections in 2030 and 2050; there did not appear to be a
change in climate type for either 2030 or 2050.
Another aspect of the study was to investigate diffuse groundwater recharge within different
climate types. The Cfa climate type that the intake beds in New South Wales are a part of have
rainfall year round, with winter-dominated rainfall prevalent further south and summerdominated rainfall prevalent further north. For the entire study, it was determined that:


Annual rainfall is a major factor influencing recharge; however, for the majority of the
considered climate types, the total annual rainfall had a weaker correlation with recharge
than the rainfall parameters reflecting rainfall intensity.



Annual recharge is more sensitive to daily rainfall intensity in regions with winterdominated rainfall, where it is also less sensitive to absolute changes in annual rainfall.



In regions with winter-dominated rainfall, annual recharge under the same annual rainfall,
soils, and vegetation conditions is less than in regions with summer-dominated rainfall.
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This was attributed to the differences in rainfall patterns associated with monsoons or
cyclones with predominantly heavy rains in the north and frontal weather systems with
prolonged periods of light daily rainfall in the south.


The relative importance of climate parameters other than rainfall is highest in the tropical
climate type in northern Australia. Climate parameters have lowest relative importance in
the arid climate type (with cold winters) and the temperate climate type.

The results highlight the importance of projecting rainfall intensity under future climate scenarios,
particular in the southern region of the country.
The final aspect of the project was to consider a single global warming scenario and estimate
recharge for 2050 using future climate derived from five global climate models, three downscaling
methods, and four hydrological models at three field sites. The sites were located in Wanneroo
(Western Australia), Moorook (South Australia), and Livingstone Creek (New South Wales). None
of the sites are located in the GAB. There were considerable differences in the change in recharge
projected by the different combinations of global climate models, downscaling method, and
hydrological model at each site; therefore, trends in recharge were not provided. The range in
projections across the sites highlights the uncertainty in making projections of recharge under a
future climate, and indicates that the application of a single global climate model, downscaling
method, and hydrological model could be inadequate for future groundwater resources
projection.

I-8

MODELLING OF CLIMATE AND GROUNDWATER DEVELOPMENT (WELSH
ET AL. 2012)

The purpose of the groundwater modelling completed as part of this assessment was to estimate
the impact of climate and groundwater development on long-term groundwater levels in 2070 in
the GAB. The modelling considered different scenarios of climate and groundwater development:


Scenario A - historical climate and current development



Scenario C - future climate and current development



Scenario D - future climate and future development

The future climate scenarios included a change of rainfall and evaporation (wet extreme, median,
and dry extreme), which produced different groundwater recharge rates occurring at the intake
beds from 2010 to 2070. These future climate scenarios included existing groundwater recharge
rates spanning between 66% lower under the dry extreme climate and 83% higher under the wet
extreme climate. For the future development scenario, rates of groundwater extraction were
increased.
Three different groundwater models were used in this assessment; however, only one is relevant
to New South Wales (GABtran model). The GABtran model is a large-scale, transient groundwater
model that simulates groundwater levels in the Cadna-owie - Hooray and equivalents aquifer as a
single layer spanning the GAB. It covers most of the GAB, except the northern Cape York
Peninsula. Modelled recharge rates varied across the model from 0 mm/year to 33 mm/year,
averaging 2.4 mm/year. The highest rate of recharge (about 7% of rainfall) occurred where the
intake beds are at their maximum elevation on the Great Dividing Range.
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Focusing on New South Wales, under the wet scenarios, recharge increases in most areas. Under
the median scenarios, recharge either increases in all areas (based on current development) or
decreases in the north and south and increases elsewhere (based on future development). Under
the dry scenarios, recharge decreases in most areas. The basin-margin areas (i.e. intake beds) are
most sensitive to changes in groundwater recharge as they have a lower capacity to transmit
water downgradient.

I-9

REGIONAL WATERTABLE (KELLETT ET AL. 2012) IN:
HYDROSTRATIGRAPHY, HYDROGEOLOGY AND SYSTEM
CHARACTERISATION OF THE GREAT ARTESIAN BASIN (RANSLEY AND
SMERDON 2012)

Kellett et al. (2012) were of the opinion that the recharge flux estimate for the intake beds of the
Pilliga Sandstone in the Coonamble Embayment of New South Wales (295,000 ML/year; from
Habermehl et al. 2009) was too high in comparison to the Queensland intake beds1. They
therefore used the Habermehl et al. (2009) values for chloride in groundwater and the latest
chloride concentration values in rainfall from collector gauges, and re-assessed the extent of the
Pilliga Sandstone intake beds as part of water table mapping. The amended calculation was
84,000 ML/year for the recharge flux in the Pilliga Sandstone intake beds. The reduction in
estimation of recharge flux is a consequence of the amended area of outcrop of the Pilliga
Sandstone of 9,300 km2 compared to the Habermehl et al. (2009) estimate of 32,740 km2. The
reduced area of outcrop was derived after removal of the following: all areas mapped as basalt,
basement inliers, Warrumbungle dolerites, Garrawilla Volcanics, and intake beds west of
Narromine. This new recharge flux estimate is more compatible with the Queensland data
(Section I-3.5).

I-10

REGIONAL HYDRODYNAMICS (SMERDON ET AL. 2012A) IN:
HYDROSTRATIGRAPHY, HYDROGEOLOGY AND SYSTEM
CHARACTERISATION OF THE GREAT ARTESIAN BASIN (RANSLEY AND
SMERDON 2012)

The saturated zone chloride-mass-balance method was used in this study to estimate recharge
across the intake beds for the Surat Basin in both New South Wales and Queensland. Chloride
concentrations in rainfall were obtained from a map of chloride deposition for Australia
constructed (Leaney et al. 2011) and chloride concentrations in groundwater were obtained from
the recharge studies by Kellett et al. (2003) and Habermehl et al. (2009).
Figure I-10.1 shows the estimated recharge rates for both the Cadna-owie - Hooray and
equivalents aquifer group (which includes the Pilliga Sandstone) and the Hutton aquifer. Across
most of the intake beds, recharge is estimated to be less than 5 mm/year. Focusing on New South
Wales, higher rates of recharge in the area of the Warrumbungle Ranges are evident (up to
Kellett et al. (2012) referred to total recharge fluxes in the Queensland portion of the Surat Basin of 73,150 ML/year
for the Hooray Sandstone and equivalents and 80,330 ML/year for the Hutton Sandstone. They indicated that these
values were from Kellett et al. (2003); however, these differ from what was presented in the Kellett et al. (2003)
report (264,590 ML/year for the Hooray Sandstone and equivalents and 115,860 ML/year for the Hutton Sandstone).
The reasons for the discrepancy were not provided.

1
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45 mm/year) and may be the result of higher rainfall in this elevated area. High recharge rates
near Moree and Warialda (up to approximately 25 mm/year to 30 mm/year) could be a response
to the shift from native to summer crops and irrigated crops in this area, as well as incised creeks
and rivers and infiltration into the Pilliga Sandstone of groundwater out of the overlying, jointed
basalts or sandy alluvial terraces. The recharge rates in the area of the New South Wales Queensland border show a seamless continuation of the recharge estimates for the New South
Wales and Queensland portions of the recharge areas.
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Figure I-10.1 Groundwater Recharge Rates for the Cadna-owie - Hooray and Equivalents
Aquifer Group and the Hutton Aquifer (from Smerdon et al. 2012a)
For the GAB, like many other semi-arid to arid zone aquifers around the world, the current rate of
recharge is significantly less than discharge. Table I-10.1 summarises the recharge estimates for
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the Surat Basin using various methods. There is a degree of uncertainty for these estimates, which
can lead to a range of values that have either been determined from a single method (having a
range of uncertainty) or from using the findings from different studies. The values presented are
representative of modern-day values and do not reflect temporal variations in recharge. The
chloride-mass-balance recharge estimate is based on relatively simple relationships and the
extrapolation of point measurements to a broad spatial scale. This includes concentrations of
chloride in precipitation and groundwater. Considering these uncertainties, the regional water
budget components in Table I-10.1 should be considered indicative, rather than exact.
Table I-10.1

Recharge Flux Estimates (from Smerdon et al. 2012a)

Smerdon et
al. (2012a)
Welsh et al.
(2012)

Estimation
Method
chloride-massbalance
assessment
modelling

Ransley et al.
(2012b)

conceptual
diagrams

Author

Recharge Flux
(ML/year)
157,000
185,000
237,500
(80,300: Hutton Sandstone
in Queensland;
73,200: Hooray equivalent
in Queensland;
84,000: Pilliga Sandstone in
New South Wales) 2

Comments
Surat Basin (New South Wales and Queensland);
Cadna-owie - Hooray and equivalents aquifer
GABtran model (GAB except Cape York
Peninsula)
Surat Basin (New South Wales and Queensland);
Cadna-owie - Hooray and equivalents aquifer
group and the Hutton aquifer

Palaeo-recharge in the GAB was not assessed as part of this study; however, a brief summary of
previous work was included. Several historical studies showed observed systematic variations in
the chloride levels of the artesian groundwater in part of the eastern marginal and basinward
areas that could reflect variations in the rate of recharge and infiltration of recycled salt
throughout the late Quaternary. The age and residence times of the artesian groundwater and the
groundwater movement rates and flow patterns in the GAB have been determined by 14C, 36Cl,
and noble gases. Groundwater ages from the GAB determined from these are generally in good
agreement with calculated hydraulic ages, suggesting that flow conditions of the artesian
groundwater have remained largely unchanged during at least the past one million years.
Recharge processes in the southern area of the intake beds in the GAB included the same degree
of evaporative concentration for the past approximately 30,000 years (as indicated by the
characteristic δ2H and δ18O proportions of groundwater relative to 14C activities) and isotopic
composition has been relatively consistent over that period. This suggests that recharge rates
have not changed significantly over time in the southern area of the intake beds (i.e. New South
Wales). Groundwater in the central area of the intake beds in the GAB suggests that recharge
conditions have become progressively more evaporated from about 10,000 years ago to present.
The δ2H and δ18O proportions of groundwater in the northern area of the intake beds in the GAB
Ransley et al. (2012b) referred to total recharge fluxes in the Queensland portion of the Surat Basin of
73,200 ML/year for the Hooray Sandstone and equivalents and 80,300 ML/year for the Hutton Sandstone. These
values are consistent with the values from Kellett et al. (2012). Kellett et al. (2012) indicated that these values were
from Kellett et al. (2003); however, these differ from what was presented in the Kellett et al. (2003) report
(264,590 ML/year for the Hooray Sandstone and equivalents and 115,860 ML/year for the Hutton Sandstone). The
reasons for the discrepancy were not provided.

2
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indicate that recharge conditions have involved about the same degree of evaporative
concentration over the past 30,000 years, but the most modern groundwater tends to be the
most depleted. This could indicate a change in rainfall patterns to a greater frequency of high
intensity rainfall events (more than 200 mm per 30 days) commencing about 3,500 years ago.

I-11

RECHARGE ESTIMATION IN THE SURAT BASIN (READING ET AL. 2014)

This report is part of an ongoing multi-phase project with the Centre for Coal Seam Gas and the
Centre for Water in the Minerals Industry. A review of current techniques used globally was
conducted to determine which recharge estimation methods might be suitable for recharge
estimation in the Queensland portion of the Surat Basin. Key findings were: multiple methods
should ideally be applied because of the considerable uncertainty in any one approach; and it is
important to keep in mind the assumptions and limitations of each method as individual
approaches are tailored to a range of time and spatial scales. In addition, extensive field
measurements are an essential part of developing models and achieving useful levels of reliability
in recharge estimates.
Recharge estimation methods historically applied in the Surat Basin include groundwater
hydrograph analyses, groundwater (i.e. saturated zone) chloride-mass-balance, unsaturated zone
chloride-mass-balance, and soil water balance modelling. These previous recharge estimates
included a range of spatial scales but were typically limited to long-term averages with limited
information about temporal variation. The soil water balance modelling method resulted in the
greatest range of recharge estimates.
In general, the most suitable approach to estimating groundwater recharge is to derive a
conceptual model for recharge processes first, then determine groundwater recharge using one or
more suitable methods (Scanlon et al. 2002). A suitable conceptual model may include aspects of
location, timing, and likely unsaturated flow pathways. As part of the development of a
conceptual model, available hydrological data including precipitation records, streamflow records,
and groundwater level records should be evaluated (Scanlon et al. 2002).
A summary of advantages and limitations of the recharge estimation methods is provided in Table
I-11.1.
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Recharge Estimation Methods (from Reading et al. 2014)

Method Description

Parameters Required

Main Advantages

Groundwater
hydrograph analysis
(water table
fluctuation method)

Groundwater levels, specific yield,
rainfall, and groundwater pumping.

Can make use of available groundwater level
data.
Additional monitoring is cheap.
Recharge estimation at the water table.

Discharge-storage
relationships

Streamflow time-series.

Lysimetry

Deep drainage is directly measured
but data on rainfall, irrigation, and
soil hydraulic properties may be
useful in interpreting results.

Can make use of available streamflow data.
Provides a “lower-bound” recharge estimate/
estimates “net recharge”.

Unsaturated zone
moisture
measurements

Soil moisture content and soil
hydraulic properties.

Unsaturated zone
process models

Water balance
calculation using
remotely sensed data
Appendix I.docx
D10200A04

Rainfall, irrigation, runoff, climate
variables for estimating evaporation
(ideally also soil moisture and
pressure).
For simple models, soil “bucket”
parameters need to be calibrated or
estimated using regionalisation.
For Richards’ equation models,
hydraulic properties need to be
calibrated and estimated using
regionalisation or laboratory or insitu experiments.
Remote sensing data can be used to
estimate precipitation, near-surface
soil moisture, evapotranspiration,

Can provide accurate data on deep drainage
and crop water use.

Relatively simple measurement techniques can
be used (unless deep profiles are monitored).

Main Limitations
Requires knowledge of specific yield and good water
level records.
Works at small scales but is difficult to extend to larger
areas without extensive monitoring systems.
Restricted by assumptions regarding other influences on
groundwater levels.
Assumes baseflow volumes equal recharge volumes.
Limited to water sheds where lateral fluxes, pumping,
leakage, and water storage changes are minimal.
Expensive to construct and not transportable.
Only provide point estimates of deep drainage.
Soil hydraulic properties will be disturbed during
installation of lysimeters.
Requires data on both water content and water
pressure.
Only provides point estimates of deep drainage (unless
monitoring extends to the water table in which case,
provides point estimates of recharge).

Can be applied regionally when simple (buckettype) models are used.
Where more complex (e.g. Richards’ equation)
models are used, the modelling may be too
computationally demanding to use regionally
but can be used for local recharge and to
improve understanding of recharge processes.
Can provide high resolution recharge estimates.

Requires knowledge of other components of water
balance, which may have high uncertainty.
Limited by how well the chosen model represents the
physical system.
Model parameter uncertainty can be high.
Typically used to provide estimates of deep drainage (but
can be used to provide estimates of groundwater
recharge if the entire unsaturated zone is simulated).

Reasonable spatial and temporal resolution,
and near-global coverage.

Unknown uncertainty in conversion of raw remote
sensing signals to hydrological data.
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Groundwater
modelling calibration of
recharge
Darcy’s Law (i.e.
relating the
groundwater flow
rate through a crosssectional area of the
aquifer to the surface
area that contributes
to recharge)

Parameters Required
land cover, and, in some cases, large
river flows and groundwater levels.
Independent estimates of surface
flow are usually needed.
Geological model, aquifer and
aquitard hydraulic properties,
groundwater levels, groundwater
pumping, etc.

Literature Review and Recommended Recharge Rates
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Main Advantages

Main Limitations
Generally does not account for deep unsaturated zone
changes in storage.

Can make use of existing groundwater models.

Recharge is controlled by hydraulic properties and
boundary conditions (therefore non-unique).

Hydraulic conductivity, hydraulic
gradient, and surface area for
geological formations of interest.

Potential to integrate over large spatial scales.

This method suffers significantly from reliable estimates
of hydraulic conductivity.
Considering the natural variation in hydraulic
conductivity and the difference in scaling up regional
values of hydraulic conductivity, the method at best
would provide order of magnitude estimates of recharge.

Groundwater
chloride-massbalance

Chloride concentrations in
groundwater and rainfall.

Can make use of readily available data
(therefore there is potential for regional
recharge estimation using this method).

Groundwater age
dating

Tracer concentrations in
groundwater.

Unsaturated zone
solute tracers

Solutes in rainfall, solutes in
unsaturated zone.

Water balance
measurements

As many components of the water
balance are measured as possible
(e.g. rainfall, potential evaporation,
soil moisture, groundwater levels,
surface water levels, plant/ tree
water uptake, etc.)
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Relatively cheap (therefore it is possible to
make multiple measurements at multiple
locations).
Reduced reliance on models and indirect
measurements.

Based on long-term average precipitation and chloride
concentrations in rainfall and groundwater or soil water.
Assumes steady-state conditions (provides long-term
estimates of recharge).
Not a direct measure of flux (bounding fluxes must be
determined indirectly).
Assumptions related to groundwater flow paths and
solute sources/ sinks.
Only provide point estimates of deep drainage.
Piston flow reduces the value of this method.

The recharge rates are site-specific (i.e. controlled by the
physical properties of the site).
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HYDROGEOLOGICAL CONCEPTUALISATION REPORT FOR THE SURAT
CUMULATIVE MANAGEMENT AREA [OFFICE OF GROUNDWATER IMPACT
ASSESSMENT (OGIA) 2016A]

This report presents the current (as of 2016) hydrogeological understanding of the Surat,
Clarence-Moreton, and Bowen Basins within the Surat Cumulative Management Area based on
primary and secondary data interpretation. The Surat Cumulative Management Area covers the
current and planned coal seam gas development in the Surat Basin and the southern Bowen
Basin, and is limited in extent to Queensland only.
Localised recharge areas and zones of preferred pathway flow were not available for this study as
they had not been consistently mapped. Groundwater recharge was therefore estimated using
the chloride-mass-balance approach.
Recharge estimates were made based on three chloride concentration scenarios:


Method 1: Chloride in rainfall only. No adjustments were made to mean annual rainfall for
potential runoff or chloride removal by crops and pasture.



Method 2: Removal of chloride from runoff losses. Based on local studies, potential runoff
amounts of 0%, 5%, 10%, 15%, 20%, and 25% were subtracted from the mean annual
rainfall of <500 mm, 500 mm to 550 mm, 550 mm to 600 mm, 600 mm to 650 mm,
650 mm to 700 mm, and >700 mm, respectively.



Method 3: Removal of chloride from runoff losses and estimated removal of chloride via
plant uptake and grazing. Up to 25% of chloride accession in the field could be removed
from a combination of animals and plants.

To interpolate chloride-mass-balance recharge estimates from borehole locations, the following
process was used. The ratio of chloride-mass-balance recharge estimates to long-term average
rainfall was calculated at each borehole location to provide estimated recharge rates. The
recharge rate estimates were then grouped by stratigraphic unit and interpolated to produce
spatial maps of estimated recharge using simple kriging with automatic calculation of nugget,
partial sill, and variogram range. The average recharge rate in each stratigraphic unit was used for
extrapolation beyond the influence of the variogram range. From the average recharge rate as
estimated through the interpolation process, average recharge was subsequently calculated for
the estimated outcrop area of each stratigraphic unit by multiplying by the Bureau of Meteorology
long-term average rainfall map.
The rate of recharge decreases from Method 1 to Method 2 to Method 3. For the regional model,
Method 3 was preferred as it includes those factors that may be influencing the amounts of net
rainfall and chloride accession. For this reason, only the results of Method 3 are provided in this
literature review, with results summarised in Table I-12.1.
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Interpolated Long-term Average Recharge Rates (Method 3) (from OGIA 2016a)

Hydrostratigraphic Unit 3
Condamine Alluvium
Other Alluvium
Main Range Volcanics
Upper Cretaceous formations
Wallumbilla Formation
Bungil Formation
Mooga Sandstone
Orallo Formation
Gubberamunda Sandstone
Westbourne Formation
Springbok Sandstone
Walloon Coal Measures
Durabilla Formation
Hutton Sandstone
Evergreen Formation
Precipice Sandstone
Moolayember Formation
Clematis Sandstone
Rewan Group
Bandanna Formation
Pre-Bandanna aged units

Calculated Recharge Rate
(mm/year)
Minimum
Average
Maximum
4.0
5.1
6.8
10.3
7.5
8.7
12.2
1.0
1.3
1.5
2.0
2.4
2.7
1.1
1.3
1.5
2.3
2.7
3.0
3.7
4.3
4.7
3.9
4.6
5.0
1.8
2.1
2.2
1.6
1.8
1.9
3.2
3.6
4.9
2.7
3.0
4.1
4.2
4.8
7.0
6.2
7.3
10.5
18.0
20.8
26.5
2.2
2.5
3.0
24.4
26.9
32.3
1.0
1.2
1.3
4.5
5.0
5.8
6.0
6.8
8.6

Calculated Recharge Flux
(ML/year)
21,876
167,628
56,033
66,886
19,519
8,552
17,003
22,038
14,382
5,619
6,832
37,627
12,990
58,423
85,313
53,871
18,974
131,339
13,575
14,159
97,976

The results suggest that the majority of recharge to GAB aquifers in the Surat Cumulative
Management Area is within the outcrop areas of the Clematis, Precipice, Hutton, Gubberamunda,
and Mooga sandstone aquifers and the Evergreen Formation (i.e. the intake beds in Queensland).
The total recharge flux for these intake beds is approximately 358,331 ML/year, which is
equivalent to 8.9 mm/year of net recharge rate.
This recharge flux is a similar order of magnitude than previously estimated by Kellett et al. (2003)
(380,450 ML/year for a substantially larger area). OGIA (2016a) makes several observations in this
regard:


The lower chloride-mass-balance recharge rates in Kellett et al. (2003) may be due to
lower concentrations of chloride in rainfall (measured from only two stations within the
Surat Cumulative Management Area), lower rainfall (measured over three years from only
two stations in the Surat Cumulative Management Area), and/or higher concentrations of
chloride in groundwater for the selected bores (618 bores total). In comparison, OGIA was
able to source additional rainfall station data (>10 locations) to generate chloride in rainfall
for all bore locations, long-term mean rainfall for all bore locations, and chloride
concentrations in groundwater from more than 13,000 bores.

The Pilliga Sandstone in New South Wales is equivalent to the Bungil Formation, Mooga Sandstone, and
Gubberamunda Sandstone.

3
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Very low chloride concentrations in groundwater in the Clematis Sandstone and Precipice
Sandstone, averaging from 35 mg/L to 60 mg/L have resulted in higher rates of diffuse
recharge (averaging up to 27 mm/year) in the outcrop areas.



Average annual recharge to the Main Range Volcanics is likely higher than 8.7 mm/year.
Lower diffuse recharge rates may be attributed to limitations from using the chloridemass-balance method in hard rock and/or fracture-dominated systems, where lower
chloride concentrations may be indicative of relatively rapid recharge via fractures, rather
than low recharge rates.

I-13

GROUNDWATER MODELLING REPORT FOR THE SURAT CUMULATIVE
MANAGEMENT AREA (OGIA 2016B)

This report is a detailed summary of the groundwater flow model for the Surat Cumulative
Management Area in Queensland, prepared in support of the 2016 Underground Water Impact
Report (OGIA 2016c). The work is based on the conceptualisation discussed in OGIA (2016a).
The average calculated recharge rates from OGIA (2016a) were used as the pre-calibration
estimates of recharge. Recharge shows spatial variation over the area of each outcropping unit
because of variation in long-term average rainfall over each such outcrop zone. However, the so
called “leaching fractions” (i.e. the ratio of recharge to rainfall) is constant over each zone. To
support adjustment of recharge during the model calibration process, a spatially invariant
multiplier was applied to recharge over each outcrop zone.
Recharge was generally reduced during the calibration process in most modelled stratigraphic
units, with the total average recharge rate decreasing from 4.5 mm/year to 2.5 mm/year. The
calibrated values remained generally consistent with previous estimates made by Kellett et al.
(2003) and others. Consistent with current conceptual models of the Surat Cumulative
Management Area, the model calibrated rates are also generally higher for the main aquifers in
the system than for the major aquitards. The calibrated rate for the Clematis Sandstone is
considered to be anomalously high.
The calibrated results are summarised in Table I-13.1. It should be noted that the calibrated
recharge values are rates which are applied at the modelled ground surface. In most stratigraphic
units, most applied recharge is subsequently rejected via modelled “drains” located at the ground
surface. Modelled net recharge is therefore negligible in many cases.
The total estimated recharge flux in the GAB intake beds (Clematis, Precipice, Hutton,
Gubberamunda, and Mooga sandstone aquifers and the Evergreen Formation) from the calibrated
model is approximately 172,263 ML/day, which is equivalent to 4.3 mm/year of net recharge rate.
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Table I-13.1

Calibrated Recharge Rates (from OGIA 2016b)

Hydrostratigraphic Unit 4
Condamine Alluvium
Other Alluvium
Main Range Volcanics
Other Basalt
Upper Cretaceous/ Cenozoic Sediments
Wallumbilla Formation
Bungil Formation
Mooga Sandstone
Orallo Formation
Gubberamunda Sandstone
Westbourne Formation
Springbok Sandstone
Walloon Coal Measures
Durabilla Formation
Hutton Sandstone
Evergreen Formation
Precipice Sandstone
Moolayember Formation
Clematis Sandstone
Rewan Group
Bandanna Formation
Undifferentiated Upper Bowen Basin
Cattle Creek
Undifferentiated Lower Bowen Basin Strata
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Model
Layer(s)
1
1
1
1
2
3
4
5
6
7
8
9 - 10
11 - 16
17
18 - 19
20
21
22
23
24
25 - 27
28
29 - 31
32

Recharge
Multiplier
1.10
0.45
2.30
1.11
0.20
0.77
1.60
0.32
0.25
0.43
0.31
0.36
0.58
0.68
0.77
0.24
0.12
0.95
0.68
0.10
0.10
0.10

Calibrated Average Recharge
(ML/year)
(mm/year)
21,682
3.7
72,011
3.0
128,876
20.0
8,412
9.9
13,458
0.3
15,028
1.8
13,662
2.0
5,429
0.9
5,584
1.1
6,162
2.0
1,755
0.6
2,489
0.7
21,832
2.1
8,825
2.1
44,709
3.7
20,215
1.8
6,206
2.4
18,111
2.4
89,542
18.4
1,357
0.1
1,408
0.5
9,810
0.7

HYDROGEOLOGICAL ASSESSMENT OF THE GREAT ARTESIAN BASIN CHARACTERISATION OF AQUIFER GROUPS SURAT BASIN (KCB 2016)

A brief summary of previous recharge rate estimates was provided in this report, values of which
have been provided in previous sections of this literature review. From these values, KCB (2016)
determined that recharge flux for the Queensland portion of the Cadna-owie - Hooray and
equivalents aquifer group and the Hutton aquifer was approximately 230,000 ML/year to
250,000 ML/year based on the proportional footprint of the intake beds.

I-15

ESTIMATING GROUNDWATER RECHARGE AND ITS ASSOCIATED
UNCERTAINTY: USE OF REGRESSION KRIGING AND THE CHLORIDE MASS
BALANCE METHOD (CROSBIE ET AL. 2018)

This study focused on the coal-bearing basins of eastern New South Wales, comprised of the
Permian Gloucester, Sydney, and Gunnedah Basins and part of the Jurassic Surat Basin that
overlies the Gunnedah and Sydney Basins. The chloride-mass-balance method of estimating
groundwater recharge is generally applied at a point scale, but water resources management
The Pilliga Sandstone in New South Wales is equivalent to the Bungil Formation, Mooga Sandstone, and
Gubberamunda Sandstone.
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usually requires information at a regional scale. To estimate groundwater recharge regionally,
previously used upscaling methods have ranged from simple averaging to empirical relationships
and geostatistical interpolation. This study combined the “best” components of these methods by
using regression kriging. In areas that contained sparse data, the recharge was upscaled using
global regression equations with gridded rainfall and surface geology as covariates. In areas that
contained dense data, the kriging of the regression equation residuals ensured that the upscaled
recharge estimates respect the point estimates of recharge. It was determined that this method
provides robust estimates of recharge and its associated uncertainty, and was therefore
applicable to any regional study with variable density input data.
For the Jurassic units in the Surat Basin, which is predominantly Pilliga Sandstone, recharge rates
were estimated for three study areas (previously defined regions primarily based on surface water
catchments): Gwydir, Namoi, and Central West. The recharge rates are provided in Table I-15.1
and the areas are shown in Figure I-15.1. Recharge rates were highest towards the north and
ranged from 4.7 mm/year to 10.4 mm/year. These rates compare well with previous more
detailed site-specific studies.
Table I-15.1

Recharge Estimates (from Crosbie et al. 2018)

Area
Gwydir
Namoi
Central West
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5th Percentile
6
6.4
4.7

Recharge Rate (mm/year)
Median
7.8
7.8
5.8

95th Percentile
10.4
10.2
7.5
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Figure I-15.1 Location of Gwydir (GWY), Namoi (NAM), and Central West (CNW) Study Areas
(from Crosbie et al. 2018)

I-16

RECHARGE ESTIMATION IN THE SURAT BASIN (WEST ET AL. 2018)

This document presents work associated with an ongoing multi-phase project with the Centre for
Coal Seam Gas and the Centre for Water in the Minerals Industry scheduled to be completed in
2020. The study comprised fieldwork undertaken over a 3-year period at three locations in the
Surat Basin in Queensland. Only one of the locations (Kathleen Field) has direct relevance for New
South Wales. The study at this location evaluated conditions for the Gubberamunda Sandstone in
Queensland, which is an equivalent aquifer to the Pilliga Sandstone in New South Wales

Appendix I.docx
D10200A04

Page I-32
February 2020

NSW Department of Planning, Industry and
Environment
Southern and Eastern Recharge Groundwater Sources

I-16.1

Literature Review and Recommended Recharge Rates
Appendix I - Literature Review

Kathleen Field Study

The objective of the Kathleen Field study was to further understand the role of creek-bed
recharge through Gubberamunda Sandstone outcrops, in particular recharge rates and principal
controls affecting the recharge rates and time variability.
The surface geology in the Kathleen Field comprises, from youngest to oldest: Mooga Sandstone
(aquifer), Orallo Formation (leaky aquitard or discontinuous aquifer), Gubberamunda Sandstone
(aquifer), and Westbourne Formation (aquitard). Although the monitoring design targeted the
Gubberamunda Sandstone, the monitored sites upstream and downstream of the creek on the
property were actually within outcrops of the Orallo Formation and Westbourne Formation.
The conceptualisation of the Orallo Formation outcrop suggested variably connected‐
disconnected, losing conditions between the surface water and the Orallo Formation with
continually downwards drainage. However, the rising groundwater level in the Orallo Formation
suggests the surface water‐groundwater system may enter a ‘transition’ period as the
groundwater level rises, potentially resulting in a connected, variably losing/ gaining system over
longer time‐scales. Creek bed recharge increases during the development of flow events. Storage
of water in the alluvium sustains drainage beyond the end of periodic surface flow events. The
recharge associated with major flow events is observed in the surrounding aquifer levels over a
period of months, typical of focused recharge signals in a medium-permeability formation. This is
considered typical of permeable rock with alluvium creek beds recharging to shallow groundwater
levels. The conceptualisation of the Orallo Formation is likely applicable to the Gubberamunda
Sandstone.
This contrasts somewhat with the conceptualisation of the lower permeability Westbourne
Formation outcrop, where water level variations show no evidence of connection between the
Westbourne Formation groundwater and the stream bed, despite the water level in the
Westbourne Formation being only a few metres below the stream bed. This does not mean that
localised recharge is not occurring, rather it means that pulses of recharge from the stream bed
become less distinct as they travel through the unsaturated zone, leading to a small but constant
rate of recharge to the Westbourne Formation.
The limited coverage of the monitoring network did not permit outcrop‐scale recharge rates to be
estimated.

I-16.2

Regional Recharge

This study also included a discussion on the chloride-mass-balance method for recharge
estimation and consequences to using this method to predict recharge across the Surat Basin. A
case study conducted on the Main Range Volcanics (located in Queensland) indicated at least 500
chloride in groundwater samples are required to achieve a convergence to within 1 mm/year for
modelled average recharge rates in the outcrop areas, though the rates may still be sensitive to
chloride in rainfall concentrations. The study concluded with the recommendation that the
chloride-mass-balance method should be combined with other estimation methods, including
those based on chemical tracers and those based on water balance modelling, to gain more
confidence in recharge inputs to regional groundwater models.
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UNDERGROUND WATER IMPACT REPORT FOR THE SURAT CUMULATIVE
MANAGEMENT AREA - CONSULTATION DRAFT (OGIA 2019)

Preliminary results from part of the ongoing multi-phase project with the Centre for Coal Seam
Gas and the Centre for Water in the Minerals Industry (of which one of the phases was discussed
in Section I-16) concluded that the chloride-mass-balance method used by OGIA in previous
studies is an appropriate method for estimating mean recharge to the outcrop areas of the
Springbok Sandstone, Walloon Coal Measures, and Hutton Sandstone. The method provides
estimates of recharge at the surface in most cases; however, numerical modelling work suggests
that most surficial recharge discharges locally to streams and rivers and less than 10% of this
recharge reaches the deeper confined aquifers. Recent work completed by CSIRO (Suckow et al.
2016) using geochemical methods reached a similar conclusion suggesting that actual recharge to
the deeper confined parts of the Hutton Sandstone in the north of the Surat Basin is
approximately 3% of the chloride-mass-balance recharge calculated in the outcrop area.
Revised chloride-mass-balance calculations undertaken for the 2019 Underground Water Impact
Report (consultation draft) suggest total recharge flux of around 300,000 ML/year, which is
equivalent to 9 mm/year on average. This is marginally higher than what was previously measured
in 2016. This estimate was applied in OGIA’s groundwater flow model prior to calibration, which
suggested that as much as 95% of this recharge is rejected locally through streams, creeks, and
tree evaporation and only around 14,000 ML/year makes its way to the deeper formations as net
recharge.
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