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Execu$Summary

Groundwater in the Far North Prescribed Wells Area (FNPWA) is vital for the success of the mining, petroleum,
pastoral and tourism industries, and the provision of community water supplies in the South Australian Arid Lands
(SAAL)LandscapeRegion. The continued success and expansion of these industries is dependent on balancing the
needs of existing users and the environment. Further, demand for groundwater is expected to grow, particularly in
the mining and petroleum industries. The South Australian Department for Environment and Water (DEW)
determined that in the face of increased demand, existing tools used to assess the cumulative impacts of
groundwater -impacting developments in the FNPWA were inadequate. Consequently, DEW initiated the
development of a new conceptual hydrogeological model (CHM) and Far North numerical groundwater flow
model (FN2023). FN2023 is the first version (or first generation) of groundwater flow model for the FNPWA
developed by DEWthat can serve as one ofthe management tools for evaluating the regional effects of changes
in groundwater withdrawals , and of current and potential future water management strategies on groundwater
levels and spring discharge in the FNPWA.

Given the size and multi-faceted nature of this investigation, the reporting is presented in several volumes.
Information from a series of sources was compiled to conceptualise and quantify hydrologic components of the
groundwater flow system within the model domain and to provide hydraulic property, head observation and

spring discharge data used in this report to construct and calibrate FN2023. Detailed descriptions of basin
configuration, stratigraphic and hydrostratigraphic underpinnings of model layer interpretation and construction,
as well as an overview of the potential impact inter-aquifer connectivity, tectonics and fault-related deformation of
strata may have on hydrodynamics are provided in Volume 2, Far North Prescribed Wells Area Groundwater Model:
Volume 2 d Hydrogeological framework Compilation, analysis, results and interpretations of hydraulic parameters
used to develop the conceptual hydrogeological model and inform construction of the numerical model are
provided in Volume 3 & Hydraulic parameterisation. A description of groundwater flow dynamics within the study
area is provided in Volume 4 d Flow dynamics and potentiometric surface developmentDetailed analysis of history
matching data as well as an assessment of any data gaps pertinent to model conceptualisation and construction is
provided in Volume 5 & Well and springtime series data Data and previous research concerning the key
hydrogeological processes of recharge, discharge and through-flow, supplemented by a summary of the findin gs
from previous hydrochemistry investigations, along with a classification of springs for modelling purposes are
presented in Volume 6 & Recharge anddischarge processediydrochemistry and springs classification A detailed
description of the methodology used to estimate groundwater usage as well as the preliminary water balance
within the hydrostratigraphic layers being represented within the study area are documented in Volume 7 8 Water
use and balance estimatesThis volume (Volume 8) provides detailsconcerning design, construction, and history
matching (transient calibration) for FN2023. The design is based on data, conceptualisation and terminology
discussed in Volumes 2, 3, 4, and 5.

The purpose of this new numerical groundwater flow model is to:
1 test current knowledge, identify key knowledge gaps and assess methods to address them

1 inform ongoing management of groundwater resources in the Great Artesian Basin (GAB (JK) aquifer in South
Australia (SA

1 inform future assessmens of resource allocations for major developments.

The groundwater flow model software used is the most up-to-date version of the industry-standard MODFLOW
USG (USGTRANSPORTased on a United States Geological Survey (USGS) modeThe defining feature of this
software is that it employs an unstructured grid for simulating groundwater flow using a control volume finite -
difference technique (Panday 2018). Consequently, a model cell can be any shape. The main advantage of the
unstructured grid capability is computational efficiency by allowing fine layer an d grid resolution in the areas and
points of interest without overburdening the model with unnecessary layer and grid -cell computations in areas of
XV



less interest. Groundwater Vistas version 8 (v8) is used as the primargraphical user interface (GUI)for pre-
processing and post-processing of the model input and output data. MODFLOW and its USG variants are
integrated into Groundwater Vistas v8.

The FN2023 domain Figure 1-1) covers all the Eromanga Basin in South Australia and the Northern Territory and
takes in parts of south-west Queensland and north-western New South Wales It includes a 10 km buffer around
the margins of the Eromanga Basin and any underlying basins of interest. The central part of the eastern boundary
represents lateral inflow of groundwater from the east into the model domain. The northern and southern parts of
the eastern boundary are characterised by no-flow conditions as they align with a groundwater divide and

drainage lines approximately parallel to regional groundwater flow directions, respectively. Furthermore, the
spatial extent of the eastern boundary was selectedto provide sufficient distance away from the areas of interest

in South Australia such that the hydraulic conditions along the boundary do not dominate the simulation results. A
Voronoi mesh grid was chosen for initial model design and construction as it was the most computationally
efficient and stable choice of 3 options trialled.

The numerical model comprises 6 layers, resolved into 3 major GAB (JK) aquifer units, 2 intervening confining
units and the underlying units treated as a single-l ay er 6 b a s3anaer GABaquifel umits are the
Hutton/Poolowanna Aquifer (deep), Namur/Algebuckina Aquifer (middle) and Cadna -owie Formation (upper),
where the two intervening and confining units are the Birkhead Formation and Murta Formation. The potential for
connectivity between the GAB (JK) and underlying aquifers or partial aquifers has important ramifications for the
understanding of the total groundwater volumes accessible via the GAB @-K) aquifer. The sedimentary rock
aquifers or partial aquifers underlying the GAB (JK) aquifer are commonly associated with the Arckaringa, Pedirka
and Cooper Basins. Fractured rock aquifers may also underlie a further portion of the GAB (JK) aquifer. These
underlying aquifers are |l umped together and collectivel
underlying basement is modelled with a nominal thickness of 100 m and variable boundary conditions to allow for
broad upward or downward leakage. Groupings of the geological formations and members into these 6 major
hydrostratigraphic aquifer or confining units is based on relative hydrogeological properties and connectivity,
mapping resolution and importance with respect to extraction of groundwater. Future modelling programs may
consider refinement of the major hydrostratigraphic units and the overlying and underlying units.

Density-corrected potentiometric surface maps were developed for input as initial head conditions and to inform
boundary conditions (Volume 4). For layers 1 and 3, 19 scientifically plausible surfaces were developed using a
variety of algorithms, gridding settings, and software packages. These 19 surfaces were classified inta@ groups.
For the purposes of an initial condition and lateral flow boundary design, a representative surface from Group 3 is
used. This group was determined to reflect the CHM understanding of groundwater flow. A separate
potentiometric surface was developed for layer 5, as this layer was deemed sufficiently isolated from the upper
layers to justify this treatment.

Head-dependent flow boundaries (general head boundaries or GHB) andspecified gradient boundaries (SGB) are
used to define inflow boundary conditions around much of the eastern, northern, and western margins of the
model domain, whereas GHB are applied on the southern margin in the Frome Embayment to represent outflow.
No-flow boundaries are applied elsewhere along much of the southern margin, with smaller areas on the eastern
and northern margins where potentiometric surface interpretations suggest no infl ow or outflow is occurring.
Head-dependent flow boundaries in some areas of layer 1 represent zones of preferential or diffuse discharge
from the confining units above, such as around springs and some fault zones. Internal to the model domain,
springs and extraction wells are simulated as local discharge boundaries using MODFLOW Drairand Groundwater
Vistas Analytical Wellpackages

Although severalfaults were mapped during the development of geological structure surfaces, their role in the
groundwater flow system is not well understood and as such they are not replicated in FN2023.
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The initial hydraulic parameter values were derived from core-based and field-based estimates collated and
interpreted specifically for this study. These hydraulic property values are used in preference to those derived from
literature and previous modelling, except where no others are available.

FN2023 is implemented in a series of stages, consistent with best practice guidance (Barnett et al. 2012). To begin,
a preliminary pseudo-steady-state model is implemented for testing and refinement of initial conditions. Using

the pseudo-steady-state model as a foundation, a transient groundwater flow model is implemented, with stress
periods and time-varying boundary conditions added.

FN2023 is calibrated based on observed groundwater levels and spring discharge, accounting for historical
groundwater extraction. The model calibration (history matching) consists of changing values of the model input
parameters such that the results provide matches to field conditions within acceptable criteria. The model
calibration period covers 1900 to 2019. The calibration processes involved both manual trial and-error and
automated inverse methods of optimal parameter estimation using the software pac kage PEST. Thealibration
targets are measured groundwater levels recorded between 1900 and 2019 at selected wells, and fieldestimated
spring discharge rates from 1980 to 2019. The data provide the opportunity to calibrate the model to transient
stresses on extensive temporal and spatial scales.

The modelling was challenging from both design and calibration perspectives. The design challenges include gaps
in conceptualisation, grid development at the appropriate resolution to achieve the model objectives, simulation

of pre-development hydraulic head and initial conditions for transient calibration, simulation of complex
groundwater flow (convective flow), and lack of sufficient data and information. The model domain occupies a
large geographic area,and this requires grid type and size that satisfy model objectives and the conceptual model
and at the same time achieve reasonable and manageable computational times and file size. To manage
computational time, the grid was coarsened as much as possible without considerably affecting the model
objectives and results of interest. Model calibration was hampered by poor data availability, including water level,
hydraulic properties (especially vertical hydraulic conductivity), spring discharge rates, and vertical hydraulic
gradient between aquifers. The avdlable observation data are not equally available for all the model layers and are
also not equally distributed spatially and temporally. Comprehensive measured groundwater head, groundwater
extraction volumes and spring discharge data are available only for Olympic Dam (OD) wellfields. Available spring
flow rate are reported in aggregates; individual spring flow rate s are not available.

This report provides details of the fit between measured or observed calibration targets and their equivalent

simulated model outputs. The residual is the difference between the observed targets and equivalent simulated

values. A positive residual indicates an underestimation of simulated values by FN2023, and a negative residual

indicates an overestimation of simulated values by FN2023.The residual is regarded as a direct indication of a

model 6s ability to si mul,antditcapba asedtdassess predictimenudcer@miotynofithet i o n s
model. The residuals for the 1900to 2019 calibration period showed that 77 % of simulated heads exceeded the
measured groundwater levels with a mean residual value of83.4 m, an overestimation of 9.4 m. In contrast, 236 of
simulated heads were less than measured groundwater levels with a mean residual value of 6.7 m, an

underestimation of 6.7 m. About 37 % of simulated potentiometric heads for all layers were within plus or minus

5 m of the observed values; about 66% were within plus or minus 10 m; about 88% were within plus or minus

15 m, and about 95 % were within plus or minus 20 m.

Forty-one springs in the SA GAB were used as spring discharge rate targets. The generatend of spring discharge
is well simulated by the model. The field-estimated mean discharge rate from the years 1980 to 2019 ranges
between 0.0012 L/s and 9.897 L/s; the simulated mean discharge rate ranges between 0.024 L/s and 10.325 L/s.
The difference between the simulated and observed mean discharge rate (for the years 1980 to 2019) ranges from
0.003L/s6 p r iWelgom&WWS013) and 1.158 L/s § p r iGnsge L&S003.

A simple sensitivity/uncertainty analysis of the calibrated model and predictive scenario is examined by
determining the input parameters which when varied, wou
but insignificant change in calibrated m odel output. The analysis estimates potential changes in spring discharge
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and groundwater level using the high and low end of plausible range of model parameters. The model parameters
were individually varied by factors ranging from 0 to 1 ,000 (factor of 1.0 represents no variation of calibrated
FN2023 parameter values). The sensitivity/uncertainty of FN2023 is estimated byseveralmetrics, including
changes in root mean square error (RMSE) and relative change in predictive output as compared to baseline
output. For the calibrated model, change in potentiometric head RMSE and change in spring discharge RMSE are
the output of interest and for the predictive model change in total spring discharge and drawdown at spring vent
relative to a base case predicted model simulation are the output of interest.

The &ensitivity typesdd Type |, Type Il, Type Il and Type IV (ASTM International 1994, 200@)are used for the
uncertainty evaluations of the model. The results from examination of the uncertainty of the model show:

1 Type | parameters are of minimal concern as both the calibrated model and the predictive model are
insensitive to these parameters. For FN2023, these parameters are: GH&nductance, diffuse recharge, Bulldog
Shale conductance, hydraulic conductivity anisotropy (KW/Kn), specific storage, specific yield and specified
gradient boundary.

1 Type Il parameters cause significant changes in the calibrated model residuals but insignificant changes in the
model predictions. For FN2023, these parameters are pumping rates.

1 Type lll parameters are thoseto which both the calibrated model and predictive models are sensitive. These
include spring conductance and horizontal hydraulic conductivity.

1 Type IV parameters are those to which the calibrated model is insensitive, but the predictive model is sensitive.
FN2023 has no such parameters.

Model limitation, capabilities, and recommendations

The model is based on an extremely thorough review and interpretation of available data (Volumes 2 to 7). It has
been successfully calibrated (Chapter 6) and meets its modelling objectives (Chapter 2). However, like all models, it
has limitations that must inform the interpretation of model results. The limitations include:

1 The scale of the model and the level of detail are intended for regional (not local) scale analysis of FNWAP
management issues.

1 Some of the complex spatial variability in hydrostratigraphic units (HSUs)are simplified.
1 Structural details such as faults are not included.

91 The vertical and horizontal discretisation of the model domain precludes fine hydrogeological details,
processes and parameters, which generally are unsupported by data anyway.

1 The available hydraulic head, groundwater discharge, spring discharge, and boundary inflows and outflows
data to proper ly simulate initial conditions as well as to constrain the model calibration are limited and are not
equally available for all the model layers as well as not equally distributed spatially and temporally.

1 Most groundwater level data used for history matching are from wells open to multiple HSUs and some of the
wells are dualpurpose wells.

1 Available spring discharge rate data used in model history matching are computed from a few selected springs
that are grouped together and there is the potential to underestimate the field -observed discharge volume
and rate volume from the spring group, especially where discharge is low.

1 Comprehensive measured groundwater extraction volumes used during history matching are available only for
OD wellfields from after 1980.

1 The effects of smallscale variations in groundwater extraction are not captured in the model.
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1 The use ofa coarse grid size affects the representation of springs as multiple springs are located within the
boundaries of a single grid cell and one spring discharge value per model cell could not be represented in the
flow model.

1 The study areasometimes has steep gradients in temperature that could lead to density-driven flow and
convection. The model does not explicitly simulate these non-isothermal processes, although potentiometric
head data is adjusted for density.

1 Representation of springs by using the MODFLOW DRAIN module may represent a gross simplification of the
structural and hydrogeological complexity inherent in spring formation.

1 The model outputs presented in this report are based exclusively on calibration (history matching) and
sensitivity analysis that is based on varying one parameter at time. The model therefore provides limited insight
into the effect that parameter uncertai nty has on the model predictions.

1 The model is also limited to the numerical assumptions underlying and limitations of the modelling software or
code used. The software used, US&Transport, assumes Darcy flow and isothermal conditions.

Model capabilities

Despite these limitations, it is worth mention ing the model capabilities. The model integrates current data and
understanding of the hydrogeology of the portion of the GAB in SA. The overall fit of the model to the magnitude
of spring discharge and measured groundwater levels is considered reasonable. The model is best used for
regional-scale predictions. It lacks sufficient details for direct application to small-scaleinvestigations but may be
useful for providing boundary conditions for such work.

When applied carefully, the model can provide insight to the hydrogeology of the Far North (FN) groundwater
system and responses to various changes in stresses to the groundwater and springs. Potential changes in stresses
can be assessed by comparing simulated results from specific management scenarios with the simulated results
from the calibration. However, caution should be used when evaluating simulated results in areas with sparse
calibration data, in areas where simulated results do not fit the measured data well, or results generated from
pumping conditions that are substantially different from conditions used to calibrate the model.

Recommendations
It is recommended that:

1 Spring discharge data acquisition needs to be improved, including by increasing the number of monitor ed
springs and monitoring frequency. As many springs are in remote areasthat are difficult to access, innovative
ways of remotely monitoring spring discharge or the use of reliable proxies should be explored.

1 Knowledge of groundwater extraction across the study area should be improved, either through direct
monitoring or refin ing estimates.

9 Cooper Basin oil and gas industry data should be thoroughly analysed with the aim of establishing knowledge
and data gaps. Investigations should be undertaken to improve the conceptual understanding of interactions
between the Eromanga and Cooper Basirs. The model could then be revised to simulate the Cooper Basin as
well as the Eromanga Basin.

1 Research should be conducted to investigate whether free convection, due to temperature differences, is
among the key drivers of groundwater flow within the study area.

1 A comprehensive uncertainty analysisshould be undertaken if funding is available.
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Groundwater in the Far North Prescribed Wells Area (FNPWA) is vital for the success of the mining, petroleum,
pastoral and tourism industries, and the provision of community water supplies in the South Australian Arid Lands
(SAAL)LandscapeRegion (Figure 1-1). The continued success and expansion of these industries is dependent on
balancing the needs of existing users and the environment. Of particular environmental importance are the spring
wetland communities in the discharge areas of the Great Artesian Basn (GAB)that are listed under the
Commonwealth Environmental Protection and Biodiversity Conservation Act 199%rotection of these
environments is regulated and managed at a state level through the Far North Water Allocation Plan (FNWAP), the
description and implementation of spring buffer zones, water management zones, and drawdown triggers at state
borders. Furthermore, the South Australian Government also has regulatory responsibilities over water
management under the Roxby Downs (Indenture Ratificatio) Act 1982

With demand for groundwater expected to grow in the mining and petroleum hydrocarbon industries, a new
numerical groundwater flow model to simulate groundwater flow within the main Eromangaaquifer sequence,
with focus on the FNPWA in SA, is required to evaluate current knowledge and determine key knowledge gaps. It
will also be a tool to inform management of groundwater resources, both ongoing and for future major
developments.

This report documents the construction and calibration of a numerical groundwater flow model specifically for the
main Eromanga sequences. The model was calibrated from 1900 to 2019 to simulate the potentiometric head,
groundwater flow direction, groundwater extraction by historical groundwater users and spring discharge within
the main Eromangaaquifer sequence in South Australia and the Northern Territory as well asparts of south-west
Queensland and north-western New South Wales.

1.1 The Far North Prescribed Wells Area (FNPWA)

Groundwater in the FNPWA is managed under the FNWAP(SAAL 2021)3 a key principle being to manage
groundwater resources by pressure (head) and to allocate by volume. Theareawas prescribed on 27 March 2003,
and the first WAP was adopted on 16 February 2009. The current WAP was adopted on 27 February 2021.

Currently, the total groundwater allocation is 176 ML/d (2018 to 2019 data) (Figure 1-2), with the majority
(approximately 76% or 134 ML/d) sourced from the GAB (Figure 1-3). These allocations are made up of mining,
industrial and human requirement supplies, co-produced water (water extracted with petroleum hydrocarbons),
stock and domestic use, bore-fed wetlands and other uses. Demand on the groundwater resources is expectal to
grow, particularly in the mineral and petroleum industries. The petroleum industry requirement has largely
remained between 15 and 25 ML/d from the mid -1990s until about 2010 and has since increased closer to the
current provision of 60 ML/d (co -produced water) limit, with most of the increase in co-produced water
production coming from the GAB.

1.2 Previous modelling

Although several groundwater models (Berry 2005; Berry and Armstrong1995; BHP Billitan 2010; Welsh 200Q
2006) cover part of the western margin of the GAB, they are subject to one or more of the following limitations in
terms of suitability for cumulative impact assessment to inform the management of aquifers within SA:

1 asmall or constrained geographical extent
1 an over-simplified or limited aquifer system representation

1 proprietary ownership by private companies that prohibit use for regulatory water resource assessments



1 an outdated hydrogeological conceptualisation that does not reflect the current understanding of basin
structure, groundwater processes including recharge and discharge and interconnected basins that form
important water resources in the FNPWA

1 adesign that does not consider the cumulative impacts of multiple groundwater users.

To address the gaps identified in the existing models and to provide a tool to inform management of

groundwater resources in the FNPWA the Department for Environment and Water (DEW) has developed a
numerical groundwater flow model that is consistent with the latest science and knowledge and can be updated in
the future, providing a quantitative and predictive tool for development assessments and to inform management
decisions.

1.3 Reporting structure

Given the size and multi-faceted nature of the investigation s supporting the model development, reporting occurs
over several volumes:

Volume 1: Simplified technical summary
Volume 2: Hydrogeological framework
Volume 3: Hydraulic parametrisation

Volume 4: Groundwater flow system dynamics
Volume 5: Time series data

Volume 6: Recharge anddischarge processes
Volume 7: Water use and balance estimations

Volume 8: Model construction and history matching .
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Figure 1-2: Total licensed extraction volume (176 ML/d) from 2018 to 2019 for the FNPWA presented by licence
purpose description
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Figure 1-3: Licensed volume from 2018 to 2019 sourced from the GAB (134 ML/d) in the FNPWA presented by licence
purpose description



2 Model |l 1 ng objectives

This volume (Volume 8) provides the model design, construction, and history-matching (calibration) for the Far
North numerical groundwater model. The design is based on data and conceptualisation discussed in Volumes 2
to 7. This volume discusses the softvare and gridding choices and describes how the hydrogeological conceptual
model is implemented numerically within the model. Technical and logistical issues are discussed in the context of
design difficulties encountered as well as any limitations these imposed. This volume then describes the history
matching stage of model development, including a limited sensitivity and uncertainty analysis of the calibrated

mo d e | and a hypothetical predictive model . unkmansed | vy,

The model is designed to support FNWAP decisions by:

1 simulating the potentiometric head within the main Eromangaaquifer sequence in SA, including existing
extraction (1900 to 2020) and projected use (2020to 2050)

1 assessing risks of proposed groundwater extraction within the main Eromanga aquifer sequencein SA against
the FNWAP criteria:

- negative impacts on the ability of another water licence holder to access water through an existing
operational production well ( Figure 2-1)

- detrimental impacts upon the groundwater pressure levels and gradients required to maintain the ecology
of a spring or springs if taken from a well located within Zone A ( Figure 2-1)

- cumulative decline in groundwater pressure of 0.5 m or more at the boundary of Zone A in the Great
Artesian Basin, in reference to February 2009, when measured anywhere at the boundary of Zone A or as
measured by any other means determined by the Minister; if the water proposed to be taken is from a well
located in Zone B (Figure 2-1)

- cumulative decline in groundwater pressure of 1 m or more at the boundary of Zone B in the Great Artesian
Basin, in reference to February 2009, when measured anywhere at the boundary of Zone B or as measured
by any other means determined by the Minister, if the water is proposed to be taken from a well located
outside of Zone A or Zone B

- cumulative drawdown in excess of 10% of the potentiometric surface measured above ground level in the
Great Artesian Basin, measured at the state border with Queensland, New South Wales or the Northern
Territory (Figure 2-1), in reference to February 2009, or as measured by any other means determined by the
Minister, unless allocated in consultation with the relevant interstate authority.

1 achieving an optimum balance between simplicity and complexity, commensurate with the risk and associated
consequence profile of the project

1 following best practice in model design (Barnett et al. 2012).

The suitability of the model and its results to provide WAP -decision support are assessedguantitively and
qualitatively in terms of the best practice guideline criteria. Initially, the primary calibration measurements used
mainly comprised formation pressure data, augmented by measured flow data, tracer data and any other
applicable data that is available.
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3 Summary of data review

hydrogeol ogi cal mo d e |

The hydrogeologic data sets described in volumes 2 to 7 were employed to construct the numerical flow model.
The following are summary extracts from these volumes; for further information the reader is directed to the
specific volume referenced.

3.1 Hydrogeological framework (Volume 2)
3.1.1 Geologic al setting

The Eromanga Basin is a Mesozoic eptontinental depocentre composed of non -marine to marine sedimentary
rocks. The geology found within the study area consists of several onlapping intra -cratonic marine to non -marine
sedimentary basins dating back to the early Phanerozoic that overlie metamorphic and igneous rock of Cambrian
and Precambrian origin. Table 3-1 provides a summary of the major stratigraphic units found within the study
area.

The basic configuration of the GAB hydrogeological super-basin is that of a bowl, partly defined by and
progressively modified by the re -activation of several pre-depositional faults and folding ( Figure 3-1). Within the
study area, there are several important intra-basinal structural features. The Peake and Dennison Inliers, where
Precambrian basement rocks outcrop, is the most prominent surface expression of the Torrens Hinge Zone,
forming the Denison and D avenport Ranges. The Torrens Hinge Zone is a zone of structural weakness and faulting
that is associated with the northern extent of the Adelaide Geosyncline. The Adelaide Geosyncline is of particular
importance to the basin configuration and by extension, the hydrodynamics inherent in Mesozoic strata within the
study area. Primarily, it divides the thicker parts of the Eromanga Basin to the east from the thinner part of the
Eromanga Basin to west. This structure also serves to delineate largely confined ad artesian groundwater
pressures within Mesozoic aquifers to the eastern and northern parts of the study area from the largely

unconfined and often dry aquifer conditions that predominate in the south -west. To the north of the Torrens
Hinge Zone, the Dalhousie-McDills Ridge forms a concealed basement high that separates the Poolowanna and
Eringa trough depocentres and is coincident with the largest (by water discharge) SA spring-system at Dalhousie
Springs. Another prominent basement high is associated with the Mount Woods Inlier and the Coober Pedy

Ridge. Finally, a concealed basement high with a northeast strike that separates the Poolowanna and Patchawarra
trough depocentres forms the Birdsville Track Ridge (Figure 3-1).

3.1.2 Hydrostratigraphy

A hydrogeologic framework model (HFM) is a representation of the thickness and extent of hydrogeologic units
that comprise the aquifer system, and the geometry of hydrogeologically and structurally important pre -
depositional faults and folding. A HFM was constructed by compiling surface and subsurface hydrogeologic data
as point data and using geologic-modelling software to interpolate 3-dimensional surface horizons and volumes
of each hydrogeologic unit.
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Table 3-1, and Figure 3-2, summarise the key stratigraphic, hydrostratigraphic and model layer nomenclature
used in this study (see Volume 2). As stated previously, the study area covers a sizable portion of the Mesozoic
Eromanga Basin, including its entire occurrence in South Ausgralia (SA) and the Northern Territory (NT). The
Eromanga Basin is the largest volumetric component of the GAB hydrogeological super-basin (Krieg et al. 1995)

In the SA part of the Eromanga Basin, the most important strata sequences are the Cadnaowie Formation, the
Algebuckina Sandstone, and their lateral equivalents (primarily the Namur Sandstone and Adori Sandstone). The
collective hydrostratigraphic term com monly used in SA for the aquifers and partial aquifers within these
chronostratigraphically and lithologically connected and extensive units is the @ K aquiferd(Table 3-1). Within the
J K aquifer are sub-regional scale lithological variations and structural deformations that may promote the
development of sub -basinal groundwater flow systems.

The other important aquifer grouping is found in the deeper parts of the Eromanga Basin near the Cooper Basin
and is associated predominantly with the Hutton Sandstone and the Poolowanna Formation. In the Cooper Basin
region, these aquifer and partial aquifer units and/or groupings are separated by a series of finer-grained
confining units such as the Birkhead, Murta and Westbourne formations (Table 3-1).

The design of the model is to simulate groundwater flow within the sequence of strata defined by the top of the
Cadnaowie Formation, called the & Horizong to the base of Mesozoic sediments (Base of the Poolowanna
Formation), or the top of the pre -Jurassic units, called the@Horizond Collectively, this package of aquifers and
confining units is called the dnain Eromanga aquifer sequenced(Table 3-1). It is essentially the combination of the
extensive JK aquifer and the sub-basinal Hutton-Poolowanna aquifer, including intervening confining units.

The main Eromanga aquifer sequenceis overlain by a confining unit composed of shaly mudstone units of low
permeability that are collectively part of the Rolling Downs Group (Vine et al. 1967). The main elements of this
group are the Bulldog Shale and Oodnadatta Formations which outcrop extensively near the western margin of
the GAB hydrogeological super-basin, whereas the Wallumbilla Formation and Allaru Mudstone occur at depth in
the central portions of the basin near the borders of SA and Queensland.

Of the strata underlying the main Eromanga aquifer sequence(Figure 3-3), the most important are the
sedimentary rocks of the Permo-Carboniferous Arckaringa, Pedirka and Cooper basins. Not only do the
sandstones, siltstones, shales, diamictites and coal beds in these basin sediments contain aquifers themselves, but
also significant petroleum hydrocarbon and coal resources under varying degrees of development. Hence these
aquifer and confining layer sequences are important with respect to the possible interaction with groundwater
within the main Eromanga aquifer sequence but also because of their importance to the energy industry. Outside
of the Permo-Carboniferous basins, metasedimentary rocks of the early Paleozoic Warburton Basin, Precambrian
rocks of the Adelaide Geosyncline and crystalline Archaean rock may also bdound. Future modelling programs
may involve extensions to other groundwater flow systems, such as the Cooper, Arckaringa and Pedirka Basins.

For model construction, the main Eromanga aquifer sequencewas discretised into 5 model layers based on

regional scale hydrostratigraphy (Figure 3-2). These included the Cadnaowie Formation Aquifer/Leaky Aquitard,

the Murta Formation confining layer, the Namur/ Algebuckina Sandstone Aquifer, the Birkhead Formation

confining layer and the Hutton/ Poolowanna aquifer. Underlying these is a layer of nominal thickness

representative of the Pre-JurassicBas ement . I n this r epor-Jurassibgacdogiometertal® r epr e
beneath the JHorizon or beneath the Namur Algebuckina Sandstone aquifer and the Hutton -Poolowanna aquifer.

The resulting HFM is consistent with geologic concepts and the geologic history of the area. Surface and
subsurface geologic data that were used to derive the geometry, thickness, and extent of the hydrogeologic units
are detailed in Volume 2 (Hydrogeologi cal Framework).



Table 3-1: Summary of hydrostratigraphic unit nomenclature and relationship to model layer design

Collective term Western study area Cooper Basin region, study area Whole of study area
Stratigraphic unit Hydrostratigraphic Model layer Hydrogeological Qualitative Stratigraphic unit Hydrostratigraphic Model layer Hydrogeological Qualitative aMax. aAv. thick.
unit name characteristic permeability unit name characteristic permeability thick. (m) (m)
Ma.un confining Roling Downs Main confining unit Confining unit Low Rolling Downs Main confining units Confining unit Low NA NA
units Group Group
0C6 Horizon
Cadna-owie Cadnaowie Cadna owie Inra-sequence Cadna-owie
Formation (and Formation Partial aquifer/aquifer Medium . - q . Formation Leaky aquitard Low 6890 42
. Formation confining unit
lateral equivalents) (layer 1) (layer 1)
. Murta - -
Murta Formation Intra-sequence Formation Low permeability confining
and McKinlay - q . - . unit. McKinlay Member Low 122 49
confining unit confining unit .
Member included
(layer 2)
Adori Sandstone,
Main Eromanga Westbourne
aquifer sequence Formation*, 1,259 211
. Namur Sandstone
Algebuckina
Sandstone
Birkhead
Blrkhea}d Intra.-s.equer?ce Forn?a?tlon . Loyv permeability confining Low 295 72
Formation confining unit confining unit unit
(layer 4)
Hutton/
Hutton Sandstone Hutton -Poolowanna Poolowanna
and Poolowanna . . Aquifer Medium 855 256
) aquifer aquifer
Formation
(layer 5)
J Horizon
Partial aquif designated
>\~\’?\\\\\\~§\\:\\\\\ e\\\\?\\\‘\‘\ A ol ted thickness
ayer i N\ el laer S i
Pre-Jurassic :\ \ \\ ‘ \‘ Pre-Jurassi \ \\\‘\\\\\.\Z\\\\\\\\\\\\ ~~~\\
Basemen Pre-Jurassic Basement 5\\\\\\\ \N. x\\ Variable Pre-Jurassic Basement §\\§\\§\\ D \\\“\\\\&\\\\\\\\\\\\\\\\:\} Variable NA d(:‘;leerd

Note: Table shading reflects hydrogeological properties of model layers.  Depths based off isopach interpolation. ® Maximum thickness was interpolated in close vicinity to a mapped fault but cannot be confirmed.
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Figure 3-2: A) 3D projection of structure surface used in numerical model ; B) Cross-section through study area showing

model layers and key structures



3.1.3 Inter -aquifer connectivity

Shown in Figure 3-3 is the hydrogeological connectivity between the GAB aquifer and the underlying basins.
Figure 3-3is based on data from Kellett et al. (2012), Keppel et al. (2015), Ransley et al. (2015), Sampson and
Jensen Schmidt (2012), Wohling et al. (2013b) and the South Australian Resources Information Gateway (SARIG)
database. Inter-aquifer connectivity between the main GAB aquifer sequence and aquifers within underlying
Hydrostratigraphic Unit (HSUS) is potentially important in model design and construction. Strata interpreted to be
either an aquifer or a partial aquifer underlie approximately a quarter of the main GAB aquifer sequence within the
model domain. Additionally, approximately h alf of the main GAB aquifer sequence within the model domain is
underlain by crystalline basement or Warburton Basin strata, a portion of which could be an aquifer via secondary
porosity development (Figure 3-3). The large proportion of the main Eromanga aquifer sequenceunderlain by
aquifers, or opartial aqui fersédé suggests groundwater Vv
have an important influence on the potentiometric head, volumes and pressures within the main Eromanga
aquifer sequence.

Evidence for hydraulic Interconnectivity between the main Eromanga aquifer sequenceand aquifers within the
Permo-carboniferous Arckaringa, Pedirka and Cooper Basins is presented in Volume 2 of this report series. This
connection may be lithological or related to structural deformation ; however, the presence of confining units
within these Permo-Carboniferous basins may limit the extent and magnitude of such inter-aquifer connections.
Selected examples of such evidence include:

1 Fulton et al. (2015) found using pump test data that the Purni Formation could be highly connected to the
overlying Cadna-owie Formation, where any effective confining unit is absent at a local scale.

1 SchulzRojahn (1993) used interconnection to explain carbonate precipitation within the main GAB aquifer
sequence, whereas Altmann and Gordon (2004), Dubsky and McPhail (2001), and Youngs (1971) used
interconnection to explain flushing of hydrocarbons from Cooper Basin strata.

1 Keppel et al. (2015) presented seismic and logging evidence for a lithological connection between sandier
units of the J-K aquifer and the Mount Toondina Formation of the Arckaringa basin, particularly where
paleochannels are present at the unconformity between the two aquifers. Further, Priestley et al. (2017)
used density-corrected hydraulic head data and severalisotopic tracers to provide hydrochemical
evidence for inter-aquifer leakage between strata in the Arckaringa and Eromanga basins.

3.1.4 Hydraulic properties (Volume 3)

The hydraulic property that expresses the ease with which water can move through pore spaces and fractures of
the main Eromanga aquifer sequenceis the hydraulic conductivity (K). The hydraulic parameters that were collated
for the individual hydrostratigraphic units (HSUs) are discussed in Volume 3. Hydraulic data was compiled from
published and unpublished information and reports from: SA Geodata, oil and gas industry records, previous
models for the GAB hydrogeological super-basin, and models of adjacentbasins within the study area, such as the
Cooper, Pedirka and Arckaringa basins.

The range of horizontal hydraulic conductivity (Ks) and storage properties (Specific Storage(S;) and Specific Yield
(S)) by model layer and corresponding hydrogeologic unit is given in Table 3-2. While Cadna owie, Namur and
Hutton Sandstones are predominantly permeable aquifers, the Murta and Birkhead Formations are predominantly
confining layers with minor aquifer layers.
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Values of K, in the main Eromanga aquifer sequenceor J-K aquifer are expected to range from 2.0x102 m/d to
2.5x10% m/d. Values of Ky in the Cadna-owie (model layer 1) are expected to range from 2.0x102 m/d to

1.0x10? m/d. The K values of sediments that form the confining unit (Murta, model layer 2) between model layer
1 (Cadnaowie) and model layer 3 (Namur) in the Cooper Region are expected to range from 2.2x10* m/d to
4.43 m/d. This range indicates that the confining unit Murta is discontinuous and/or leaky and contain s minor
isolated aquifers. Horizontal hydraulic conductivity values of the Namur are expected to range from 3.81x10°® m/d
to 1.0x10° m/d. This range indicate that the Namur is interbedded with low permeable zones and/or this HSU is
fine-grained at some locations. The Ky of the confining unit (Birkhead Formation) that separates the Namur and
Hutton HSUs in the Cooper Region is expected to range from 1.0x10° m/d to 2.08x10* m/d. This range indicates
that the Birkhead Formation is discontinuous and/or leaky and contains minor aquifers. Values of Ky in the Hutton
(model layer 5) are expected to range from 1.2x10° m/d to 1.24x10 * m/d.

Groundwater flow in stratified sedimentary aquifers like the main Eromanga Basinsequences are strongly
influenced by heterogeneity and vertical anisotropy (the ratio of horizontal to vertical hydraulic conductivity).
However, vertical hydraulic conductivity of the main Eromanga Basinsequences is seldom available.

3.2 Groundwater flow interpretation (Volume 4) and time series data (Volume 5)

Water level data was first used to develop the conceptual model and later to calibrate the numerical model. The
data were examined spatially, through the development of potentiometric head maps, and temporally, as
hydrographs. These works are described in detail in volumes 4 ad 5 of this report. The following is a summary of
key features.

3.2.1 Data sources

Data were acquired for both water wells and petroleum wells. The locations of the monitoring wells are shown in
Figure 3-5.

Water level records for the main Eromanga aquifer sequencefrom 1886 to the April 3May 2019 were sourced from
government, industry, and private databases. A total of approximately 22,048 individual records from over 1,350
wells were examined Figure 3-4). Water level records were largely sourced from the SA Governmentmaintained
database (SA Geodata) and publicly available data obtained and used with permission from BHPBIlliton Olympic
Dam operations.

Petroleum well derived formation -water pressure observations were sourced from open file records via the
Petroleum Exploration and Production System PEP$ SA database, SA Government reports and closed file records
provided by industry for both SA and south -west Queensland. SANTOS, Beach Petroleum and Senex Energy
provided raw and interpreted data. Formation pressures were derived from stabilised shut-in pressures or
interpreted pressures from wireline logs. The data were derived from several testing or logging methodologies,
including Drill Stem Test (DST), Formation Multi Tester, and Modular formation Dynamics Tester (MDT). Most data
were acquired from historical and currently active monitoring networks. The largest monitoring networks are the
State Far Nath Prescribed Wells Area (FNPWA) monitoring network and the private network around the Olympic
Dam mining operation wellfield area (Figure 3-5). Other water level information was sourced from the Prominent
Hill, Cairn Hill and Peculiar Knob mining operation monitoring networks, the Queensland (QLD Department of
Natur al Resources and Mines, the NT Governmentds online
pastoral wells.

The usefulnessof groundwater level measurements depends on well locations, surface elevation accuracy, and
water level measurement accuracy. Prior to interpretation, anomalous values were investigated, and values
considered anomalous due to deficient measurement protoco Is or reading error were removed from the data set
after an investigation of field notes.
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Table 3-2: Summary of aquifer hydraulic property data

Model Formation Horizontal Hydraulic Conductivity (m/d) Specific Storage Storage coefficient
layer (1/m) (-)
Gravestock and Alexander Arouri et al. K from DST and Core plug Artesian well Jiang (2014) KCB (2015) Test analysis and modelling K values
(1986, 1988, 1989)) (2004) # MDT data # analysis shut-in pressure found in literature  (see Table
(Swanson Mean) monitoring tests bottom for references)
#2
9.0 x 102 1.16to 18.7 2x102to 1 0.1to 100¢ 1.75 x 108h
. 2.
Cadna-owie 0.5t0 2.5
1 )
Formation
2 * 4 1 4
Murta 3.58 x 102 to 1.27 6.99 x 10 8.58x101t0 4.43 2.20x 10
Formation ’ Tk )
2 and McKinlay 2.67 x 10%to 8.39 x 10 9.36 x 103 4.11 x 10
Member 0.1to 1078
3.50 x 103 2.5x10%¢
1.40 x 105to 1.27x 10* 5.92 x 102 3.8x 107 8.17 x 10t 2.17x10° 0.5t0 22° 0.1to 100¢ 1.75x 108"
3 x106¢
3.81x 10°to 5.46** 5.94 x 101 7.7 x 101 10 1.6t0 18.5 0.5t0 2.5"
2.75 x 1081
Namur/ 1.13x 103 4.3x103 1to 13¢
3 Algebuckina 0.1to 250 1x 105!
Sandstone 7.06 x 102 1.2x10?! 0.02to 82¢
5x 106!
4.42 x 102 1.0x10* 0.5t0 1f
6 x104to 1.2 x 103k
2.43 x 10t 0.1to 20
1.02 x 105 to 9.68* 9.98 x 10%t0 2.08 2.19 x 102 1x10%to 0.1
4 Birkhead X 100t 4.31x10%
Formation 1.27 x 106 to 6.29**
1.2x 102
4.08 x 10%to 1.24 x 10+* 1.5x10%to 4.31 2.19x10? 1x10%to 1
Hutton
2.54 x 105 to 6.52 ** 2
> Sandstone 8.6x10
4.3 x 101
1.27 x 10%t0 4.67* 6.1 x 103
6 Poolowanna
Formation 1.35 x 105 to 2.43*

*Ambient pressure K, ** Reservoir or overburden pressure K¥Data compiled from oil and gas well-completion and PEPS database by Arouri et al. (2004) Estimated liquid (brine) K from DST and MDT data (SA Geodata and Literature datasetsf?Estimated liquid

rine) K from ataset.Haberme ;"Armstrong and Berry ;°Berry and Armstrong ;°Rust *Audibert ;'Kellett et al. ; older, ; illiton, ] elsh, YSeide ; “Fulton
brine) K from DEM d ®Hab hl (1980);°A dB 1997);°B dA 1995);9Rust PPK (1994)*Audibert (1976); 'Kell I. (1999);°ODGAB (Golder, 2015)"ODEX6 (BHP Billiton, 2014)GABTRANS (Welsh, 2006)Seidel (1978); “Ful
(2012);'KCB (2015)
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However, monitoring in the GAB has 2 additional sources of uncertainty which are potentially important:

1 Most wells included in the FNPWA monitoring networks are used for both extraction and monitoring, so the
observations may not be locally representative. Although field monitoring protocols require a well to be shut in
for a sufficient period to allow for a mea surement of groundwater pressure as close to natural as possible,
there is no guarantee that this will be achieved.

1 The water levels must be corrected for density due to extreme temperature gradients. A linear temperature
gradient was assumed between the screened interval and the measurement point. Where no temperature had
been recorded at the time an aquifer pressure has been measured, the bottom-hole temperature was
estimated using an approximate geothermal gradient for the JK aquifer across the study area that was derived
from the available information. However, significant variations in gradient may occur between Me sozoic and
Permo-carboniferous units, driven by the insulator effects of significant coal measures found in the latter.

3.2.2 Potentiometric surface for layers 1 and 3 ( J-K aquifer)

Density-corrected potentiometric surfaces were developed for the J-K aquifer for 2019 to determine groundwater
flow directions and lateral gradients as well as potential recharge and discharge areas. For simplicity, the K
aquifer (Table 3-1) was treated as a single unit and intra-aquifer formations were not considered. Potentiometric
surfaces were therefore developed for the 2 main hydrostratigraphic units 6 the J-K aquifer and the deep
Hutton/Poolowanna aquifer.

A processlike that of Sampsonand Jensen Schmidt(2013) was implemented to infill the 2010 to 2019 dataset with
progressively older water level observations from wells that had not recorded an observation more recently, as
necessary to develop the potentiometric surface. This process was iterative to ensure that any older water level
observations did not generate obvious errors in the potentiometric surface.

As discussed in Volume 4, various algorithms were used to create multiple versions of potentiometric surfaces.
From the same data source, 19 most scientifically plausible potentiometric surfaces were developed for the 3K
aquifer. These 19 potentiometric surfaces were divided into 4 groups that displayed similar features.

The variations between the 4 groups (see Volume 4, Section6, Figure6-2) are largely related to the algorithm
chosen to generate the surface, the settings applied during gridding and the software package used. The largest
variations generally occurred where the software employed interpolated surfaces in regions that were data-poor.
In such regions, interpretive variations included significant differences in groundwater flow direction as well as
magnitude of head. All potentiometric surface interpretation o ptions could be considered as a means of capturing
and investigating flow directions, inflow, and outflow uncertainty.

As discussed in Volume 4, potentiometric surfaces within Group 3 most closely resemble the adopted
conceptualisation of groundwater behaviour, with Group 2 providing the most disparate alternative. Using
density-corrected potentiometric surface s of Group 3, the flow directions of groundwater in the J -K aquifer can be
described as having the following characteristics (Figure 3-6):

9 Groundwater inflow to SA occurs from the NT, as well as via the northern and eastern border with Queensland
and along the border with NSW.

1 A generally radial pattern, with inflows and recharge from the east, north, west and parts of the south, flows
toward discharge zones near the springs and along some of the southern margins.

1 Steep hydraulic gradients along the west and north-western margins of the Eromanga Basin {or example,
north, and south of Marla) indicate an area of recharge and/or through -flow from adjacent groundwater flow
systems to the JK aquifer. Alternatively, steep gradients in these areas may be reflective of lower hydraulic
conductivity.
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9 Contributions of recharge to the J-K aquifer from fractured rock aquifers is also indicated by mapped contours
along the southern area of the Peake and Denison Inlier and from the Northern Flinders Ranges. Such forms of
recharge may be related to Mountain System Rechargeéd(Wohling et al. 2013), where Mesozoic aquifers are
recharged via through-flow from fractured rock aquifers found in adjacent highland areas. Such flow systems
may occur in relatively short proximity to spring discharge zones (for example see Halihan et al. 2020) and may
also partly contribute to spring discharge in addition to more regionally sourced flow.

91 A depression in the potentiometric surface occurs along the western flank of the Cooper Basin that is likely to
be representative of drawdown due to co-produced extraction and pastoral water use.

91 A depression in the potentiometric surface adjacent to and north of Bedourie is likely to be representative of
drawdown due to pastoral water use

1 Areas of discharge occur along the southern edge of the JK aquifer south of Lake Frome, near Maree and to
the south of Stuart Shelf and the Peake and Denison Inliers.

3.2.3 Potentiometric surface for layer 5 (Hutton/Poolowanna)

A separate uncorrected and corrected potentiometric surface of the Hutton/Poolowanna aquifer layer (model
layer 5) was generated Eigure 3-6). Although still considered part of the main Eromanga aquifer sequence we
conceptualised these units to be largely separated from younger J-K aquifer units by the regionally confining
Birkhead Formation. The key features of the model layer5 potentiometric surface are inflows from the east via
Queensland and a depression in the potentiometric surface (60 m AHD) centred on the western flank of the
Cooper Basin. This latter depression may be relatedo contemporaneous petroleum hydrocarbon production
given the spatial correlation to production activities.

3.24 Time series trends

Since more coordinated monitoring began in the 1970s, groundwater pressures in the area between the Cooper

Basin and Kati Thandad Lake Eyre have seen declines in the tens of metres. These declines are likely to be due to
extractions associated with pastoralism, petroleum hydrocarbon extraction in the Cooper Basin region, and the

wellfield areas of the Olympic Dam mining operation. While there are few pressure readings recorded prior to the

1970s, those available indicate pressure declines had already begurin the pre-1970s period. Pressures and water

levels in other areas generally appear stable, although some localised increases suggest that the impact of wel

capping programs can be observed in monitoring data. Localised increases in pressure are particulary notable

near the spring zones. The groundwater model i s designe
effects.

Salinities for the most part have remained relatively steady, varying between <1,000 mg/L total dissolved solids
(TDS in eastern and central regions to >14,000 mg/L near the south-western margin.

In the southern springs region where Olympic Dam mining operations have been monitoring spring flow since the
early 1980s, data reflects the impacts of extraction from their wellfields. Over the short period of monitoring
records at Dalhousie Springs since the late 1990s, no notable trendsare observed.

3.3 Natural inflows and outflows (Volume s6 and 7)

Groundwater flows in and out of the study area via a variety of natural processes. There is regional inflow from the
JK aquifer to the east, and inflows and outflows with other aquifers. There is also diffuse recharge and localsed
recharge from ephemeral rivers. Discharge occurs to springs, to upper confining beds, and via evapotranspiration.

All rates of recharge and discharge have a high degree of uncertainty; however, the evidence indicates that
discharge from the J-K aquifer in SA is greater than recharge. Consequently, groundwater conditions are probably
now in a state of natural, long term, slow decline controlled by paleoclimate.
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3.3.1 Regional inflows and outflows

The largest proportion of inflow into the study area originates from the NT, Q LD and NSW (Figure 3-7).
Groundwater lateral inflow into the SA portion of the J-K aquifer is estimated at 475 ML/d when a Group 3
potentiometric surface s was assumed as the most representative and mean hydraulic conductivity from core tests
of the Namur Sandstone (3.2 m/d) were adopted. Notably, the range of uncertainly associated with the estimated
lateral inflow is theoretically large if variations in the interpretation of groundwater flow and hydraulic conductivity
are considered. Using the potentiometric surfaces and hydraulic conductivities developed for th is study, the
theoretical uncertainty range is between 59 ML/d and 4,219 ML/d (Table 3-4).

The Officer Basin contributes an unknown quantity of lateral inflow to the main Eromanga aquifer sequencealong
the western margin of the Eromanga Basin, inferred from the potentiometric surfaces. Little is known about such
inflows, including whether the potentiometric surface s being used to interpret this may be more reflective of a
paleo-recharge event dating back to the Cenozoic.

Lateral outflow from the study area is estimated at 73 ML/d when Group 3 potentiometric surfaces were assumed
as the most representative, with a median hydraulic conductivity of 5.1 m/d. Like estimates for lateral inflow,
estimates for lateral outflow are also highly uncertain. Using the range of potentiometric surfaces and hydraulic
conductivity values developed for this study, a theoretical uncertainty range of between 8 ML/d and 443 ML/d can
be estimated.

With respect to vertical inflow from basement layers, empirical evidence and previous modelling suggests that
upward vertical leakage may occur from Permo-carboniferous basins to the JK aquifer in the western portion of
the study area. Purczel et al. (205) used steady state modelling of the Arckaringa Basin to estimate an inflow of
groundwater from the Mount Toondina Formation to the J -K aquifer of around 135 ML/d. Fulton et al. (2015) used
pumping test data to conclude that there is significant flow conn ectivity between the Permian aquifers of the
Pedirka Basin and the overlying JK aquifer. However, the steady state modelling presented by Peat et al. (2015)
for the Pedirka Basin indicated no flux exchange between the Permian aquifers and the overlying 3K aquifer.

3.3.2 Recharge

Regional-scale diffuse recharge is estimated to be approximately 20 ML/d using the average diffuse recharge
estimate from Love et al. (2000) of 0.16 mm/y and the area over which diffuse discharge is conceptualised as
occurring over in SA (456 x 10* km?). This figure islike the 6,600 ML/y (18 ML/d) estimate of Ransley and Smerdon
(2012) produced for the western margin of the GAB hydrogeological super-basin. Using the error range of Love et
al. (2000) of £ 0.08 mm/y, an uncertainty of between 10 ML/d and 30 ML/d can be estimated. It should be noted
that the average estimates by Love et al. (2000) and Wohling et al. (2013) (0.15 mm/y) are similar, but the former
was favoured based on the description of an error range accompanying the estimate.

Ephemeral river recharge to the 3K aquifer has been identified in portions of the Finke and Plenty rivers when
rainfall events greater than 100 mm/y occur (Figure 3-7). Investigations established that the main Eromanga
aquifer sequenceis recharged by flood events in the Finke River in areas where the river flows across the
outcropping edge of the main Eromanga aquifer sequence Pre instrumental data sources, predominantly
newspaper articles, provide a record of major flood events since the European occupation of the region began in
1872. While Finke River flood water infiltration and recharge to the main Eromanga aquifer sequencehas been
recognised, information on the relationship between the flood water and groundwater recharge is limi ted. Using
Carbon-14, the recharge rates for the Finke River have been estimated to range from 380 mm/y to 850 mm/y
(Fulton 2012). The total contribution from ephemeral river recharge along the western margin of the Eromanga
Basin has been estimated at betveen 5,150 and 11,560 ML/y (14to 32 ML/d).

Evidence for ephemeral river recharge in other areas is less conclusive although hydrographs from monitoring
wells near Marla and rainfall records suggest it may be occurring in this region as well. Finally, minor recharge
occurring via Mountain System Redarge (MSR) has been identified near the Peake and Denison Inliers and
potentially other elevated areas near the margins of the GAB. However, with respect to MSR, the latest research
notes that, although such recharge may be occurring, total volumes may be small.
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A summary describing minimum and maximum recharge values found during this and previous studies is provided
in Table 3-3.

Table 3-3. Summary of minimum and maximum values for recharge and discharge rates ( layers 1 and 3)
Parameter Unit Minimum Maximum
Diffuse rainfall recharge mm/year 0.01 5
Diffuse discharge mm/year 3x10* 0.3
Finke Riverrecharge mm/year Traceto 17 850
Point discharge L/sec <0.001 180
Total recharge ML/d 345 4,260.5
Total discharge ML/d 328 1,197

3.3.3 Springs discharge

Most of the natural groundwater discharge is from springs. There are currently over 5,000 GAB springs mapped
within the study area, extending from Lake Frome in the south-east to Dalhousie Springs on the northern margin
and encompassing regions in the centre of the study area (Figure 3-8). Dalhousie Springs Supefgroup, Lake Eyre
Super-group and Lake Frome Supergroup are the major spring super-group complexes in the study (Figure 3-8).
A vast majority of the over 5000 mapped spring vents recorded in the SA Government natural resources database
(SA Geodata) are not regularly monitored. Spring flow monitoring programs are largely designed to provide an
indication of change which is then used as representation for impacts on larger spring systems.

Estimated mean groundwater discharge from the spring complexes are summarised inAppendix A ( Table 13-1).
These values have a great deal of uncertainty associated with them but were used as observations during
calibration. The total annual discharge from springs is estimated to range between 66 ML/d (Welsh, 2000) and
76 ML/d (Golders et al., 2015)). These figures are likely to be highly uncertain given the age of the estimate, its
derivation using a steady state model assumption with a simplified aquifer layer structure, and subsequent work
(for example, Gotch et al 2013; Keppel et al 2016) to map spring vent localities that greatly increased the number
of vents; there is a large degree of uncertainty with respect to spring discharge related to the large number of
springs located in typically remote areas and difficulty in obtaining sufficiently reliable discharge information.

3.3.3.1 The Dalhousie Springs Super -group

The Dalhousie Springs Supefgroup is located near the border between SA and the NT; it is the farthest north of
the GAB spring supergroups in SA (Figure 3-8). Estimates of total spring flow from Dalhousie Springs typically
range between 50 ML/d and 60 ML/d (Alcoe, 2015, Boucaut et al. 1986; White and Lewis, 2011; Williams 1974).
Boucaut et al. (1986) estimated that Dalhousie Springs accounted for approximately 90% of all SA springs
discharge. Consequently, Dalhousie Springs is a highly significant sprig complex with respect to both total spring
discharge and groundwater discharge from the main Eromanga aquifer sequence There are currently 150 spring
vents mapped at Dalhousie Springs.DEW had historically monitored the flow rates at four springs within the
Dalhousie Springs Supergroup (Figure 3-9, note the vertical scales vary by an order of magnitude), but this
ceased in 2010. Total flow rates across the four monitored sites during thistime were found to vary between
0.43ML/d (5 L/s) and 15.6 ML/d (180 L/s.) A monitoring network of four springs is not considered adequate with
respect to determine total discharge volumes for the spring complex but provides some indicative information
concerning any changes in gross discharge.
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3.3.3.2 Kati Thanda 06 Lake Eyre Super-group

Total spring discharge for the Kati Thanda d Lake Eyre Supergroup (Figure 3-8, again the vertical scales vary by an
order of magnitude) has been estimated to be in the range 9 ML/d to 17 ML/d (104 L/sto 197 L/s) (Alcoe, 2015,
Habermehl, 1980). As with theDalhousie Springs monitoring, the spring monitoring here is designed to indicate
change as opposed to determining total spring discharge volumes. Approximately 40 springs in the Lake Eyre
Super-group are monitored every one to six months by the Olympic Dam mining operation ( Figure 3-10).

Maxi mum flows from the surveyed springs varied from 0.1
Springs (CBCO013). Trends typically reflect the impacts of pumping from Olympic DamWellfields A and B, and

responses to pumping management protocols designed to stabili se flow reductions. This is more evident after

1998 for monitored springs near or within the wellfield because of a shift in groundwater extraction to Wellfield B

and a capping of extraction at Wellfield A to generally less than 5 ML/d.

3.3.3.3 Lake Frome Super-group

This comprises a group of springs that form a string along the eastern shoreline of Lake Frone. Information about
discharge for the Lake Frome Supergroup is either lacking or not comprehensive. Many of the springs are either
extinct or waning seeps. (South Australian Department of Environment and Planning, 1986).

135°E 140°E

~ Springs
Spring Supergroups
J-K Aquifer extent
D Eromanga Basin
=== Study area

D State borders

M

}N\ /‘N*

| [fd]

[ "
AD&B&@_@L{W
D Study area , e

5

m Eromanga Basin | |y |

Kn

Produced by Wler Science and Monitorign Branch
Department for Enviconment and Water
81-05 Waymouth Street, ADEALAIDE 5000
www waterconnect sa.gov au

Data Source DEW. DEM

Compiled ~ 17th November 2020

Projection  Geographic

Datum Geocentic Datum of Ausiralia, 1994

135°E 140°E

Figure 3-8: Spring supergroups and J-K aquifer within the study area

24



604500011 - DCA001

200
180 -
b M
2 140 - T
3 120 1
(TR
100
80 -
60 T Ll Ll L T T Ll Ll T
A DO O ™A D 6 o A
o' &
NN @w@w@q@q@m@m@m@w&
Year
594500025 - DCDO001
30
25 -
g
; 20‘
5
w
15 -
10 T L L] L] L} Ll L L] L}
A DO O N O Hh L o QO N
S PRSI S & & SO
FEFEEFFTFTET TS S
Year

Figure 3-9: Dalhousie Springs monitoring site flow data

1N

12P0%

® Maonitored spring site
e Other spang localifes

604500005 - DAAOD1

-—
w

Flow (L/s)
o




136°50'E 137°0E
5
o: o Coward CBCO01
=) 4 Emerald LES001
& —<— Coward CBC002
3 3
52
[
1
0
1980 1990 2000 2010 2020
Year
20
1
g |
& i | f
L I
Q I |
] 74 2 %i Ry}v p
bty | {2 sl VP
3 Nt i Yy Y
5 ﬂfig
0
199 2000 2010 2020
Year
o
o
N
&
.
1%
[=]
I
@
N
1
=3
2
10
08
o B
2 Soe " b 7
=3 z \ ! 4.1 ; /
Boal | . L AN A
|
02 W
00
S
& o &
Year
025
—o— Bopeechee HBOO11
020 i < Bopeechee HBOOO7
\
o | z0m )
o W3
2 Z 010
8|z 5
* 005 o A
%, 3
0.00 p—— -
O
E s
Year
136°50'E 137°0E

137°10'E 137°20'E 137°30'E 137°40'E 137°50'E
04
g o FradLFEO] a0 —o— West Finniss HWF003
N o 4 o Fred LFE0GB 25 —o— West Finniss HWF048
- 20
o =
2 3 s B
% X
o P
2 o1 ;ﬁ" é 10 ﬂ “ ’i
Prprnafam $, e&f*e 4 Y o,
00 - 05 tlal
00 SR
& & © N o
S £ b o§
Year ’19@ «» 'b&h
" Year
—+— Gosse LGS004
3l - ©  Gosse LGS002
MeLachlan LMS0048
ol
QO
LA = »@ \
Year
&
by BT -
e
v
‘ ol >
.
gs
0.10 06 12
o5 1| Oldwoman HOwoos H
0.08 -  Old Woman HOW015 104 A
04 | |~ Old Woman HOW025 ﬁ EN
- s —~ 08 - &
3 o0 Bos g IR pp—
H H ZR
2 oo g %2 € ol
01
0.02 o oa
-
0.00 00
o S & o o ® o
R 8 S T 4 ) oy
Year Year oay
10 035 0.10
- N ; 05.4[—* port WDS042
—a— Beatrice Bore HBS004 025 Dead Boy HDBOD5 | 0.08 Davenport WDS052 ,a"?
_. 06 uy 0.08 - 2 f
020 e e
= 5 | ¢ S 7 |
é 04 . 3 015 1 3 004+ [ %8 41 P
A M(JR € 010 | ! @ AP LRV AN
02 e - S o ,QFM, 0.02 ¥ ¥y ®
i i 9,8‘\;& A egs® @) . og®
00 I i g 0.00 QMMWW
S o o
& & s & F L& & & & & &
Year Year Year !
e
137°10'E 137°20'E 137°30'E 137°40'E 137°50'E

138°0'E

)
29°0'S

004 { © Hermit Hil HHS035
—— Hermit Hill HHS101
0,03 | —=— Hermit Hill HHS125A #

e b

2 002

H

5

T 001
0.00

o S
& ré*’ @ o
Year
10
—=— Hermit Hill HHS028
08 Hermit Hill HHS170
o Hermit Hill HHS137

. 08

%

<

3 04

w
02
00

S QO
e & S s
Year
0035
& Old Finniss HOF004
0030 | | 575G Finniss HOF033 F
0025 II

i 0.020 Ié

3 oot /

T o010 PSRy
0,005 i
0.000 Vol W

o
3’ q9‘ &
Year
04
- Old Finniss HOF081 ?
—~ Old Finniss HOF034 A
031 < OldFinniss HOF096 \
ww/ &
s #
i 02 X
= 04
00
o o
. &
Year
020
—&— Welcome WWS001 9
015 7a(mawwso13 ’.’
= 7 /\,’

Z 010 V-

K] Neg 5 )

= | " /

s %J \ IW‘ ,r\&‘!

w90 o - i A

- g A
0.00 £ . b
005
s ® o
N
s Year *® 'P
16
1.4 || —o— welcome wwso02
40 © Welcome WWS004
% 10
3
T 08
o
L 06
04
02
00
QO
§
& < 5 rs’&
e s e __

138°0'E

29°10'S

29°20'S

29°30'S

L]
29°40'S

1
29°50'S

)
30°0's

[ 5

Monitored springs

Other springs

Olympic Dam Designated areas

>z

[] study area 3 =
| | Eromanga Basin | =
Produced by ~ Water Science and Moniroting Unit
Department for Environment and Water
81-95 Waymouth Street, ADELAIDE, SA, 5000
‘www.environment.sa.gov.au
Data Source  DEM, DEW, BHP
Compiled §th March, 2021
Projection Geographic
Datum Geocentric Datum of Australia, 1994
© Water 2023. .
dei=s R
sough ep:
effort of ,
par . ifs agents, ‘ether express

or imped, for any
disclaims allliabilty for loss o damage arising fiom reliance upon the information display ed.

Government of South Australia

Depar.rrent ‘o Enwiconmen.
ard Wate

Figure 3-10: Southern spring monitoring site flow data
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3.34 Non -spring discharge
3.3.4.1 Diffuse vertical discharge

Diffuse discharge from the JK aquifer, is thought to be highly dependent on preferential pathway development
through the main confining unit, because the rate of vertical leakage or rate of diffuse discharge through the
undeformed confining unit is either potentially small and/or focussed in areas of preferential flow path
development. The rate of vertical leakage of groundwater into undeformed confining units from the J -K aquifer is
currently estimated to be very low at between 3 x 10 to 5 x 10 m/yr (8.22 x 10° to 1.37 x 10° m/d). Where
preferential pathway development may have occurred, current estimated rates are higher at between 8.64 x 10° to
8.64 x 10* m/d.

An estimated volume of diffuse vertical leakage of 274 ML/d was developed for the 2009 FNWAP using the steady
state numerical model GABFLOW (Welsh 2000). This includegolume of diffuse discharge both near springs and
into subsurface strata. This estimate involves considerable uncertainty, particularly given that recent research
suggests the GAB aquifer systems are transient in nature and that under current climatic conditions redharge rates
are less than discharge éee for example, Ransley and Smerdon, 202; Love et al. 2013). Research since Welsh
(2000) has not been able to provide much additional certainty concerning rates (see Volume 7). The minimum
value of 20 ML/d from Harrington et al. (2013), and the maximum value of 690 ML/d from Costelloe et al. (2011)
could be used to describe the uncertainty range for volume of diffuse vertical leakage.

3.3.4.2 Evapotranspiration

The arid climate, low topography and sparse vegetation coverage results in an elevated evaporation potential.
Conceptually, evapotranspiration includes areas where the JK aquifer strata are found near the surface, as well as
where J}K aquifer groundwater discharges to the shallow phreatic water table contained within shallower strata
where geological and hydrogeological conditions allow. Within this conceptuali sation, areas where thewater table
is equal to or less than 10 m from the surface and contained within J-K aquifer strata are considered the most
likely areas for non-spring zone-related groundwater evapotranspiration to occur ( Figure 3-7). The 10 m depth is
an arbitrary figure that considers natural error within the datasets used to determine land and structure surface
elevations.

Average pan evaporation rates for the study area are approximately 3 m/y. Previous field and remote sensing
based work suggests that a significant proportion of the vertical leakage from the J-K aquifer in the central and
western portion of the study area may become evapotranspiration; however, in the eastern portion where the J-K
aquifer is found at depth, vertical leakage into shallower strata is more likely. Finally, the efficiency of transpiration
processes at removing groundwater and infiltrated rainfall before it can enter the water table is likely to vary
across the study area.

3.4 Pumping (Volume 7)

Substantial volumes of groundwater discharge from the regional flow system through pumped wells. The
estimated total groundwater usage in the study area is shown in Figure 3-11. Water uses include pastoral (stock
and dam), domestic, mining, and co-produced from petroleum and gas industries. The variety of data sources and
methodologies used to develop and evaluate the groundwater extraction rates are detailed in Volume 7.

The methodology used to evaluate stock, domestic, commercial, and industrial extraction for data outside of
south-western Queensland was as follows: Once the number of water supply assets serviced by each well were
identified, well status and well purpose codes were used to estimate extraction volumes and generate time series
data. If there were no metering data available, anassumed flow rate of 0.3 L/s was assigned to each trough; this
was based on assumed stock type and stocking rates. A slightly higherextraction rate of 0.4 L/s was assigned to
small dams to arbitrarily account for a slightly higher water loss through increased evaporation and some
potential leakage A summary of flow rate assignment is provided in Appendix B ( Table 13-2).
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Stock, domestic and industrial water use data for the south-western Queensland portion of the study area was
extracted from KCB (2015a) and KCB (2015b) and provided under Creative Commons licence by the Queensland
Government Department for Natural Resources and Mines. The conceptual model considered bore integrity,
estimated yields for stock and domestic bores, and ascribed aquifer interpretation.

Mining -related water extraction data, including those from the Olympic Dam mining operation, have been
collated from annual compliance reporting.

Gas and oil production volumes (co-produced water) were also considered as extraction volumes from the
groundwater system as the extraction of gas and/or oil will likely result in pressure reductions. Conversion factors
(see Table 21 and Table 22, Volume 7) were used to relate the volume of gas and oil produced at the surface to
the volume of gas and oil removed at depth due to expansion.

As shown in Figure 3-11, total water usage in the study area generally increases until the mid-1970s with two
periods of more rapid change between 1880 and 1920 as well as between 1950 and 1975. From the mid1970s,
total water use declines gradually, with large falls in pastoral usage in the artesian portion of SA counterbalanced

by increases in usage by the mining and energy industries, as well as steady increases in other parts of the study
area.
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Figure 3-11: Estimated total groundwater use over time within the study area.

Estimates from SA, QLD and NT are presented below. An estimation foNSW water use was not made as sufficient
information about extraction from the targeted aquifers in question could not be procured in time. This is

currently not considered a critical data gap given the low number of total wells found within the NSW portion of

the study area and lack of any non-pastoral industry.
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3.4.1 Extraction in SA

Estimates of extraction from the artesian portion in SA (Figure 3-12) show initial sharp inclines from the beginning
of groundwater resource development from the late 19th Century to around the mid -1920s, largely to support the
pastoral industry. Since then, the extraction has had plateaus between sporadic increases in toal extraction
volumes, until a peak in extraction of around 220 ML/d is reached around the mid -1970s. A large percentage of
water extraction during this period went to waste, as many unlined bore drains were used as delivery systems and
flow was often uncontrolled. From the mid -1970s, a decline in extraction is indicated until an average of around
160 ML/d is reached around the mid-1980s. This decline in usage was largely caused by adoption of more efficient
delivery systems, such as troughs and piping, aswell as rehabilitation of uncontrolled flowing wells through
government, industry, and community -supported schemes such as the Great Artesian Basin Sustainability Initiative
and more recently the Improving Great Artesian Basin Drought Resilience scheme (DAWE, 2020). Extraction for the
pastoral industry has continued to decline to around 80 ML/d; howev er, increases in extraction by the energy and
mining industries from the mid -1980s has offset this. Extractions by these industries have steadily approached
licensed extraction volumes of 60 ML/d and 45 ML/d respectively.

Groundwater in the non-artesian portion of the study area is mainly used for pastoral activities, town and
domestic water supply and occasionally limited use by the mining industry. Estimated extraction from the non-
artesian portion (Figure 3-13) of the GAB in SA displays a steady increase from the early 20th Century to the early
21st century, where a peak extraction volume of around 25 ML/d was reached around 2010. Since then, extraction
has remained constant at around 23 ML/d. Increases prior to 2010 are thought to reflect development of the
pastoral and mining industries to current levels as well as population growth during the mid to late 20th Century.
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Figure 3-12: Estimated groundwater use over time in SA, artesian
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Figure 3-13: Estimated groundwater use over time in SA, non-artesian

3.4.2 Extraction in the Queensland portion of the study area

Figure 3-14 shows total annual volume estimates for stock, domestic, industrial, and co-produced groundwater
within the Queensland portion of the study area. They are based on the findings of KCB (2015a) and display a
largely steady increase to around 23 ML/d from the late 19th century to the early 21st century, with 2 periods of
steeper increases around the late 1910s and in the 1950s to 1960s. A sharp increase in extraction occurs in the
mid-2000s when records for co-production from the petroleum industry commence. It is likely that co -production
occurred much earlier than implied by the records. Co-produced water accounts for a near doubling of extraction
from the area of south-west Queensland covered by the study area, with a peak extraction of around 47 ML/d in
the mid-2000s.
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Figure 3-14: Estimated groundwater use over time in the Queensland portion of the study area

3.4.3 Extraction in the Northern Territory

Water use data in the Northern Territory portion of the GAB were based on well survey data collected in 2013 for
the Pedirka Basin. Estimated extraction volumes for stock, domestic and industrial groundwater were typically
small until the 1950s, when a sharp increase in extractions occursFigure 3-15). Extraction increases substantially
around the mid-1960s due to the impact of petroleum exploration and associated uncapped bore completions
and bore failure. Large variations in total flow after 1990 may be partly attributable to difficulties in estimat ing
flow from these bores. A general stabilisation in water use in the most recent data is attributed to the
rehabilitation over the past 20 years of several free-flowing wells, including abandoned petroleum exploration
wells that were converted to water wells. Bore capping programs and more accurate monitoring after 2010 has
seen extraction volume estimates stabilise around 16 ML/d.
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Figure 3-15: Estimated groundwater use over time in NT portion of study area

3.5 Conceptual model and water budget (Volume s 6 and 7)

Water inflow to and outflow from the study area are schematically presented in Figure 3-7 and Figure 3-16.
Inflows include diffuse recharge, lateral inflow from QLD, NSW and NT,and vertical leakage from overlying or
underlying units to the J-K aquifer. Outflows include natural discharge to springs, discharge from pumping, lateral
outflow near the margins and shallower parts of the Eromanga Basin, and diffuse vertical leakage to units
overlying the J-K aquifer.

Groundwater budgets are developed in Volume 7 by quantifying all inflows to and all outflows from the study area
and change in storage of the system over a time.

Average groundwater budgets for the SA portion of the J -K aquifer are summarized inTable 3-4 and Figure 3-16.
The lateral inflows are estimated across SAQLD, SANSW and SANT borders. Flows to the 3K aquifer in South
Australia primarily occurs through lateral inflow from Queensland and the Northern Territory. At the western
margin of the J-K aquifer, some recharge occurs through flooding of ephemeral rivers in South Australia and the
Northern Territory, although rates of recharge were likely greater in the past under wetter climatic conditions.

Groundwater extraction from pastoral, town water supply and industry wells are estimated at 134 ML/d, but could
be as high as 160 ML/d. This is based on licensed extraction from wells completed in the GAB hydrogeological
super-basin, as detailed in Chapter1, Volume 7.

Vertical leakage from overlying or underlying units to the J-K aquifer have been excluded from the conceptual
water balance because they have not been estimated. However as discussed prior, their importance is recogrsed
and have been factored into model construction and history matching works.
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Table 3-4: Conceptual water balance for the J

Inflow Median/
(ML/d) adopted
value
(ML/d)
!_ateral 475
inflow

Recharge 20°

Vertical not
leakage guantified

Total

Inflow 495

Range Storage  Net
(ML/d) (ML/d) uncertainty
range (Inflow

minus
Outflow
(ML/d)

(59 to

4219)

(10 to

30°)

(69 to -52 (-159 to

4,249) 2,880)

-K aquifer within South Australia

Outflow
(ML/d)

Lateral outflow

Wells

Spring
discharge

Vertical
leakage (inc.
diffuse

Median/
adopted
Value
(ML/d)
73°

134°

66"

274"

discharge near

springs)

Total outflow

547

Range
(ML/d)

(8 to 443)

(134% to
160°)

(64" to 769)

(20 to 6907)

(226 to
1,369)

& Predominantly from QLD and NT, based on Swanson mean K from corederived permeability tests of the Namur Sandstone

(3.2 m/d).
® Love et al. (2000)

¢ Predominantly along the southern margin, into Northern Flinders Ranges, therefore based on mean K derived from well-shut-
in tests conducted during monitoring (22 m/d).

4 Based on licensed volumes estimated to be taken from the GAB hydrogeological superbasin (Chapter 1Volume 7).

¢ Based on water use estimate data and assumptions, Chapters 2 and 3 Volume 7.

fBoucaut et al. (1986)
9 Golder Associates(2015)

" From SAAL NRM (2009), based on estimates using GABFLOW (Welsh 2000)

" From Harrington et al. (2013)
I From Costelloe et al. (2011)
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Figure 3-16: Water balance in cross -section
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