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 New environmental tracer data were obtained and 
existing data re‐evaluated. 

 Consistent flow velocities could only be derived using a 
double‐porosity conceptualization of the Hutton 
Sandstone and then were in good agreement for 14C, 36Cl, 
18O, 2H. 

 Flow in the Hutton Sandstone happens only in a small part 
(<50m) of the total formation thickness (≈200m). 

 Flow velocities in the Hutton Sandstone in the Mimosa 
Syncline are on the order of 1m/year 

 Effective recharge to the deeper Hutton is much smaller 
than earlier estimates. This is probably due to ‘rejected 
recharge’ discharging in the spring complexes. 

Executive summary 
 
 
Background 

The degree to which Coal Seam Gas (CSG)‐driven depressurisation in coal seams is propagated into 
adjacent aquifers and, potentially, surface water features such as wetlands and springs can only be 
assessed with thorough understanding of these adjacent aquifers and their degree of connectivity with the 
gas reservoir. The natural water balance for potentially impacted aquifers is often poorly known, but 
important for quantifying the impacts of depressurisation. One of the tools available to assess the water 
balance of deep aquifers is environmental tracers – substances either dissolved in groundwater or part of 
the water molecule that provide information about its origin, transport pathways and flow velocity. The 
GISERA Baseline project used available and new tracer information in the Mimosa Syncline and sought to 
improve the water balance in the Hutton Sandstone, the first major aquifer below the Walloon Coal 
Measures of the Surat Basin. The Walloon Coal Measures is undergoing development for CSG, whilst the 
Hutton Sandstone is a key regional aquifer supplying farm wells and a recharge component of the Great 
Artesian Basin. In this study, groundwater velocity and flow direction in the Hutton Sandstone were 
evaluated using environmental tracers. In a second component to the Baseline project, Smith (2015) 
evaluated the permeability of the aquitards between the Walloon Coal Measures and underlying aquifers 
(that is, evaluated connectivity between gas 
reservoirs and aquifer). 

Current potentiometric surfaces for the 
Hutton Sandstone have incongruities, such as 
an apparent groundwater flow towards the 
hypothesised recharge areas for the aquifer 
(Hodgkinson et al. 2010). Groundwater flow 
velocity and direction were re‐evaluated by 
sampling for environmental tracers in 23 wells 
along two north‐south transects – which was 
the hypothesised direction for groundwater 
flow in the Hutton – combined with a 
re‐interpretation of past tracer data 
collected for this system. The tracers considered included major ions, stable isotopes of the water molecule 
(18O/2H), 14C, 36Cl, noble gases, SF6, and tritium. However, 36Cl and 14C were analysed in more detail because 
these can estimate groundwater flow velocities at a suitable scale for the Hutton Sandstone (>10,000 
years). Tracer distribution along the two transects was interpreted using several conceptualizations of the 
geochemical and hydrogeological environment, such as the input of ‘dead’ Cl from neighbouring aquitards, 
dead carbon from oxidation of organic carbon, a single versus double porosity aquifer, etc. Limited sampling 
for environmental tracers was also undertaken in the underlying Precipice Formation to evaluate potential 
vertical exchanges between the Hutton and Precipice aquifers. 

 

Key results 
 
HUTTON SANDSTONE 

 

Both 14C and 36Cl in groundwater decreased from north to south along the East and West transects and with 
depth, consistent with a downward and north to south groundwater flow. However, when using a simple 
piston flow model approximation of groundwater flow, both horizontal and vertical groundwater velocities 
were ten times larger when using 14C relative to 36Cl. For example, when using all data available, the 
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groundwater velocity was ~0.5 m/year and ~0.05 m/year for 14C and 36Cl, respectively. Flow velocity 
estimates were further refined by including potential geochemical effects on the tracers such as input of 
‘dead’ carbon or chloride and subsurface production of 36Cl, and by assuming that the Hutton is a double 
porosity aquifer. Under the double porosity assumption, most of the groundwater flow in the Hutton 
occurs over a small thickness of the aquifer (possibly as low as 5‐10% based on previous studies on the 
transmissivity of this aquifer) with the other areas representing more or less stagnant zones. This double 
porosity assumption could best describe the discrepancies between groundwater velocities derived from 
14C and 36Cl. As the radioactive tracers diffuse from the main flow path to the stagnant zones, older 
apparent ages (i.e. lower apparent velocities) are observed. Because of its longer half‐life, this effect is 
stronger for 36Cl than for 14C, resulting in apparent retardation factors on the order of 4 for 14C and 40 for 
36Cl. When assuming a double porosity aquifer, horizontal velocities are in the range of 1 m/year for both 
14C and 36Cl (instead of <1 m/year) and are similar to an independent estimate (~1 m/year) obtained using a 
palaeoclimate signal in the stable isotopes of water (18O, 2H). This tracer‐constrained double porosity model 
allows estimating the total groundwater flux at depth in the Hutton. This derived value is 452 ML/y, or 2.7% 
of the recharge rate estimated using chloride mass balance (CMB). Thus, most of the recharge to the 
Hutton Sandstone is probably diverted to shallower flow paths discharging close to the recharge areas. This 
process (‘rejected recharge’) is a common feature of GAB  aquifers. 

The study design with two north‐south sampling transects excludes a natural flow direction northward, but 

not an eastward or westward one. The maps of 36Cl distribution do not exclude flow towards the southeast 
or east (e.g. towards the Dawson River). Thus, the Hutton Sandstone north of the Great Dividing Range may 
not represent one large flow system contributing recharge to the Great Artesian Basin but instead would 
decompose into several regional flow systems, each discharging into the tributaries of the Dawson River. A 
more detailed study would be needed to study each of these local flow systems and to quantify each local 
groundwater flow system towards the Dawson River. In the companion study, Smith (2015) could not 
determine the level of connectivity between the Walloon Coal Measures and the Hutton Sandstone using 
environmental tracers because of limited available information. 

 
PRECIPICE FORMATION 

 

Despite its increasing significance as a regional aquifer supplying farm water, there is limited existing 
environmental tracer information for the Precipice. Due to a number of factors (low 14C, uncertain initial 
36Cl/Cl at recharge, scarcity of data), groundwater velocity in the Precipice Formation could not be 
evaluated with the available information. In the companion study, Smith (2015) determined that the 
Hutton and the Precipice are poorly or not connected. 

 
REPRESENTATION OF TRACER DISTRIBUTION BY PARTICLE TRACKING 

 

A three‐dimensional groundwater flow model (QWC 2012) was used to evaluate travel times in the Hutton 
Sandstone using particle tracking. While not an ideal representation of tracer movement, particle tracking 
has the advantage to be computationally relatively simple and efficient. The approach appeared useful for 
visualizing the origin of groundwater pumped at individual wells, but less so for the interpretation of the 
Hutton tracer data. The primary reason for the poor fit was that the effects of the double porosity nature of 
the aquifer on tracer distribution cannot be captured by particle tracking. A more advanced numerical 
interpretation of the Hutton tracer data will require the use of a more complex solute transport model 
taking into account dispersion and diffusion into stagnant zones. An important benefit of such a more 
detailed model would be a deeper insight into the flow system and a spatially better resolved water 
balance and flow velocity. 

 

Conclusion and recommendations 

The differences in the inferred groundwater flow direction in the Hutton Sandstone between the 
contemporary potentiometric surface and environmental tracers suggest that this system may be in a  
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transition phase. The contemporary piezometric surface may reflect ongoing changes driven by climate or 
extraction whilst tracers would reflect the natural flow system prior to development. The trends in the 
environmental tracers support the concept of the low effective transmissivity of the Hutton and much 
smaller recharge than previously assumed, making this system more vulnerable to groundwater extraction 
or to depressurisation in neighbouring geological formations than anticipated. In other words, as only a 
small proportion of the aquifer effectively transmits water, the sustainable yield for this aquifer is probably 
low. Determining the connectivity of the Walloon Coal Measures to the Hutton Sandstone should still be 
considered a key knowledge gap. 

The study highlighted other knowledge gaps, including: 

1.  The initial tracer values at the northern and eastern recharge areas for the Hutton Sandstone are not 
known (and are required to properly set the ‘groundwater clock’) 

2.  The magnitude of groundwater flow from the south‐eastern recharge area towards the centre of the 
Mimosa Syncline is not known 

3.  The initial tracer values in recharge areas for the Precipice Sandstone are unknown and tracer data in 
general is lacking for this aquifer 

4.  The water balances for the Hutton and the Precipice sandstones remain sketchy, complicating the 
assessment of the potential impacts of depressurisation in the Walloon Formation or of groundwater 
extraction from these aquifers. 

Key recommendations from the study include to: 

1.  Strategically sample additional wells in the Hutton and Precipice aquifers to improve the spatial 
coverage for tracer distribution, especially in recharge areas of both aquifers 

2.  Strategically sample for 39Ar in recharge areas and 81Kr farther along flow paths to help constrain the 
more numerous 14C and 36Cl data. Whilst more complicated to sample in the field, 39Ar and 81Kr can 
quantify groundwater flow velocity at the right timescales (intermediate for 39Ar and very old for 81Kr) 
and are relatively easy to interpret 

3.  Evaluate groundwater velocity and recharge rates for the Precipice Formation 

4.  Use the tracer distribution in the Hutton as calibration target for a numerical groundwater flow and 
solute transport model 

5.  Continue efforts to quantify the connectivity between the Walloon Coal Measures and neighbouring 
geological formations. 
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1 Introduction 
 
 

The degree to which Coal Seam Gas (CSG)‐driven depressurisation in coal seams is propagated into 
adjacent aquifers and, potentially, surface water features such as wetlands and springs will depend to a 
large degree on how well adjacent aquifers are connected or disconnected from coal seams. Measuring this 
connectivity is not a simple task because of the complexity of coal‐bearing subsurface environments, 
including the presence of multiple aquifers and aquitards, faults and fractures. Even when a connection 
exists, quantifying impacts can be difficult because the water balance for most deep aquifers is poorly 
known. Only if this water balance and detailed baseline knowledge on geochemical and environmental 
tracer concentrations is established, CSG impact can be detected as changes of this baseline. The GISERA 
Baseline project has evaluated the connectivity and the water balance for key geological formations of the 
Surat Basin. In this report, groundwater flow direction and velocity were evaluated in the Hutton 
Sandstone, the first major aquifer below the Walloon Coal Measures of the Surat Basin. The Walloon Coal 
Measures is undergoing development for CSG, whilst the Hutton Sandstone is a key regional aquifer used 
for farm water supply and a component of the Great Artesian Basin (GAB), a nationally significant 
hydrogeological system (Smerdon et al. 2012). The study aimed to answer a paradox for the Hutton, where 
current potentiometric surfaces suggest groundwater flow is towards its hypothesised recharge area to the 
north. In a second component to the Baseline project, Smith (2015) evaluated the permeability of the 
aquitards between the Walloon Coal Measures and over‐ or underlying aquifers – in other words, 
determined the connectivity between some of these geological formations at specific locations. 

The assessment of the water balance for the 
Hutton Sandstone was largely made using 
environmental tracers – natural or anthropogenic 
trace substances in groundwater that provide 
clues as to its origin and movement. The tracers 
considered included major ions, stable isotopes 

of the water molecule (18O/2H), 14C, 36Cl, noble 
gases, SF6, and tritium (3H). However, 36Cl and 14C 
were analysed in more detail because these can quantify groundwater flow velocity at a suitable scale for 
the Hutton Sandstone (>1000 years). Existing environmental tracer data was first obtained from a literature 
study for the Hutton Sandstone and then the data was supplemented by targeted sampling of 23 wells 
along two north‐south transects in the study area. These transects extended from hypothesised recharge 
areas to deeper sections of the aquifer further south, with the southmost samples taken north of the Roma 
– Miles line (see Figure 2.4 on page 7). Some additional sampling was undertaken in the underlying 
Precipice Formation, another GAB aquifer, because of its increasing importance as water supply source and 
target of reinjection of CSG process water. 

In the following, a review of the hydrogeological environment and of the current potentiometric surface in 
the Hutton is provided, along with a summary of previous tracer measurements in this system. The 
historical and new tracer data collected were interpreted to evaluate both groundwater flow direction and 
velocity in the Hutton. The interpretation of environmental tracers to evaluate groundwater flow processes 
can be quite complex (IAEA 2013; Suckow 2014) and is covered in several scientific text books. Since it 
cannot be reviewed in detail here, the interested reader is provided with a very short summary on 
environmental tracers and the processes important for this report in Appendix A following page 47. The 
implications of the study for evaluating the impact of groundwater extraction on the Hutton aquifer or 
depressurisation in nearby formations are discussed. 

 This study focused on the Hutton Sandstone and 
used environmental tracers to derive groundwater 
flow velocities within this aquifer. 

 Connectivity between different aquifers was 
addressed in a companion study using helium in 
quartz as proxy to derive vertical pore water 
velocities in aquitards. 
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 The study area can be described as a layered cake of 
aquifer‐aquitard systems in a natural depression. 

 New groundwater samples were obtained along two 
north‐south transects for 23 wells and combined with 
existing data. 

 To ensure robust analysis necessary in old groundwater 
systems, a multi‐tracer approach was adopted to 
obtain multiple lines of evidence for interpretation. 

 Simple zero‐ and one‐dimensional models were used to 
check data for consistency and to describe the 
governing factors of groundwater flow 

2 Methods 
 
 
2.1 Study area 

The Surat Basin is a 440,000 km2 intracratonic basin of south‐central Queensland and north‐central New 
South Wales. It consists of up to 2500 m of layered sediments of Jurassic‐Cretaceous age. The Surat Basin 
overlies the Permo‐Triassic Bowen Basin, which extends farther to the north up to the latitude of 
Rockhampton (‐23.4°N, see inset in Figure 2.4 where the blue area is the Bowen Basin), whereas the 
northern margin of the Surat basin is defined by the northern outcrop of the Jurassic formations (Precipice 
Sandstone at the latitude of Bundaberg, ‐24°N). Both basins were formed by sedimentation of a trough 
extending from north to south, the Mimosa Syncline. Changes in the sedimentary environment over time 
resulted in the formation of several aquifers, intercalated aquitards and coal bearing formations in the 
Surat and the Bowen basins. Key hydrostratigraphical units in the Mimosa Syncline include (from top to 
bottom, see also Figure 2.1): the Mooga Sandstone (aquifer), Orallo formation (aquitard), Gubberamunda 
Sandstone (aquifer), Walloon Coal Measures 
(coal bearing formation, containing aquifer & 
aquitard layers), Hutton Sandstone (aquifer), 
Evergreen Formation (aquitard) and the 
Precipice Sandstone (aquifer) (Hodgkinson et al. 
2010). The underlying Moolayember formation 
(aquitard) and Clematis Sandstone (aquifer) are 
part of the Bowen Basin. 

The Surat Basin is regarded as part of the Great 
Artesian Basin (GAB). The western margin of 
both the Surat and the Bowen Basin is defined 
by the Nebine Ridge, where the aquifers of the Surat and Bowen basins thin out but are assumed to be 
connected to the aquifers of the Eromanga Basin of the GAB further to the west (Habermehl 1980; Radke et 
al. 2000). The eastern margin of Surat and Bowen basins is defined by the Kumbarilla Ridge, where both are 
connected to the Clarence Moreton Basin. In the south, the Surat Basin extends far into New South Wales 
and includes the Coonamble Embayment and the Oxley Basin, both overlying the Gunnedah Basin 
(Habermehl 1980). The deepest formation in the Surat Basin is the Jurassic Precipice Sandstone, which 
unconformably overlies the Triassic formations of the Bowen Basin (Figure 2.1). The Precipice Sandstone is 
isolated from the overlying Hutton Sandstone by a shale‐rich horizon at the top of the formation and by the 
Evergreen Formation aquitard (Hodgkinson et al. 2010). The Walloon Coal Measures have variable 
hydraulic properties. Whereas the upper and lower parts of the Walloon Coal Measures form aquitards, the 
hydraulic transmissivity of the inner section is significantly larger. Further to the south and centre of the 
Mimosa Syncline, the Walloon Coal Measures are overlain by the Springbok Sandstone, which is considered 
an aquifer and equivalent to the Adori Sandstone in other parts of the GAB. It is overlain by the 
Westbourne Formation (aquitard), Gubberamunda Sandstone (aquifer) Orallo formation (aquitard) and 
Mooga Sandstone aquifer (Hodgkinson et al. 2010). The Mooga and Gubberamunda Sandstones together 
are considered equivalent to the Cadna‐owie Hooray Aquifer of the Eromanga Basin (Radke et al. 2000; 
Smerdon and Ransley 2012). Two structural faults exist at the margins of the Mimosa Syncline, which 
created only minor deformations and displacements in the Jurassic‐Cretaceous sequence. Both run north‐ 
south and are reactivated Permo‐Triassic fault systems. They are described as the Hutton‐Wallumbilla fault 
in the west and the Moonie‐Goondiwindi and Burunga‐Leichhardt fault system in the east (hereafter 
referred to as the Burunga‐Leichhardt fault). 

The best quality groundwater in the Mimosa Syncline is found in the Gubberamunda and Precipice aquifers. 
However, the Gubberamunda can only be found south of Wandoan (see Figure 2.4 and all following maps) 
and the Precipice can be only assessed at greater depth. Water from the Hutton Sandstone generally has a  



4 
 

higher salinity and the formation has a lower yield. Extensive sediment core testing for hydraulic 
conductivity by the enterprises engaged in CSG exploration (mainly lab triaxial permeability) generally gave 
a wide range of values for the Hutton Sandstone of roughly six orders of magnitude of (1∙10 ‐5–1) m/day in 
both vertical and horizontal direction. Values for the Precipice were generally higher and less variable 
(0.001–10) m/day; (APLNG 2014). There are also lateral differences in the hydrochemistry of groundwater, 
with generally fresher water in the Hutton Sandstone close to the northern and western outcrops and 
much higher salinities towards the south and east, especially east of the Burunga‐Leichhardt fault and 
south of Wandoan (APLNG 2014). 

 
2.1.1 RECHARGE AREAS 

 

The sedimentation history into the basement trough and the later erosion of the sediment layers explains 
the shape of the outcrop areas, which resembles an upside‐down ‘U’ around Taroom and Injune for the 
Hutton Sandstone and Precipice Sandstone (see Figure 2.4 and all following maps). The later deposited 
Springbok, Gubberamunda and Mooga Sandstones, which outcrop north of the Roma‐Wallumbilla‐Miles 
line but south of the Injune‐Wandoan line, show this ‘U’ shape to a much lesser extent. In this report the 
outcrop areas are functionally all regarded as recharge areas for the respective aquifers and the terms 
‘outcrop area’ and ‘recharge area’ are used interchangeably. 

Figure 2.1: Conceptual model of the groundwater systems in the Surat Cumulative Management Area (QWC 2012) 

 
2.1.2 POTENTIOMETRIC SURFACE IN THE HUTTON SANDSTONE 

 

The potentiometric surface for the Hutton Sandstone was recently evaluated by Hodgkinson et al. (2010) 
(Figure 2.2). Major recharge areas would occur to the north and east and the inferred groundwater flow 
would fan in several directions from there, including to the south, north‐east and east. Groundwater flow 
to the north‐east appears focussed around Dawson River tributaries (Figure 2.3).  
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Figure 2.2: Potentiometric surface for the Hutton Sandstone inferred by geophysical methods (Hodgkinson et al. 
2010) 

 

Figure 2.3: Potentiometric surface for the Hutton Sandstone in the vicinity of the Dawson River catchment inferred 
using geophysical techniques (Ransley and Smerdon 2012) 
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At the Mimosa Syncline, the Hutton outcrops towards Taroom and, farther south, towards Wallumbilla. 
Using water level measurements in bores (corrected for salinity and temperature), the potentiometric 
surface for the Hutton shows a depression centred around Taroom. This implies groundwater is flowing 
towards the outcrop, which is counterintuitive. Hodgkinson et al. (2010) recently found similar results for 
the Evergreen Formation and Precipice Sandstone. 

 

2.2 Experimental design for the field study 

Using environmental tracers, a field study was designed to determine whether or not groundwater flow is 
principally from north to south in the Mimosa Syncline. In a first step, the available environmental tracer 
database for the Hutton Sandstone was reviewed. Two databases were combined, one from Geoscience 
Australia (‘GA database’; Feitz et al. 2014) and another from the GABWRA project (‘GABWRA database’; 

Ransley and Smerdon 2012). In general, 14C and 36Cl was higher in recharge areas, consistent with a north to 
south flow direction (that is, the concentration for both tracers will tend to decrease in a downstream 
direction because of radioactive decay). These findings were used to identify 23 wells along two transects  
in the Mimosa Syncline (Figure 2.4). The western transect started close to the south‐eastern corner of the 
Hutton outcrop and led to the south via Reedy Creek to Wallumbilla. The eastern transect started close to 
the northern corner of the Hutton outcrop and followed the road from Taroom to Miles. Suitable wells for 
the Hutton Sandstone were not found south of Wallumbilla. The municipal water supply well at Wallumbilla 
pumps groundwater from both the Hutton and the Gubberamunda sandstones, but was included here 
nevertheless. 

The wells selected for the field study aimed to best fill the gap in space for 14C and 36Cl measurements and 
thus provide a more rigorous evaluation of groundwater flow direction and velocity for this section of the 
Hutton. The identification of appropriate groundwater bores for environmental tracer sampling was 
conducted using the Queensland Digital Groundwater Database (QDGWD) provided by the State Of 
Queensland (DNRM 2013). The two overarching requirements for identifying a bore as appropriate were: 1) 
the aquifer/hydrostratigraphic formation the bore was open or screened to was known and 2) the 
geographic location of a given bore in relation to the Hutton recharge area, as well as being situated on flow 
lines towards the Reedy Creek and Condabri industrial sites. In addition, information relating to the 
operational status of the facility (such as recent hydraulic head data) and the presence or absence of on‐ 
ground or down‐hole equipment (such as headworks or windmills) was considered to ensure a bore was 
practical for sampling. Once a suitable spatial distribution and a practical number of bores were identified 
and plotted, property information specific to each bore was used to acquire contact details of landholders 
and industry representatives. Through contact with landholders and industry, basic information specific to 
individual bores sites were confirmed and the provision of site access was established in a verbal and 
written format. This resulted in the sampling locations shown in Figure 2.4.  

Despite the anticipated relatively old age for groundwater along the transects (>10,000 years) both ‘young’ 
(3H, CFCs and SF6) and ‘old’ (14C, 36Cl and 4He) groundwater tracers were sampled in order to evaluate 
potential mixing between young and old groundwater sources, as recommended in text books for dating 
old groundwater (IAEA 2013). The presence of ‘young’ tracers in the Hutton could either reflect a natural or 
artificial (i.e. bore leakage) connectivity with a shallower aquifer. This needs to be assessed and if necessary 
corrected for before using a tracer like 14C and 36Cl to derive flow velocities. Major ions, noble gases and 

18O/2H of water were also measured to either help calibrate other tracers (i.e. Cl for 36Cl/Cl dating) or 
provide an additional dating tool in the form of an anticipated palaeoclimate signal preserved in the Hutton 

(18O/2H). Additional bores were sampled in the Precipice and Gubberamunda sandstones (usually in the 
vicinity of bores sampled in the Hutton) to collect vertical tracer profiles across key hydrostratigraphical 
units, such as at the Reedy Creek injection site. 
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Figure 2.4: Position of the two north‐south transects sampled east and west of the Mimosa Syncline with focus on 
the Hutton Sandstone. 

 

Samples were obtained during two field trips by CSIRO, one in November 2012 with focus on spring 
complexes and another one in late October–November 2013. These two sampling trips were 
complemented by a dataset obtained from Steve Clohessy from OGIA (called “OGIA dataset” in the 
following) and by additional opportunistic sampling by Origin.  

 

2.3 Field sampling methods 
 
2.3.1 PURGING OF BORES 

 

At each bore, groundwater was carefully purged to ensure representative water samples from the aquifer 
were obtained. Purging at a given bore was conducted using existing infrastructure, which varied from 
headworks on artesian bores, to Mono pumps, Grundfos submersible pumps and windmills on sub‐artesian 
bores. Hydraulic head and bore construction data obtained from the QDGWD was used to calculate the 
total purge volume at each site, usually three standing water columns. On occasions, some bore sites 
needed less purging due to recent pumping or natural artesian flow. Conversely, some bore sites required 
additional purging volumes until monitored chemical parameters (electrical conductivity (EC), pH and 
temperature) stabilised. 

 
2.3.2 CHEMICAL PARAMETERS 

 

Chemical parameters were monitored and recorded during purging and sampling under gently flowing 
conditions, including EC, pH, temperature, total dissolved gas pressure (TDGP). Electrical conductivity, pH  
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and temperature were monitored using a handheld submersible TPS WP‐81 water quality meter. TDGP was 
monitored using a Pentair Aquatic Eco‐Systems Point Four Tracker handheld submersible meter. The 
presence of H2S was noted qualitatively when detected (odour) during sampling as was the amount of gas 
bubbles. 

 
2.3.3 SAMPLE COLLECTION 

 

Sampling for all tracers was conducted by initially establishing a gas‐tight connection to existing headworks 
(on artesian bores) and discharge hose (on sub‐artesian bores). In the case of artesian bores, a gas‐tight 
connection was established by securing copper or nylon tubing using Swagelok fittings directly to the 
headworks. For sub‐artesian bores, copper or nylon tubing was secured to agricultural pipe using Philmac 
adaptors. These gas‐tight connections are most important to prevent sample contamination with the 
atmosphere, as well as any soft plastic components that possibly contain CFCs.  

Groundwater samples were collected for laboratory analysis of general chemistry (pH, EC and alkalinity) as 
well as major and minor ions. Duplicate samples for major and minor ions were collected, filtered with a  
0.45 μm Acrodisc syringe filter and placed in 125 mL PET plastic bottles. Dissolved oxygen concentration 
was determined by Winkler titration using a HACH dissolved oxygen test kit. Samples for cation analysis 

were acidified with nitric acid (HNO3). For 2H and 18O, duplicate samples were collected, filtered with a 
0.45 μm syringe filter, and placed in a 28 mL gas‐tight glass bottle (McCartney bottle) to prevent 
evaporation. Strontium isotope samples were collected in 500 mL PET bottles under gently flowing 
conditions. Tritium samples were collected in 1 L PET plastic bottles under gently flowing conditions to 
avoid excessive air contact and capped without a head space to avoid contact with the atmosphere. 
Duplicate samples for dissolved noble gases were collected in copper tubes following Weiss (1968). Briefly, 
this involved creating a gas tight connection between the copper tube and the discharge outlet on the bore, 
gently flushing the tube, and applying a back pressure using a flow regulator before clamping the copper 
tube at each end without trapping any gas bubbles. However, for the deepest bores pumping hot water 
(>50°C), degassing was not always avoidable. In these cases, a fractionation of noble gas values cannot be 
excluded, although samples were taken such that gas bubbles were not enclosed within the copper tubes. 
This was achieved by turning the copper tube upside down after closing the first clamp and letting the gas 
bubbles escape to the connecting tubing. 

Samples for 14C were collected in 5 L PET plastic jerry cans. Samples for CFCs were collected following 
protocols of the CSIRO Environmental Tracer Laboratory (ETL). Briefly, this involved connecting a nylon 
discharge hose to the bore discharge outlet, placing the nylon hose into the bottom of a 125 mL glass bottle 
that is placed inside a 10 L steel bucket. Samples were collected using a gentle pumping rate and bottles 
were reverse‐ or bottom‐filled until the 10 L bucket overflows. Samples were collected in triplicate and 
capped under water to prevent exposure to the atmosphere. Samples for SF6 were collected also following 
a similar protocol where samples were collected in a 1 L glass bottle placed inside the 10 L bucket and were 

capped under water after the 10 L bucket had overflowed several volumes. Samples for 36Cl were collected 
in 1 L PET plastic bottles filled to the top and capped tightly without any head space. 

 

2.4 Analytical methods 

Major and minor ion concentrations were determined at CSIRO Analytical Services Unit (ASU) Waite 
Campus Adelaide. Cations were analysed by inductively coupled plasma optical emission spectrometry (ICP‐ 

OES) and anions by ion chromatography. Samples for 2H and 18O were analysed by GNS Science (Te Pü Ao, 
New Zealand) where measurements were made using an Isoprime mass spectrometer following, for 

2H, reduction at 1100°C using a Eurovector Chrome HD elemental analyser and for 18O, by water 
equilibration at 25°C using an Aquaprep device. Strontium isotope ratios (87Sr/86Sr) of all groundwater 
samples were analysed at the University of Adelaide School of Earth and Environmental Sciences with a 
Finnigan MAT262 Thermal Ionisation Mass Spectrometer. 
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Samples for 14C analysis were measured by single stage accelerator mass spectrometry (AMS) at the 
Australian National University (ANU), Canberra. Samples were prepared by first precipitating the dissolved 
inorganic carbon from 5 L of groundwater as strontium carbonate (SrCO3) under alkaline conditions (pH 
>11). The SrCO3 precipitate is then acidified and purified cryogenically into aliquots of carbon dioxide (CO2) 
for measurement by AMS (Fallon et al. 2010). SF6 and CFC samples were measured at the CSIRO 
Environmental Tracer Laboratory (ETL) Waite Campus Adelaide. SF6 samples were measured using a specific 
gas chromatograph with an electron capture detector as an aliquot of high purity nitrogen that had been 
equilibrated with 300 mL of groundwater at 25°C. CFC samples (CFC‐11 and CFC‐12) were also measured by 
gas chromatography with an electron capture detector after quantitative stripping from water aliquots of 

defined volume under a stream of high purity nitrogen (Busenberg and Plummer 1992). Samples for 36Cl 
were measured by accelerator mass spectrometry at ANU, Canberra (Fifield et al. 2010). Prior to 
measurement samples are prepared as pure silver chloride (AgCl) following methods outlined in Conard et 
al. (1986). Samples for tritium were analysed at the tritium laboratory of GNS Science in New Zealand by 
electrolytic enrichment and subsequent liquid scintillation counting (Morgenstern and Taylor 2009). Noble 
gas concentrations (He, Ne, Ar) were determined at the CSIRO Environmental Tracer Laboratory (ETL), 
Waite Campus, Adelaide using high vacuum extraction, gettering of reactive gases and quadrupole mass 
spectrometry. 

 

2.5 Lumped Parameter Models 

A single scalar ‘age’ (e.g. ’30 years‐old’) is not appropriate to describe a groundwater sample because, due 
to dispersion and mixing, groundwater samples contain water recharged at different times, represented as 
an age distribution. This holds especially true in aquifers with very long timescales of groundwater flow 
(larger than several thousand years) because mixing, dispersion and diffusion of tracers become more 
important for longer times. It is also not necessary to determine groundwater ‘age’ from tracers because 
many hydrogeological processes can be inferred from tracer concentrations alone. Therefore, no attempt is 
made here to deduce any ‘apparent ages’ (Suckow 2014), as this was regarded as not appropriate. Instead, 
binary tracer‐tracer plots, tracer depth profiles and tracer transect profiles were interpreted using zero‐ 
dimensional lumped parameter models (LPMs), one‐dimensional flow interpretation or other simple 
approaches. Lumped parameter models are simplified representations of aquifers and flow systems that 
can be used to understand what are the key hydrogeological processes (advection, dispersion, mixing, etc.) 
impacting on tracer distribution (see (Suckow 2014) and Appendix A for additional discussion on the 
concept of groundwater age). 

The lumped parameter models used here were the Piston flow Model (PM), the Exponential Model (EM) 
and the Binary Mixing Model (BMM). The PM assumes that no mixing takes place and that all water 
particles within the sample represent the same age. This corresponds to the conventional (human) 
understanding of the word age (Suckow 2014) and also to the particle tracking approach in discretised 
numerical flow models (Pollock 1994) – see section below. The EM assumes an exponential age distribution 
in the samples. Mathematically this is equivalent to the flow system in an extremely simplified aquifer with 
homogeneous recharge, homogeneous transmissivity and porosity and constant depth, sampled using a 
well screened over the whole aquifer (Vogel 1967). It is also mathematically consistent with a well‐mixed 
system (e.g. a lake) with constant inflow and outflow. As a special property, the youngest water always has 
the largest relative contribution in an Exponential Model. The BMM assumes that the sample consists of 
exactly two water sources with a widely differing age – one assumed to be very young and the other very 

old (that is, free of any anthropogenic or radioactive tracers like CFCs, 3H, etc). The interested reader is 
referred to (Maloszewski and Zuber 1985; Cook and Böhlke 1999; Solomon et al. 2006; Suckow 2013) for 
more detailed information on LPMs and mean residence times. All data handling and lumped parameter 
model calculations were performed with the LabData database and laboratory management system 
(Suckow and Dumke 2001) which includes ‘Lumpy’, a package for lumped parameter models (Suckow 
2012). 

To further evaluate the effect of geochemistry (such as dead 14C and 36Cl inputs from aquitards) or of the 
flow system (single versus double porosity aquifer) on tracer distribution, additional simple models were 
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used. These included the Phillips (IAEA 2013) 36Cl model and the Sudicky and Frind (1981) model for 
diffusion‐dominated tracer transport. These are described in more details in Appendix A.  

 

2.6 Interpretation of tracer data by particle tracking 

Within the GISERA sub‐project ‘CSG Water Reinjection Impacts: Modelling, Uncertainty and Risk Analysis’ 
(Sreekanth and Moore 2015), an attempt was made to model the groundwater age distribution at selected 
wells by particle tracking (Pollock 1994). The numerical trial used the “Subregional model” (Sreekanth and 
Moore 2015) which covers a smaller region than the ‘OGIA model’ described in QWC (2012). The advantage 
of using the Subregional model and not the OGIA model itself was a finer horizontal discretization (500 m 
instead of 1500 m) and a focus on the study area where most of the tracer samples came from. Both the 
OGIA and the Subregional model are based on MODFLOW (McDonald and Harbaugh 1988) and adapted to 
the hydrogeological setting by the Queensland Office of Groundwater Impact Assessment (OGIA) and CSIRO 
(Subregional model). The MODFLOW ADV2 package was used to calculate travel times in groundwater 
(Anderman and Hill 2001, 2003). These are ‘idealized ages’ in the terminology of Suckow (2014).  

Different strategies can be used to estimate the age distribution in a groundwater sample by particle 
tracking (Frenzel et al. 1997a, 1997b; Troldborg et al. 2007; Troldborg et al. 2008). Here, backward particle 
tracking was performed, centred on the middle of the grid cell where a given well was situated. Thus, the 
particle tracking started <500m away from the well. Each simulation created a stochastic ensemble of 350 
different fields of hydraulic conductivities and porosities in the aquifer, and each was automatically 
calibrated against hydraulic heads. Particle tracking was performed on these 350 flow fields, resulting in a 
distribution of 350 ages for each well investigated. 

This backward calculation was not always possible because particles did not always reach a recharge area 
within reasonable computation times because they got ‘stuck’ alternating between aquifers through an 
aquitard. Thus, the scheme had a practical limitation to determine the older part of an age distribution. In 
those cases where all 350 particles reached the groundwater surface, an age distribution was calculated 
(and represented as a histogram of particle numbers with a certain age range). These age distributions 
were used to calculate tracer concentrations with a convolution integral using the lumped parameter 

modelling code ‘Lumpy’ (Suckow 2012). This process used also estimated input concentrations of 14C and 
36Cl and resulted in a comparison to the corresponding measured tracer values at the well.  
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3 Results 
 
 

Combining the historical and the new 
information collected during this study, a 
significant environmental tracer 
database was assembled for the Hutton 
Sandstone in the Mimosa Syncline. A 
stepwise evaluation of the data was 
made to focus the interpretation on the 
most useful tracers in this environment. 
In a first step, tracer‐tracer cross plots 
were evaluated to determine which 
combination of tracers was most useful 
to infer flow direction and velocity in the 
Hutton Sandstone. This analysis also 
enabled to evaluate some of the 
parameters required for further 
interpretation of the data, such as the 

likely initial 14C and 36Cl concentrations 
entering the aquifer (which are required 
to evaluate groundwater velocity). 
Relevant tracers were then evaluated to 
infer the potential flow lines and the 
horizontal and vertical groundwater velocities. Further evaluation of groundwater velocities were made by 
exploring how geochemical effects and a different representation of the aquifer permeability impacts on 
tracer distribution. It will be demonstrated that, when the Hutton is considered as a double porosity 
aquifer, groundwater velocities inferred using 36Cl and 14C are consistent and similar to values estimated 
using alternative methods. 

 

3.1 Cross plots 

Tracer‐tracer cross plots aimed to: 1) evaluate the presence of ‘young’ groundwater in the Hutton; 2) 
determine the initial 14C activity at recharge and 3) determine the initial 36C to Cl ratio (36Cl/Cl) at recharge. 
The presence of young groundwater is possible in recharge areas for the Hutton (that is, groundwater with 
tracer values above background or detection limit for 3H, CFCs or SF6). However, the presence of young 
groundwater tracers further along the flow path could represent well leakage (that is, infiltration of 
rainwater or shallower groundwater along the well casing). Most groundwater samples from the Hutton 
had 3H values below analytical detection limit (0.25 TU for the GA and GABWRA datasets and 0.03 TU for 
OGIA and GISERA; Figure 3.1). Only two samples from the OGIA dataset showed a clearly detectable 3H 
concentration of (0.8±0.03) TU and (0.1±0.03) TU combined with 14C values of 79% and 3.3%. The higher of 
the two results points towards a correction factor for the initial 14C concentration of 0.8 or lower, 
corresponding to a 20% dilution of the initial 14C activity by 14C‐free carbon from the aquifer; see Appendix 
A. These samples originate from the recharge area of the Gubberamunda and Springbok Sandstones, 
respectively. Overall, the Hutton Sandstone aquifer contains water recharged prior to 1960 (see the orange 
mixing line for the BMM in Figure 3.1 right, assuming the 3H content in rain was never below 1.5–3 TU). 
There was no evidence for significant well leakage. 

 Tracers for young groundwater (decades) were at the 
detection limit, indicating that the Hutton contains no 
groundwater younger than 50 years. 

 Lack of young groundwater indicates the sampled bores were 
suitable, i .e. do not leak groundwater from shallower aquifers. 

 There is a possibility for underground production of SF6 that 
requires further investigation. 

 A simple piston flow interpretation of 14C and 36Cl to derive 
flow velocities gave contradicting results. 

 The discrepancies between 14C and 36Cl derived flow velocities 
could not be explained by geochemical alteration introducing 
‘dead’ carbon or chloride into the groundwater. 

 A double porosity model can describe both the findings for 14C 
and 36Cl with one flow velocity and is in agreement with the 
results for stable isotopes (18O, 2H). 

 The double porosity model allows inferring the total 
groundwater flux to the deeper Hutton Sandstone aquifer. 

 Present day state of the art flow modelling combined with the 
particle tracking approach cannot explain the measured tracer 
data because it neglects the diffusion effects dominating 
tracer transport in a double porosity aquifer. 
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Figure 3.1: Plot of 3H versus 14C for all samples from the area, from the GISERA, OGIA, GA and GABWRA datasets. 
The right figure is an inset of the left, showing details for small values of 3H and 14C. 

 

The inference about the lack of young groundwater in the Hutton made with 3H was further tested by 
looking at trends in groundwater CFCs and SF6 concentrations. In view of anaerobic (oxygen‐free) 
conditions in the Hutton, CFC samples have only been measured on a very small subset for test purposes. 
CFCs are not always conservative under anaerobic conditions, see Appendix A. CFCs were at the detection 
limit for all samples measured (data not shown), consistent with either the absence of young groundwater 

or CFC degradation in the aquifer. However, some 3H‐free samples contained SF6 (Figure 3.2). This could 
either represent the presence of young groundwater or underground production for SF6 (Koh et al. 2007; 
Deeds et al. 2008; Rohden et al. 2010). At least one sample (RN58456, Dangarfield), contained more than 
12 fmol/L (shown with broken axis in Figure 3.2), which cannot be explained by equilibration with 
atmospheric clean air (or any LPM). In this case, natural underground production of SF6 or a contamination 
during sampling or transport is possible. However, because other samples measured in the same run 
resulted in blank concentrations, contamination is unlikely. The RN58456 Dangarfield sample was also 
collected in duplicate which had similar values, also ruling out a contamination artefact. As most samples 
were at detection limit, underground SF6 production (if it occurs) would not be constant across the Hutton. 

At least one sample (RN123338, SV01) shows a realistic combination of SF6 and 14C, pointing towards a 
correction factor for the initial radiocarbon concentration close to 0.9 (see orange line; Figure 3.2 right).  
Overall, the trends in CFCs and SF6 were largely consistent with the absence of young groundwater in the 
Hutton, except in recharge areas. 

0.875 

0.9 

0.925 

0.95 

GISERA data 

PM 
      

EM 
      

BMM 

0.975 

1 

T
ri

ti
u

m
 (

3
H

) 
[T

U
] 

T
ri

ti
u

m
 (

3
H

) 
[T

U
] 



13  

15 

10 

5 

0 0 

2 

2 0.1 

1 

3 

5 

0.2 

8 
8 

0.3 

12 
0.4 

0.5 
18 

16 

1 
0.6 28 

20 

0.7 
38 

48 

70 

110 

24 

0.8 
28 

0.9 
32 

36 
300 

40  44 

01 

15 

10 
GISERA data 

5 PM 
EM 

BMM 

 
0  0 

1 

2 

 

8 
0.3 

 

 
5 

0.2 

8 

2 
0.1 3 

 

 

 
1 

0.6 

 
 
 

0.5 

 
0.412 

18 

16 

28 

0.7 
20 38

 
48 

 
 
 

0.9 

 

0 

0.8 
 
 

300 

24 
70 

110 28 
32 

36 

 

 

 
40  44 

0 0.5 1 1.5 2 2.5 3 

Tritium (3H) [TU] 
0 40 80 120 160 

14C [%] 
 

Figure 3.2: Plot of 3H versus SF6 (left) and SF6 versus 14C for all samples from the GISERA Baseline project. Model 
curves are for a recharge altitude of 250 m, a temperature of 15°C, and freshwater recharge without excess air (see 
Appendix A for a discussion on SF6 dating) 

 

Comparison of the trends in 14C and 36Cl/Cl can also be used to evaluate the initial 36Cl/Cl of groundwater 
entering the Hutton aquifer (Figure 3.3). Hutton groundwater has relatively low 14C (generally <20 %) but 
shows a wider range in 36Cl/Cl (2–14∙10–14), suggesting it is relatively old (that is, because of its shorter half‐ 
life, most of the 14C would have decayed). When interpreted with LPMs, the 14C/36Cl data could fit either a 
PM or EM model but not a BMM model (Figure 3.3). Based on samples with relatively high 14C, originating 
from closer to recharge areas, the initial 36Cl/Cl in recharge would be ~1.2∙10–13. The cross plot estimates for 
the 14C and 36Cl/Cl in Hutton recharge are preliminary only because they represent very simple 
approximations of geochemical processes along the flow path. 
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Figure 3.3: Plot of 14C versus 36Cl for all samples from the GABWRA, GA, OGIA and GISERA datasets in the Hutton 
Sandstone 

 

3.2 General flow direction in the Hutton inferred from 14C and 36Cl 

There was a tendency for groundwater 14C and 36Cl to decrease from north to south in the Mimosa Syncline 
(Figure 3.4 and Figure 3.5), suggesting that the main direction for groundwater flow is from north to south. 
The highest tracer values were found around two different latitudes, namely around ‐25.5°N and around 
‐25.9°N latitude, suggesting two main areas of recharge within the outcrop of the Hutton Sandstone. 
However, because the samples were not evenly distributed throughout the entire recharge area, additional 
preferential recharge areas are also possible. South of ‐26.2°N (south of the southmost point of the western 
branch of the recharge areas) none of the samples contained measurable 14C, whereas the first samples 
with background‐14C showed up as far north as ‐25.8°N. Very interestingly at the same latitude, some 
samples were at background for the 36Cl/Cl ratio, despite 36Cl having a half‐life 53 times larger than 14C. 
While the trends in 14C and 36Cl are clearly consistent with a general north to south flow direction, at the 
local scale more diverse flow directions are possible in the Hutton. 
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Figure 3.4: All result for 14C and 36Cl/Cl from earlier datasets (GA, GABWRA, OGIA) and acquired during this project. 
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3.3 Horizontal and vertical flow velocities in the Hutton 

Distance from outcrop areas and depth below ground can be used as measures of the horizontal and 
vertical distance travelled by groundwater at a given well. Changes in tracer activity with distance or depth 
can then be used to evaluate the horizontal and vertical groundwater velocity in the Hutton, respectively. 
For the vertical velocity, this is not strictly correct when away from outcrops, because the Hutton is a 
confined aquifer with a pronounced dip at the Mimosa Syncline. In other words, deeper samples will also 
tend to be the ones farthest away from outcrops. Ideally, nested piezometers should be used to measure 
vertical profiles in tracer concentrations, but these were not available here. Despite its limitations the 
concept of horizontal and vertical groundwater velocity will be used here, primarily to explore the potential 
effects of geochemical processes and aquifer representation on tracer distribution. Once these processes 
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are understood, groundwater velocities could be inferred more precisely using a more elaborate numerical 
groundwater flow model with a more realistic representation of aquifer geometry.  

 
3.3.1 VERTICAL VELOCITIES 

 

Both 14C and 36Cl/Cl decrease with depth in the Hutton aquifer (Figure 3.6), consistent with the general 
tendency for groundwater to be older at depth and for a downward groundwater flow in the Hutton at the 
Mimosa Syncline. However, when they are compared with similar lumped parameter models, there is a 
striking discrepancy in vertical velocities inferred using either 14C or 36Cl/Cl (Figure 3.6). The best model fits 
had vertical velocities ranging from 1–10 m/year when using 14C and 0.2–1 m/year when using 36Cl/Cl. 
These results demonstrate that the depth profiles cannot be explained by advection only and suggest that a 
geochemical effect or property of the aquifer not yet taken into account influenced the tracer distribution 
in the Hutton. 

Another interesting insight is that 14C is negligible (defined as <1%) below 300 m depth in the aquifer and 
36Cl/Cl is down to the underground production value (≈10‐14) below 600 m depth in the aquifer. If 14C loss is 
only from radioactive decay, this corresponds to apparent ages >10,000 years (1% in 14C corresponds to 
38ky if the initial concentration is 100%). However, this is not consistent with the declining trends also 
observed for 36Cl/Cl over the same depth range (i.e. based on 14C apparent ages, the decline in 36Cl/Cl over 
the whole depth gradient should only be ~20% of the initial value). As both tracers go down to background 
in the profiles, tracer transport is clearly more complex than the simple models used here. 

 

 

 

 
 
 
 
 
 
 
 

 

 

  Depth profiles for all values of 14C and 36Cl/Cl and  arison with vertical model velocities 

3.3.2 HORIZONTAL VELOCITIES 
 

Part of the discrepancy between inferred vertical velocities from 14C and 36Cl/Cl may have to do with how 
different recharge areas contribute to groundwater flow in the Hutton. Two approaches were used to 
evaluate this. Firstly, different starting points were given to the western (149.37°E, ‐25.38°N) and eastern 
(149.77°E,‐25.4°N) transects (Figure 3.8 left). Corridors around the transects were defined as (149.1‐ 
149.5)°E and (149.5‐150)°E for the western and eastern transect, respectively. All available data from the 
GABWRA, GA, OGIA and GISERA datasets were used. The results plotted versus the distance to a reference 
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point give a clearer picture than when plotted versus latitude, especially for the eastern transect (Figure 
3.7). They compare better to the piston flow model (PM). However, there is still a very considerable scatter 
in the data, especially at the western transect where data is clustered over intermediate distances. 

 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 

Figure 3.7: North‐South transects for all values of 14C in the Hutton Sandstone on the western (top left) and eastern 
(top right) transect and for 36Cl/Cl on the western (bottom left) and eastern (bottom right) transect 

 

In a second approach, the distance was calculated as the shortest distance from a given well to an outcrop 
(Figure 3.8, right), a more realistic approximation of the flow path to a given well. Even when combining the 
two transects together, this display shows the smallest scatter and the best agreement with the assumed 
exponential decrease of 14C and 36Cl/Cl versus distance (Figure 3.9). However, the discrepancy in the 
estimated flow velocity between 14C (0.1–0.5 m/year) and 36C/Cl (0.01–0.05 m/year) is still present. As 
neither 14C nor 36Cl are fully conservative in groundwater, this is not entirely unexpected (see Appendix A). 
Geochemical processes potentially impacting the tracers include ‘dead’ (14C‐free) carbon inputs from 
inorganic carbon production in the aquifer (e.g. methane oxidation) and the diffusion of dead (36Cl‐free) Cl 
from adjacent aquitards. These will be discussed in the following.  
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Figure 3.8: Illustration how the flow distances were calculated for the two transects (left) and for different flow 
lines on the shortest connection from the outcrop (right) 
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Figure 3.9: Plot all samples from the Hutton Sandstone for 14C (top) and 36Cl/Cl (bottom) between longitudes 
149°E and 150.5°E versus the distance to the closest point of the outcrop of Hutton Sandstone 

 

3.4 Geochemical influences on 14C and 36Cl 

Adding ‘dead’ C and Cl to a groundwater flow path dilutes the 14C and 36Cl pool and result in groundwater 
appearing ‘older’. Sources of ‘dead’ C in aquifers include degradation of very old organic matter and the 
dissolution of carbonate minerals, whilst the main source of ‘dead’ Cl is diffusion of syn‐sedimentary stored 
chloride from neighbouring aquitards. In the following, simple geochemical corrections are used to account 
for potential dilution effects on both 14C and 36Cl. 
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3.4.1   DILUTION OF 14C WITH ‘DEAD’ CARBON 

The measured value of 14C (when expressed in %) is actually a ratio of 14C/C where C is Total Dissolved 
Inorganic Carbon (TDIC). Therefore, the ratio of 14C/C will be diluted if the amount of inorganic carbon 
increases in groundwater. Some increase in inorganic C along groundwater flow paths is a nearly universal 
process in aquifers, including in the GAB (Radke et al. 2000). In the Hutton Sandstone, TDIC increases both 
with depth and with flow distance (Figure 3.10). 
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Figure 3.10: Increase of total dissolved inorganic carbon (TDIC) in the Hutton with depth and with distance to 
outcrop 

 

In the case of the Hutton Sandstone at the Mimosa Syncline, the increase of TDIC can be roughly quantified. 
In the recharge areas, TDIC ranges from 0.5–5 mmol/L and at maximum depth and flow distance it is in the 
range of 10 to 20.5 mmol/L. This results in slopes of 0.005–0.025 mmol/L per m depth or 0.1–0.5 mmol/L 
per km flow distance (Figure 3.10). For both estimates, the extreme value at RN58444 (Wallumbilla) was 
neglected because it is for a municipal supply well that taps several aquifers from the Gubberamunda 
Sandstone down to the Hutton Sandstone. Despite the uncertainty in the rate of increase along the flow 
path, TDIC clearly increases by a factor of two to five. When expressed as a shift in apparent age, a TDIC 
increase by a factor of five would correspond to an increase in apparent age of more than 10 ky. Thus, a 

correction for geochemical effects is clearly needed to estimate flow velocity when using 14C. 

Two methods were used to account for geochemical effects. Firstly, absolute concentrations of 14C (in 
atoms/L) were used instead of relative 14C concentrations (expressed in %). A drawback for this approach is 
that it is sensitive to the absolute 14C concentration in recharge areas, which is not well known, because it 
combines the uncertainty in TDIC and in 14C in the recharge area. The second approach was the use of a 
Phillips model (see Appendix A), which is essentially a combined 14C and C mass balance along the flow 
path. When using absolute 14C concentrations (Figure 3.11 bottom), an initial TDIC of 3 mmol/L was used. 
Scenarios using increases in TDIC varying between 0.1‐0.5 mmol/(L km) along the flow path were evaluated 
(see case for 0.4 mmol/(L km) on Figure 3.11). Since the absolute concentration of 14C in atoms/L is not 
affected by the addition of ‘dead’ TDIC, no Philips model was included (Figure 3.11 bottom). Using either 
approaches, best fit horizontal groundwater velocities ranged between 0.2 to 1 m/year, depending on the 
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rate of TDIC increase used. In other words, correction for geochemical effects provided a small increase in 
14C‐inferred horizontal velocities relative to the case without geochemical correction (i.e. 0.1–0.5 m/year; 
Figure 3.9) and therefore enhances the discrepancy to 36Cl/Cl. 

 
 

 

 

 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 

 

 
 
 

Figure 3.11: Absolute 14C concentration in atoms/L (bottom) and geochemically corrected 14C/C values (top) versus 
distance to outcrop. Phillips model lines assume a rate of TDIC increase along the flow path of 0.4 mmol/(L km). 
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3.4.2   DILUTION OF 36CL/CL WITH ‘DEAD’ CL 

The interpretation of 36Cl as a groundwater tracer is influenced by 1) evaporation in the recharge area, 2) 
underground production of 36Cl, 3) diffusive Cl inputs from aquitards and, to a minor extent, 4) variations in 
natural atmospheric 36Cl production due to variations in the geomagnetic field (not further discussed here). 
To see if any significant geochemical effects are likely, the first step is to evaluate if there are variations (in 
particular an increase) in Cl concentration along the flow path. Most Hutton groundwater samples in the 
Mimosa Syncline have chloride concentrations in the range of 80–380 mg/L (Figure 3.12). Five samples, 
generally near outcrops to the east, are outside this range and have concentrations as high as 1120 mg/L 
(Figure 3.13). Even if the five eastern samples are excluded, there was no clear trend for increasing Cl 
concentration with depth or with distance to outcrops. This indicates that Cl diffusion from aquitards does 
not occur or is small relative to the background variation in aquifer Cl concentration. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3.12: Depth profile and transect of chloride concentration in groundwater (samples from this study only) 
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Figure 3.13: Cl concentration in the Hutton Sandstone in the vicinity of the Mimosa Syncline. 
 

To illustrate how dilution by dead Cl could impact on inferred groundwater velocities, the effects of small 
gradients in chloride (0–0.3 mg/L per m depth and 0–6 mg/L per km distance) were evaluated for the 
Hutton Sandstone. Firstly, Cl – 36Cl/Cl cross plots were examined to evaluate which components of the Cl 
and 36Cl mass‐balances are most likely to control patterns observed in the aquifer (Figure 3.14). These plots 
show that, for most samples, a combination of radioactive decay, some underground production and 
possibly some minor extent of Cl diffusion from nearby aquitards can explain the observed trends. The 
eastern samples with higher concentrations cannot be fitted by a model assuming 1.3∙10 ‐13 and 100 mg/L 
for initial 36Cl/Cl and Cl concentration, respectively. These may represent a source of groundwater possibly 
exposed to a higher degree of evapotranspiration at the time of recharge, resulting in a different initial Cl 
and 36Cl concentration than the other samples, or exposed to some other process that increased their Cl 
concentration (leakage through a fault, etc). 

Including potential geochemical effects had little impact on 36Cl‐inferred groundwater velocities (Figure 
3.15). In case of the absolute 36Cl concentration the Phillips model and the Piston Flow model do not 
produce the same model curves, in contrast to 14C. This is related to 36Cl underground production in the 
aquifer and the aquitard, causing a slight increase of 36Cl atoms per litre with time and distance. As in case 
of 14C, taking input of dead Cl into account increases groundwater velocities also for 36Cl and the 
discrepancy between 14C and 36Cl derived groundwater velocities persists. The best estimate of 
groundwater velocity for the Phillips model is 1.5 and 3 cm/year, still a factor of ten smaller than the 
possible flow velocities for 14C under this model. Thus, geochemical effects alone cannot explain the 
differences in inferred velocities between 14C and 36Cl. 
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Figure 3.14: Ge    hemical cross‐plots 36Cl‐Cl system: 36Cl ersus Cl (top) and 36Cl versus Cl (bottom). The 
mass‐balance was evaluated using the Phillips model for an initial Cl concentration of 120 mg/L, a 36Cl/Cl ratio of 
1.3∙10‐13 and for a diffusive chloride increase flux of 0.04 µg/(L∙year). Arrows indicate how different components of 
the mass‐balance for 36Cl and Cl could impact on observed concentrations. 
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Figure 3.15: lute 36Cl concentration (bottom) and geochemically corrected 36Cl/C values (top) versus distance to 
outcrop. For the Philips model, the initial Cl concentration was 120 mg/L, the 36Cl/Cl ratio 1.3∙10‐13 and the diffusive 
chloride flux 0.04 µg/(L∙year). 
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3.5 Influence of double porosity on 14C and 36Cl in the Hutton 

Double porosity is a common feature of many aquifers, including in the Hutton Sandstone (APLNG 2014). In 
a double porosity aquifer, most of the groundwater will travel through more permeable areas, often also 
referred to as ‘mobile zones’, but solute can still be exchanged by diffusion with nearby ‘stagnant’ zones 
where advection is much smaller or negligible. Here, the one‐dimensional analytical model of solute 
transport developed Sudicky and Frind (1981) was used to evaluate whether double porosity can account 

for the differences in inferred groundwater velocity between 14C and 36Cl (see also Appendix A for the 
model description). For the Sudicky and Frind model, the Hutton is represented as a thin aquifer (a few 
meters) surrounded by much thicker aquitards (>50 m). When using realistic parameters to describe the 

properties of the aquifers and the aquitards, the inferred horizontal velocities obtained with 14C and 36Cl are 
similar (Figure 3.16) ranging between 0.5–2 m/year. The double porosity model is therefore the first 

description of groundwater flow in Hutton Sandstone that resolves the apparent discrepancy between 14C 
and 36Cl results. Here 36Cl‐inferred velocities were more sensitive to double porosity effects than the 14C 
ones, which is illustrated by the much larger difference between Sudicky model and piston flow model for 
36Cl (lower plot in Figure 3.16) than for 14C (upper plot in Figure 3.16). This was expected because the longer 
half‐life of 36Cl makes it more sensitive to diffusive transport. Also, the fit was insensitive against 
dispersivity in the aquifer and the fit described only the product of aquifer thickness and groundwater 
velocity. Increasing flow velocity by a factor of two and decreasing aquifer thickness by a factor of two 
resulted in the same quality of fit. This allows for a robust estimate of total groundwater flux in the deeper 
part of the Hutton Sandstone (see discussion in next chapter). 

While a good agreement between tracers is encouraging, the inferred velocities should be considered 
preliminary estimates because of the simplified nature of the modelling methods used. The key finding 
here is that the Hutton Sandstone has a very low effective porosity, with most of the groundwater flow 
occurring within the higher mobility zones that occupy only a few m thickness of the aquifer. 
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Figure 3.16: Fl velocities as described by the Sudicky and Frind (1981) model. This model assumes the same flow 
velocity of 1 m/year in the mobile zone for both tracers (14C and 36Cl). The displayed brown curve is for an aquifer 
thickness (mobile zone) of 10 m, a dispersivity L of 10 m, and porosities of aquifer and aquitard of 20% and 30%, 
respectively. 
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3.6 Support of the double porosity model by other tracers 

Two additional tracers were measured that could further constrain the flow velocities in the Hutton: the 
stable isotopes 2H and 18O of the water molecule and the noble gas 4He. This occurs because rainfall during 
the cooler Pleistocene (which concluded ~12ky ago) had a lower isotopic signature than current rainfall (by 
~2.5‰ and ~20‰ for 18O and 2H, respectively). In contrast, 4He accumulates over time in the aquifer. 
These results will be discussed in the following sections. 

 
3.6.1 STABLE ISOTOPE RESULTS AND THE PALEOCLIMATE SHIFT 

 

There is a pronounced decreased in groundwater 18O and 2H versus distance to outcrop in the Hutton 
Sandstone aquifer at ca. 10–20 km (Figure 3.17). The data show a scatter of –5.5±0.5‰ and –32±5‰ for 
modern water in  18O and  2H, respectively, which corresponds to the known values for stable isotopes in 
precipitation for this area (IAEA/WMO 2015). For groundwater beyond 20 km, the shift in isotopic signature 

is consistent with water recharged during the Pleistocene (–8±0.5‰ and –50±5‰ for  18O and  2H, 
respectively). Using a simple advection‐dispersion model and assuming dispersivity ~ 750 m which is a valid 
assumption for transport distances of 20 km or more (Gelhar et al. 1992), the isotopic shift would 

correspond to a horizontal velocity of ~1.2 m/year, very similar to the estimate obtained with 14C and 36Cl 
(~1 m/year). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure   17: Stable isotope results plotted versus the distance from Hutton outcrop. Indicated are model results for 
a palaeoclimatic shift of 2.5‰ and 20‰ in 18O and 2H respectively and 1.2m/year distance velocity 

 

Not all groundwater samples had a ‘Pleistocene’ signature beyond 20 km (Figure 3.17). This includes the 
municipal supply well of Wallumbilla, which is probably unrepresentative because it taps several aquifers. 
The Reedy Creek bore INJ3‐H also had a more modern signature, but may also not be representative for the 
Hutton because it was the site for an injection test at the time of the study. The two other wells at 25 km 
and 22 km flow distance (Caenby Bore and bore 35458) also have a more modern signature – suggesting 

that the distance to their recharge area is shorter than what was estimated here. The map in 18O 
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distribution in the Hutton Sandstone also indicates higher isotopic values at the eastern side of the Mimosa 
Syncline, suggesting a different recharge environment there (as was also observed for Cl).  

 
 

 

Figure 3.18: Map of 18O values in groundwater in the Hutton Sandstone 

 
3.6.2 NOBLE GAS RESULTS 

 

Ideally, the palaeoclimatic signal in 18O and 2H would be further tested with noble gas palaeotemperatures 
derived from the concentrations of Ar, Kr and Xe in groundwater (Stute et al. 1992; Stute and Sonntag 
1992; Stute and Schlosser 1993; Stute et al. 1995a; Beyerle et al. 1998; Aeschbach‐Hertig et al. 1999; 
Aeschbach‐Hertig et al. 2002). Unfortunately, there is no facility in Australia at present to measure heavier 
noble gases. The CSIRO facility for this purpose is under construction and will be operational in late 2016. 
Therefore the confirmation of the palaeoclimate signal could be undertaken at a later date.  

Helium concentrations in groundwater, however, were measured and can also indicate groundwater flow 
direction. Sampling for noble gases was complicated by observed degassing of groundwater and hot 
groundwater temperatures (>50°C) in the deeper bores. Hot water has smaller helium solubilities and the 
diffusion constant increases with temperature. Furthermore groundwater pumped from a deep well 
observes higher de‐pressurization during transport to the surface. All these processes increase the 
possibility for degassing, so the 4He data used here should be considered a qualitative tool. A large range in 
4He concentration was measured in the Hutton Sandstone. These ranged from solubility equilibrium 
concentration (ca. 5∙10‐8 cc(STP)/g, found in rain water, surface water and groundwater younger than a 
century) to among the highest values previously found in groundwater (10‐4 cc(STP)/g; Figure 3.20). 
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Figure 3.19: Map of helium concentrations in groundwater of the Hutton Sandstone. 
 

Two patterns are discernible in the helium concentration map in Figure 3.19: The first pattern is a group of 
samples close to the southern part of the western recharge area,  which shows exceptionally high helium at 
shallow depths. These results come from the wells at the farms Amusen, Dangarfield and Moorabinda (see 
Figure 2.4 and Figure 3.20) and were reproducible across two sampling campaigns for one of the wells 
(Moorabinda artesian house bore sampled in November 2012 and October 2013). A possible explanation 
for this finding is a small input of very old, deep water coming up in this area and admixing helium into local 
groundwater. This upward flow may have happened further upstream, closer to the Hutton‐Wallumbilla 

fault system. Such an admixture of old water is not necessarily detected in the radioactive tracers (14C and 
36Cl) because these are very sensitive for small admixtures of young water in old water, but much less 
sensitive when old water is mixed into young water. It would also not be visible in the stable isotopes, 

unless the water mass added is significant (20% or more). In contrast to 14C, 36Cl/Cl and stable isotopes, 
where maximum differences between values for old and young water is a factor of two to 100 only (see 
Figure 3.16 and Figure 3.17), concentrations of helium in groundwater can vary much more, over a factor of 
100,000. Therefore, admixtures of a few % of very old groundwater may explain this local pattern of high 
helium concentrations. 
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Figure 3.20: Depth profile (left) and transect of helium concentration versus distance to Hutton outcrop (right) 
 

The other group of helium results shows a more gradual increase with depth and with length of flow path 
up to the highest values in the range of 5∙10‐5 cc(STP)/g, which was measured in the INJ3‐H bore at Reedy 
Creek. Despite the considerable scatter in the data, this gradual increase is of the right magnitude for a 
moderate rate of terrigenic 4He production in the aquifer (10‐11 cc(STP)/(g∙year); Figure 3.20). Comparison 
with 36Cl and 14C also suggests a different mixture of groundwater sources for the Amusen, Dangarfield and 
Moorabinda wells relative to the other sites (Figure 3.21). Evaluating horizontal velocities using 4He was not 
attempted here because the behaviour of this tracer in aquifer‐aquitard systems can be quite complex 
(because of its high diffusivity). However, the trends in 4He suggest an old fluid input into parts of the 
Hutton. 
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Figure 3.21: Cross plots for 4He with 14C (left) and 36Cl/Cl (right) with their best matching piston flow (PM), 
exponential (EM) and binary mixing models (BMM). The PM and EM models used a helium production rate of 
10‐11 cc(STP)/(g∙year). 

 

3.7 Particle tracking 

The particle tracking calculations did provide insights into the origin of groundwater at a given bore (that is: 
what is the recharge area), but was less successful to predict the tracer data (that is: concentrations and 
age distributions). Particle tracking did demonstrate that groundwater from a relatively large area can be 
sampled at a given well (Figure 3.22). This is consistent with the tendency found in many groundwater 
samples to have a tracer make‐up representative of more than one water source (see example above for 
4He). However, the comparison between observed concentrations versus predicted by particle‐tracking age 
distributions was inconclusive for 14C and poor for 36Cl. Most of the wells selected for the comparison were 
down‐gradient in the Hutton (that is, had relatively old groundwater) and had low predicted and observed 
14C concentrations (Figure 3.22). On the other hand, there was no correlation between observed and 
predicted 36Cl concentrations (Figure 3.22). There are many potential reasons for the poor fit. However, the 
key one would be that particle tracking cannot account for diffusive exchange of tracers in a double 
porosity aquifer like the Hutton. 
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Figure 3.22: Example for a visualisation of MODFLOW‐ADV2 generated particle tracks for a sample well (Sreekanth 
and Moore 2015). The starting point of each track represents a possible source (recharge) area for water pumped in 
the well. 
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Figure 3.23: Comparison of particle‐tracking derived 14C (left) and 36Cl/Cl (right) values with the actually measured 
tracer concentrations 
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3.8 Precipice Sandstone 

The present study had its focus on the Hutton Sandstone aquifer. The Precipice Sandstone aquifer was only 
sampled when there was an opportunity to directly combine tracer values for both aquifers at the same 
location. Despite this limitation, this study roughly doubled the existing dataset of environmental tracer 
values in this aquifer in the area of the Mimosa Syncline (nine measurements from all datasets). All values 
for 14C are smaller than 3.5%. This is still higher than the analytic detection limit of an AMS 14C‐analysis but, 
given the depth of the formation (some of the sampled wells were deeper than 1000 m) and the poor state 
for some of the wells, the presence of small amounts of 14C may be a sampling artefact. 36Cl/Cl in contrast is 
higher in the Precipice than in the Hutton Sandstone (Figure 3.23). The highest 36Cl/Cl value found was 
1.8∙10‐13. The chloride content is lower in the Precipice Sandstone than the Hutton – 50% of the samples 
measured in the Precipice contained less than 20 mg/L and all have less than 120 mg/L. This probably 
indicates less evaporation during recharge, thus increasing the 36Cl/Cl ratio. Therefore, the initial ratios 
determined for the Hutton Sandstone cannot be transferred to the Precipice. Since all samples are at the 
practical detection limit for 14C, a plot of 14C versus 36Cl/Cl cannot be used to determine the initial 36Cl/Cl 
ratio at recharge for the Precipice. The sample closest to the outcrop of Precipice Sandstone is at a distance 
of about 30 km from it. Thus, flow velocities cannot be evaluated for the Precipice because no 36Cl/Cl values 
in the recharge area are available. 

Sampling for noble gases in the Precipice Sandstone was extremely difficult due to the deep wells and high 
water temperatures, leading to degassing during sampling. Despite these difficulties the results of the three 
helium samples taken during this study show concentrations in a narrow range between 1.5∙10‐5 and 
2.2∙10‐5 cc(STP)/g. No trend with any inferred flow direction is discernible from these results.  
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Figure 3.24: Map of 14C (top) and 36Cl/Cl (bottom) for all samples from the GABWRA, GA, OGIA and GISERA datasets 
in the Precipice Sandstone 
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4 Discussion 
 
 

This multi‐tracer investigation provided 
several new insights into the hydrogeology 
of the Hutton Sandstone aquifer, including 
that it has more diverse flow paths than 
previously considered, a lower effective 
porosity and therefore transmissivity than 
earlier assumed, which results in higher 
vulnerability of the aquifer towards 
extraction. Whilst using environmental 
tracers to infer hydrogeological processes in 
GAB aquifers is not new, additional 
information was gained here by using a 
variety of tracers that could characterise the 
system at different spatial and temporal 
scales. In particular, the matching of age‐ 
dating tracers covering different timescales 
provided additional information. These are 
inferences about initial tracer concentrations 
at the beginning of the flow path and a 
preliminary quantification of the double 
porosity properties of the Hutton Sandstone. 
In the following, the Hutton aquifer flow system is reviewed, the deeper Hutton groundwater flux 
estimated, and key recommendations to further characterise the Hutton and Precipice Sandstone aquifers 
are provided. 

 

4.1 Hutton flow system 

The environmental tracer survey highlighted that the Hutton Sandstone flow system is complex, with 
several recharge areas, flow pathways and discharge zones. The study design (two north‐south piezometer 
transects) could exclude a northward flow direction but not an eastward or westward one. However, the 
maps of 36Cl/Cl distribution do not exclude flow towards the southeast or east (e.g. towards the Dawson 
River). Thus, the Hutton Sandstone north of the Great Dividing Range may not represent one large flow 
system contributing recharge to the Great Artesian Basin but instead would decompose into several 
regional flow systems, each discharging into tributaries of the Dawson River (Hodgkinson et al. 2010). 
Discharge in the Dawson River catchment would explain why Hutton groundwater southeast of the line 

connecting Roma and Taroom is at background values for both 14C and 36Cl/Cl. This section of the aquifer 
may not have a flow connection to the northern recharge area and may represent a ‘stagnant’ or very 
slowly flowing groundwater body. A more detailed study at the scale of outcrop areas would be needed to 
describe local flow systems and to quantify groundwater flow towards the Dawson River.  

The level of connectivity between the Hutton Sandstone and neighbouring geological formations remains 
unclear. In the companion study, Smith (2015) could not determine the level of connectivity between the 
Walloon Coal Measures and the Hutton Sandstone using environmental tracers because of limited available 
information. Smith (2015) suggested that the Hutton and the Precipice are probably poorly or not 

connected based on 4He profiles in the Evergreen Formation. However, the presence of very high 4He in 
western parts of the Hutton Sandstone suggests that an input of older fluids (possibly through faults) is 
locally possible. The inferences about flow processes in the Hutton aquifer made using 14C and 36Cl are 
probably representative of natural flow conditions during the Holocene and late Pleistocene in general, but 

 This study provided the best estimate to date for 
the water balance of the deeper Hutton Sandstone 
aquifer. 

 As recharge rates are much lower than previously 
estimated, this aquifer is more vulnerable to over‐ 
extraction than previously thought. 

 Tracer results reflect the natural flow system 
before human influence. 

 The Hutton Sandstone is probably not at steady 
state with respect to past climate change and 
present extraction. 

 To constrain the water balance of the aquifer 
system as a whole, the connectivity between 
aquifers requires further investigation 

 Tracer knowledge for the Precipice is insufficient to 
derive a similar simple assessment as done for the 
Hutton. 

 The combined use of numerical modelling and 
tracer measurements needs further refinement. 



38  

not of the current conditions. The reason is that groundwater abstraction from this aquifer is a relatively 
recent phenomenon (<200 y) whereas these tracers operate at timescales of many thousand years. Any 
possible change in the flow system and water mass transport cannot be captured by a single measurement 
of these tracers. Only a repeated measurement of the same wells after some years can reveal changes in 
tracer concentrations with time and thus a change in the flow system within human time scales. The 
discrepancy between the flow paths inferred from current potentiometric surfaces and from tracers 
indicates that the Hutton aquifer is not at steady‐state, but gradually adjusting to its current extraction and 
(Holocene) climate regimes. 

 
4.1.1 GROUNDWATER FLUX 

 

Using the estimates for the horizontal groundwater velocity (v) as derived from 36Cl, 14C and stable isotopes 
(18O, 2H), and an estimate of effective porosity in the Hutton Sandstone (na), the groundwater flux at depth 
in the Hutton Sandstone (Q) can be estimated (see Equation 12‐14 in section A.3 in Appendix A for further 
reasoning). This estimate uses the fact that the double porosity model estimates effective flux through the 
whole formation thickness as: 

Q  v  na  a  l (1) 

Here a is the effective thickness of the Hutton Sandstone and l the length of the recharge segment of the 
outcrop. A simple GIS analysis (red line in Figure 4.1) estimated l to be ≈226 km. When assuming that a = 10 
m, v = 1 m/year and na = 0.2, Q is calculated to be 452 ML/y. 

This number is much smaller than the recharge value derived from a chloride mass balance assessment of 
the area. The CMB assessment amounts to 17 GL/year and was derived from re‐assessing the recharge area 
of the Hutton between the Hutton‐Wallumbilla fault and the Burunga‐Leichardt fault with the methods of 
Smerdon and Ransley (2012) (Figure 4.1). The tracer‐derived recharge for the Hutton therefore represents 
only 2.7% of the CMB value. However, the two assessments do not necessarily represent the same process. 
The chloride mass balance estimates the recharge rate at the outcrop, while Q in the current study is more 
representative of the groundwater flux deeper in the aquifer. Aside for measurement and modelling 
uncertainties, the difference between the two fluxes may represent loss by groundwater discharge near 
outcrop areas. This process (also called ‘rejected recharge’; (Herczeg 2008)) is a common feature of GAB 
aquifers and is known to provide baseflow to several rivers. 

The groundwater flux for the Hutton estimated here should be considered preliminary. The main purpose 
for the simple modelling approaches used in this study was to determine the key processes impacting on 
tracer concentration across the aquifer. A more spatially‐explicit numerical model of groundwater flow and 
solute (tracer) transport in the Hutton aquifer could provide a more rigorous estimate of groundwater 
velocity and flux. A key finding is that the Hutton aquifer is transmissive only over a limited part of its whole 
stratigraphic depth (<50m versus 150m respectively), suggesting that most of the groundwater flow occurs 
through a small section of the whole thickness of the Hutton Sandstone.  
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Figure 4.1: Length of recharge segment of Hutton Sandstone between the two dominant fault systems and recharge 
values according to the Chloride Mass Balance approach (Smerdon and Ransley 2012) 

 
 

 

4.2 Other tracers 
 
4.2.1 SULFUR HEXAFLUORIDE 

 

The Hutton Sandstone provided the first evidence for apparent underground SF6 production in a 
Queensland aquifer, but this process has also been observed elsewhere in Australia (Leaney et al. 2013; 
Kretschmer and Wohling 2014; Taylor et al. 2015). The mechanism for a possible underground production 
of SF6 is not yet understood. At present, the most favoured model is radiogenic activation (by alpha 
particles) of chemical reactions between organic matter and fluorite minerals (Harnisch and Eisenhauer 
1998; Harnisch et al. 2000). Underground production does not happen everywhere in the Hutton because 
many of the samples had concentrations below the detection limit. As atmospheric concentrations are 
steadily increasing, SF6 should remain a useful tracer for young groundwater for many decades. However, its 
usefulness will be increased if underground production in Australian aquifers could be identified and 
quantified, such that the fraction of SF6 originating from recharge and from underground production can be 
differentiated. 

 
4.2.2 HELIUM 

 

Establishing the connectivity between aquifers remains one of the key knowledge gaps for quantifying 
potential impacts of unconventional gas development. Perhaps the most useful tracer for this purpose is 
4He. Helium has a key advantage – it is often found in large quantities in ‘old’ groundwater (Torgersen and 
Clarke 1985; Torgersen and Ivey 1985; Torgersen and Clarke 1987; Torgersen and Stute 2013; Aggarwal et 
al. 2015) whereas the abundance of all other tracers decreases in old groundwater. Helium‐4 (the main 
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form of He in groundwater) is an end‐product of the radioactive decay of U‐ and Th‐bearing minerals, which 

are found in essentially all geological formations. Being a stable isotope, 4He produced from U and Th 
slowly accumulates over time in aquifers, and may create higher relative concentration gradients between 
aquifers than any other tracer (factor 100,000 as compared to a maximum of 100 for 14C). Even though its 
production rates are not well known for Australian aquifers, Helium enables to detect the input of very old 
groundwater into aquifers or surface waters. This is also true if the amount of ‘old’ groundwater in ‘young’ 
groundwater is relatively small (Gardner et al. 2011) because the large relative concentration differences 
allow the detection of small admixtures. However, the high diffusivity of helium is both an advantage and a 
potential drawback. The high diffusivity of He makes it an especially useful tracer to evaluate diffusion‐ 
dominated solute transport in aquitards (Smith 2015). Under particulate circumstances a high diffusivity 
complicates significantly its use to quantify groundwater and solute transport in aquifers. In a context like 
the Hutton, where a thin aquifer is surrounded by relatively thick aquitards, diffusion in and out of 
aquitards can be a large component of the He mass‐balance, but one that is not easy to quantify. In extreme 
cases, a high diffusive He flux through an aquitard separating two aquifers may give the impression that a 
flow connection exists, whereas the actual exchange of groundwater between aquifers is negligible. Thus, 
future groundwater modelling exercises aiming to assess ‘connectivity’ in layered aquifer‐ aquitard systems 
should be developed with the aim to properly characterise He transport processes, including localised 
inputs through faults and fractures and diffusive fluxes through aquitards. 

 

4.3 Tracers and numerical models 

Whilst the use of particle tracking to interpret tracers did not allow to uniquely predict tracer 
concentrations, a number of steps could be taken to improve the interface between environmental tracer 
application and modelling and to better demonstrate the usefulness of tracers to improve models. One 
clear outcome of the particle tracking modelling exercise was to help understand the likely flow paths 
leading to a particular well in a three‐dimensional space. Other than for flow path demonstration, the 
particle tracking scheme used had several restrictions: 

 Particle tracking calculations on the comparably coarse discretization of the OGIA flow model 
(1500m) turned out to be not accurate. Calculations therefore needed a grid refinement (500m), 
which increased computation times by a factor of 9. 

 Despite the finer discretization, Hutton was represented as a homogenous layer, instead of several 
layers with different transmissivities. 

 To obtain an age distribution, a large number of particles was required – the number used here 
(350) was a compromise dictated by feasibility, several thousand would be desirable.  

 Particle tracking neglects any mixing effects caused by dispersion or diffusion. 

 
The model predicted the measured 14C values comparably well, that is, it predicted to have little or no 14C in 
the samples. In contrast, 36Cl was much less well represented by the model. For three wells 36Cl values 
predicted by particle tracking were smaller than those measured. This can be explained by “windows” in 
the aquitards between two aquifers not represented in the model and enabling faster groundwater flow. 
All other particle tracking results indicate much larger tracer values than were actually measured. In view of 
the diffusive loss of tracer to the adjacent aquitard discussed earlier, this is not unexpected. The particle 
tracking approach does not take into account any diffusion process and its related tracer loss.  

Future intercomparison between numerical modelling and environmental tracers in the Hutton aquifer will 
need several refinements. These include to: 

 Compare the age distribution determined for a certain control volume around the well with the age 
distribution obtained with stochastically simulated flow fields introducing a different spatial 
variability of K in each run; 

 Systematically evaluate the effect of grid discretization on particle tracking travel time; 

 Use a transport model to describe the tracer concentrations and directly use tracer concentrations 
to constrain the flow field rather than use them for post hoc comparison; 
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 Consider transient flow conditions: the flow field in the Hutton is probably not at steady state. A 
climate shift in the region occurred ~11ky ago, probably influencing recharge, and the aquifer is 
possibly still adjusting to this. 

The most realistic comparison of tracer values with numerical models will come from a direct transport 
modelling exercise describing the isotopic composition of the tracer itself. However, because of the model 
complexity involved, this has been done up to now only for two‐dimensional vertical cross sections, and 

only for helium and 36Cl (Castro et al. 1998; Zhao et al. 1998; Park et al. 2002; Castro et al. 2007). Thus, the 
modelling approach to be used needs to be problem‐ and context‐dependent. Simple lumped and analytical 
models appeared sufficient in this study to improve the conceptual understanding of the Hutton Sandstone 
aquifers. However, they are of limited usefulness when models are to be used to infer how the system 
could evolve in the future under different conditions. Particle tracking and more complex groundwater and 
solute transport numerical models need to be developed; the problem (CSG impact) and the available 
information (tracer and geochemical data) warrant the investment in developing these models. 

 

4.4 Conclusions and recommendations 

The differences in the inferred groundwater flow direction in the Hutton Sandstone between the 
contemporary potentiometric surface and tracers suggest that this system may be in a transition phase. 
The contemporary piezometric surface could reflect in part ongoing changes driven by climate (that is, the 
Holocene‐Pleistocene climate shift) and more recent groundwater extraction, whilst tracers would reflect 
the natural flow system prior to development. The environmental tracers supported the concept of the low 
effective transmissivity of the Hutton, potentially making this system more vulnerable than anticipated to 
groundwater extraction or to depressurisation in neighbouring geological formations. In other words, as 
only a small proportion of the aquifer effectively transmits water, the sustainable yield for this aquifer is 
probably low. This is important for sustainable management of this aquifer and the definition of 
groundwater allocations. 

The study highlighted other knowledge gaps, including that: 

 The initial tracer values at the far northern and south‐eastern (east of the Burunga‐Leichardt fault) 
recharge areas for the Hutton are not known and are required to assess flow velocities there; 

 The magnitude of groundwater flow from the south‐eastern recharge area towards the centre of 
the Mimosa Syncline is not known; 

 The initial tracer values in recharge areas for the Precipice Sandstone are unknown and tracer data 
in general is lacking for this aquifer; 

 The water balances for the Hutton and the Precipice sandstones remain sketchy, complicating the 
assessment of the potential impacts of groundwater extraction from the aquifer system; 

 The connectivity of the Walloon Coal Measures to the Hutton Sandstone should still be considered 
a key knowledge gap; the companion study (Smith 2015) is the only one known to date that 
assesses this parameter with measurements on the scale of the formation thickness; 

Key recommendations from the study include to: 

 Strategically sample additional wells in the Hutton and Precipice aquifers to improve the spatial 
coverage for tracer distribution, especially in recharge areas; 

 Strategically sample for 39Ar in recharge areas and 81Kr farther along flow paths to help constrain 
the more numerous 14C and 36Cl data. Whilst more complicated to sample in the field, 39Ar and 81Kr 
can quantify groundwater flow velocity at the right timescales (intermediate for 39Ar and very old 
for 81Kr) and are relatively easy to interpret; 

 Evaluate groundwater velocity and recharge rates for the Precipice Formation; 

 Re‐evaluate tracer distribution in the Hutton using a numerical groundwater flow and solute 
transport model; 

 Continue efforts to quantify the connectivity between the Walloon Coal Measures and 
neighbouring geological formations. 
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Appendix A Using environmental tracers to quantify 
groundwater time scales 

 
Using environmental tracers as age indicators relies on time‐dependent concentrations of trace substances 
in water. The trace substances have a known time‐dependent input function as indicated on the left of 
Figure A.1. Tracers can be stable and conservative, like for example 18O and 2H, CFCs and SF6. Other trace 
substances can be radioactive, and in this case the natural radioactivity can provide time information also 
when the input function at recharge is constant, as for example, with 14C and 36Cl. Also, a combination of 
time‐dependent input and radioactive decay is possible such as with 3H and 85Kr, as long as the time‐ 
dependent input is quantified. Or, the concentration of the tracer can increase with time along the flow 
path, e.g. due to underground production, as is the case with 4He. Any age deduced from the measured 
concentration of an environmental tracer, however, is never unique, no matter what tracer is used. Figure 
A.1 illustrates this. 

 

Figure A.1: Principle of the application of environmental tracers to deduce groundwater age (Suckow 2014) 
 

The tracer concentration always needs to be known at the recharge site (“input function”, represented by 
the red and green curve on the left, indicating two different tracers). However, the measured concentration 
at the well screen allows for several moments in time to be deduced (horizontal red and green lines on the 
right, each giving two ages, represented as vertical black lines). Therefore every application needs a 
combination of several tracers to derive a unique value on the time axis (middle black line agreeing both to 
the red and green concentrations on the input curve). Details of different age definitions and how they 
relate to common conceptions of human age can be found in Suckow (2014). Only those tracer properties 
will be discussed in the following sections that are important in the context of the present project. It is, 
however, important to note that all tracer methods determine the distance velocity v within the aquifer 
(unit: m/year). This is related to the Darcy velocity q (volumetric groundwater flux in cubic meters per 
square meter aquifer cross section and year; also expressible as m/y) by the (effective) porosity ne via 
v=q/ne. Tracer derived velocities are therefore always larger than Darcy velocities and the factor ne 

between v and q needs an independent assessment. 
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A.1 Tracers used 

Tracers used in this report to interpret flow velocities were the stable isotopes of water (18O and 2H), CFCs, 

SF6, tritium (3H), 14C, 36Cl and 4He. They will be introduced shortly in the following sections. The chemical 
compounds CFCs and SF6 are of anthropogenic origin, are dissolved in water and recharge times can be 

deduced from their known atmospheric concentration. The other tracers are radioactive (14C, 36Cl, 3H) or 
stable isotopes (2H, 18O, 4He) of elements. Isotopes (from the Greek word ‘iso topos’ for ‘same place’ – 
meaning the same place in the periodic table of the elements) are varieties of atoms of one element with 
identical chemical behaviour (since they belong to the same element) but slightly different mass, which can 
result in fractionation during physical or biological processes. This difference in mass is due to different 
number of neutrons. Since the chemical properties are determined by the number of electrons in the hull, 
which in a neutral atom equals the number of protons in the nucleus, all isotopes show the same chemical 
behaviour of the element. This makes isotopes ideal tracers. Too few or too many neutrons relative to 
protons renders a core unstable, which is why some isotopes are radioactive. Environmental tracers use all 
these properties to investigate natural processes – known concentration at the time of recharge, identical 
chemical behaviour since it is the same element, differences in mass that lead to fractionation, and 
radioactive decay that provides a natural ‘clock’ for natural processes.  

 
A.1.1 STABLE ISOTOPES OF WATER 

 
The water molecule H2O is formed of the elements hydrogen and oxygen. While the most abundant 
isotopes of hydrogen and oxygen are 1H and 16O, respectively (forming 1H2 O), both elements have a stable 
and rare isotope, 2H and 18O. In the natural water cycle these isotopes behave as normal water. In fact they 
are water, forming molecules with slightly different masses (e.g. 2H1H16O and 1H2 O). Nevertheless, the 
different isotopic species of water are slightly enriched during different natural processes, the most 
important being phase transitions (e.g. from liquid to gas phase). The heavier molecules, containing 2H and 
18O, are slightly enriched (by a few ‰ only) in the less mobile phase. For example, the ocean will contain 
slightly more 2H and 18O per gram water than the water vapour formed from it, and the raindrop will 
contain slightly more 2H and 18O than the cloud it formed from. The magnitude of this isotopic difference 
depends on the temperature prevailing during the phase transition (evaporation or condensation). These 
slight differences in the isotopic ratio R are expressed as per mil deviation of a standard, called SMOW 
(Standard Mean Ocean Water) using the delta notation: 

 

  ≡ 
RSample-RS ta ndard = 

RSample - 1 ∙ 1000‰ (2) 
RStandard RStandard 

 

Since the standard is ocean water and since, as mentioned, the water vapour derived from it will have less 
of the heavy isotopic species, and since nearly the entire global water cycle happens after this phase 

transition, most isotopic values for 18O and 2H in water samples are negative. One has to keep in mind 
that the fractionation effects in stable isotopes are very small, per mil only, whereas the effects of 

radioactivity (3H, 14C, 36Cl) or concentration (CFCs, SF6) are comparably large: several percent or a factor of 
two to ten. As a consequence of natural isotopic enrichment processes, several effects can be observed.  

 

Continental effect 

Air masses losing water as rain when moving inland will gradually deplete in the heavy isotopes. This means 
that rain falling further inland will be more negative in 18O and 2H than close to the coast. The effect was 
first described for Europe (Sonntag and Schoch‐Fischer 1985) and later verified all over the world, see 
http://www‐naweb.iaea.org/napc/ih/documents/userupdate/Waterloo/. The magnitude of this effect is on 

the order of 0.2‰/100 km in 18O. For the study here the effect is unimportant, because the size of the 
whole study area is not much more than 100 km and the typical measurement precision for 18O is 0.1‰. 

http://www/
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Evaporation effect 

If a water body evaporates, the water vapour will be isotopically lighter (more negative in  values) than 
the remaining water body. As a consequence, the remaining water body will gradually develop more 

positive values in 18O and 2H. This is a useful tool in water balance investigations of lake studies 
(Gonfiantini 1986) and allows determining the evaporated fraction of lakes, channels and rivers. 

Evaporation can be easily determined in a plot of 2H versus 18O because the slope of evaporating waters 
in this plot is characteristically smaller – around 4 to 6 – than the global meteoric water line GWML (Craig 
1961) on which most other precipitation and groundwater values are situated and which has a slope of 8. 
The slope of the evaporation line depends on relative humidity, for tropical conditions with 100% relative 
humidity it approaches the slope of 8 of the GMWL. For the present study the evaporative effect is only 
important in case groundwater infiltrates from rivers, which is not to be expected.  

 

Temperature effect 

The isotopic fractionation is temperature dependent, and at lower temperatures the heavy species will be 
even less mobile than at higher temperatures. Therefore rain in winter will have a hydrogen and oxygen 
isotopic composition slightly lighter (less heavy isotopes, more negative delta values) than in summer. The 

magnitude of this effect is 0.5‰/°C in 18O as global average but can vary considerably on a local scale. This 
seasonal effect is most pronounced in precipitation itself and meanwhile used to calibrate General 
Circulation Models (GCM) of the atmosphere (Hoffmann et al. 2000). The seasonal temperature effect in 
stable isotopes is also discernible in the runoff signal in rivers (Königer et al. 2009), and in the soil zone 
(Königer et al. 2010). In groundwater this seasonal signal in stable isotopes is only discernible for very 
young groundwater (typically <4years), which makes this seasonality a useful tool in Karst  systems. 

Another temperature effect is more important when studying old groundwater; Pleistocene precipitation 
was recharging groundwater under colder conditions than today and these colder temperatures are 

reflected by isotope values that are typically 20‰ more negative in 2H for Pleistocene palaeowaters than 

for modern waters in Europe (Rozanski 1985). This corresponds to ≈2.5‰ more negative values in 18O for 
Pleistocene palaeowaters. The reason for this variation between the last glaciations and today is, however, 
not only due to temperature. Since during the last glaciations 3% of the global water volume was stored in 

the ice caps and since this ice‐stored water was depleted in 18O and 2H (had more negative isotope values) 
the remaining ocean water was roughly 1.2‰ more positive than today. The actual temperature effect in 
Europe therefore corresponds to 3.7‰ in 18O. The global effect will vary from place to place and only few 
palaeoclimate records exist on the southern hemisphere (Stute et al. 1995b; Stute and Talma 1997). Some 
of these show positive and some negative shifts in 18O values during the last ice‐age, with no reliable record 
published to date for Australia. In any case, stable isotope measurements may allow discerning water 
recharged 10 ky ago from those recharged today. This is a useful application to confirm other tracers, l ike 
14C and 36Cl, used to derive flow velocities. 

 
A.1.2 ANTHROPOGENIC DECADAL TRANSIENT TRACERS (3H, CFCS, SF6) 

The transient tracers of anthropogenic origin can be used for timescales of years to a few decades. These 
comprise 3H, CFCs and SF6 and are called transient because their input concentration changes with time. 

 

Tritium 

Tritium (3H) is the radioactive isotope of hydrogen and as such is part of the water molecule. Tritium is 
commonly measured in Tritium Units (TU), where one tritium unit corresponds to a ratio of 3H to normal 
hydrogen of 10‐18, or to a tritium related specific radioactivity of 0.119 Bq per kg water. The 3H presently 
observed predominantly in shallow groundwater is largely a result of atmospheric hydrogen bomb tests 
carried out in the sixties. Natural background of tritium in Australia is below 5 TU. Figure A.1 shows the 
time series of 3H content in precipitation in Kaitoke, New Zealand, where the longest record on the 
southern hemisphere is available. For comparison, this record is displayed together with some stations in 
Australia (IAEA/WMO 2015). Evidently, the tritium fallout in precipitation in Australian stations was slightly 
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higher around the bomb era than it was in New Zealand, which is due to a higher continental effect in 
Australia equivalent to higher dilution of the tritium input by oceanic (tritium‐free) moisture in New 
Zealand. While the highest measurement in NZ was 76 TU in September 1966, some results in Adelaide, 
Melbourne, Brisbane and Alice Springs have values between 100 and 300 TU until 1972, which corresponds 
to the last French nuclear tests in the 100kt range in Mururoa. Unfortunately, while there is a recent 

evaluation of 3H data in precipitation (Tadros et al. 2014), these contain no numerical values and have not 
been uploaded to the GNIP record as of August 2015 (IAEA/WMO 2015). Therefore, no Australian values 
are available for precipitation later than 1990. 

Since 3H is radioactive, Figure A.2 also displays how radioactive decay from some dates onward decreases 
the 3H signal (blue lines). These lines give evidence that tritium alone cannot distinguish different recharge 
years uniquely, since rain from many different rainfall events would have 3‐6 TU today. Therefore, although 
3H is radioactive, the way to use it as a groundwater tracer is largely like a dye, that is like CFCs and SF6 are 
used, and hardly as a radioactive substance, as is the case for 14C and 36Cl (see below). A groundwater 
sample containing 3H of more than 0.2 TU is an indication that part of the water recharged later than 1963, 
which corresponds to the peak in 3H in precipitation in Figure A.2. How much of such young water is in the 
sample or when it was infiltrated cannot be uniquely quantified from one tritium measurement alone.  
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Figure A.2: Input function of tritium in Kaitoke and several Australian stations (IAEA/WMO 2015) 
 
 
 

CFCs/SF6 

The environmental tracers Chlorofluorocarbons with the three species CFC‐11, CFC‐12 and CFC‐113 and 
sulphur hexafluoride (SF6) are synthetic compounds, volatile at room temperature, that have been used for 
refrigeration, aerosols and electrical insulation since the 1940s. Their concentrations in the atmosphere 



51  

increased steadily since then, reaching a peak in the late 1990s for CFCs and continuing to rise in the case of 
SF6 (IAEA 2006). They can be measured down to levels of part per trillion using gas chromatography. During 
recharge the atmospheric concentration will be preserved in groundwater in accordance to their solubility 
(Henry’s law). Figure A.3 illustrates this principle: known air concentrations (yellow panel left side) are 
converted with known infiltration temperatures to water concentrations (blue panel right side). Very 
simplified the infiltration year can then in principle be deduced from the measured concentrations: the 
horizontal lines in the right panel, symbolizing the measured concentrations, lead to a common infiltration 
year following the vertical line. In general terms, the mean residence time can be determined from the 
measured concentration, assuming an age distribution which needs assessment of the flow field and 
sampling condition (Suckow 2014). If no information concerning the flow field is available, several model 
assumptions are tested against the measured values of different tracers in binary tracer plots.  

Figure A.3: The principle how CFCs and SF6 are used to deduce time, SH and NH being ‘southern’ and ‘northern’ 
hemisphere respectively 

 

In practice several processes can complicate the application of CFCs and SF6: the recharge temperature has 
to be deduced as soil temperature by adapting information from nearby meteorologic stations, or needs 
concentrations of all noble gases in another sample aliquot, which is not always possible. Sulphur 
hexafluoride is influenced strongly by excess air (Heaton and Vogel 1981), which can only be assessed by 
analysing concentrations of all noble gases in another sample aliquot. Furthermore, CFCs can be degraded 
in anaerobic groundwater and there is an ongoing discussion about natural underground production of SF6 

in the subsurface (Koh et al. 2007; Deeds et al. 2008; Rohden et al. 2010). 

 
A.1.3 RADIOACTIVE TRACERS FOR OLD WATER (14C, 36CL) 

Radioactive tracers used for the longer timescales are 14C and 36Cl. Both are cosmogenic nuclides, naturally 
produced in the upper atmosphere from cosmic radiation. For radioactive tracers with known or constant 
input function, an apparent age can be derived from concentrations using the equation of radioactive 
decay: 

 
c(t) = c0exp(-At) ⇔ t = 

1 
ln ( 

CO ) (3) 
A C(t) 
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Here t is the apparent age (Suckow 2014),  is the decay constant, corresponding to ln(2)/t1/2 and t1/2 is the 
half‐life. C(t) is the measured concentration in the sample and C0 the concentration at recharge. For most 
groundwater tracers C0 is insufficiently known a priori and needs to be determined in the recharge area. 
Such an empirical determination involves a cross‐plot with a tracer for the next younger timescale (Suckow 
2013). For 14C this may be 3H, CFCs, SF6 and 85Kr. For the initial value of 36Cl/Cl, 14C can be favourably used as 
this young tracer. For 14C in combination with CFCs or 3H, input functions for both tracers can be compared 
with measured values on a dual tracer plot and a constant factor to the atmospheric 14C ratio can be fitted, 
as successfully demonstrated in Lamontagne et al. (2015) or Taylor et al. (2015). For 36Cl/Cl the initial value 
would be obtained from those samples that still contain radiocarbon, if mixtures between water of 
different age can be excluded. Typical applications allow the determination of timescales up to five half‐ 
lives, so how far a tracer can be used into the past strongly depends on the kind of tracer. 

 

Radiocarbon 

Radiocarbon or 14C is probably the most used tracer for ‘dating’ groundwater in Australia. Radiocarbon has 
a half‐life of 5730 years, which allows determining flow velocities and constraining timescales between 
some thousand and approximately 30,000 years. For 14C, the actually measured value is not the absolute 
concentration of 14C in water, but the isotopic ratio of 14C/12C in the Total Dissolved Inorganic Carbon 
(TDIC), which is the sum of dissolved CO2, HCO3 and CO3 . The unit for this ratio of C/ C was pMC (percent 
Modern Carbon, (Stuiver and Polach 1977)) or more recently %, where 100% corresponds to the 
atmospheric 14C/12C ratio in 1950 (Mook and Plicht 1999). The basic assumption is that the isotopic ratio of 
14C/12C changes only by radioactive decay of 14C. Radiocarbon can be measured very precisely (better 0.1%) 
and with a very low detection limit of less than 0.1% via Accelerator Mass Spectrometry (AMS). In practical 
groundwater studies, especially in deep aquifers, a few % of 14C should be considered as practical detection 
limit, since leaky casings or small hydraulic connections in the bore annulus can never completely be 
excluded. 

Very often however, radioactive decay is not the only process decreasing 14C in groundwater. All 
geochemical changes increasing TDIC or alkalinity can potentially decrease 14C/12C (Plummer and Glynn 
2013). This is of special importance when fossil sources of carbon are available, as is obviously the case in 
the coal seam gas districts. Also for the GAB as a whole, an increase in alkalinity (and hence TDIC) is known 
with flow distance (Radke et al. 2000; Ransley and Smerdon 2012). A possibility to avoid this geochemical 
influence, which causes the water samples to look ‘too old’, is to consider only the concentration of 14C (e.g. 
as 14C atoms per litre water), in analogy to general practice for 36Cl (see below). This case is easier than 36Cl, 
because underground production of 14C is negligible and therefore most underground sources of carbon 
can be considered 14C‐free and would not influence the 14C concentration. If NA is the Avogadro constant, 
TDIC is expressed as mmol/L carbon, 14C/12C in % and 14C as atoms/L, then the recalculation of % into 
atoms/L 14C is: 

 
14C atoms/L  = 

C  
%   

1   TD/C 
N 1.175 ∙ 10-12 

12C 100 1000    A 

(4) 

 

The number 1.175∙10‐12 corresponds to the isotope ratio 14C/12C of modern carbon, which can be calculated 
from the specific activity of 0.226 Bq/gC and its physical half‐life of 5730 years (Mook and Plicht 1999).  

There are many geochemical ‘correction’ models which are all designed to derive the initial ‘no decay’ 
concentration C0 for Equation 3. Since they will not be applied in this report they are not discussed in detail, 
and the interested reader is referred to the detailed description by Plummer and Glynn (2013).  

 

Chlorine‐36 

The application of 36Cl is very analogous to 14C and the basic idea also follows Equation 3, with the 
important difference that the half‐life of 36Cl is much longer (301,000±4,000 years) (Phillips 2013). The 
applicable time range therefore is between 50,000 and approximately one million years. This means 36Cl 
behaves in comparison to 14C similarly as 14C behaves in comparison to 3H. Also in the case of 36Cl, the 
actually measured value is the isotopic ratio of 36Cl/Cl. A general complication of 36Cl is that it is produced in 
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the subsurface (Andrews et al. 1989), mainly by neutron capture of 35Cl and to a much smaller extent of 
potassium‐39 (39K). The thermal neutrons in both cases come from uranium (U) and thorium (Th) in the 
aquifer. As a result of this underground production, the 36Cl/Cl ratio normally does not approach zero but a 
non‐zero value that has to be determined empirically in each aquifer. Chloride (Cl) as the carrier for the 
dating isotope has the advantage of being a much more conservative substance in groundwater than TDIC 
is for 14C. Nevertheless, already in the first applications in the GAB the basic problems of dilution with 
‘dead’ Cl and underground production of 36Cl were discussed (Bentley et al. 1986). The Cl concentration 
along the flow path is necessary information for the interpretation of 36Cl, as is the knowledge of the final 
value, to which the 36Cl/Cl ratio develops for groundwater being much older than the dating range of 36Cl. 
Data interpretation typically involves a discussion of plots of 36Cl/Cl versus Cl concentration, 36Cl/Cl versus 
36Cl concentration and 36Cl concentration versus Cl concentration, as discussed in detail by Phillips (2013). In 
this book chapter, also a sufficiently general model of 36Cl evolution in groundwater is described, which will 
be summarized next. 

The Phillips Model for 36Cl 

In Chapter 6 of IAEA (2013) Fred M. Phillips described an easy mass balance equation for the absolute 36Cl 
concentration in an aquifer. The model incorporates radioactive decay of the recharged 36Cl, underground 
production in the aquifer towards a secular equilibrium ratio of 36Cl/Cl and an additional source of chloride, 
like e.g. diffusion from an adjacent aquitard, which may have another 36Cl/Cl ratio in secular equilibrium. 
The formula for the 36Cl evolution with time is: 

 

Cl(t) =     Cl   =   rCl exp(-At)    -  1Cl     
FCl (  2 -  1)r 1 - exp(-At)       2  t (5) 

r r A Cl 
 

In this formula 36Cl(t) is the absolute 36Cl concentration [atoms/L], which corresponds to the measured 
36Cl/Cl ratio (Rm) multiplied with the measured chloride concentration Clm [atoms/L]. Further Rr, R1 and R2 

are the isotopic ratios of 36Cl/Cl in the recharge area (r), in secular equilibrium in the aquifer (1) and the 
adjacent aquitard (2) respectively. FCl is the flux of chloride from the aquitard to the aquifer 
[atoms/(L∙year)], and  is the decay constant of 36Cl. 

The model is general enough, that it can be applied to radiocarbon as well. In this case R1 and R2 are both 
zero, since no underground production takes place for 14C, and it describes the dilution of the (measured) 
14C/C ratio with ‘dead’ TDIC. In any case it is necessary to support the findings from 14C and 36Cl with other 
tracers such as helium. 

 
A.1.4 HELIUM AS A TRACER 

 

The helium isotope 4He is produced in the underground from the U/Th decay chains since these two 
elements are abundantly present at ppm concentration level in the rock matrix. Every alpha particle from 
the decay chains contributes a 4He atom and most of these are released to the groundwater and pore 
water (Torgersen and Stute 2013). Figure A.4 displays the decay chain of 238U (Suckow 2009) and each 
yellow arrow in it represents an alpha particle, corresponding to the creation of a helium atom. One atom 
of 238U therefore will produce a total of eight 4He atoms when decaying to 206Pb. 

The easiest, but seldom fulfilled assumption is that 4He in groundwater increases constantly with time 
according to the formula (Andrews and Lee 1979): 

 dc  4He  
= 

pR A 
1-ntot (1.19 ∙ 10-16 U     2.88 ∙ 10-14 Th ) 

dt pW neff 

(6) 

 

Here c(4He) is the measured concentration of 4He in groundwater and dc(4He)/dt is its increase per year in 
[cc(STP)/(g∙year)]. R and W are the rock and water densities,  is a release factor of helium from the rock 
which empirically is always 1, and ntot and neff are the total and effective porosities valid for the 
groundwater flow. Uranium [U] and thorium [Th] concentrations in this formula are given as ppm. Typical 
uranium and thorium concentrations in aquifer rocks are in the range of fractions of a ppm to several ppm 
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resulting in typical production rates of 1∙10‐13 to 5∙10‐11 cc(STP)/(g∙year). Values for the Hutton and Precipice 
Sandstones in the Surat basin range from 3–6 ppm and 3–8 ppm for U and Th respectively and together 
with estimates of porosity and rock density (APLNG 2014; Smith 2015) result in an in situ production rate of 

1∙10‐11 cc(STP)/(g∙year). The concentration of 4He in solubility equilibrium is ca. 5∙10‐8 cc(STP)/g and can be 
determined with an accuracy of better than 10%. The in situ produced helium component would therefore 
be distinguishable from solubility equilibrium earliest after 500‐1000 years and then increase linearly with 
time. This makes helium a dating tracer that has no theoretical upper limit  of application. 

As outlined in Torgersen and Stute (2013) this linear increase is hardly ever fulfilled and influx of helium 
from aquitards and underlying formations as well as diffusive losses of helium from the aquifer to 
surrounding formations dominate the concentration behaviour with time. Therefore any interpretation of 
helium has to be treated at least with as much caution as for 14C and all tracers have to be combined with 
each other to derive estimates of flow rates and direction. 

 

Figure A.4: Decay chain of 238U (Suckow 2009), providing a total of 8 helium atoms per decaying 238U (yellow arrows) 
 
 

 

A.2 ‘Age’ of groundwater is not a scalar but a distribution 

Any groundwater sample contains not only one ‘age’, but many different ages (see Figure A.5 originating 
from (Torgersen et al. 2013)). The idea of an idealized age (as introduced in Section 2.6) is displayed in 
Figure A.5 A. Wider age distributions are caused by diffusion and dispersion along a single flow path (Figure 
A.5 B). More realistically, flow paths from different parts of the recharge area start in the recharge area and 
meet in the well, causing a wider distribution than expected from diffusion and dispersion alone (Figure 
A.5 C). Furthermore, exchange with the aquitard matrix can strongly influence the age distribution (Figure 
A.5 D), which is discussed in more detail in the next paragraph. These processes together can create large 
discrepancies between apparent ages calculated for different tracers. This is due to the fact that each 
tracer ‘sees’ only a small part of the whole age distribution. Any calculation according to formulas like 
Equation 3 therefore gives only an ‘apparent age’, and these apparent ages can differ easily by a factor of 2 
or more for different tracers (Suckow 2013, 2014). The magnitude of the discrepancy between these 
apparent ages depends on the flow regime and on the sampling conditions.  
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However, all these processes A‐D keep the age distribution in a uni‐modal shape with only one maximum in 
the distribution. In reality this is even too simplistic an assumption. On long flow paths like several tens of 
kilometres, waters from different aquifers can mix, e.g. by the influence of faults or by windows in the 
aquitards separating the aquifers. This can cause bimodal or multimodal age distributions and render any 
apparent age meaningless (Figure A.5 E). Further downstream of such a confluence, hydrodynamic 
dispersion can then again spread out the difference between the single peaks and the age distribution can 
be uni‐modal again, but much wider. This illustrates why the calculation of apparent ages in most cases is 
not a very useful approach (Suckow 2014) and is not followed in this report. Instead, different flow 
assumptions are tested against a multitude of tracers (Suckow 2013). Hereby it is necessary to always 

combine the tracers for ‘old’ groundwater (14C, 4He, 36Cl) with those for young groundwater (CFCs, SF6, 3H) 
to de‐convolute admixtures of young water in the sample (IAEA 2013).  
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Figure A.5: Spreading of age distributions due to different processes relevant in groundwater (Torgersen et al. 2013) 
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A.3 Tracers in double porosity systems 

Environmental tracers show special features in double porosity systems that may severely distort the 
derived flow velocity or apparent age. Double porosity here is defined as any situation in which the active 
flow system (the aquifer) can exchange any solutes (tracers) by diffusion with another stagnant part of the 
aquifer system. Such stagnant zones may exist in the aquifer itself (flow in fractures surrounding a stagnant 
matrix; preferential flow due to sedimentological differences), or these may be adjacent aquitards. In any 
case the flow in these zones is negligibly slow as compared to the aquifer. If the tracer concentration is 
lower in the stagnant zone as compared to the active flow zone, then the tracer is lost by diffusion into the 
stagnant zones. The length L is the distance how far the tracer can penetrate into the stagnant zone in a 
certain amount of time, and is only dependent on time t and the effective diffusion constant D’ (Einstein 
1905): 

 
L(t) ≅ √Drt (7) 

 

Variations of D’ between different tracers in free water are up to a factor of 7 (e.g. at 10°C: 5.7∙10 ‐9 m2/s for 
4He (Jähne et al. 1987) and 0.8∙10‐9 m2/s for SF6 (King and Saltzman 1995)). Diffusion rates decrease within 
the pore space of sediments due to tortuosity and this factor depends on details of the sediment properties 
but is normally also in the range of a factor of 10 or less. Furthermore, this tortuosity factor applies to all 
tracers the same way. Therefore the length L(t) is mainly a function of time, and the differences in diffusion 
coefficients between tracers are of minor importance. If one assumes an aquifer of thickness a separated 
by stagnant layers (aquitards) of thickness b, then Figure A.6 illustrates the principle of tracer diffusion into 
the pore space (Purtschert et al. 2013). 
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Figure A.6: Tracer retardation by matrix diffusive loss into stagnant zones (Purtschert et al. 2013) 
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Due to the diffusive loss into the aquitard, any environmental tracer that comes into the aquifer only with 
precipitation will result in a lower measured value if double porosity is important. This is true for 3H, CFCs, 
SF6, 14C and 36Cl and will result in a higher apparent age than the ‘true’ hydraulic age of the water. How 
much tracer is lost to the aquitard will depend on time (because L(t) depends on time, see Equation 7 and 
the left part of Figure A.6) and for long times on the ratio of water volume in the stagnant zone to water 
volume in the aquifer (right part of Figure A.6). Also for a tracer produced in the underground, like 4He, the 
groundwater will ‘see’ the much larger production volume of aquifer plus thickness 2∙L(t) of the aquitard of 
which 4He produced from uranium and thorium decay is released to the flowing groundwater. Again this 
will result in a higher apparent age than the ‘true’ hydraulic age of the water.  

For a simple one‐dimensional system of one thin aquifer in an extended aquitard that observes no flow but 
only molecular diffusion, Sudicky and Frind (1981) gave an analytic solution for the relationship of steady‐ 
state tracer concentration in the aquifer with distance: 
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Here c0 is the initial tracer concentration at x=0, v is the flow velocity in the aquifer,  the decay constant of 
the tracer, a the thickness of the aquifer and na and nb are the porosities of aquifer and stagnant phases, 

respectively. D is the sum of hydrodynamic dispersion and diffusion in the aquifer, D= L∙v+D’, where  L is 
the dispersivity and D’ the molecular diffusion of the tracer. The net effect of tracer loss by diffusion from 
the aquifer into the surrounding aquitard is that the radioactive tracer decreases (much) faster than 
according to radioactive decay. The effect can be easily a factor of ten or more, depending on aquifer 
thickness and travel distance. The resulting distribution of tracer versus distance is still exponential, as 
would be expected without the double‐porosity effect. This makes it impossible to detect the importance 
of this effect from the tracer measurements alone if only one tracer is measured versus distance. Any 
apparent age as derived from a tracer like 14C or 36Cl would be larger than the flow time of water from the 
recharge to the sampling point. 

This means, that the tracer loss manifests itself like a retardation factor R, in a similar manner as when 
chemical sorption occurs. This apparent retardation factor depends on the true hydraulic water age 
(represented as t), which in a steady state flow system is equivalent to flow distance x and on the ratio of 
available total volume to active flow volume (Maloszewski and Zuber 1985; Purtschert et al. 2013): 

 

R(t)  
a  na  2  L(t)  nb 

a  na 

 
(9) 

 

Here na and nb are the porosities of the aquifer and the stagnant zones respectively. Obviously this 
retardation factor is time dependent; for very short times it is negligible (L(t)=0 in Equation 7, so R=1 at t=0) 
and increases with the square root of time. For a stable tracer the loss into the stagnant zones – and 
therefore the retardation factor – can be very large, because it can penetrate also into very thick stagnant 
zones. A radioactive tracer, however, may not have enough time to penetrate a thick stagnant zone b, 
because it decays earlier (lower part of Figure A.6). Therefore for a radioactive tracer the maximum length 
Lra to which it can penetrate a stagnant layer, is dependent on the decay constant : 

 

Lra  (10) 

 
Obviously this maximum distance Lra is the larger, the longer the half‐life of the tracer is. Therefore in 
aquifer systems with very large stagnant layers like the Hutton Sandstone in the Surat Basin, also the 
maximum possible retardation factor increases with half live according to the following sequence: 
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R(t)  
a  na  2  Lra  nb ;

 

a  na 

R3    R14  R36 

 
(11) 

 

One has to be aware that this sequence describes only the maximum retardation factor – after a flow 
distance x when the most short lived tracer (usually 3H) reaches its Lra, the retardation factors of the longer 
lived tracers (14C and 36Cl) will be nearly identical (distinguishable only due to the different diffusion 
constants in Equation 10), because for them L(t) is still much smaller than Lra.  As a further consequence, 
this retardation factor is only constant at one point along the flow path in a system in steady state towards 
flow and transport. In any transient or stationary system, the retardation factor will increase along the flow 
path until either Lra is reached or until tracer diffusion created a homogeneous concentration in aquifer and 
pore space (right state in Figure A.6). After this point in time and space no further net tracer loss from the 
aquifer will occur for a stable tracer, but still for a radioactive tracer.  

The Sudicky model of Equation 8 fitted with two tracers for the same flow velocity allows deriving the total 
amount of water flowing within a deeper aquifer formation. This can be understood when re‐arranging 
Equation 8 to the following form: 
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Here the terms in the exponential function have the following meaning: The term xv/D corresponds to the 
longitudinal Peclet number within the aquifer and describes how the tracer is spread within the aquifer in 
flow direction by dispersion. As mentioned earlier, dispersion is the product of dispersivity and flow 

velocity plus diffusion: D= L∙v+D’. Since on the scales in discussion x is on the order of many 10,000 m and 

 L is on the order of many meter, D’ can be neglected and the term xv/2D decomposes to x/2 L. The same 

holds true for the term 4D/v which decomposes to 4 L. This allows for a Taylor development of the root in 
the exponential: 

√1  X � 1     
1 

X - 
1 

X2   ⋯ (13) 
2 8 

Which, together with the transformations of dispersion above allows us to transform the formula further:  
 
 

  nb      


C(x)  C0 exp  x  
v 
 x  D'  a  v  n (14) 
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Note that this is independent of longitudinal dispersivity  L, which explains the insensitivity of the Sudicky 
formula towards this parameter. As a result, in the case where the second porosity can be neglected (nb=0) 

the whole exponential can be very well approximated by exp(‐x/v) which corresponds to the transport of a 
radioactive tracer in a long tube. In cases where diffusion into the matrix is dominant for tracer loss, only 
the last term in the exponential becomes important. Here D’ is a measure of the length of matrix diffusion 
that is important for the tracer. This is largest for 36Cl and is composed of physical constants and therefore 
not part of the fitting process and independent of the flow velocity or aquifer geometry. The term 
nb/(a∙v∙na) dominates the exponential decrease of tracer along the flow path and the fitting. The term a∙v∙na 

is the amount of groundwater (in cubic meters per year) that is flowing through the aquifer in a vertical 
cross section per meter of aquifer length (thickness perpendicular to the cross section). Therefore, if 
diffusion into the matrix dominates the transport process, fitting of two independent tracer profiles like 14C 
and 36Cl to the Sudicky model gives an independent and comparably robust estimate of the amount of 
water flowing in the deeper parts of a thin confined aquifer. 
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