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Executive summary
Background
Groundwater flow models are routinely used to gain a better quantitative understanding of groundwater
systems and provide the basis for important water resources management decisions. Due to the growing
coal seam gas (CSG) industry in the Surat and Bowen sedimentary basins, the Surat cumulative
management area (CMA) was established to assess and manage the associated water level impacts. Over
the past years, the Office of Groundwater Impact Assessment of Queensland (OGIA) has established a
comprehensive conceptual and numerical groundwater flow modelling framework to underpin the
assessment and management of the Surat CMA (OGIA, 2016a; b; c). Although a significant amount of data
and expert knowledge has been employed in the development of this sophisticated modelling framework,
some parameter and conceptual uncertainties still persist, especially for the deeper Hutton Sandstone and
Precipice Sandstone aquifer systems and with respect to defining natural, pre-development groundwater
flow conditions prior to any anthropogenic disturbances. This is due to (i) the limited availability of
hydraulic head data for these aquifers, especially for pre-development conditions, and (ii) due to the
correlations induced by using hydraulic head data as the primary constraint for calibrating a model.
Characterising these deeper aquifers and developing a robust quantitative understanding of them is
becoming increasingly important
• A numerical modelling approach was developed to simulate the
when assessing the potential
physico-chemcial behaviour of the environmental tracers 36 Cl and 14C in
impacts of CSG operations on the
the deeper aquifer sections of the Surat Basin.
Hutton Sandstone, as well as
• Newly and previously collected 36 Cl and 14 C data, as well as hydraulic
separating these impacts from those
head data, were used as joint model calibration targets to constrain the
associated with both farmingconceptualisation and parameterisation of a numerical model
related extraction and re-injection
representing pre-development groundwater flow behaviour.
of CSG co-produced waters on the
• The regional groundwater flow of the Surat CMA, as developed by OGIA
Precipice Sandstone aquifers. A
(2016c), was used as a starting point for model construction and for
major conceptual and/or parametric
generating flow fields.
uncertainty in these deeper aquifers
• The calibrated model re-produces 36 Cl very well in the Hutton
is associated with the apparent
Sandstone aquifer. The parameter estimation results will inform future
versions of the OGIA model.
contradiction between, (1) the
•
Due
to the relatively old age of the groundwater, 14 C data was
conceptual understanding that
insensitive to many of the hydraulic parameters but may be more useful
recharge enters the Surat Basin
for local-scale models at the outcrops.
through outcrop areas, eventually
• Mean age simulations quantify the effects of both mixing and
contributing recharge to the Great
subsurface production on interpreting groundwater ages from 36 Cl data.
Artesian Basin, and (2) the fact that
•
Groundwater flow directions are complex but it is very likely that
the observed potentiometric surface
groundwater, which has recharged at the aquifer outcrops, discharges
indicates that groundwater is
primarily through the eastern outcrops near the Dawson River.
flowing toward, and discharging
from, the outcrop areas themselves. This major discrepancy has motivated the collection of new
environmental tracer concentration data ( 36Cl, 14C, helium, etc.) in these aquifers (Suckow et al, 2018) for
the present GISERA project to complement earlier collected data (Suckow et al, 2016) and to underpin a
more robust data interpretation. Environmental tracers can provide important information about
groundwater “age”, or residence times, that can be used to deduce flow velocities and hence, hydraulic
properties of the aquifers. In this study, a three-dimensional numerical modelling approach was employed
to jointly simulate groundwater flow and the transport of multiple environmental tracers. The Surat CMA
model developed by OGIA (2016c) was used as the basis for developing flow fields in the Hutton Sandstone
and Precipice Sandstone including the Evergreen Formation which separates them. The subsequent joint
inversion of hydraulic head and environmental tracer data was then used to derive an improved, more
robust parameterisation of the aquifer properties and to reduce model uncertainty.
vii

Key results
The analysis conducted in this study demonstrates that the information content associated with
environmental tracer observations can be significant. A sophisticated workflow was developed and tested
for the extraction and implementation of flow fields from the Surat CMA model (OGIA, 2016c). This
procedure allowed for the employment of the widely used solute transport code MT3DMS for the
simulation of the reactive transport of 36Cl and 14C.
The calibrated model reproduced the 36Cl data well and provided a range of new insights into aquifer
properties. The results indicate, for example, that the hydraulic conductivity in the Lower Hutton Sandstone
may be greater than current estimates. However, the hydraulic properties of the Precipice Sandstone still
remain uncertain due to the insensitivity of the 14C data and perhaps due to conceptual model assumptions
about coverage of outcrop areas. This is likely due to the relatively old age of much of the groundwater in
both aquifers of interest, which may be beyond the age limit of 14C in the interior of the basin.
Using the calibrated reactive transport model, mean age simulations demonstrate the significant impact of
mixing and 36Cl production on the interpretation of groundwater age using simplified models. For example,
the simulated mean age in the Lower Hutton Sandstone near the Dawson River is about ten times larger
than the groundwater age interpreted from the simplest of assumptions.

Conclusion and recommendations
Overall, the results show that both the potentiometric surface and the observed environmental tracer data
can be simultaneously reproduced by the three-dimensional numerical model. The insights gained form this
numerical modelling study also highlights that the flow system is far too complex to be interpreted by
simplistic one-dimensional approaches. Recharge in the Surat Basin is likely being discharged to the eastern
outcrop areas near the Dawson River, but future research is required to better quantify localised net
recharge rates and the possibility that recharge in the Surat Basin also contributes recharge to the Great
Artesian Basin.
Due to the significant amount of information contained in environmental tracers, the joint data collection
and numerical modelling approach illustrated by this study could improve the conceptualisation and
parameterisation of many other groundwater systems. Measuring environmental tracers in the field is
expensive and often requires significant expertise to be sampled properly. As a result, the location and type
of future measurements should always be selected very carefully, which may not be straightforward.
However, with emerging data worth and experimental design techniques, numerical models can
increasingly be used to determine where and what data type should be collected to maximise the
information acquired.
While beyond the scope of the present study, the direct simulation of helium as an additional
environmental tracer has significant potential for acquiring information for both younger waters and the
very old groundwater in deeper aquifer systems beyond the temporal reach of 36Cl and 14C data. This is
because changes in the accumulation and transport of helium is likely to be sensitive to the entire flow field
regardless of age, i.e., the distribution of helium in very old groundwater (more than one million years) may
be highly variable, where for example, 36Cl would be relatively uniform (at its average secular equilibrium)
and 14C would be negligible (at about 0 pmc). Although 36Cl has a long enough half-life to provide some
information on old groundwater (up to a million years), due to the relatively short half-life of 14C, it may not
be informative on a regional scale where the bulk of the groundwater in the Surat Basin is well over 50,000
years old. However, the development of one or more two-dimensional, cross-sectional reactive transport
models extending from the Hutton and Precipice Sandstone outcrops into the interior of the basin, along
selected flow paths, could be constructed to make effective use of the 14C data near outcrops and better
estimate local-scale net recharge rates.
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Introduction

Groundwater flow models are routinely used to gain a better quantitative understanding of groundwater
systems and provide the basis for important water resources management decisions. Due to the growing
coal seam gas (CSG) industry in the Surat and Bowen sedimentary basins, the Surat cumulative
management area (CMA) was established to assess and manage the associated water level impacts. Over
the past years OGIA has established a comprehensive conceptual and numerical groundwater flow
modelling framework to underpin the assessment and management of the CMA (OGIA, 2016a). The
established numerical modelling framework integrates a vast array of hydrological, geological and
hydrogeological data to allow for the quantification of historic and future groundwater flow rates and
water levels. During the construction of such a groundwater flow model the magnitude and the spatial
distribution of hydrogeological parameters are initially only conceptualised and are considered to be
uncertain. Typically, the model construction is therefore followed by a model calibration procedure during
which model parameters are systematically adjusted until the model predictions fit historical
measurements.
Currently, conventional groundwater model calibration procedures rely largely on the use of observed
hydraulic heads as model calibration constraints. Although some flux conditions are used as calibration
constraints, the OGIA’s CMA model primarily relies largely on a number of historic groundwater level data
which were used to constrain the conceptualisation and parameterisation of the numerical model (OGIA,
2016c). However, model calibration based on hydraulic head measurements alone can suffer from nonuniqueness resulting in potentially significant predictive uncertainty (Konikow and Bredehoeft, 1992;
Zimmerman et al.., 1998). This can in particular be a problem when model predictions are highly sensitive
to processes and parameters that play a less prominent role in providing a good agreement between
simulation results and historical data. For example, models developed for the resources industries to
simulate dewatering impacts are relatively sensitive only to model parameters that describe the storage
behaviour of the aquifer system in response to dewatering or depressurisation. On the other hand,
predictions that simulate the long-term recovery after dewatering/depressurisation activities have been
terminated are relatively more sensitive to estimated groundwater recharge rates, which often remain
uncertain as the transient changes induced by dewatering and depressurisation are not highly sensitive to
the estimated recharge rates. To reduce this uncertainty, understanding and quantifying the distribution of
groundwater ages within an aquifer system provides a significant potential to better constrain estimates of
groundwater recharge and flow rates (Cook and Robinson, 2002; Solomon et al.., 1993; Vogel et al.., 1974)
and therefore improve the reliability of groundwater flow models (Michael and Voss, 2009; Reilly et al..,
1994; Sanford, 2011; Sanford et al.., 2004; Turnadge and Smerdon, 2014; Yager et al.., 2013).
Groundwater age distributions, or residence times and flow paths, can be inferred from measured
groundwater tracers such as 36Cl, 14C, 4He, 81Kr, etc. Many studies have used groundwater tracers to infer
ages throughout the Great Artesian Basin (Bentley et al., 1986; Torgersen et al., 1991; Love et al., 2000;
Lehman et al., 2003; Mahara et al., 2009) and have discussed the numerous limitations associated with
inferring groundwater ages, sometimes suggesting the use of other metrics instead, e.g., flow velocity.
However, by incorporating raw groundwater tracer data directly into a regional-scale numerical modelling
framework, many of these limitations can be alleviated (Suckow, 2014). This is a novel approach that has
received little attention, with the few existing studies in the literature using relatively simplified models
with at most two-dimensions (Castro and Goblet, 2003; Patterson et al., 2005).
The present GISERA study was specifically designed to explore the benefits of using environmental tracer
data as model calibration constraints within a subdomain of OGIA’s groundwater flow model. Relying on a
unique dataset of existing and newly collected environmental tracer data (Ransley and Smerdon, 2012;
Feitz et al., 2014; Suckow et al.., 2016; 2018), this study developed the necessary tools to integrate the
simulation of selected environmental tracers into a comprehensive modelling framework that jointly uses
observed hydraulic heads and observed environmental tracer concentrations. While apparent groundwater
1

ages as inferred from environmental tracer data have occasionally been used as additional independent
observations to further constrain and calibrate numerical groundwater models (Leray et al.., 2012; Weiss
and Smith, 1998), the present modelling study is unique in that it uses, for the first time, a combination of
environmental tracers that directly characterise old and very old waters (up to millions of years), at the
sedimentary basin scale, without the need for interpreting an apparent groundwater age. The study is
focussed specifically on groundwater flows within the Hutton and Precipice Sandstone aquifer systems
within the CMA, for which effective groundwater recharge rates are still relatively uncertain with estimates
ranging by over an order of magnitude based on interpretation of tracer data (Suckow et al., 2016; 2018)
and chloride mass balance (OGIA, 2016a). However, while beyond the scope of the present work, the
methods and modelling approaches developed in this study will be transferrable to other subdomains of
the Surat Basin and elsewhere.

2

2

Methods

2.1

Study area

Covering an area of 440,000 km2, the Surat and Bowen basins are located in south-central Queensland,
Australia, and are the primary target for CSG extractions within the Surat CMA. OGIA conducted an
extensive geologic investigation to develop a three-dimensional spatial representation of the system’s
regional stratigraphy (OGIA, 2016a; b). This stratigraphy included the Condamine River alluvium, Main
Range Volcanics, Surat and Bowen basins (Figure 2.1). A lithostratigraphic approach was used to develop
layers in the Surat and Bowen basins by defining boundaries between geologic formations based on major
changes in the depositional environment.

Figure 2.1: Conceptual model of the groundwater systems in the Surat Cumulative Management Area (OGIA 2016a;
b; c)

The Surat Basin is considered part of the Great Artesian Basin (GAB), with the western margins of the Surat
and Bowen basins being hydraulically connected to the Eromanga Basin of the GAB (Habermehl, 1980;
Radke et al.., 2000). Along a portion of the southern boundary, the Surat Basin connects far into New South
Wales, including the Coonamble Embayment and the Oxley Basin, which overly the Gunnedah Basin
(Habermehl, 1980). The deepest formation in the Surat Basin is the Precipice Sandstone, which
unconformably overlies the Bowen Basin (Figure 2.1). The Precipice Sandstone is hydraulically disconnected
from the overlying Hutton Sandstone by both a shale-rich layer and by the Evergreen Formation aquitard
(Hodgkinson et al., 2010).
There are two known and noteworthy structural faults at the margins of the Mimosa Syncline. Both faults
trend north-south and result in only minor deformations and displacements in the system. The faults are
named the Hutton-Wallumbilla fault in the west, the Moonie-Goondiwindi and Burunga-Leichhardt fault
system in the east (referred together as the Burunga-Leichhardt fault) (OGIA, 2016a; b).

3

2.1.1 HYDROGEOLOGICAL CHARACTERISTICS OF THE HUTTON AND PRECIPICE AQUIFERS
The quality of groundwater among the two investigated aquifers, i.e., the Hutton and Precipice sandstone
aquifers, is better in the Precipice Sandstone, as the Hutton Sandstone has generally higher salinity (Ransley
et al.., 2015; Raiber and Suckow, 2017; Suckow et al.., 2016; 2018). The Hutton Sandstone also has a lower
yield, as suggested by extensive sediment core testing that resulted in a relatively wide range of hydraulic
conductivity estimates from 10-5 to 1 m/d in both horizontal and vertical directions (APLNG, 2014). The
hydraulic conductivity estimates for the Precipice Sandstone ranged from 0.001 to 10 m/d (APLNG, 2014).
Recharge for the Hutton and Precipice Sandstone aquifers is generally assumed (Kellett et al.., 2003) to
occur in the regions where the aquifers outcrop, i.e., are expressed at land surface. Due to the
sedimentation history, these outcrop areas take an upside-down “U” shape around Taroom and Injune
(Figure 2.2).

Figure 2.2: Surat CMA and planar extent of recharge areas (i.e., outcrop areas).

A potentiometric surface was recently developed by Hodgkinson et al. (2010), which indicates that the
major recharge areas are within the northern and eastern outcrop areas (Figure 2.3). Inferred groundwater
flow lines indicate that groundwater flow fans out in several directions from these areas, exiting the basins
as either interflow to the south, or as discharge to the Dawson River in the outcrop areas of the north-east.
The latter, which is counterintuitive, is supported by an observed groundwater depression in the Hutton
Sandstone near Taroom, with similar results for the Evergreen Formation and Precipice Sandstone
(Hodgkinson et al., 2010). Although the GAB is hydraulically connected in the west, groundwater flow
across this boundary is generally assumed to be negligible, especially prior to the more recent
anthropogenic extractions (OGIA, 2016a; b; c).
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Figure 2.3: Inferred potentiometric surface of the Hutton and Precipice Sandstone aquifers (Hodgkinson et al., 2010)

2.2

Environmental Tracer Sampling Campaign

The discrepancy between the map of hydraulic heads developed by Hodgkinson et al. (2010) and the
general understanding that the Hutton and Precipice Sandstone aquifers are recharge areas, with a
groundwater flow towards the Great Artesian Basin, motivated several different environmental tracer
studies. The key question that motivated this first study was whether the historical groundwater flow in the
Hutton Sandstone was in fact occurring in southerly direction and thus contributing recharge to the GAB.
This resulted in a sampling campaign, undertaken in 2013 and published in 2016 (Suckow et al., 2016),
focused on the Hutton Sandstone. The initial idea was to sample two north-south transects for as many
environmental tracers as feasible and to determine the historical flow direction, i.e., the flow direction
prior to any significant anthropogenic influence. Concentrations of environmental tracers such as tritium,
14
C, and 36Cl are often considered to represent the “age” of a groundwater sample, which can be used to
conceptually determine flow direction. Given that environmental tracer data for “old tracers” represent the
5

long-term groundwater flow behaviour rather than the current flow behaviour, a southerly flow direction
should have shown a north-to-south trend of increasing groundwater ages. However, it should be noted
that the interpretation of a groundwater “age” can be misleading, as in reality any water sample typically
represents a mixture of waters with differing residence times, i.e., different ages (IAEA, 2013; Suckow,
2014).
The analysis of the sampled environmental tracer data did not show the anticipated clear north-to-south
trend in interpreted groundwater age. This indicated that a single, simplistic one-dimensional flow direction
was an inadequate conceptualisation of the system and that further analysis was required. Suckow et al.,
(2016) hypothesised a general trend of increasing groundwater ages with increasing distance between the
sampled well and the nearest Hutton Sandstone outcrop point. This trend was in fact evident for each
individual tracer; however, the flow velocities inferred from each tracer ( 14C and 36Cl) differed by one order
of magnitude. Suckow et al. (2016) found that this discrepancy can, however, be reconciled under the
assumption that the Hutton Sandstone is a double porosity system in which groundwater flow occurs only
in a small fraction (“mobile fraction”) of the whole formation. The data suggested that at most 20% of the
thickness acts as the mobile fraction. This was in agreement with the sedimentological description of the
genesis of this formation (Guiton et al., 2015). However, the actual groundwater velocity could not be
uniquely determined by fitting the tracer data alone; only the product of (1) the effective thickness in which
the aquifer groundwater flow takes place, (2) porosity, and (3) groundwater velocity could be determined.
In other words, halving the effective thickness and doubling the groundwater velocity would give the same
fit. Despite this limitation, this analysis provided a first quantitative estimate of the effective deep recharge
that entered the Hutton Sandstone under pre-development conditions. The estimated rates were 30 times
lower than earlier estimates that were based on a chloride mass balance. The description of the Hutton
Sandstone as a double porosity system also agreed with findings of a numerical study, where the
environmental tracer results could not be reproduced with a simple particle tracking approach, which only
accounts for purely advective transport (Sreekanth and Moore, 2015).
This first study (Suckow et al., 2016) also revealed several open questions. Very little is known about the
deeper Precipice Sandstone and its flow dynamics and recharge mechanism which may provide insight into
the question of flow directions in the Surat CMA. This is also becoming increasingly important because the
Precipice Sandstone is now the target of large-scale re-injection of CSG process water. Furthermore, the
Precipice Sandstone aquifer also has significance for the local farming industry given that farmers have
started to pool their resources and drill deep and expensive wells into the Precipice Sandstone. The
motivation for this is two-fold. First, the often-targeted Hutton Sandstone generally has a higher salinity
and, secondly, its water levels have been observed to steadily decline. Since very few environmental tracer
data exist for the deeper Precipice Sandstone, little can be deduced about its dynamics and hence more
data is required.
To fill these data gaps, a second study was conducted within the current GISERA project. As part of this
study, hydrochemical and environmental tracer data were collected in 2017 with a focus on the Precipice
Sandstone (Raiber and Suckow, 2017; Suckow et al., 2018). This sampling campaign suggested rather high
flow velocities to occur in the Precipice Sandstone and groundwater ages of less than 40,000 years. This
campaign also closed some data gaps in the Hutton Sandstone, especially with respect to tracer data for
locations in the vicinity of the recharge areas. Both studies together have also given insight into helium
accumulation rates within the two aquifers. The interpreted helium concentrations were consistent with
the findings from the other tracers. The helium data also suggested areas in the western part of the
Mimosa Syncline, close to the Hutton-Wallumbilla fault system, where deeper and older groundwater
appears to ascend (Suckow et al., 2018). Complementing the field data collection and interpretation, a trial
study used quartz grains as proxies for the helium concentration in pore waters and to provide formation
scale transmissivity values to assess connectivity between the Hutton Sandstone, the Precipice Sandstone,
and the Walloon Coal Measures (Smith, 2015).
Altogether, these studies delivered some of the first estimates of deep recharge and suggested the
subsequent use of the environmental tracers 14C, 36Cl and helium as calibration targets for a more detailed
numerical study. This approach would alleviate the limitations of assuming a single one-dimensional flow
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direction, or individual flow directions for each sample, by including the full geometry and flow path
distributions of the entire three-dimensional system.

2.3

Development of Model Framework

The simultaneous simulation of the transport and fate of multiple environmental tracers for old and very
old groundwaters on the scale of the Surat CMA has not been previously conducted in the literature and
remains a topic of advanced research. The main hypothesis of the present study is that such reactive
transport simulations may have significant impacts on the reduction of predictive uncertainty of the
underlying groundwater flow models. In order to conduct such an analysis, an accurate simulator of the
groundwater flow field is required along with a set of suitable simplifying assumptions associated with the
simulation of the reactive transport of the considered tracers. Within the scope of the present study the
developed model framework included the simulation of the environmental tracers 14C and 36Cl. In principle,
the numerical simulations of the reactive transport of these environmental tracers relied on OGIA’s
conceptual and numerical flow model framework. However, as discussed below, a range of utilities had to
be developed and code modifications undertaken in order to allow for the efficient and practical
construction and (re-)parametrisation of groundwater flow fields. This resulted in the development of
numerically efficient surrogate models for groundwater flow and reactive environmental tracer transport in
the Surat CMA. The model modifications and development had to be made in order to (1) extract the flow
fields of interest from OGIA’s Surat CMA model (from the Hutton Sandstone to the Precipice Sandstone),
and (2) develop and test suitable, tracer-specific reactive transport modelling approaches.

2.3.1 OGIA’S REGIONAL GROUNDWATER FLOW MODEL FOR THE SURAT CMA
OGIA has conducted an extensive suite of analyses to understand the Surat Basin flow system and
subsequently, to develop a numerical groundwater flow model (OGIA, 2016c). This model is designed to
simulate the historical hydraulic conditions, within a reasonable degree of accuracy, as well as to make
future predictions of the hydraulic system behaviour in response to anthropogenic influences, including
CSG operations. In this section, a brief review of the current construction of OGIA’s groundwater flow
model is provided, with a focus on the Hutton and Precipice Sandstone aquifers as well as the Evergreen
Formation; see OGIA (2016c) for further details.

Model Software, Spatial Extent and Discretisation
The groundwater flow model developed by OGIA is constructed using the unstructured-grid version of the
U.S. Geological Survey (USGS) public domain software MODFLOW-USG (Panday et al., 2017). A primary
feature of this software is the ability to develop complex model grids that are not necessarily rectilinear; for
example, Voronoi polygons can be used for variable grid resolution around specific hydrologic features such
as rivers. This feature is, however, not employed in the Surat Basin groundwater flow model, which uses a
rectilinear grid with square model cells, but may be explored in future versions of the model (OGIA, 2016c).
MODFLOW-USG can also allow for vertical flow through layers that do not exist or are “pinched-out”. For
example, if a particular aquitard is modelled as layer 2, but does not exist in certain portions of the model
domain, MODFLOW-USG can connect layers 1 and 3 directly without the need for layer 2 to be active. This
is an important feature for the Surat Basin under the Condamine River Alluvium and Main Range Volcanics
(among other areas) (OGIA, 2016c). However, this feature is largely not present from the Hutton Sandstone
down to the Precipice Sandstone.
In addition to pinched-out layers, MODFLOW-USG also provides significant flexibility in model cell
connections which is highly valuable along fault structures. Flow can be facilitated vertically by faults across
many aquifers in the Surat Basin, and MODFLOW-USG is used to simulate this by connecting fault model
cells with multiple model layers that are juxtaposed by fault displacement (OGIA, 2016c). This was applied
to the Hutton-Wallumbilla and Burunga-Leichhardt faults discussed in the previous section. MODFLOWUSG is also used in the Surat Basin groundwater flow model to account for additional affects such as dual
phase flow, dual porosity, etc. Finally, OGIA has worked with the developers of MODFLOW-USG to produce
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additional, site-specific modifications such as derating pumping wells, descending drains (for multi-node
wells), etc., for the purposes of simulating CSG operations.
The hydrostratigraphy of the model domain is based on the three-dimensional geological model and
consists of 32 layers. The numerical model layers and the aquifers which they represent are depicted in
Figure 2.1. The Hutton Sandstone was subdivided into two layers, entitled the Upper (layer 18) and Lower
(layer 19) Hutton, due to the vertical heterogeneity observed in their hydraulic properties; two distinct
differences were observed based on geophysical log interpretations (OGIA, 2016c). Therefore, the primary
model layers of interest for this study are layers 18-21, where the Evergreen Formation and Precipice
Sandstone comprise layers 20 and 21, respectively.
The lateral extent of the model domain largely coincides with the Surat CMA. The model extends outside
the Surat CMA in the west and south to account for the hydraulic connections in these directions. From the
plan view, the width and height of the model is about 460 and 650 km, respectively. The model grid is
discretised into square 1.5 km × 1.5 km model cells, resulting in 433 rows and 306 columns and about 1.2
million active model cells. The planar extent of the Upper/Lower Hutton Sandstone, Evergreen Formation,
and Precipice Sandstone is about 140, 139, 135, and 101 × 103 km2; Figure 2.4 depicts the areal extent of
these model layers compared to the overall extent of the entire model.

Figure 2.4: Spatial extent and boundary conditions of the Hutton Sandstone, Evergreen Formation, and Precipice
Sandstone model layers for the numerical model developed by OGIA (OGIA, 2016c).

Temporal Discretisation
The simulation used for calibration of the Surat CMA model consists of three stages (OGIA, 2016c). The first
simulation is a steady-state simulation that represents the hydrogeological conditions in 1947 when no
significant anthropogenic groundwater extractions occurred, i.e., pre-development conditions. The second
simulation is also a steady-state simulation which represents conditions in 1995. This simulation includes
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some anthropogenic extractions while CSG extractions had not yet started. The third simulation is a
transient simulation that extends from the 1995 simulated conditions to 2014. This third simulation
includes the spatially and temporally variable extraction from CSG operations. For the purposes of this
study, only the pre-development simulation was used to simulate environmental tracer transport.
Neglecting the transient groundwater flow conditions that occurred over the last few decades assumes that
the concentrations of the investigated old and very old environmental tracers have not significantly
changed during this period. In other words, today’s observed spatial pattern of environmental tracer
concentrations in the Hutton and Precipice is very similar to the pattern that would have been observed in
1947. Given the spatial scale of the model and the focus on old tracers, this assumption is most likely
warranted as all the considered environmental tracers would not have moved over any significant distance
during this period, despite the changes in hydraulic heads and flow rates that were induced by the various
groundwater extractions.

Model Boundary Conditions
The discussion on boundary conditions here pertains only to the 1947 steady-state simulation, as the other
two simulation periods are not considered in this study. The lateral boundaries of the overall model domain
in the northwest and southeast are assumed to be no-flow boundaries (Figure 2.4). Each layer may be
subject to four boundary types, (1) no-flow, (2) drainage, (3) general-head, and (4) recharge. A no-flow
boundary exists along the faces of model cells that reside on the edge of a model layer, and do not contain
recharge, drain or general-head boundary conditions.
The general-head boundaries (GHB’s) simulate lateral groundwater flow into, or out of, a model layer
associated with the GAB in the west, or the connections to groundwater basins in the south (Figure 2.4).
The reference head assigned to the western GHB’s was set to the simulated values obtained from an earlier
version of the model, which assumed a no-flow condition further west of the current boundary (GHD,
2012). The corresponding conductance was calculated based on the estimated hydraulic properties, and
distance between the previous model and current model’s boundary locations. The reference head
assigned to the southern GHB’s was set to the land surface elevation and the associated conductance was
calibrated during the development of the current Surat CMA model (OGIA, 2016c).
Recharge is applied on the outcrop areas of the Hutton Sandstone down to the Precipice Sandstone (Figure
2.4). The recharge rates were initially estimated via chloride mass balance at specific point locations
followed by a subsequent interpolation over the outcrop areas (Figure 2.5) (OGIA, 2016a). Recharge is
applied as a constant specified flux for the 1947 steady-state simulation. It is noteworthy that a substantial
portion of this recharge is rejected to the surrounding shallow systems, which are represented as drains.
That is, the model grid cells representing outcrop areas not only receive recharge, but they are also defined
as drains, i.e., the spatial extent of the applied recharge is equivalent to the spatial extent of the simulated
drains (Figure 2.5). The drain elevations are based on land surface conditions, and the conductance values
are set to a spatially constant value of 5,000 m2/d, which provides little impedance on the outflow of
groundwater (OGIA, 2016c).
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Figure 2.5: Initial estimates of recharge rates and the elevations used in OGIA’s current Surat CMA model.

Model Parameterisation and Observation Data
The current Surat CMA model version, the basis for the present study, was calibrated by OGIA using the
PEST software suite (Doherty, 2016a, 2016b). The calibration process for this model consisted of over 7,000
parameters and 16,0s00 observations (OGIA, 2016c). Hydraulic head measurements comprised the majority
of the observation dataset and consisted of measurements that represent pre-development steady-state
conditions and transient post-CSG conditions. Other measurement types consisted of flux constraints (e.g.,
enforcing a zero-flux exchange between the Surat Basin and the GAB in the west, Condamine water flux
exchange, etc.), vertical head differences or gradients, water saturation conditions in coal seams, etc. The
majority of the spatial parameterisation was conducted via pilot point interpolation, which included
hydraulic conductivity, vertical anisotropy, Condamine Alluvium hydraulic properties, general-head
boundary parameters, and coal cleat storage. Other parameters consisted of recharge multipliers, fault
conductance, and additional parameters required for the coal measures, e.g., the ratio of the dual domain
transfer flow rate to upscaled vertical hydraulic conductivity.
Due to the high degree of parameterisation relative to the information content in the observation dataset,
the inverse problem was ill-posed. Therefore, regularisation was applied using two strategies, subspace
methods and Tikhonov regularisation. The subspace method projects the inverse problem onto a subspace
of the parameter vector space, i.e., the so-called “solution space”. Tikhonov regularisation is an
approximate Bayesian estimation approach for nonlinear inverse problems, where prior information is
imposed on the parameter values. Tikhonov prior information, or constraints, consisted of (1) homogeneity
assumptions along GHB boundaries and some interlayer properties such as the Brooks-Corey exponent, a
parameter for the relationship between hydraulic conductivity and moisture content in the unsaturated
zone, for example, and (2) initial values assigned to each of the remaining parameters.
The calibration results show an overall reasonable agreement with observed data (see OGIA, 2016c for
details). The estimated hydraulic conductivity is, in general, higher in the Precipice Sandstone than in the
Hutton Sandstone (Figures 6 and 7). However, due to the fact that the inverse problem is
overparameterised, the calibrated parameter set is not unique. To the best of our knowledge, OGIA has not
addressed this issue through the formal quantification of parameter and/or predictive uncertainty, e.g., via
the Null-Space Monte Carlo method. Therefore, in this study, we focus on a single parameter set issued by
OGIA as outlined in OGIA (2016c). There are some potentially significant limitations to this, which are
outlined in subsequent sections.
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Figure 2.6: Horizontal hydraulic conductivity field estimated by OGIA for the Surat CMA model. The high density of
the pilot points is evident in these distributions.

Figure 2.7: Vertical hydraulic conductivity field estimated by OGIA for the Surat CMA model. The high density of the
pilot points is evident in these distributions.
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2.3.2 GROUNDWATER FLOW AND REACTIVE TRANSPORT MODEL DEVELOPMENT
In the case of the Surat CMA, the groundwater flow model developed by OGIA (2016c) is the best tool for
the establishment of an accurate flow field simulator. However, since the unstructured-grid version of
MODFLOW was employed as OGIA’s modelling platform, the direct use of the resulting computed flow
fields for the solute transport simulations with MT3DMS (Zheng and Wang, 1999) was not feasible.
Therefore, an appropriate workflow had to be developed to facilitate the use of OGIA’s Surat CMA model,
and associated surrogate models, as a basis for simulating the reactive transport of multiple environmental
tracers.
MODFLOW-USG allows for unstructured grid usage in groundwater flow modelling. While this provides
significant advantages for flow model simulations, as discussed previously, the employed transport
simulator MT3DMS requires the definition of rectilinear, structured model grids. This is mostly due to
practical considerations in the spatial construction of the finite difference or mixed Eulerian-Lagrangian
equations. In this study, we take advantage of the fact that the Surat CMA is constructed as a rectilinear
model and the only “unstructured” model features utilised in this model are (i) the pinching-out of model
layers and (ii) the vertical connections induced along faults. Furthermore, the severity of these
unstructured features is less pronounced from the Hutton Sandstone down to the Precipice Sandstone.
There are, in fact, a number of model cells that pinch-out in the Precipice Sandstone but since this is the
deepest layer of interest, this pinching-out has no impact if transport within the deeper Bowen Basin is not
simulated. Therefore, it is possible to reconstruct a surrogate (sub)model of the Surat CMA model using a
rectilinear, structured grid that is compatible with the requirements of the MT3DMS transport simulator.

Extracting the Flow Field for the Hutton Sandstone, Evergreen Formation and Precipice
Sandstone Aquifers
The approximate simulation of the flow field from the Hutton Sandstone down to the Precipice Sandstone
with a rectilinear, structured grid is a two-step process. The first step is to simply execute the full Surat
CMA model as developed by OGIA. The second step is to extract relevant hydraulic simulation output to
develop a separate groundwater flow model for the Hutton Sandstone down to the Precipice Sandstone.
This separate model, which only corresponds to the 1947 steady-state simulation of the Surat CMA model,
will be referred to as the surrogate flow model from here on in this report.
The surrogate flow model employs the exact same discretisation and extent as the Surat CMA model for
the Hutton, Evergreen and Precipice model layers (Figure 2.4). Additionally, since the outcrop areas for
these aquifers are not connected to any model layers above them (i.e., the layers are expressed at land
surface), the exact same recharge/drain boundary conditions can be applied in these areas (Figure 2.5).
Therefore, the only boundaries for the surrogate flow model that differ from the Surat CMA model are the
vertical connections to the aquifers/aquitards above the Hutton Sandstone and those below the Precipice
Sandstone. In the surrogate flow model, these boundaries are simulated as connections with constant-head
model cells, where the prescribed hydraulic head is set to the values resulting from the simulation of the
full Surat CMA model. That is, a model layer is added above the Hutton Sandstone which is comprised
entirely of constant-head model cells whose prescribed values are set to the simulated results of the full
Surat CMA model; a similar model layer is added below the Precipice Sandstone to account for vertical
connections in this direction. The surrogate flow model is subsequently simulated at steady-state using
MODFLOW-2005. Figure 2.8 illustrates this procedure.
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Figure 2.8: Illustration of the methodology used in this study to convert the flow field from the rectilinear
MODFLOW-USG Surat CMA groundwater flow model into a rectilinear but structured surrogate flow field for only
the Hutton Sandstone down to the Precipice Sandstone aquifers. The resulting surrogate flow model is simulated
with MODFLOW-2005 with the same discretisation and recharge/drain boundary conditions as the 1947 steadystate Surat CMA model simulation.

While this methodology may seem straightforward, care must be taken when extracting the simulated
hydraulic head from the Surat CMA model due to the potential for pinched-out layers. That is, the hydraulic
head for a given model cell in the Upper Hutton Sandstone (i.e., layer 18) may not necessarily be connected
with the next layer up, the Durabilla Formation (i.e., layer 17). Similarly, the downward connections to the
Bowen Basin are complex; Figure 2.9 depicts the extent of the constant-head cells by model layer for the
surrogate flow model, which has six model layers (layers 1 and 6 represent the most upward and
downward connections, respectively).
For some areas in the south-eastern region of the domain, the Upper Hutton is in direct contact with layer
1, the alluvium and basalt (including Main Range Volcanics), indicating that layers 2-17 are non-existent in
these regions; similarly, in the south-western portion of the Upper Hutton, layer 17 is pinched out and the
Upper Hutton is in direct connection with layer 16, the lower Walloon Coal Measures (Figure 2.9). There are
some other upward connections present in the Upper Hutton including the Upper Springbrook Sandstone
(layer 9) and the Upper Cretaceous/Cenozoic sediments (layer 2). There is also a small upward connection
to shallower layers along a fault line in the north central region (a portion of the Hutton-Wallumbilla Fault
system). Since multiple vertical connections in a single direction (upward or downward) are not allowed in
structured grids, the overall connectivity of the fault system cannot be simulated in the surrogate flow
model; this may potentially produce some small errors.
The Precipice Sandstone pinches-out in many locations as depicted in Figure 2.9. Therefore, in these
regions the Evergreen Formation has a direct connection with the model layers of the Bowen Basin (i.e.,
layers 22-32 of the Surat CMA model). For each of these locations, a constant-head cell is required within
the Precipice Sandstone (layer 5 of the surrogate flow model). This presents a relatively small source of
error since in the Surat CMA model, the deeper Bowen Basin layers do not connect laterally with the
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Precipice Sandstone. However, since both the magnitude of the induced error and the number of model
cells affected are small, this likely has little overall impact on system dynamics (Figure 2.10). The Precipice
Sandstone, where active, directly connects with the Bowen Basin below, with the layer number indicating
which layers in the Bowen Basin are pinched-out; it is apparent that several of the Bowen Basin model
layers pinch-out along the Mimosa Syncline (Figure 2.9).

Figure 2.9: Vertical connections used to define constant-head cells in the six-layer surrogate flow model. Grey active
areas indicate regions where the surrogate flow model simulates groundwater flow. The layers above the Hutton
Sandstone and below the Precipice Sandstone are entirely comprised of constant-head cells. The active layers in
between still contain some vertical connections (and hence, constant-head cells) to layers above the Hutton
Sandstone or below the Precipice Sandstone due to other layers not being active in these regions. This feature is
most pronounced in the Precipice Sandstone where numerous cells represent a connection between the Evergreen
Formation and the layers beneath the Precipice Sandstone (where the Precipice Sandstone is inactive).

Once the Surat CMA model is executed (again, for the 1947 steady-state simulation), the hydraulic head
data, corresponding to the coloured model cells depicted in Figure 2.9, are extracted and used as constanthead cells in the surrogate flow model. Subsequently, the surrogate flow model is executed within
MODFLOW-2005 using a rectilinear, structured model grid. Using the single calibrated parameter set
provided by OGIA (2016c), this process was conducted to verify that the simulated results of the surrogate
flow model agree with those of the Surat CMA model, which indeed showed generally good agreement
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(Figure 2.10). During the execution of the surrogate flow model, the flow field required as input for the
subsequent MT3DMS simulation can be automatically generated. With this workflow in place, the
incorporation of environmental tracers into the calibration process of the Surat CMA is now possible.

Figure 2.10: Comparison between the simulated hydraulic head distributions of the Surat CMA and the surrogate
flow model for the 1947 steady-state simulation using the single calibrated parameter set provided by OGIA
(2016c).

Environmental Tracers for Old Groundwater
Environmental tracers are produced naturally either within the atmosphere (e.g., 14C, 36Cl, etc.) or within
the subsurface (e.g., 4He, 36Cl, etc.). Once they are recharged and/or dissolved within the groundwater, they
are transported through the aquifer system via advective and dispersive-diffusive mechanisms. Using
knowledge about how tracers are produced and how they enter the groundwater system, along with
measured concentrations from groundwater samples, hydrologists have in the past inferred qualitative or
semi-quantitative information about the flow paths and residence times of a particular groundwater
system. In most cases environmental tracer concentrations were converted to (apparent) groundwater
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ages before being used to support the characterisation of groundwater flow system (Suckow, 2014). This
conversion is based on the known physico-chemical behaviour of the considered environmental tracer. For
example, some radioactive tracers such as 14C undergo decay under well-known (first-order) decay rates as
they move through the groundwater system. Inferring groundwater ages using these radioactive tracers
requires (1) knowledge or assumptions of the abundance of each tracer upon groundwater recharge (C_0),
i.e., at the time the tracer enters the saturated zone of the groundwater system (2) the decay rate (λ) or
half-life of the respective tracer, and (3) the observed concentration of the tracers (C). In this case the
(apparent) groundwater age can be computed from:
1
𝐶𝐶
𝐶𝐶 = 𝐶𝐶0 𝑒𝑒 −𝜆𝜆𝜆𝜆 ⇒ 𝑎𝑎𝑎𝑎𝑎𝑎 = − 𝑙𝑙𝑙𝑙 � �
𝜆𝜆
𝐶𝐶0

(1)

However, inferring an apparent groundwater age from a tracer sample in this way relies on many
simplifying assumptions and thus contains numerous uncertainties. Some of the factors that often render
such an analysis unreliable include, geochemical influences, multiple sources (e.g., both atmospheric and
geologic), mixing of old and young groundwaters, dispersion, diffusion into or out of aquitards, etc. As a
result, Love et al. (2000), for example, found that estimating flow velocities using 36Cl was more precise
than groundwater age due to complicating factors including, “dead” Cl diffusion from aquitards and the
difficulty associated with quantifying steady state in situ production. However, many of these “complicating
factors” such as mixing/dispersion etc., can be accounted for through their explicit consideration in
numerical reactive transport models.
In this study, we use tracer concentrations directly within a numerical modelling framework to make
quantitative conclusions about flow paths, recharge rates, and residence times. This is possible because
numerical flow and transport models intrinsically account for many of the uncertainties incurred during the
interpretation of tracer concentrations including, multiple sources, dispersion, diffusion into or out of
aquitards, and mixing of old and young groundwaters. This study is primarily focussed on the simulation
and information content associated with 36Cl and 14C. Both 36Cl and 14C are produced in the atmosphere and
enter the groundwater system via rainfall/recharge. 36Cl can be produced in the subsurface primarily via the
decay chains of uranium and thorium. 36Cl and 14C are radioactive tracers that undergo first-order decay;
their half-lives are about 301,000 and 5,730 years, respectively. 36Cl is an ideal tracer for groundwaters that
are between 100,000 and 1 million years old, and 14C is an ideal tracer for groundwaters that are between
2,000 and 40,000 years old. However, concentrations of both tracers can be affected by physical and/or
chemical processes that render the direct use of Equation 1 completely unreliable.
Transport model for 36Cl
Perhaps the most significant complication associated with the use of 36Cl is that it can be produced in the
subsurface from stable 35Cl atoms via the decay chains of uranium and thorium. This process is referred to
as neutron activation (Park et al., 2002),
35Cl

+ 10n ⟶ 36Cl

The production of 36Cl is therefore dependent on the abundance of stable 35Cl (𝜒𝜒35 = 0.75775), the total Cl
concentration (𝐶𝐶𝐶𝐶𝐶𝐶), the neutron flux (Φ𝑛𝑛), which is a function of the presence of uranium and thorium, the
porosity (𝜙𝜙), and finally the neutron capture cross section of 35Cl (𝜎𝜎35 = 43.74 × 10−24 ). The production
rate of 36Cl is assumed to be zeroth-order and simply a multiplication of these components (Park et al.,
2002),
𝑃𝑃36 = Φ𝑛𝑛 𝜙𝜙𝜒𝜒35 𝜎𝜎35 𝐶𝐶𝐶𝐶𝐶𝐶

(2)

The production rate of 36Cl is therefore a spatially distributed phenomena. However, in this study it was
assumed that the production rate is spatially homogeneous. This assumption is reasonable because the
observed 36Cl abundance (i.e., 36Cl/Cl) appears to have reached a relatively constant value at some distance
from the outcrop areas. This relatively constant value is most likely the result of an equilibrium between
radioactive decay and production of 36Cl, often referred to as secular equilibrium. It can be shown that the
36
secular equilibrium for 36Cl abundance (𝑅𝑅 36
𝑠𝑠𝑠𝑠 ) can be simply be written as the ratio of the Cl production
rate (excluding the concentration of Cl) and the decay rate,
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Φ𝑛𝑛 𝜙𝜙𝜒𝜒35 𝜎𝜎35
(3)
𝜆𝜆
36
36
In this study, the Cl abundance, i.e., 𝑅𝑅 , is used as the state variable. This assumes that the Cl entering
the system with the 36Cl migrates along the same flow paths as 36Cl and that there is no “dead” Cl that can
influence the abundance measurements. This assumption is likely valid since Suckow et al. (2016; 2018)
indicated that dead Cl does not play a significant role in the Hutton and Precipice Sandstones.
𝑅𝑅36
𝑠𝑠𝑠𝑠 =

The original version of the MT3DMS code is limited to the simulation of either 0th-order or 1st-oder chemical
decay or production processes and therefore unable to simulate the simultaneous decay and production of
36
Cl. Therefore, the source code of MT3DMS had to be accordingly modified and tested as part of this
study. The revised code now allows to compute a steady-state transport solution for arbitrary combinations
of these two mechanisms.
Transport model for 14C
The abundance of 14C in aquifers and its use as an environmental tracer is affected by numerous
biogeochemical processes that remain uncaptured by the use of Equation 1. Potential complications or
errors arise where dissolution, precipitation, or recrystallisation of carbonate materials occurs.
Furthermore, the oxidation of either dissolved or sedimentary organic carbon may affect the abundance of
14
C. For example, Salmon et al. (2015) demonstrated through numerical two-dimensional reactive transport
simulations the impact of some of these processes on the inference of apparent groundwater ages and
found them to be quite significant in some cases. Some of these biogeochemical factors may be relevant in
the Surat Basin, e.g., the potential downward migration of dissolved organic carbon from the coal measures
above the Hutton Sandstone, or the oxidation of methane migrating from below into the aquifers. In these
examples, “dead” C (total C with no 14C present) is transported and mixed with the measured groundwater
that contains 14C, diluting the ratio of 14C/C, rendering the measured sample non-representative of true
groundwater residence times. However, the explicit simulation of most of these factors remains at this
stage intractable for regional-scale three-dimensional groundwater models. Therefore, only the first-order
decay process of 14C could be considered in this study.

Reactive Transport Model for the Surat CMA
The reactive transport simulations considered in this study, for all tracers, employ the simplifying
assumption that both flow and transport can be approximated by steady state flow and transport
simulations. This assumes that the flow field has not changed over the entire computed residence time and
that the tracer distributions are stationary in time. Both assumptions clearly provide some source of error.
However, as already mentioned previously, the 36Cl observations appear to reach secular equilibrium in the
central Hutton Sandstone, which indicates that in these regions the tracers are in fact stationary over the
relevant time scale. Additionally, due to the depth of the aquifer systems and the relatively short duration
of groundwater pumping (compared to the time scale of radioactive decay of 14C and 36Cl), anthropogenic
influences are assumed to have a negligible influence on current day tracer distributions, as mentioned
previously.
The atmospheric source of 36Cl and 14C is assumed to enter the groundwater system via recharge from
precipitation. Therefore, an appropriate concentration, or abundance, must be assigned to incoming water
at the outcrops of the Evergreen Formation and the Hutton and Precipice Sandstone for these tracers
(Figure 2.4). Since the outcrop areas contain both recharge and discharge (due to drains rejecting
recharge), a specified concentration was only assigned to the incoming, or net recharge, waters. This is
accomplished using a constant-concentration source in MT3DMS in the outcrop areas. The incoming 36Cl/Cl
abundance was assumed to be 120 × 10−15, as previously suggested by Suckow et al. (2016; 2018), while
the incoming 14C/C abundance was assumed to be 100 percent modern carbon (pmc). Since there is some
potential for groundwater to migrate upward from the deeper Bowen Basin, any incoming groundwater
from below was assigned a 36Cl abundance consistent with what the bulk of the 36Cl/Cl data in the interior
of the Surat Basin indicates and is at secular equilibrium, about 15 × 10−15. The incoming groundwater
from below the Precipice Sandstone was given a 14C abundance of 0 pmc. The longitudinal dispersivity was
set to 100 m for all simulations due to long transport distances, with a horizontal transverse dispersivity of
17

10 m and a vertical transverse dispersivity of 1 m. The diffusion coefficient for 36Cl and 14C was set to 1.08 ×
10−4 m2/d (Cussler, 2009) and 1.12 × 10−4 m2/d (Cook and Herzceg, 2000), respectively.

Preliminary simulations showed some counterintuitive results in the south-eastern portion of the model
domain. The results in these regions were “spotty” due to a lack of incoming tracers where the outcrops
are not expressed at land surface. This is likely due to the fact that the Upper Hutton Sandstone is overlain
by alluvium and basalt in this region, i.e., layer 17 is connected to layer 1 above (Figure 2.9). This indicates
that the overall thickness of the porous medium above the Upper Hutton is relatively thin in these regions
and that 36Cl and 14C abundances associated with water entering the Upper Hutton Sandstone here may not
differ much from the atmospheric levels. Therefore, atmospheric abundances were also assigned to
incoming water entering the Upper Hutton Sandstone where it is in contact with the alluvium and basalt
above (i.e., layer 1). This essentially “fills in the gaps” along the outcrop areas to produce a more intuitive
shape and distribution (Figure 2.11). Although this improves the simulation of the tracers in these areas,
some spotty distributions still persist, which are likely due to strong upward fluxes in this region as
simulated by the Surat CMA model.

Figure 2.11: Overall outcrop areas where atmospheric abundance of associated tracers are set to constantconcentration for incoming water. The green regions comprise the overall outcrop areas considered for the aquifers
of interest in this study (Figure 2.4). The blue regions represent the areas where relatively thin alluvium and basalt
aquifers overlay the Upper Hutton Sandstone aquifer. These blue regions are also assigned constant-concentrations
of incoming waters at atmospheric levels.

2.3.3 MODEL CALIBRATION
The calibration process involved the estimation of both flow and transport parameters using a calibration
dataset consisting of hydraulic heads as well as 36Cl and 14C abundances. The parameterisation employed in
the Surat CMA model by OGIA is complex and involves thousands of pilot points (OGIA, 2016c). However,
their calibration timeline also included both a secondary steady-state, and a transient simulation with
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thousands of associated hydraulic head measurements. At the time of this study, it was not feasible to
utilise these additional simulations and overall observation dataset developed by OGIA. However, OGIA has
provided the hydraulic head data corresponding to the 1947 steady-state period of their model.
As a result of having fewer hydraulic head observation data, the pilot point interpolation scheme adopted
in this study utilises far fewer parameters (i.e., pilot points) than that employed by OGIA (2016c). In this
study, seven pilot points are used for the spatial parameterisation of horizontal/vertical hydraulic
conductivity and porosity for each model layer (Figure 2.12). The vertical hydraulic conductivity of the
Upper Hutton Sandstone was kept fixed at the distribution provide by OGIA (2016c) to alleviate potential
correlation in vertical conductance calculations within the aquifers of interest.

Figure 2.12: Pilot point locations used to parameterise spatial distributions of hydraulic conductivity and porosity.
The pilot point locations in the Upper and Lower Hutton Sandstone are the same; the locations have been adjusted
slightly in the Precipice Sandstone due to aquifer geometry. The Evergreen Formation is assumed to be homogeneous.

Additional parameters consisted of recharge adjustment factors and the 36Cl production rate. The initial
recharge estimates are assumed to be uncertain, and therefore a multiplier is applied to adjust the entire
recharge distribution for each of the four outcrop areas. This assumes that the relative distributions are
reasonably accurate, but the overall magnitude may not be (OGIA, 2016c). Therefore, there are a total of
64 parameters considered in this study, 22 pilot points for horizontal hydraulic conductivity, 15 for vertical
hydraulic conductivity, 22 for porosity, 4 recharge multipliers, and the 36Cl production rate. This study
provides the first regional estimates for porosity, as this was not estimated by OGIA (2016c). For future
work, permeability estimates could be improved by examining porosity-permeability structures.
Although the number of parameters implemented in this study is much smaller than that by OGIA (2016c),
the inverse problem was nevertheless under-determined. Therefore, Tikhonov regularisation was
employed to impose prior information consisting of the assumption of spatial homogeneity, i.e.,
regularisation constraints were set up such that the pilot point parameters within each layer were equal to
one another. The final estimated parameters therefore only deviate from the others if the observation data
requires it.
The hydraulic head dataset representing 1947 steady-state conditions contained 498 measurements
located throughout the entire model domain; only 59 of which are perforated in the Evergreen Formation
and the Hutton and Precipice Sandstone aquifers (OGIA, 2016c) (Figure 2.13). The observed 36Cl and 14C
abundances were obtained from previous sampling campaigns (Ransley and Smerdon, 2012; Feitz et al.,
2014) and both the previous and current GISERA projects (Suckow et al. 2016; 2018) and are depicted in
Figures 14 and 15 (among others). There are a total of 114 14C and 97 36Cl measurements used in the
calibration process resulting in an overall total of 709 field observations. The weights assigned to each
observation type (i.e., hydraulic head, 14C and 36Cl abundances) were based on (1) the relative magnitude of
the observation type (2) the associated relative measurement/conceptual errors, and (3) the number of
observations within the group. This resulted in a relative contribution from each observation type to the
overall least-squares objective function that is commensurate with these factors.
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Figure 2.13: Observed 1947 hydraulic head data in the Evergreen Formation and Hutton and Precipice Sandstone
aquifers (OGIA, 2016c).

Observations of tracer abundances where generally classified into being in either the Hutton or the
Precipice Sandstone. This assumes that there are no samples that represent the Evergreen Formation. Since
the Hutton Sandstone was divided into two model layers (OGIA, 2016c), the perforated interval for each
bore in the Hutton Sandstone, where tracers were sampled, must be considered. This is important for the
calibration process as tracer concentrations can differ significantly between model layers. This is especially
true near the outcrop areas. The hydrostratigraphic formation at the screened interval was independently
confirmed for each bore using bore construction details and three-dimensional geological models as
outlined by Raiber and Suckow (2017). Where perforated intervals either, (1) were unknown, or (2)
suggested that the bore was completed in both layers, or (3) suggested that the bore was completed above
or below the aquifers of interest based on numerical model layer elevations, a single layer was chosen as
the representative layer based on surrounding data and expert knowledge.
Model parameters for various setups were estimated by PEST (Appendix A). Each “model” within a PEST
run consisted of a series of steps to execute the following overall workflow,
1. Conduct pilot point interpolation for horizontal, vertical hydraulic conductivity and porosity.
2. Run scripts to insert hydraulic parameter fields into the Surat CMA model (MODFLOW-USG) for the
Hutton Sandstone down to the Precipice Sandstone layers.
3. Run scripts to apply recharge adjustment factors.
4. Execute the Surat CMA model (MODFLOW-USG).
5. Extract hydraulic head from Surat CMA model output corresponding to the constant-head boundaries of
the surrogate flow model (Figure 2.9).
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6. Using these boundary conditions, along with the hydraulic and recharge parameter fields, execute the
surrogate flow model (MODFLOW-2005).
7. Using the groundwater flow field from the surrogate flow model and the porosity parameter fields,
execute the reactive transport model (modified MT3DMS) for both 36Cl and 14C.
8. Run scripts for extracting the model-simulated equivalents of the hydraulic head observations from the
Surat CMA directly (i.e., not from the surrogate flow model).
9. Run scripts for extracting the model-simulated equivalents of the tracer abundance observations from
the reactive transport model.
The above process was conducted each time PEST tested a particular parameter set. The overall runtime of
the above process was about 10-20 min.
The above discussed simulation and calibration workflows were developed to successively improve the
conceptualisation and calibration and of the Hutton and Precipice Sandstone aquifers within the Surat
CMA. Initially, the flow field resulting from the single calibrated parameter set provided by OGIA (2016c)
was used to simulate the reactive transport of the environmental tracers 36Cl and 14C. However, these initial
simulations provided an inadequate representation of the environmental tracer distributions. Therefore,
the model was re-calibrated, for the Hutton down to the Precipice Sandstone aquifers only.
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3

Results and Discussion

3.1

Environmental Tracer Simulation for Unmodified Surat CMA Model
Parameterisation

The Surat CMA model was executed using the single calibrated parameter set provided by OGIA (2016c) as
described in Section 2.3.1. As explained by OGIA (2016c), the Surat CMA model reasonably reproduces the
observed hydraulic head distribution in the aquifers of interest; see OGIA (2016c) for detailed results. Using
the flow field from this simulation, with a reasonable, uniform value for porosity of 0.15, and a 36Cl
production rate of 6.3 × 10−8/d, Figures 14 and 15 depict the simulated 36Cl and 14C distributions using the
surrogate flow field described previously with the hydraulic parameters provided by OGIA. It is immediately
evident that the hydraulic parameters, and perhaps porosity and 36Cl production rate, would need to be
refined and revised in order to produce a better agreement between the model simulated and the
observed tracer concentrations. The observed 36Cl data in the Precipice Sandstone are less reliable than
those in the Hutton Sandstone (see Suckow et al. (2016; 2018) for further details); nevertheless, it is clear
that higher permeabilities will be required to allow 36Cl to migrate faster within this layer such that
observed 36Cl concentrations further away from recharge areas remain no longer underestimated. Similarly,
the 36Cl results in the Hutton Sandstone also indicate that higher permeabilities are likely required for this
layer, especially in the northern regions. A secular equilibrium of 10 × 10−15 is reached for 36Cl abundance
throughout the central portion of the basin, which is in good agreement with most of the data in this area.
Therefore, it is clear that 36Cl data collected in the centre of the basin are likely to be more useful for
determining the 36Cl production rate rather than for inferring groundwater flow paths or residence times.
Therefore, the groundwater in these central regions is likely to be millions of years old.
Due to the fact that the groundwater appears to be very old in the Surat Basin, perhaps on the order of
millions of years in the central regions of the Hutton Sandstone, the collected 14C data, while important to
be sampled in the first place, do not appear to provide any significant constraints for regional model
calibration, except possibly in the Precipice Sandstone. This is due to the fact that both the simulated and
the observed 14C concentrations approach 0 pmc only a few model cells inward from the outcrop area,
primarily in the Hutton Sandstone. This data was nevertheless included in the re-calibration of the model.
However, from here onward in this report, the discussion will be focussed primarily on the 36Cl results in
the Hutton Sandstone, and the 14C results in the Precipice Sandstone aquifers.
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Figure 3.1: Initial simulation of (and observed) 36 Cl abundances for the Hutton down to the Precipice Sandstone
aquifers using the single calibrated parameter set provided by OGIA (2016c).
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Figure 3.2: Initial simulation of (and observed) 14 C abundances for the Hutton down to the Precipice Sandstone
aquifers using the single calibrated parameter set provided by OGIA (2016c).

3.2

Re-Calibration of the Hutton and Precipice Sandstone Aquifers
Using Environmental Tracer Data

The parameters of the Hutton down to the Precipice Sandstone aquifers were refined, or re-calibrated,
with the inclusion of 36Cl and 14C environmental tracer observations using the simulation procedure
outlined in Section 2.3.3. The PEST++ software (Welter et al., 2015), a parallel programming
implementation of PEST using TCP/IP network communications, was used to conduct the calibration
process in parallel on Pearcey, a high-performance compute cluster operated by CSIRO. Since there were 64
parameters, only a maximum of 65 cores were required to conduct this analysis assuming forward
difference approximation of derivatives (i.e., for estimating a Jacobian matrix). Figures 16 and 17 illustrate
the re-calibrated tracer distributions focussed on the northern regions for 36Cl, where most of these data
were sampled. Figures 18 and 19 display the observed versus simulated 36Cl and hydraulic head results on
1-to-1 plots. The estimated spatially distributed parameters are depicted in Figures 20-22. The estimated
horizontal and vertical hydraulic conductivity for the Evergreen Formation was 5.24 × 10 −5m/d and 1.00 ×
10−7 m/d, respectively. The estimated recharge multipliers compared to those estimated by OGIA (2016c)
are listed in Table 3.1. A detailed list of each individual parameter and its associated statistics are provided
in Appendix A.
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Figure 3.3. Simulated and observed 36 Cl abundances for the Hutton Sandstone. The results associated with the
original single parameter set provided by OGIA (2016c) are compared with the re-calibrated results obtained in this
study.

Figure 3.4. Simulated and observed 14 C abundances for the Precipice Sandstone. The results associated with the
original single parameter set provided by OGIA (2016c) are compared with the re-calibrated results obtained in this
study.
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Figure 3.5. Comparison of measured hydraulic head with its simulated equivalent on 1-to-1 plot. The results
associated with the original single parameter set provided by OGIA (2016c) are compared with the re-calibrated
results obtained in this study.

Figure 3.6. Comparison of measured 36 Cl abundance with its simulated equivalent on 1-to-1 plot. The results
associated with the original single parameter set provided by OGIA (2016c) are compared with the re-calibrated
results obtained in this study. The grey region indicates values that are not possible to match due to the incoming
recharge being assigned a uniform abundance of 𝟏𝟏𝟏𝟏𝟏𝟏 × 𝟏𝟏𝟏𝟏−𝟏𝟏𝟏𝟏 .
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Figure 3.7. Estimated horizontal hydraulic conductivity.

Figure 3.8. Estimated vertical hydraulic conductivity.
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Figure 3.9. Estimated porosity.

The calibration process continues to reproduce the hydraulic head measurements as well as the original
parameter set provided by OGIA (2016c). In many areas, the re-calibration results produce a slightly worse
result, but in some areas the residuals are even reduced. Therefore, within the tolerance of measurement
and model structural noise, the re-calibration hydraulic head results are adequate. However, without
additional constraints such as environmental tracer data, these data could be easily matched for a number
of different combinations of parameters.
The environmental tracer distributions for 36Cl are significantly improved upon re-calibration of the
properties in the Hutton Sandstone down to the Precipice Sandstone. Overall, the original parameter set
provided by OGIA (2016c) underestimates the 36Cl for the most part, with a few measurements being
overestimated (Figure 3.6). The calibration procedure presented in this study dramatically shifted the data
closer to the 1-to-1 line; however, there are still a number of observations that remain significantly
underestimated. The most striking improvements in the calibration can be seen in the 36Cl abundances of
the Hutton Sandstone. Figure 3.5 shows a clear improvement for both model layers, with the calibration of
the data in the Lower Hutton Sandstone in the very good agreement with the measured data. The
estimated hydraulic properties produce an increased flow velocity off the outcrop areas, bringing younger
groundwater further into the model domain. This is accomplished in part by the hydraulic conductivity in
the northern regions being significantly greater than elsewhere in the aquifers. While this agrees somewhat
with the parameter set provided by OGIA (2016c) in the Upper Hutton Sandstone (Figure 2.6), the results in
the Lower Hutton Sandstone suggest that the hydraulic conductivity may be higher in this layer. However,
the porosity estimates seem rather complimentary between the Upper Hutton and the Lower Hutton
Sandstone, and are higher in magnitude in the Lower Hutton Sandstone, which reflects a complex
correlation structure here. While beyond the scope of this study, additional sensitivity analyses could be
conducted, using singular value decomposition techniques, to identify this correlation structure and to test
whether or not it is possible to achieve a reasonable calibration with lower hydraulic conductivity and
higher porosity estimates in the northern Lower Hutton Sandstone.
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The calibration of the 14C distributions in the Precipice Sandstone showed little improvement. This is due, in
part, to the fact that many of the 14C measurements indicate that the groundwater is quite old and are not
providing much information for the calibration of regional hydraulic properties. This is reflected by the fact
that the parameter estimates for the Precipice Sandstone remain relatively homogeneous (i.e., as
suggested by their prior information constraints via Tikhonov regularisation) and do not stray much from
their starting values. This insensitivity can also be seen in the composite scaled sensitivity and confidence
interval results (Appendix A). Therefore, if larger starting values were assumed for horizontal hydraulic
conductivity in the Precipice Sandstone, they may remain at these values during calibration and achieve the
same overall level of model fit. Another potential reason for a lack of improvement in this calibration
process could be due to potential conceptual model discrepancies, e.g., the outcrop coverage depicted in
Figure 2.2 suggests that the Precipice Sandstone has a significant outcrop area in the north-western region;
whereas, the model definition for this outcrop show little spatial coverage throughout the model domain.
In fact, it appears that the Evergreen Formation’s outcrop area in the model could be reassigned to the
Precipice, as the vertical hydraulic conductivity of the Evergreen Formation should be relatively low. This
could provide more potential for recharge in the Precipice Sandstone and a possibility to better match
some of the higher 14C abundances observed near the outcrops in the north-central region (Figure 3.4),
thus increasing the sensitivity of the hydraulic properties in this formation to these data.

3.3

Recharge Estimates

The recharge multipliers estimated in this study agree very well with that estimated by OGIA (2016c);
however, again, the estimated multiplier in the Precipice Sandstone remains quite uncertain due to the
insensitivity of the parameters as mentioned previously (Table 3.1). The estimated recharge multiplier for
the Hutton Sandstone aquifer appears to be very well constrained by the 36Cl data. The estimated multiplier
of the Evergreen Formation is the most uncertain with a relatively wide confidence interval as expected
due to a lack of observation data and the fact that the very low vertical hydraulic conductivity of this
formation likely results in significant rejected recharge.
Table 3.1. Pre and post-calibration recharge multipliers. Posterior estimated confidence intervals are based on a
linearised approximation of the model using the log-transformation of parameters.

It should be mentioned here however, that these parameter estimates do not reflect an estimate of total
net recharge into the aquifer systems for at least two reasons. First, due to the presence of drains in every
model cell that receives recharge, there is a high potential for rejected recharge within each of these cells.
This is a reasonable feature, as much of the precipitation is likely rejected due to the nature of the natural
groundwater system. This leads to the second point in that the model can only discharge water primarily
through the drains (discharge through the GHB’s accounts for less than 1% of total natural discharge
regardless of the uncertainty in parameter estimates). Therefore, from a regional perspective the discharge
through drains is always equal to the recharge, e.g., the total net recharge in the Upper Hutton aquifer is
about 0.0. Therefore, net recharge is a local phenomenon and spatially distributed along the outcrop areas,
with a high degree of simulated variability based in drain elevation and hydraulic head.

3.4

Mean Age Simulations

Upon calibration of environmental tracer data (i.e., calibrating the model to tracer abundance itself without
interpreting a groundwater “age” beforehand), the three-dimensional numerical model for reactive
transport developed in this study can be used to simulate mean age. The term “mean age” is used to
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indicate that the simulated age of groundwater at a point in the domain represents a mixture of
groundwater with different ages explicitly simulated by the model. This is accomplished by defining
incoming recharge water at the outcrops to have a “concentration” of zero and subjecting this water to a
0th-order production rate that is equivalent with time itself. That is, if the state variable is to represent
years of age and the time unit of the model was years, the production rate would be simply
1.00 mg/L yr −1, and if the time unit were days it would be 2.38 × 10−3 mg/L yr −1. This was also applied
to the connection of the alluvium and basalt aquifers with the Upper Hutton Sandstone (as was done with
the environmental tracers). The simulation was run for both the original parameters provided by OGIA
(2016c) and the re-calibrated parameters in steady-state (Figure 3.10).

Figure 3.10. Simulated mean age distributions along with measured 36 Cl abundances. The results of the original
parameter set provided by OGIA (2016c) and the re-calibrated parameter set are compared.

The mean age simulation results indicate that even in the relative close vicinity to the outcrop areas the
groundwater is well over a million years old. This is contradictory to the current interpretation of the
environmental tracers which would indicate that the groundwater is instead on the order of 10’s or 100’s of
thousands of years old in this region. This interpretation of the tracer data alone clearly demonstrates the
inability to accurately use simplified models to describe groundwater age, as in Equation 1 or other onedimensional analytical models. The discrepancy likely lies mainly with mixing of old and young groundwater
and the subsurface production of 36Cl. For example, the 36Cl measurement in the Lower Hutton Sandstone
nearest to the outcrop areas around the Dawson River is well-calibrated by the model (Figure 3.3). If the
measured or the simulated 36Cl/Cl value was used with Equation 1, the estimated age of the groundwater
would be on the order of about 400,000 years old; however, the mean age simulation indicates that the
groundwater is instead about five million years old in this region (Figure 3.10). This is a dramatic difference
that clearly demonstrates the benefit associated with the explicit inclusion of mixing and production via
three-dimensional numerical modelling on the interpretation of 36Cl groundwater age.
This discrepancy in groundwater ages is even more dramatic when using the original parameters provided
by OGIA (2016c). However, upon re-calibration of the 36Cl data, the younger water travels further into the
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model domain in the Lower Hutton Sandstone, as indicated by the mean age simulations (Figure 3.10).
However, it is also important to note that the differences in the mean age simulation between the two
parameters is less pronounced in the Upper Hutton Sandstone and yet, the simulated 36Cl distributions are
dramatically different in this model layer (Figure 3.3). This indicates that effects of mixing and 36Cl
production are less pronounced in the Upper Hutton Sandstone, which is intuitive since there is likely to be
less mixing of older groundwater in this layer than in the Lower Hutton Sandstone. The mean age
simulations of the Precipice Sandstone indicate that groundwater is much older than expected, which is
likely a result of a poor model fit to 14C data, resulting from potential model conceptualisation
considerations. This is however a good result in that it demonstrates how the numerical simulation of
environmental tracers can guide the development of conceptual models.
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4

Conclusions and Future Directions

The analysis conducted in this study demonstrates that the information content associated with
environmental tracer observations can be significant within a numerical modelling context. We have
included 36Cl and 14C tracer data within a robust modelling and calibration framework to enhance the
estimation of hydraulic properties. This modelling framework exploits the substantial amount of
hydrogeological knowledge of the Surat CMA by utilising the associated regional numerical model
developed by OGIA (2106c) to derive groundwater flow fields. The study developed and tested an effective
workflow that can be used to extract flow fields from the OGIA model for subsequent use within a
subdomain surrogate model. This procedure allowed for the employment of the widely used solute
transport code MT3DMS for the simulation of the reactive transport of multiple environmental tracers. For
the simulation of 36Cl the MT3DMS source code required modification to allow for the simultaneous
simulation of decay and production of 36Cl. With the modified code it was feasible to provide the first dataconstrained modelling study to consider the regional-scale three-dimensional simulation of 36Cl under
consideration of both decay and production of 36Cl.
The calibrated model reproduced the 36Cl data well and provided a range of new insights into potential
modifications for the (re-)parameterisation of the Surat CMA model. The results indicate, for example, that
the hydraulic conductivity in the Lower Hutton Sandstone is likely greater than current estimates. However,
the hydraulic properties of the Precipice Sandstone still remain uncertain due to the insensitivity of the 14C
data and perhaps due to conceptual model considerations. This is likely due to the relatively old age of
much of the groundwater in the aquifers of interest, which may be beyond the age limit of 14C in the
interior of the basin. However, while beyond the scope of the present study, the development of one or
more two-dimensional, cross-sectional reactive transport models extending from the Hutton and Precipice
Sandstone outcrops into the interior of the basin, along selected flow paths (which can be deduced from
this study), could be constructed to make effective use of the 14C data near outcrops and better estimate
localised net recharge rates.
Using the calibrated reactive transport model, mean age simulations demonstrate the significant impact of
mixing and 36Cl production on the interpretation of groundwater age using simplified models. For example,
the simulated mean age in the Lower Hutton Sandstone near the Dawson River is about ten times larger
than the groundwater age interpreted from Equation 1 with 36Cl.
Overall, the results show that both the potentiometric surface and the observed environmental tracer data
can be simultaneously reproduced by the three-dimensional numerical model. The insights gained form this
numerical modelling study also highlights that the flow system is far too complex to be interpreted by
simplistic one-dimensional approaches. Recharge in the Surat Basin is likely being discharged to the eastern
outcrop areas near the Dawson River, but future research is required to better quantify localised net
recharge rates and the possibility that recharge in the Surat Basin also contributes recharge to the Great
Artesian Basin.
While beyond the scope of the present study, the direct simulation of helium as an additional
environmental tracer has significant potential for acquiring information for both younger waters and the
very old groundwater in deeper aquifer systems beyond the temporal reach of 36Cl and 14C data. This is
because changes in the accumulation and transport of helium is likely to be sensitive to the entire flow field
regardless of age, i.e., the distribution of helium in very old groundwater (more than one million years) may
be highly variable, where for example, 36Cl would be relatively uniform (at its average secular equilibrium)
and 14C would be negligible (at about 0 pmc).
Environmental tracers can provide a great deal of useful information; however, measuring environmental
tracers in the field is expensive and often requires significant expertise to be handled properly. As a result,
the location and type of measurement to be taken must be chosen very carefully, which may not be
straightforward. However, with emerging data worth and experimental design techniques, numerical
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models can increasingly be used to determine where and what data type should be collected to maximise
information about a particular objective. For example, one could develop a sampling design aimed at
estimating net recharge at a specific location, or one may be interested in using environmental tracers to
better estimate hydraulic properties sensitive to the future predictions of CSG operations. Combinatorial
issues that arise when considering many samples at once can be handled with heuristic optimisation
techniques (Wöhling et al., 2016) and parameter uncertainty effects can be handled with robust maximin
optimisation methods (Siade et al., 2017). Furthermore, the information associated with one tracer may
magnify the information associated with another (e.g., 4He informing on 14C, or 81Kr informing on 36Cl, etc.).
These effects can also be considered in developing a sampling design and remain a topic of future research.
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Apx Table A.1 Estimated horizontal hydraulic and relevant calibration statistics. All calculations are based on the
log-transformation of the parameters. The parameter names indicate the layer and the pilot point number in Figure
2.12, i.e., "PPHK02-01" is layer 2 (Upper Hutton), pilot point #1. Confidence limits are based on 95% confidence, i.e.,
+/- two standard deviations.

Apx Table A.2 Estimated vertical hydraulic and relevant calibration statistics. All calculations are based on the logtransformation of the parameters. The parameter names indicate the layer and the pilot point number in Figure
2.12, i.e., "PPVK02-01" is layer 2 (Upper Hutton), pilot point #1. Confidence limits are based on 95% confidence, i.e.,
+/- two standard deviations.
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Apx Table A.3 Estimated porosity and relevant calibration statistics. “BACKPOR” represents the porosity assigned to
all constant-head model cells (Figure 2.9). All calculations are based on the log-transformation of the parameters.
The parameter names indicate the layer and the pilot point number in Figure 2.12, i.e., "PPVK02-01" is layer 2
(Upper Hutton), pilot point #1. Confidence limits are based on 95% confidence, i.e., +/- two standard deviations.
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