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A study of chloride and 4He profiles through an aquitard that separates the Great Artesian Basin from the underlying Arckaringa
Basin in central Australia is presented.The aquitard separates two aquifers with longwater residence times, due to low recharge rates
in the arid climate. One-dimensional solute transport models were used to determine the advective flux of groundwater across the
aquitard as well as establish anymajor changes in past hydrological conditions recorded by variations of the pore water composition.
This in situ study showed that both diffusion and slow downward advection (V𝑧 = 0.7mm/yr) control solute transport. Numerical
simulations show that an increase in chloride concentration in the upper part of the profile is due to a reduction in recharge in the
upper aquifer for at least 3000 years. Groundwater extraction since 2008 has likely increased chloride and 4He concentrations in
the lower aquifer by pulling up water from deeper layers; however, there has been insufficient time for upward solute transport into
the pore water profile by diffusion against downward advection.The transport model of 4He and chloride provides insight into how
the two aquifers interact through the aquitard and how climate change is being recorded in the aquitard profile.

1. Introduction

Aquitards, that is, low permeability geological formations,
play an important role in the physical and chemical evolution
of groundwater. They control the response of aquifers to
forcing, such as pumping, and impede themovement of water
between aquifers [1, 2]. They also exert a strong influence on
solute migration and can sequester solutes, with important
implications for contaminant migration as well as for isotope
tracer studies [3–5]. Understanding the hydrological role of
aquitards is vital in areas impacted by large-scale ground-
water abstraction, for example, mining activities, and for
safety assessment studies of waste repositories. Despite this,
aquitards remain less well studied in comparison to aquifers

because of the inherent difficulty of obtaining water samples
and reliable hydraulic data.

Aquitard properties, such as hydraulic conductivity, and
their variability can be determined by fluid pressure mea-
surements within the aquitard using in situ vibrating wire
pressure transducers [6, 7], although hydraulic conductivity
measurements can increase with the scale of measurement
[8, 9]. When combined with the gradient of fluid pressure
using Darcy’s law, the vertical flow direction and rate can be
determined.

Since groundwater flow velocities in aquitards can be
low, mass transport in these layers tends to be dominated by
molecular diffusion [2]. Spatial variations of the pore water
composition have been used to evaluate the origin, age,
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and migration processes of water and solutes. Complexity
is introduced by climatic and hydrological changes, which
are unknown with certainty at the timescales relevant to
transport in aquitards, which are on the order of centuries to
millions of years. Naturally occurring environmental tracers,
such as chloride and stable isotopes of water, have been used
in combination with mathematical models to study transport
processes in aquitards and to reconstruct past environmental
conditions [10].

Chloride, helium, and stable isotopes of water are con-
sidered chemically inert under a wide range of conditions. In
the absence of chemical reactions, chloride is concentrated at
the surface and in the unsaturated zone by evapotranspiration
of rainwater. Its concentration is hence a proxy for climate
and recharge rates. Similarly, stable isotopes of water form a
record of climate conditions at the time of recharge as the
abundance of light over heavy isotopes depends on evapo-
ration and temperature [11]. Noble gases are good tracers of
hydrogeological processes because of their inert nature and
have been applied to study aquitard processes [12, 13]. Pore
water noble gas compositions have been used to determine
fluid sources [14], to date pore waters [15], to determine solute
diffusion coefficients [16, 17] and to determine rates of water
and solute mass transport [10, 13, 17–21]. Helium dissolves in
the water in the unsaturated zone in equilibriumwith the soil
air, and its concentration in groundwater increases with age
due to subsurface production, as well as upward migration
of deeper crustal and mantle helium [22, 23]. Thus, while
chloride and stable isotope variations can reflect changes in
recharge conditions, concentrations of radiogenic helium are
influenced by groundwater residence time.

Most aquitard studies have been undertaken in temperate
climates, such as in Canada and Europe, where the impor-
tance of glaciation is reflected by the stable water isotopes [10,
24]. Stable isotopes of water and major element pore water
profiles in shallow clay aquitards showed that solute transport
is dominated by diffusion in Ontario, Canada [25], andMon-
treal, Canada [26]. Solute transport in surficial clay aquitards
in Saskatchewan, Canada, was investigated by 𝛿18O [27], 𝛿2H
[28, 29], or both [30, 31]. 𝛿18O data constrained hydraulic
conductivities in these aquitards and showed diffusion to
be the dominant solute transport mechanism even during
glaciations [27, 30]. 𝛿2H profiles provided the timing of
climate change during the Holocene [28, 29]. Stable isotopes
and solute pore water distributions were used to determine
transport and geochemical processes controlling pore water
composition in the Battleford Formation in Saskatchewan,
Canada [32], and Michigan Basin in Ontario, Canada [33].

In southwestern Spain, Konikow and Arévalo [34] were
able to determine that an 80m thick clay aquitard is in
steady state with upward flow between 1mm/yr and 1 cm/yr.
Mazurek et al. [10] compiled stable isotopes of water and
solute pore water profiles for nine sites in central Europe
from a number of published studies [17, 35–40]. A selection
of anion concentration data and stable isotopes of water
as well as noble gases comprised the dataset at each site.
As found in previous studies [41, 42], model scenarios
confirmed that diffusion is the dominant solute transport
process. A study undertaken in the Otway Basin, located in

a temperate climate zone of Australia, used stable isotopes
of water and major ion concentration profiles to investigate
diffusive transport in an aquitard [43, 44]. Here, geochemical
processes were found to complicate interpretations based on
nonconservative major ions [43].

All the above studies have been undertaken in cold
or temperate climates. In arid regions the residence times
of water in aquifers, not just aquitards, tend to be large
(>104 years) due to low recharge rates [45]. Harrington et
al. [24] undertook one of the few studies in arid central
Australia and used both chloride and stable isotopes of
water to determine the palaeohydrogeology of the western
Great Artesian Basin (GAB). The chloride profile showed a
complex history of climate variations. It was found that pore
water isotope contents were not as well suited to identify
climate influences. This is because in arid regions and at
low latitudes, their interpretation is complicated because the
effects of ice volume, temperature, precipitation amount, and
moisture transport on isotopic abundances in recharge are
all important, whereas in study areas at higher latitudes the
temperature effect due to glaciations dominates [25, 27–31].
Gardner et al. [46] used 4He concentrations in the same
aquitard profiles, augmentedwith regional groundwater sam-
ples, to estimate vertical fluid flux through the aquitard.
Hasegawa et al. [47] also characterised solute transport in the
main confining layer of the GAB using chloride and chlorine
isotopes (36Cl, 37Cl) finding that Cl is of meteoric origin and
is transported by diffusion. Jones et al. [48] concluded, based
on vertical profiles of salinity and stable water isotopes across
the Geera Clay in theMurray River Basin, that the major part
of dissolved salts in the pore water was derived from aerosols.

In this study, we examine vertical groundwater flow
and solute transport through an aquitard separating the
GAB and the underlying Arckaringa Basin. The aquitard of
interest is situated between two aquifers with long residence
times of water, due to the low recharge rates in the arid
climate [49]. Chloride, 4He, and stable isotopes of water in
conjunction with numerical and analytical modelling were
used to quantify flow velocities and establish the connectivity
between the two basins at the site studied.

2. Study Area

The Arckaringa Basin is a Late Carboniferous to Early
Permian sedimentary basin. Glacial scouring during the
Devonian-Carboniferous and faulting during the Early Per-
mian resulted in the formation of troughs and subbasins [54].
The Boorthanna Formation, which forms the deeper aquifer
(called lower aquifer in this work), is a marine and glacial
sandstone and diamictite aquifer that overlies Proterozoic
basement rock [55] (Figure 1(c)). The aquitard is formed
by the Stuart Range Formation. It consists of mudstone,
siltstone, and shale and separates the Boorthanna Formation
from the overlying GAB (Figure 1(c)). The GAB sediments
were deposited from the late Jurassic to the early Cretaceous
[56–58]. The J-aquifer of the GAB (called the upper aquifer
in this work) comprises the hydraulically connected Jurassic
Cadna-owie Formation and Algebuckina Sandstone. These
are confined by the outcropping Cretaceous Bulldog Shale
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Figure 1: (a) Study location in the GAB and Arckaringa Basin in
central Australia, also showing main recharge areas. (b) Location
of core from this study as well as those from Gardner et al. [46]
and Harrington et al. [24]. Groundwater potentiometric surfaces
included with water level in m AHD. (c) Cross section showing
stratigraphy and depth of the core.

[59], a marine mudstone and silt aquitard, which formed due
to sea level rise at the start of the late Cretaceous [56]. Since
their formation, the basins have undergone many phases of
compression, uplift, and erosion to today’s levels [58].

The thickness values of the Boorthanna Formation, the
Stuart Range Formation, and the J-aquifer where the core
is located are 131m, 574m, and 29m, respectively. The
Arckaringa Basin is bordered by a series of ranges, ridges, and
plateaus including the Peake and Denison Inlier to the east
consisting of outcropping basement rockswith an elevation of
400–420m above Australian Height Datum (AHD) [60]. For
this study, a continuous core was drilled through the Stuart
Range Formation in central SouthAustralia (Figure 1(b)).The

topography of the region where the aquitard core was taken
is relatively flat with an elevation of approximately 150m
AHD. It is characterised by wide flat-topped plateaus, with
sharp escarpments, and lower lying gibber and flood plains
associated with ephemeral rivers.

The climate is arid with an average annual precipitation
rate of 120mm/yr [61, 62]. However, precipitation is variable,
both temporally and spatially. Recharge from rainfall is
diffused via infiltration into outcropping and subcropping
aquifer sediments (Figure 1(a)) and focused along discon-
nected ephemeral rivers [59, 63]. Vertical groundwater flow
from the upper aquifer to the lower aquifer is likely to be the
main formof recharge to the latter because it crops out only in
a small area [63]. The regional groundwater flow direction in
both aquifers near the coring location of this study is approx-
imately from west to east (Figure 1(b)), although the spatial
coverage of bores completed in the lower aquifer is limited.
Water levels in the Boorthanna Formation range from 110
to 60m AHD and in the J-aquifer range from 150 to 25m
AHD (Figure 1(b)). Groundwater is being extracted from the
upper aquifer for stock and domestic use. The Prominent
Hill mine (Figure 1(b)) has been extracting groundwater at
a rate of up to 26ML/d from the lower aquifer from wells
surrounding and to the northeast of the coring location since
2008 to sustain its mining operations, which has caused
drawdowns of up to 50m [64].

3. Methodology

3.1. Sampling and Analytical Methods. The core through the
GAB and the Stuart Range Formation and into the lower
aquifer was drilled in March 2015. The core was drilled 30m
from existing groundwater wells completed in the J-aquifer in
the GAB above the aquitard and the Boorthanna Formation
in the Arckaringa Basin below [53]. Upon completion of the
borehole, Vibrating Wire Piezometers (VWP) were grouted
into the borehole spaced 13m apart from 50.8 to 102.8m
through the aquitard [53]. VWP pore pressure readings were
used to determine the vertical fluid pressure gradient [7].

Core samples were collected for physical and chemical
analysis by first shaving off and discarding the outer core
(approximately 2mm) to avoid drilling fluid contamination.
The drilling fluid had been spiked with heavy water (D2O)
to be able to confirm this. Samples for chloride and ura-
nium/thorium analysis were collected at 2 and 5m intervals,
respectively. The 20 cm length shaved samples were vacuum-
sealed in two Food Saver� bags. The 𝛿18O and 𝛿2H 5 cm
length samples collected every 2m were sealed in a small
Ziploc� bag with all the air squeezed out then placed in a
second large Ziploc bag following the method outlined by
Wassenaar et al. [65]. Undisturbed 25 cm length samples for
permeability andporosity determinationwere collected every
10m and where there was a lithological change. Samples were
wrapped in plastic, labelled with the depth interval and an
arrow to indicate direction to top of core, then placed in a
PVC pipe for protection, and vacuum-sealed in a Food Saver
bag.

Samples for noble gas analysis were subcored every 5m
using a 35mmdiameter handheld electric drill, to avoid sam-
pling the outer core that may have already degassed or been
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contaminated. The subcores were immediately transferred
into stainless steel canisters for storage, following the subcore
degassing method developed by Osenbrück et al. [15]. After
the subcores were transferred, the canisters were flushed with
ultra high purity nitrogen and subsequently evacuated three
times to remove any atmospheric gases [16], and the samples
were then allowed to degas for 6 months before analysis.

Thenearby groundwatermonitoringwells screened in the
upper and lower aquifers were sampled for major elements
and noble gases. Major element samples were filtered with
a 0.45𝜇m filter and collected in a rinsed HDPE bottle.
Noble gas water samples were collected in copper tubes using
stainless steel pinch-off clamps [66, 67].

Groundwater chloride concentrations were measured by
ion chromatography by CSIRO, Adelaide, Australia, using
APHA method 4110 that has a coefficient of variation <2%
[68]. Uranium and thorium concentrations in the sediment
samples were analysed by hydrofluoric acid digestion of the
dried sediment and then analysed by mass spectrometry at
the same laboratory. Noble gas groundwater concentrations
were analysed by mass spectrometry in the noble gas labora-
tory of ETH Zurich, Switzerland, according to the methods
discussed by Beyerle et al. [66]. Measurement precision is<1.0% for helium concentration.

Analysis of chloride, as well as 𝛿18O and 𝛿2H in the core
pore waters and drilling fluid, was undertaken at Flinders
University, Australia. It was not possible to obtain a large
enough pore water sample from the core by squeezing or
centrifuging. Instead, for chloride analysis, pore waters were
extracted using the 1 : 5 dilution method outlined by Sacchi
et al. [69]. The extracted water was filtered using a 0.45 𝜇m
filter and chloride was then analysed on aMetrohm 883 Basic
IC plus ion chromatograph (IC) using in-house standard
solutions to generate calibration graphs following standard
analytical techniques [68]. Precision for anion analysis is≤2.5%. 𝛿18O and 𝛿2H were analysed on a Picarro L21302-i
using the vapour equilibrationmethod outlined inWassenaar
et al. [65].The difference between repeatedmeasurements for𝛿18O and 𝛿2H was ≤5%.

Conversion of the chloride concentrations obtained with
the 1 : 5 dilution method into the in situ chloride concen-
tration per litre of pore water is based on the so-called
geochemical porosity [70–72]. The geochemical porosity
(also referred to as effective porosity 𝑛𝑒) is less than the total
porosity (𝑛), especially for anions, which are repelled from
the double layer that occupies the pore space near negatively
charged minerals [71–73]. Typical experimentally derived𝑛𝑒/𝑛 values range between 0.3 and 0.6, but at high ionic
strength (𝐼 ≥1mol/kg) 𝑛𝑒 can approach 𝑛 as the double layer
collapses [73]. The measured concentrations of solutes in the
1 : 5 dilution extract aqueous leach solution were converted to
the pore water concentration (𝐶geochem) according to

𝐶𝑅 = 𝐶𝐿 𝑉𝐿𝑀𝑅 ,
𝐶geochem = 𝐶𝑅𝜌 1𝑛𝑒 ,

(1)

where 𝐶𝑅 is the mass of chloride per mass of bulk rock
sample [M/M],𝐶𝐿 is themass of chloride per volume of leach

solution [M/L3], 𝑉𝐿 is the volume of leach solution [L3],𝑀𝑅
is the mass of bulk sample leached [M], 𝜌 is the bulk density
[M/L3], and 𝑛𝑒 is the geochemical porosity [72, 74]. For
chloride, 𝑛𝑒 is estimated from 𝑛 by assuming an 𝑛𝑒/𝑛 value of
0.7 because of the ionic strength (up to 0.7mol/kg) of the pore
waters [73].

Permeability, porosity, and moisture content measure-
ments were undertaken by the Ground Science Engineering
testing laboratory, in Victoria, Australia. The permeability of
the sample was measured using a triaxial cell at the in situ
pressure of the sample, following the method AS 1289.6.7.1-
2000 [75]. The porosity of the samples was measured using
both the specific gravity and bulk density (method AS
1289.5.1.1-2000) as well as the moisture content (method AS
1289.2.1.1-2000) [75]. The specific gravity test determines the
density of the particles making up the sample, while the bulk
density gives the volume andmass of thematerial. From these
it is possible to determine the porosity of the sample using the
method AS 1289.6.7.3-1999 [76].

The noble gases of the aquitard pore waters were deter-
mined by mass spectrometry using standard procedures [16,
77] in the facilities at Lamont-Doherty Earth Observatory,
New York, US. Measurement precision is between 1.0 and
3.0% for noble gas concentrations. Some core samples were
reanalysed after two weeks to ensure total degassing of the
core pore fluids. Pore water concentrations were calculated
using an 𝑛𝑒/𝑛 ratio of 1.0 since noble gases are chemically
neutral and should not be affected by clay mineral double-
diffusive layer charge repulsion [46].

To remove the atmospheric helium component, the
concentration of neon in water in equilibrium with the
atmosphere at 25∘Cand elevation of 150mAHDwas removed
from the measured helium concentrations [23, 78]. This
assumes that helium and neon are in equilibrium with
the atmosphere, which is an underestimate, as it does not
account for the unknown excess air component. The excess
air component could not be calculated because of gas loss
during sampling [15].

3.2. Modelling. Modelling was aimed at evaluating the effec-
tive 4He and chloride diffusion coefficients, the internal
4He release rate from solids, and the advective vertical flow
component at the site. A steady state analytical solution to the
1D advection-dispersion equation developed by Solomon et
al. [52] and a 1D transient numerical model using MT3DMS
[51] were employed to simulate the observed helium and
chloride concentrations at the site.

The 1D advection-dispersion equation (also referred to as
1D advection-diffusion equation) is

𝑛𝑒 𝜕𝐶𝜕𝑡 = 𝜕𝜕𝑧 (𝑛𝑒𝐷𝜕𝐶𝜕𝑧 ) − 𝜕𝜕𝑧 (V𝑧𝑛𝑒𝐶) + 𝑛𝑒𝜌𝐺, (2)

where V𝑧 is linear pore water velocity [L/T], 𝐶 is the concen-
tration of chloride [M/L3] or helium [L3/L3] in pore water,𝑧 is the vertical spatial coordinate (positive downward) [L],𝐷 is the coefficient of hydrodynamic dispersion [L2T−1], 𝑛𝑒
is the effective porosity, that is, the porosity accessible to the
solute, 𝐺 is accumulation rate per mass of pore water due to
zero-order production, that is, radiogenic 4He accumulation
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rate per volume of pore water [L3/L3T] (𝐺 = 0 for Cl), 𝜌 is
water density [M/L3], and 𝑡 is time [T].

Under steady state conditions, the transport of a solute
that is being produced in the subsurface at a constant rate is
described by the following equation:

V𝑧
𝜕𝐶𝜕𝑧 = 𝐷𝜕2𝐶𝜕𝑧2 + 𝐺

∗

𝑛𝑒 , (3)

where 𝐺∗ is the release rate per volume of sediment due to
zero-order production, that is, radiogenic 4He accumulation
rate per volume of sediment [L3/L3T] (𝐺∗ = 0 for Cl).

The analytical solution of (2), subject to boundary condi-
tions, is given by Solomon et al. [52] as

𝐶 (𝑧) = 𝐶𝐿 − 𝐺∗𝐿/V𝑧𝑛𝑒1 − exp (V𝑧𝐿/𝐷) {1 − exp(V𝑧𝑧𝐷 )} + 𝐺∗𝑧
V𝑧𝑛𝑒 , (4)

where 𝐿 is the depth from the top of the aquitard to the
bottom of the aquitard [L] and 𝐺∗ is the release rate per
volume of sediment [L3/L3T].

For low advection velocities, the coefficient of hydrody-
namic dispersion (𝐷) is simplified to the effective diffusion
coefficient (𝐷𝑒) as the contribution of hydrodynamic disper-
sion to𝐷 becomes insignificant.The effective diffusion coeffi-
cient can be estimated using anArchie’s Law relationship [79]:

𝐷𝑒 = 𝐷𝑜𝑛𝑚𝑒 , (5)

where 𝐷𝑜 is the free solution aqueous diffusion coefficient
(𝐷𝑜 = 6.40 × 10−2m2/yr for chloride at 25∘C and 𝐷𝑜 = 2.30× 10−1m2/yr for 4He at 25∘C) [80–82] and 𝑚 is an empirical
exponent known as the cementation factor. For anions, 𝑚 =
2–2.5 based on laboratorymeasurements, so a value of 2.3was
used for chloride, as per Harrington et al. [24]. As helium
has access to the same pore volume as water, 𝑚 = 2 was
selected for 4He to obtain the maximum expected diffusion
coefficient [10, 46]. An average measured in situ temperature
of 25.4∘C (range 24.9–26.0∘C; Table 1) measured via the
VWP thermistors meant that 𝐷𝑒 values did not need to be
temperature corrected.

The radiogenic 4He release rate from sediment in
cm3STP/m3rock/yr (𝐺∗) can be calculated with

𝐺∗= 0.2355
× 10−12 ([𝑈] (1 + 0.123 ([𝑇ℎ][𝑈] − 4))) (𝜌ΛHe) .

(6)

And the radiogenic 4He accumulation rate per volume of
pore water in cm3STP/m3H2O/yr (𝐺), assuming water density
= 106 g/m3, can be calculated with [23, 83]

𝐺 = 𝐺∗ (1 − 𝑛𝑛 ) , (7)

where ΛHe = 1 [22], 𝜌 is the density of the sediment and
water filled pore spaces [M/L3], and [U] and [Th] are the
concentrations of uranium and thorium expressed in parts
per million.
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Figure 2: 𝛿18O and 𝛿2H in pore water, groundwater, and drilling
fluid samples. Error bars represent the possible isotopic equilibrium
fractionation difference for samples with less than 3 g water adapted
from Hendry et al. [50]. The black line represents the local meteoric
water line (LMWL), 𝛿2H = 7.2𝛿18O + 5.7, from Alice Springs.

The relative importance of advection and diffusion in
an aquitard of thickness 𝐿 can be characterised by the
Peclet number (Pe). Neglecting dispersion and accounting
for the effective porosity (𝑛𝑒) under steady state boundary
conditions, Pe is defined as [84]

Pe = V𝑧𝐿𝑛𝑒𝐷𝑒 . (8)

Values of Pe <1 indicate that transport over distance 𝐿 is
dominated by diffusion, whereas if Pe >1, then advection will
be dominant over diffusion.

Model parameters and boundary conditions are listed in
Table 2. The same boundary conditions were used in both
the analytical solution and the MT3DMS numerical model.
The solute profiles were simulated over the entire aquitard
sequence, that is, extending from 46.6 metres below the
surface at the top boundary to 104metres below the surface at
the base.The vertical linear pore water velocity (V𝑧) was fixed,
and hydraulic parameters such as hydraulic conductivity
(𝐾𝑉) and porosity (𝑛) were held constant in all simulations
assuming steady state flow conditions in the aquitard. Upper
and lower boundary concentrations were fixed in the models
(Dirichlet type), but the solute concentrations could be
variable in time in the transient MT3DMS numerical model.
The radiogenic 4He accumulation rate (𝐺) was also fixed as
this was calculated from U and Th concentrations measured
in four aquitard samples (Table 1).

4. Results

4.1. Field Data. The measured groundwater and pore water
compositional data and hydraulic properties are given in
Table 1.The 𝛿2Hvalues of the pore waters (from−20 to−33‰
VSMOW) are higher compared to the groundwater samples
(from −32 to −36‰ VSMOW; Figure 2). Likewise, the𝛿18Ovalues of the porewaters (from−1.1 to−2.9‰VSMOW)
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Table 3: Measured aquitard core properties bolded [53] and calculated vertical flow velocities, diffusion coefficients, geochemical porosity,
and Peclet numbers for 4He and in brackets for chloride.

min𝐾𝑉 max𝐾𝑉 Mean 𝐾𝑉𝐾𝑉 (m/yr) 1.3 × 10-5 1.3 × 10-2 4.6 × 10-5

V𝑧 (m/yr) 6.0 × 10−6 6.5 × 10−3 2.3 × 10−5𝑛𝑒 0.216 (0.182)a𝐷𝑒 (m2/yr) 1.1 × 10−2 (1.9 × 10−3)b
Thickness of aquitard (m) 57.4
Peclet numbers 0.1 (1)c 160 (1082)c 1 (4)c
aLower effective porosity for chloride in brackets. bSmaller effective diffusion coefficient for chloride in brackets. cPeclet number for chloride in brackets.
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Figure 3: Hydraulic head in m AHD by the VWP installed
throughout the aquitard and measured in nearby wells in the upper
aquifer and lower aquifer.

are higher than the groundwater samples (from −2.7 to−3.7‰ VSMOW; Figure 2). Even though the samples had
more than 5% moisture content (Table 1) required for the
applied method [65], it is possible that there was insufficient
sample collected to equilibratewith the Ziploc bag headspace.
Hendry et al. [50] determined that samples with less than 3 g
of water appear more enriched due to isotope fractionation
by water loss to the bag headspace. Contamination by the
deuterium spiked drilling fluid would cause enrichment in𝛿2Hcomposition only.The slight enrichment of both𝛿2Hand𝛿18O in the pore water compared to the groundwater samples
is therefore believed to be due to insufficient pore water in the
bag rather than drilling fluid contamination during sampling
(Figure 2). Because of the suspected analytical problems and
the large relative errors (Figure 2), the pore water isotopes
results were not further considered for modelling.

The measured vertical hydraulic conductivity (𝐾𝑉) of
the aquitard ranges from 1.3 × 10−5 to 1.3 × 10−2m/yr while
porosity ranges from 0.12 to 0.26 with no discernible pattern
with depth (Table 1).The VWP data and hydraulic headmea-
surements in the aquifer piezometers indicate downward flow
(Figure 3). Pumping from the lower aquifer since 2008 has

affected the current flow system by increasing the hydraulic
head difference between the upper aquifer and lower aquifer
(Figure 3). Calculation of the vertical groundwater flow rate
using Darcy’s law and the harmonic mean 𝐾𝑉 of 4.6 ×
10−5m/yr and porosity of 0.216 (Table 3) [53] and prepumping
freshwater heads, measured prior to the onset of pumping
by Prominent Hill mine, give a vertical linear pore water
velocity (V𝑧) of 2.3 × 10−5m/yr (range of 6.0 × 10−6–6.5 ×
10−3m/yr; Table 3). Thus, Pe could range from 0.1 to 160 for
4He and from 1 to 1082 for chloride (Table 3). The range of Pe
values indicates that solute transport in the system could be
driven by diffusion, advection, or both depending on which𝐾𝑉measurement is representative of the aquitard as a whole.

Pore water chloride and helium profiles are presented
in Figure 4. Chloride pore water concentrations range from
4,518 to 16,564mg/L (Table 1) [73]. The lowest chloride
concentrations occur around a depth of 65m.The increase in
chloride concentration at the top of the profile suggests there
has been a change in the upper boundary condition.

The 4He pore water concentrations with the atmospheric
component removed using the concentration of neon in
water in equilibrium with the atmosphere at 25∘C and
elevation of 150m AHD range from 1.2 × 10−6 to 2.9 × 10−5
ccSTP/gH2O (Table 1). Neon concentrations in all but two pore
water samples are approximately 14–39% less than the values
expected for atmospheric equilibrium.This is consistent with
Osenbrück et al. [15] who estimated the gas loss during
vacuum extraction to be approximately 30% of the total gas
in the pore water. This has been incorporated in the 4He
concentration uncertainty range, indicated by the bars in
Figure 4(b).The remaining two pore water samples showed a
neon excess greater than 30%, with Ar/Ne ratios between 4 ×
10+2 and 6 × 10+2 showing that the excess is caused by atmo-
spheric air contamination (Ar/Ne = 5 × 10+2). The amount
of air contamination required to explain the neon and argon
concentration was calculated [78] and removed from the
heliumporewater concentrations to obtain the terrigenic and
in situ helium production components (Table 1). The above
corrections and the assumptions therein make very little
difference as the pore water 4He concentrations are >2500%
of the atmospheric 4He concentrations. The 4He pore water
concentrations follow a linear trend with depth.The ground-
water sample from the lower aquifer has an almost three-
time larger concentration than the deepest pore water sample
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Figure 4: Profiles of (a) chloride and (b) 4He concentrations. Circles indicate the pore water concentrations and the vertical bar represents the
concentration in the aquifer, where the vertical length represents the screened interval. Error bars include total field, analytical errors, and, for
4He, the 30% degassing loss during vacuum extraction (could be as high as 50% according to difference between measured and estimated Ne
concentrations).Thedotted line represents steady state solute transport analyticalmodel 1 using estimated and calculated boundary conditions
from our core measurements but diffusion-only solute transport.The dashed line represents the steady state solute transport analytical model
2 using the estimated and calculated boundary conditions. The solid line represents the steady state solute transport analytical model 3
calibration of boundary conditions (V𝑧 and𝐷𝑒).

(Figure 4(b)) and is thus clearly offset from the linear trend
within the aquitard.

4.2.Model Scenarios. Thevertical hydraulic gradient through
the aquitard (0.12) is three orders of magnitude greater than
the horizontal hydraulic gradient in the aquifers (<0.0008;
Figure 1) so one-dimensional vertical flow and transport
simulations are considered appropriate for the solute profiles.
Long groundwater flow paths in both aquifers and long-term
stability in water chemistry associated with these may justify
constant concentration boundary conditions. Therefore, the
first conceptual models assumed constant concentration
boundary conditions for both the upper and lower aquifers,
aswell as steady state solute transport (Table 2).Themeasured
4He and chloride concentrations of the aquifer samples
provided constraints at the top and bottom of the aquitard.
This assumes that the concentrations at the well screens
were representative for those at the aquitard boundaries
(i.e., homogeneous aquifer concentrations), which will be
reassessed later. In the first model realisation (model 1) trans-
port was controlled by diffusion, with advection (vertical
linear pore water velocity) being zero (Table 2). In model
2, the average calculated vertical linear pore water velocity
based on Darcy’s law was included, while in model 3 the
estimated diffusion coefficients and vertical linear pore water
velocity were adjusted to optimise the fit between the model
and the measured solute profiles (Table 2).

A fourth model realisation was set up in order to assess
the time required to reach steady state. As initial conditions

in the aquitard are unknown, it was necessary to assume that
the initial chloride concentration in the aquitard pore water
profile equaled the lower aquifer chloride concentration
(Table 2). It is difficult to estimate the initial 4He concentra-
tions, but considering that sediments recently deposited often
release excess helium that built up in sediments prior to being
weathered [20], we assumed that 4He concentrations are
equal to the lower aquifer concentration (Table 2). Identical
transport parameters as model 3 were used, where initial
pore water chloride concentration of 21,000mg/L and helium
concentration of 8.0 × 10−5ccSTP/gH2O were assumed as the
initial conditions (Table 2).

We hypothesise that the chloride increase visible in the
upper 10m of the profile is from reduced recharge and a
subsequent increase in chloride concentration in the upper
aquifer. As the flow path lag time and rate of climate change
are unknown, an instantaneous concentration increase in
the aquifer can estimate the minimum time since reduced
recharge. This was tested in model 5 by increasing the
chloride concentration in the upper boundary to the concen-
trationmeasured in the upper aquifer once steady state solute
transport was reached inmodel 4 (Table 2). Reduced recharge
would also increase the 4He concentration in the upper
aquifer as the flow rates decrease, but since the concentrations
in the aquifer are of an order of magnitude lower than that in
the aquitard, this relative change is inconsequential.

In all of the above models, homogeneous solute concen-
trations throughout the aquifers are assumed. However, it
is possible that the aquifers are chemically and isotopically
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stratified [3, 85], such that the aquifer solute concentrations
do not represent the top and bottom boundary conditions
of the pore water profile. The helium concentration in the
lower aquifer especially may not be representative because
of upward diffusion from sediments below [85]. In order to
test this, the lower boundary concentrations were reduced
to those that fit the pore water profile in model 6 (Table 2).
Model 7 tested subsequent perturbation of model 6 in the
upper aquifer from reduced recharge and lower aquifer due
to groundwater extraction (Table 2).

Comparison of different simulation results with mea-
sured data was undertaken using the scaled root mean
squared error (SRMS) [86]:

SRMS = 100Δ𝐶 𝜋√ 1𝑛
𝑛∑
𝑖=1

(𝑧ℎ𝑖 − 𝐶𝑖)2, (9)

where 𝑧ℎ𝑖 aremeasurements of𝐶𝑖 at 𝑛 locations and times andΔ𝐶 is the range of measured concentrations across the model
domain.

Selection of the most appropriate model was based on
both the SRMS errors and whether it was justifiable from a
hydrogeological perspective.

The helium accumulation rate (𝐺 = 2.1 × 10−6
ccSTP/m3H2O/yr) and porosity (𝑛 = 0.216) determined from
the core rock samples were kept constant in the models.
The diffusion coefficients, vertical linear pore water velocity
estimated from current day hydraulic headmeasurements, or
initial solute boundary concentrations were varied in models
3–7 to provide the best fit for both chloride and helium with
the smallest SRMS errors, as outlined in Table 2.

4.3. Model Results. The diffusion-only transport scenario
(model 1, V𝑧 = 0) led to a linear concentration profile between
the upper and lower aquifer (Figure 4), as expected. Model 2
differed only frommodel 1 in that it also included advection-
driven solute transport (V𝑧 = 2.3 × 10−5m/yr; Table 2) but
this resulted in only a slight adjustment in the simulated con-
centrations throughout the aquitard (Figure 4(a)). However,
in model 3 adjustment of transport parameters (V𝑧 = 3.5 ×
10−4m/yr, 𝐷𝑒 = 1.2 × 10−3m2/yr for helium, and 𝐷𝑒 = 7.8 ×
10−4m2/yr for chloride; Table 2) provided a closer match not
only for chloride, but also for the 4He concentration profile
(Figure 4).

The characteristic timescales for diffusion and advection
are 4 × 105 years (calculated using 𝑡 = 𝑧2/(4𝐷𝑒)) and 12× 105 years (calculated using 𝑡 = 𝑧/V𝑧), respectively. This
was further investigated in model 4 to simulate freshening
of the aquifers. After an instantaneous reduction in the
boundary concentrations, steady state solute transport is
reached after 417,000 years for chloride and 369,000 years for
helium (Figures 5(a) and 5(b)). However, the assumption of
a constant flow velocity, amongst other factors, over such a
long time span is of course questionable. Once steady state
conditions were reached in the numericalmodel, the chloride
concentration at the upper boundary was increased to its
present-day value measured in the upper aquifer in model
5 to infer the timing of the chloride concentration increase

(Table 2). The simulated chloride concentration in the upper
section of the profile best matched the measurements when
it was assumed that the increase occurred 3000 years ago
(Figures 5(c) and 5(d)).

Model 6 was used to determine if the chloride and 4He
concentrations could be stratified in the lower aquifer, rather
than homogeneous within the aquifer. The lower boundary
concentrations were reduced to those at the lower section
of the pore water profile (16,600mg/L chloride and 3.0 ×
10−5ccSTP/gH2O helium; Table 2). Except adjusting the ver-
tical linear pore water velocity (V𝑧 = 7.0 × 10−4m/yr), all other
transport parameters were the same as in model 2 (Table 2).
The numerical model was then used for model 7, to increase
the chloride concentration to that measured in the upper
aquifer (6390mg/L chloride; Table 2), and provides a match
with the profile after 3000 years (Figure 6(c)). The increase
in the lower aquifer caused by pumping was considered by
increasing the heliumand chloride concentration in the lower
aquifer to the measured concentrations in the lower aquifer,
which stillmatches the profile after 10 years.Model 7 provided
the best fit for both chloride and helium with the smallest
SRMS errors (Table 2; Figures 6(c) and 6(d)).

5. Discussion

The recent pumping has only minimally affected the aquitard
solute profiles, because, with the estimated flow rate (V𝑧 = 6.0× 10−6–6.5 × 10−3m/year; Table 3) and 10 years of pumping,
solute displacementwill only have been up to 6 cm.Therefore,
the solute transport profiles still reflect the changes brought
about by processes operating over much longer timescales.

The modelled solute concentration profiles are sensitive
to the inputs 𝐷𝑒 and V𝑧 as well as 𝐺. Both the field
measurement-based and model-optimised values fall well
within the range of values reported in the literature.𝐷𝑒 com-
monly ranges from 2 × 10−2 to 2 × 10−5m2/yr for chloride and
from 2 × 10−2 to 2 × 10−5m2/yr for helium [10, 16–18, 24, 46].𝐾𝑉 and V𝑧 values of 0.3 × 10−4–3 × 10−4m/yr and 1 × 10−3–1 ×
10−5m/yr, respectively, have been found in previous studies
[8]. The radiogenic helium accumulation rate (𝐺) of 2.1 ×
10−6ccSTP/m3H2O/yr (𝐺∗ = 5.5 × 10−7 ccSTP/m3aq/yr) is
similar to the production rates calculated for the aquifers
and aquitards of the GAB, that is, 1 × 10−5–4 × 10−6
ccSTP/m3H2O/yr, reported in other studies [22, 46, 87–89].

Steady state vertical flow conditions were assumed for
all the models, although changes in recharge as well as
topography over the timescales required to reach steady state
conditions may have resulted in variations of the vertical
flux. However, given the uncertainty about the variability
of hydrogeological conditions within the aquifers, it is not
possible to justifiably include any transient flow conditions
in the models. Moreover, good model fits are obtained based
on the steady state assumption with minor perturbations to
account for transience at the aquitard boundaries.

Models 1 and 2 were unable to explain the 4He and
chloride solute pore water profiles (4He and Cl SRMS errors>30; Table 1; Figure 4). Through calibration of the model
transport parameters V𝑧 and 𝐷𝑒 (i.e., model 3 and model 5),
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Figure 5: Time taken to reach steady state solute transport in model 4 from continuous high concentrations throughout the profile for (a)
chloride and (b) 4He concentration; the chloride concentration was then increased in the upper aquifer in model 5 giving the profiles for (c)
chloride and (d) 4He concentration.

a close match for the chloride concentration profile (Figures
4(a) and 5(c)) and a reasonable match for the 4He concen-
tration data were obtained (Figures 4(b) and 5(d)). Thus,
model simulations suggest that the concentration profiles
may largely reflect steady state conditions. Model 4 estimated
that 417,000 years are needed to reach equilibrium (Figures
5(a) and 5(b)). In models 3–5 the helium diffusion coefficient
(𝐷𝑒 = 1.2 × 10−3m2/yr) is an order of magnitude smaller than
the value based on (5) and porosity (𝐷𝑒 = 1.1 × 10−2m2/yr).
These models provided a good match for chloride (Cl SRMS
error = 10; Table 2), although the SRMS error in thesemodels’

realisations was still deemed too high for helium (4He SRMS
error = 20; Table 2).

Model 6 provided a good fit for the helium profile
(Figure 6(b); 4He SRMS error = 18; Table 2). The match
between themodel and themeasured chloride concentrations
(Cl SRMS error = 12; Table 2) was good as well, except in
the top part of the solute profile (Figure 6(a)). The SRMS
errors (Cl SRMS error = 10; 4He SRMS error = 6; Table 2)
could be lowered by considering an increase in the chloride
concentration since 3,000 years for chloride at the top of
the aquitard, and an increase in 4He and chloride at the
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Figure 6: Steady state solute transport model 6 represented as a solid line compared to steady state solute transport analytical model 2
represented as a dashed line for (a) chloride and (b) 4He concentration. The chloride concentration was then increased in the upper aquifer
and then subsequently the helium and chloride concentrations were increased in the lower aquifer in model 7 giving the modelled profile for
(c) chloride and (d) 4He concentration.

bottom since 10 years. The model shows that the increase
in concentrations in the lower aquifer has not changed the
aquitard pore water profiles in the 10-year period in which
concentrations have increased (Figures 6(c) and 6(d)).

The three-time larger 4He concentration in the lower
aquifer compared to aquitard pore waters is likely because
of additional 4He production and upward diffusion from
the basement [85]. The 4He concentration in the lower
aquifer and an estimated accumulation rate of 3 × 10−5
ccSTP/m3H2O/yr including upward diffusion from the base-
ment as well as helium production (G) [90] give a ground-
water residence time of >1Ma (calculated using 𝑡 = 𝐶/𝐺),

highlighting that groundwater flow rates are slow at the site
[49]. If the water flows very slowly, the horizontal flow will
not smear out the vertical solute and isotope gradients [91].
The onset of groundwater pumping by the Prominent Hill
mine in 2008 most likely extracted groundwater with higher
helium and chloride concentrations from the basement below
or a stagnant zone. Alternatively, there could be offset due to
the different sampling andmeasurement procedures between
the aquitard and aquifer samples. The calibration of the mass
spectrometers is unlikely to be the cause as the different
measurement methods were undertaken with strict quality
control measures. While there can be a sampling bias, it
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is not possible to directly compare the methods because
aquifers have relatively high permeabilities; therefore water
will drain out after sample collection and the gas signal
will not be retained. Additionally, an aquifer core sample is
likely to be contaminated by drilling fluids. However, the
authors consider the sampling and measurement procedure
unlikely to be the only cause of the offset because there is no
offset between the upper aquifer and upper aquitard helium
measurements (Figure 4).

The chloride concentration gradient at this location with
higher salinity in the lower aquifer differs from the aquitard
of Harrington et al. [24] and Jones et al. [48]. The source of
the dissolved salts in groundwater may be seawater, a result
of evapotranspiration, a reflux brine below a discharge area,
or a continental brine [11, 48, 92]. The source of the salinity
in the lower aquifer is most likely not seawater as the stable
water isotope delta values are representative ofmeteoricwater
(Figure 2). Moreover, the concentrations are greater than
that of seawater and sea retreated 90Ma ago. Thus, it seems
highly unlikely that seawater would still be present in the
pore waters. Evapotranspiration can concentrate salts up to
20 g/L [93] and could explain the chloride concentrations at
this location [49].The high salinity in the lower aquifer is also
typical of those found in discharge environments elsewhere in
Australia [48, 94], although it is clear that discharge does not
occur at this location at present.The origin of the high salinity
cannot be established with certainty, but it must have formed
under hydrogeological conditions much different from those
today.

Gardner et al. [46] and Harrington et al. [24] modelled
the chloride and helium profiles in the surficial aquitard
(Bulldog Shale) confining the upper aquifer at two locations
approximately 160 km from our site (Figure 1). Gardner
et al. [46] determined that helium transport through the
aquitard is in steady state with an upward vertical linear
pore water velocity between 5.7 × 10−3 and 3.8 × 10−6m/yr.
This magnitude is comparable with our modelled vertical
linear pore water velocity of 7.0 × 10−4m/yr, albeit the
fact that the direction is opposite. The chloride profiles in
Harrington et al. [24] reflect varying chloride inputs from
the surface due to palaeoclimate changes. An increase in
chloride concentration in the upper aquifer was interpreted
to have occurred approximately 10,000 years ago as a response
to climate change. At our site the chloride concentration
increase in the upper aquifer was inferred to have occurred
since 3000 years. The slightly different timing of chloride
concentration increase in the upper aquifer is most likely
because there is a time lag between the moment of recharge
and the arrival of the more saline water at the bottom of the
upper aquifer (Figures 1(a) and 1(b)). Palaeoclimate studies
indicate drying of the climate over the last approximately
20,000 years, with current arid climatic conditions present
since 4000 years [95–97].

While there is still some uncertainty regarding the poros-
ity that is accessible to anions in clays and initial transport
parameters of helium are difficult to constrain using inde-
pendent evidence [10], the use of both chloride and helium
at this location in central Australia provided independent
information about the hydrological conditions and helped

constrain the models that fit the solute profiles. Helium being
produced in situ and influenced by groundwater residence
time provided evidence of solute transport rates and pro-
cesses, while chloride, besides providing evidence of solute
transport, also provided insight into palaeohydrological con-
ditions. This provides the natural background connectivity
between the GAB and the Arckaringa Basin at the study
site prior to further development of hydrocarbon resources
mining or other changes.

6. Conclusions

This in situ study examined solute transport processes in
an aquitard separating the GAB and the Arckaringa Basin
using chloride and helium to determine if these tracers
can be used in Australian case studies to examine vertical
groundwater flowbetween these basins and, therefore, to help
understand the effects of groundwater abstraction for mining
water supply as well as investigate the potential use of these
tracers in high level radioactive waste storage viability studies
within central Australia.

The method worked at this location in central Australia
with the use of chloride and helium. A match between
a realistic model and both tracers is considered a valid
representation of the site.Theuse of both chloride and helium
concurrently limited the models that fit the data to the final
model presented.

The final model that provided the best fit with both
the chloride and helium profile was an initial steady state
model that required a component of vertical groundwater
flow through the aquitard. The vertical flow is very slow,
only 0.7mm/yr, but that controls the solute profile as well
as diffusion. Therefore, solute transport is controlled by both
diffusion and advection in this location.The upper section of
the chloride profile requires an increase in chloride concen-
tration since 3000 years ago in the upper aquifer.The chloride
concentration increase at that time is almost certainly due
to concentration of chloride in recharging groundwater due
to the climate becoming more arid. The lower section of
the profile is matched by an increase in both chloride and
helium due to the onset of pumping in 2008 to provide
groundwater to the Prominent Hill mine. Large volume
groundwater extraction caused groundwater to be extracted
from a stagnant zone and/or from the basement below with
higher chloride and especially helium concentrations.

The hydraulic head profile shows that the drawdown
response from pumping has already penetrated and moved
through the aquitard. However, subsequent increase in
chloride and helium concentration, from pumping in the
lower aquifer, has not penetrated very far into the aquitard
because the pressure response ismuch quicker than the solute
transport through the aquitard (against downward flow).

From this study, we find the natural vertical groundwater
flow velocity from the GAB to the Arckaringa Basin to be
0.7mm/yr at the study site. Other studies of consolidated
aquitards undertaken in cold or temperate climates also
find solute transport controlled by diffusion with advective
flow rates generally below 1mm/yr [10, 27, 43, 98]. The
aquitard properties and hydraulic head measurements gave
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an instantaneous picture of vertical groundwater flow at
the time of sampling and are an important element in
the discussion. However, for a long-term perspective it is
necessary to use environmental tracer profiles. Chloride and
helium are useful tracers for understanding groundwater flow
conditions in arid zones and temperate climates. Chloride is
also useful for understanding palaeohydrological conditions
in arid zones because its concentration varies considerably
due to high evapotranspiration compared to precipitation
concentrating solutes in recharging groundwater. Therefore,
both approaches are needed to investigate vertical groundwa-
ter flow and solute transport. In addition, it has been advan-
tageous to look at both chloride and helium concentration in
our study area.
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