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The potential of environmental tracers (d18O, d2H, d13C, 14C, 4He, 20Ne, 40Ar, N2) to assist our understand-
ing of recharge processes, groundwater flow velocities and residence times in semi-confined, multilay-
ered and faulted aquifer systems was tested in a coastal system with Quaternary sediments overlying
Tertiary aquifers and fractured bedrock. Carbon-14 groundwater ages were found to increase with depth
and distance (<1000 y near the recharge area to >30,000 y near the coast), confirming that the system is
semi-confined and the palaeometeoric origin of groundwater as suggested by water stable isotopes. The
presence of old groundwater near the top of deep semi-confined aquifers suggests that recharge mainly
occurs in the ranges east of the basin. This is also supported by Cl concentrations, which are higher in the
overlying Quaternary aquifers. Groundwater flow velocities between 0.3 and 1.8 m y�1 were estimated
using 14C ages, resulting in basin recharge estimates between 0.3 � 107 and 2 � 107 m3 y�1.
Radiocarbon and 4He-estimated flow velocities were generally in good agreement, although 4He accumu-
lation rates ranging between 8 � 10�12 and 1 � 10�10 cm3 STP g�1 y�1 and 1.7–7.1 �
10�7 cm3 STP g�1 km�1 confirmed slower flow velocities in some areas. These areas could not be captured
using 14C. Faults were found to play a paramount role on mixing old fluids rich in salts and 4He, although
it was not possible to demonstrate the role of faults in changing flow velocities, this requiring a higher
density of sampling points. Our study shows that environmental tracers have potential to study flow pro-
cesses in semi-confined, faulted, multilayered aquifer systems, provided a high density of sampling
points is available.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Population growth and rising water demands for industrial,
agricultural, recreation and household uses, combined with ongo-
ing climate change (e.g., extreme events), is driving many regions
into an imbalance of supply and demand (Vairavamoorthy et al.,
2008). Millions of people around the world depend on groundwa-
ter, particularly in semi-arid and arid environments (e.g., Mays,
2013). Water management practices in these environments require
a thorough and robust scientific understanding of recharge pro-
cesses, residence time of groundwater and renewability of the
resource (Mahlknecht et al., 2004). Determination of groundwater
flow paths and residence times is critical for the sustainable man-
agement and exploitation of any aquifer, but quantification of
these processes is often challenged by complex hydrogeological
systems, especially in multilayered and faulted aquifers.

Environmental tracers have been widely used for determining
the sources of groundwater and residence times (Cook and
Bohlke, 2000). Among them, the most extensively used for estimat-
ing residence times of slow moving groundwater systems are
radiocarbon (14C) and helium-4 (4He). Groundwater apparent age
determination with radiocarbon is based on radioactive decay
(half-life of 5730 years; Clark and Fritz, 1997) from an initial 14C
activity which is usually assumed to be constant (Kalin, 2000).
However, 14C can be strongly affected by rock-water interactions
(Clark and Fritz, 1997). For example, dissolution of calcite or dolo-
mite can result in the addition of very old 14C, diluting the 14C
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Nomenclature

AF Alma Fault
AMS Accelerator Mass Spectrometry
asl Above sea level
BPF Blanche Point Formation (aquitard)
DEWNR Department of Environment, Water and Natural

Resources
DO Dissolved Oxygen
EBF Eden-Burnside Fault
FRA Fractured (aquifer)
GE-MIMS Gas-Equilibrium Membrane-Inlet Mass Spectrometer
HVF Hope Valley Fault
KH Horizontal hydraulic conductivity
KV Vertical hydraulic conductivity
LMWL Local Meteoric Water Line
mbg Meters below ground
mbwt Meters below water table
MLR Mount Lofty Ranges
MP Munno-Para (aquitard)

n Number of samples
ne Porosity
PDB Pee Dee Belemnite
PF Para Fault
pmC percent of modern Carbon
ppm Parts per million
PWF Para West Fault
Q Quaternary (aquifer)
SEC Specific Electrical Conductivity
SMOW Standard Mean Ocean Water
STP Standard conditions for Temperature and Pressure

(273.15 K and 1 bar)
TDIC Total Dissolved Inorganic Carbon
TDS Total Dissolved Solids
TOC Top Of Casing
T1–T4 Tertiary (aquifers)

J. Batlle-Aguilar et al. / Journal of Hydrology 546 (2017) 150–165 151
activity of atmospheric CO2 at recharge and causing an over-
estimation of groundwater ages. Helium-4 accumulates over time
due to subsurface production by radioactive decay of Uranium
(U) and Thorium (Th) within the aquifer matrix (Andrews and
Lee, 1979; Solomon, 2000) and external fluxes from the mantle
(Torgersen and Clarke, 1985; Torgersen and Ivey, 1985). Ground-
water age determination with 4He depends upon knowledge of
the 4He accumulation rate, which is usually obtained by compar-
ison with 14C (Kulongoski et al., 2003; Torgersen and Clarke,
1985;Wei et al., 2015) or 3H/3He ages (Beyerle et al., 1999), or from
measurements of production rates on aquifer materials (Lehmann
et al., 2003; Mayer et al., 2014).

Many studies that have used environmental tracers to deter-
mine groundwater residence time and recharge processes were
carried out in unconsolidated and unconfined aquifers
(Cartwright and Morgenstern, 2012; Houben et al., 2014;
McMahon et al., 2004), or multilayered sedimentary aquifers free
of major faults (Castro, 2004; Plummer et al., 2012; Price et al.,
2003). Tracers have also been used in more complex, fractured
aquifers, to qualitatively identify the origin of groundwater
(Roques et al., 2014), the role of faults in mixing deep old ground-
water and highly saline endogenic fluids (e.g., Kaudse et al., 2016;
Raiber et al., 2015; Williams et al., 2013) and to constrain fracture
and matrix diffusion parameters (Cook et al., 2005; Cook and
Simmons, 2013) and groundwater recharge rates (Cook et al.,
2005; Cook and Robinson, 2002). However, quantitative studies
to understand regional flow systems in complex, fractured and
faulted environments are rare (Doyle et al., 2015; Manning and
Solomon, 2005).

Faults in hydrogeological systems can act as preferential flow
pathways but also flow barriers, and in either case they may have
an important influence on groundwater flow (Castro and Goblet,
2005). High hydraulic gradients across faults may indicate that
these structures act as horizontal flow barriers (Bense et al.,
2008; Mayer et al., 2007), although the use of chemical tracers
(Stoessell and Prochaska, 2005), temperature (Bense et al., 2008),
numerical models (Bense and Person, 2006) and pumping tests
(Medeiros et al., 2010) may provide evidence for cross-fault flow.
Recently Bense et al. (2013) recognized that environmental tracers
can be a promising tool to provide additional insights on the role of
faults in hydrogeological systems. However, to our knowledge,
there have not been any studies that have examined the role of
faults on groundwater age distributions in regional aquifers, or
the potential for environmental tracers to provide information on
the role of faults in groundwater flow systems.

In this paper, we examine the potential of environmental trac-
ers to assist our understanding on groundwater flow and recharge
processes, and to determine groundwater flow velocities and resi-
dence time in complex faulted and multilayered hydrologic sys-
tems. Major ions, isotopic tracers (d2H, d18O, d13C, 14C) and
dissolved gases (4He, 20Ne, 40Ar, N2) were analyzed on groundwater
sampled from 54 wells in the Adelaide Plains groundwater system
(South Australia). The multilayered Adelaide Plains groundwater
system is separated from bedrock uplands by fault systems, and
also dissected by a number of other major faults causing significant
vertical displacement of aquifers.

2. Study area

The Adelaide Plains region of South Australia covers approxi-
mately 1100 km2, and is bounded by the Gulf St. Vincent in the
west, the Western Mount Lofty Ranges (MLR) in the east, the
Eden-Burnside Fault (EBF) in the south and the Gawler River in
the north (Fig. 1). The surface elevation ranges from sea level at
the coast to a maximum of 727 m above sea level (a.s.l.) in the
Western MLR. The area has a Mediterranean dry climate, with
mean annual rainfall of 400 mm in the Plains (2005–2014; Aus-
tralian Government, Bureau of Meteorology, Adelaide Airport sta-
tion number 023034; elevation 2 m a.s.l.) and 1040 mm in the
MLR (2005–2014; Australian Government, Bureau of Meteorology,
Uraidla station number 023750; elevation 487 m a.s.l.). The major-
ity of rainfall occurs during the winter months (late May to August)
with as little as 15% of the annual rainfall falling during the sum-
mer months (December–March).

Two main rivers, the Gawler River and the River Torrens, drain
westerly from the Western MLR towards the Gulf St. Vincent. Their
mean annual flow discharge (2010–2015) are 0.5 m3 s�1 (gauge ID
A5050510) and 0.9 m3 s�1 (gauge ID A5040529), respectively
(http://wds.amlr.waterdata.com.au/Amlr.aspx). Despite being
perennial rivers, their flow dramatically decreases during summer,
and may cease during extended dry periods. There are also several
ephemeral creeks that flow from the Western MLR and discharge
either into the Gawler and Torrens rivers, or directly into the Gulf
St. Vincent. Their flow varies considerably both seasonally and
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Fig. 1. The Adelaide Plains study area. Major faults, shown with solid black lines, define the topography of the Adelaide Plains, with contrasting hydraulic gradients between
the Plains and the Western MLR. The metropolitan area of Adelaide is shown with purple dashed line.
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annually, and their mean annual flow discharge is around
0.05 m3 s�1 (e.g. gauge ID A5040901 at Brownhill Creek), mostly
occurring during autumn and winter.

Water supply for the metropolitan area of Adelaide is primarily
sourced from the Murray River (75 km south east of Adelaide) and
a number of reservoirs within the Western MLR. The water supply
has been recently complemented with a desalination plant that
draws water from the Gulf St. Vincent to meet increasing demands
and secure water supply during prolonged droughts.

The region can be subdivided into the Northern and Central
Adelaide Plains and the Golden Grove Embayment (or Southern
Plains; Fig. 1). The Northern Adelaide Plains is an important agri-
cultural area with intensive irrigation, contrasting with the urban-
ized areas of Central and Southern Adelaide Plains (including the
metropolitan areas of the city of Adelaide), where groundwater is
mostly used for recreational and industrial activities (Harrington
and Cook, 2014). Many wells in the Northern Adelaide Plains were
artesian before intensive agriculture started in the 1940s (Baird,
2010), and groundwater was flowing towards the coast, perpendic-
ular to the coast line (Fig. S1). By 1960, artesian conditions were
lost and cones of depression of up to 60 m drawdown were formed.
Groundwater levels in the Northern Adelaide Plains have remained
relatively constant in the last 20 y, while important cones of
depression appeared during the last two decades in the Central
Adelaide Plains as a result of industrial activities (DFW, 2011;
Georgiou et al., 2011) (Fig. 2). The forecast increase in groundwater
demand due to population growth in this already stressed system,
raises questions about the sustainability of groundwater quantity
and quality.
3. Geological and hydrogeological setting

The Adelaide Plains is part of the sedimentary St. Vincent Basin,
and consists of sub-horizontal Tertiary (Cenozoic) sediments
bounded below and to the east by fractured Proterozoic rocks,



Fig. 2. Piezometric maps of (a) aquifer T1 and (b) aquifer T2 for 2013–2014. It is noticeable the important cone of depression in the Northern Adelaide Plains (T2 aquifer) and
other minor cones in the Central Plains (T1 aquifer) west of the Para Fault (PF).
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and to the west by the Gulf St. Vincent. Two major fault zones – the
EBF which bounds the study area to the south and east, and the
Para Fault (PF), which is located in the northern and central portion
of the study area (Fig. 1), define the hydrostratigraphy and topog-
raphy of the Adelaide Plains (Gerges, 1999; Zulfic et al., 2008a;
Zulfic et al., 2008b). The PF is a major geological boundary delineat-
ing the deposits into two main sub-basins; the Central Adelaide
Plains and the Golden Grove Embayment. There is much greater
thickness of sediments to the west of the PF (up to �600 m thick-
ness compared to <150 m east of the PF).

The geology defines a multilayered aquifer system made up of
Tertiary and Quaternary sediments (Fig. 3). The Quaternary (Q)
sediments are generally subdivided into six aquifers (designated
Q1 to Q6), semi-confined by low permeability layers. Horizontal
hydraulic conductivity (KH) of the Q aquifers has been estimated
to be between 1 � 10�5 m s�1 and 1 � 10�4 m s�1. The vertical
hydraulic conductivity (KV) of semi-confining layers in the Q aqui-
fer is highly variable in space, from 5.8 � 10�12 m s�1 to 7 � 10�9 -
m s�1. In the Tertiary sediments (sandstone and limestone), four
different aquifers are distinguished (T1 to T4). The T1 aquifer, with
horizontal hydraulic conductivity between 2 and 5 � 10�5 m s�1

sits below the Q6, and is bounded at the bottom by the Munno-
Para (MP) clay aquitard, which KV ranges between 10�12 m s�1

and 10�10 m s�1, with porosity (ne) between 0.4 and 0.65. The T2
aquifer is bounded at the top by the MP aquitard and the bottom
by the Blanche Point Formation (BPF). Hydraulic conductivity of
the T2 aquifer has been estimated to be between 7.6 � 10�6 m s�1

and 3.1 � 10�5 m s�1, and ne ranging between 0.37 and 0.45 (Baird,
2010; Gerges, 1999). The much deeper T3 and T4 aquifers have a
variable thickness between 5 and 60 m in the Adelaide Plains,
and are underlain by the fractured bedrock (FRA) aquifer.
In the Northern Adelaide Plains the T1 aquifer is discontinuous
and water for irrigation is primarily extracted from the T2 aquifer.
Both the T1 and the T2 aquifers are heavily exploited for industrial
use in the Central Adelaide Plains. The T1 aquifer is also discontin-
uous in the eastern parts of the Golden Grove Embayment. There,
the Quaternary aquifers often sit on top of the T2 aquifer, and
are primarily exploited for domestic water use. Water from the
Quaternary and FRA aquifers in the MLR is used for domestic water
supply and irrigation of agricultural and horticultural crops. The
two deeper Tertiary aquifers (T3 and T4) are not extensively used
due to the cost of drilling to their depths (up to 500 m) and their
high salinity (up to 100,000 mg L�1) (Gerges, 1999). In general,
groundwater extraction is far more prevalent from the T1 and T2
aquifers west of the PF.

The current conceptual model of the Adelaide Plains groundwa-
ter system is that water in the Tertiary aquifers (T1 and T2) is
mainly recharged in the MLR, where rainfall infiltrates into the
FRA aquifer and flows west across the faults into the Tertiary aqui-
fers to finally discharge into Gulf St.Vincent (Georgiou et al., 2011;
Gerges, 1999). Rainfall is also believed to recharge the Quaternary
aquifer, although vertical leakage into the T1 and T2 aquifers,
despite uncertain, is believed to be low due to the presence of hor-
izontal semi-confining layers in the Quaternary system.

4. Materials and methods

4.1. Drilling design and groundwater sampling

Six well nests (IDs 1, 3, 5, 6 and 12) were drilled to complement
the existing network of monitoring wells in the Adelaide Plains
that are maintained by the Department of Environment, Water



Fig. 3. Schematic hydrogeological cross sections of the (a) Northern, (b) Central, and (c) Southern Transects. Screen intervals are shown using vertical error bars, only when
screen lengths exceed the size of the symbols. Q: Quaternary aquifer; T1: Tertiary 1 aquifer; T2: Tertiary 2 aquifer; FRA: Fractured aquifer; MP: Munno-Para aquitard. AF:
Alma Fault; PF: Para Fault; PWF: Para West Fault; EBF: Eden-Burnside Fault; HVF: Hope Valley Fault.
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and Natural Resources (DEWNR). Drilling locations were selected
based on existing drillhole information, geological maps, hydros-
tratigraphy, ease of access and minimal disturbance to residents
in an urban environment. The newmonitoring wells were designed
and constructed to target the three major aquifer systems (T1, T2
and FRA) and completed with short screen intervals so that a rep-
resentative sample could be collected from a discrete interval
within the aquifer of interest (wells within each nest are desig-
nated a, b, c, d and e in order of decreasing depth). Well develop-
ment was performed using compressed air at least 5 m above the
top of screen to minimize the potential for contamination of
groundwater with atmospheric air.
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Groundwater sampling was conducted at 54 wells (14 new
drilled and 40 existing monitoring wells) across the Adelaide Plains
and MLR region between October 2013 and June 2015 (Fig. 4).
Sampled wells are mostly located along three transects, each of
which extends from the Western MLR across the Plains to the
coast. Although samples were also collected from the Q aquifer,
the T1, T2 and FRA aquifers were primarily targeted. The ground-
water sampling program supplements previous environmental tra-
cer studies in the Southern and Central parts of the aquifer system
(Dighton et al., 1994; Gerges, 1999), in the Northern Adelaide
Plains (Baird, 2010) and in the MLR (Green et al., 2010). In this
paper we present and discuss data from new and previous sam-
pling campaigns. Among the 54 sampled wells in this study, 14
wells had been sampled previously for environmental tracer con-
centrations. Because results were very similar to previous studies,
only results from the latest sampling (this work) are provided for
these 14 wells.
Fig. 4. Wells sampled during the present (filled symbols) and previous (holl
A YSI� multi-parameter probe was used to measure pH, specific
electrical conductivity (SEC) and temperature during purging of
the monitoring wells using a flow-through cell. Alkalinity (as
CaCO3) and dissolved oxygen (DO) were measured in the field
using HACH titration kits. Prior to sampling, the static water level
was measured from top of casing (TOC) using an electric water
level indicator. Groundwater samples were collected after purging
three well volumes or once the physical parameters of tempera-
ture, SEC and pH did not change by more than 5% within a half
hour period.

Groundwater samples for analyses of major ions and trace ele-
ments were collected in 50 mL polyethylene bottles. Samples were
filtered (0.45 lm) and samples for cation analysis were acidified
with concentrated HNO3 in the field. Samples for water stable iso-
tope ratios (2H/1H, 18O/16O) were collected in 2 mL glass vials in
duplicate. Samples for carbon isotopes (13C/12C) and radiocarbon
(14C) were collected in 1 L plastic bottles, unfiltered with zero head
ow symbols) studies. Only wells sampled during this study are labelled.
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space and no preservative. Samples for dissolved gases (4He, 20Ne,
40Ar and N2) were collected using passive gas diffusion samplers
(Gardner and Solomon, 2009) installed at the screen depth for a
minimum of seven days or collected in copper tubes during well
sampling (Weiss, 1970). Dissolved gas concentrations (4He, 40Ar
and N2) in groundwater were also measured in-situ from a number
of the groundwater wells using a portable Gas-Equilibrium Mem-
brane Inlet Mass Spectrometer (GE-MIMS) (Brennwald et al.,
2016).
4.2. Analytical procedures

Major cations (Na+, K+, Mg+, Ca2+), and trace elements (Sr2+, Br�)
were analyzed by Inductively Coupled Plasma Optical Emission
Spectrometry (Spectro ARCOS), and anions (Cl�, SO4

2�, NO3
�, HCO3

�)
by ion chromatography (Dionex ICS-2500). All ions analyses were
performed at the Commonwealth Scientific and Industrial Research
Organization (CSIRO), Analytical Chemistry Unit in Adelaide (Aus-
tralia). Ion balances were typically better than ±5%.

Water stable isotopes were measured using a Picarro L2130-i
d18O/d2H Ultra High Precision Isotopic Water Analyser (School of
the Environment, Flinders University, Adelaide, South Australia).
Results are reported as a deviation from the Vienna Standard Mean
Ocean Water (SMOW) in per mil (‰) difference using delta (d)
notation. The analytical precision for d18O and d2H is ±0.025‰
and ±0.1‰, respectively.

Radiocarbon was analyzed using Accelerator Mass Spectrome-
try (AMS) (Rafter Radiocarbon Laboratory, GNS Science, Lower
Hutt, New Zealand), and stable carbon isotopes ratio (13C/12C)
was measured using an Isotope Ratio Mass Spectrometer (Stable
Isotope Laboratory, GNS Science, Lower Hutt, New Zealand). Stable
carbon isotopes are reported in delta notation (d13C; ‰) relative to
the Pee Dee Belemnite (PDB) standard, and carbon-14 activities are
reported as percent modern carbon (pmC) according to the con-
vention described in Stuiver and Polach (1977). The measured
apparent 14C activities (14Cuncorr) on TDIC (Total Dissolved Inor-
ganic Carbon) were corrected (14Ccorr) for carbonate dissolution
as follows (Clark and Fritz, 1997):

14Ccorr ¼ 14Cuncorr
d13Crech � d13Ccarb

d14CTDIC � d14Ccarb
ð1Þ

where d13CTDIC is the measured d13C activity on TDIC, d13Crech is the
assumed initial d13C ratio in groundwater recharge and d13Ccarb is
the d13C ratio of carbonate in the aquifer matrix, assumed to be
0‰ (Clark and Fritz, 1997).

Dissolved gases collected in copper tubes or diffusion cells were
analyzed at the CSIRO Environmental Isotope Laboratory (Adelaide,
South Australia) with a Stanford Research Systems RGA 220 quad-
rupole mass spectrometer with cryogenic separation (Poole et al.,
1997) (4He and 40Ar precision ±5%, 20Ne and N2 precision not
reported). Dissolved gas concentrations were also measured in
the field, using a portable GE-MIMS system (Brennwald et al.,
2016). This system is based on the earlier GE-MIMS concept
(Mächler et al., 2012, 2013, 2014), but is more compact and porta-
ble, and able to measure dissolved gases in a stream of water
quasi-continuously (every 12 min) with a precision of better than
4% for 4He and 1% for 40Ar and N2. The GE-MIMS system was con-
nected to the pump outlet at the start of well purging, although the
reported results represent an average of the last six measurements
after the well had been purged and stable conditions had been
reached. 4He concentrations measured using laboratory and field-
based methods agreed within less than 10%, and so only GE-
MIMSmeasurements are reported where both results are available.
(concentrations of 40Ar, 20Ne and N2, were measured but are not
reported in this study)
5. Results

5.1. Major ions

The salinity (using Total Dissolved Solids, TDS, as a proxy of it)
of groundwater samples ranges between 130 and 8700 ppm TDS.
Most samples are sodium-chloride type (Fig. 5), and Ca, Mg and
HCO3 concentrations are observed to be clearly above the seawater
dilution line (Fig. S2), indicating that additional sources for Ca and
Mg, other than seawater, may exist (e.g., dissolution of gypsum and
carbonates). Saturation indices of calcite and dolomite are both
above saturation (Table S1), while gypsum is below saturation,
suggesting that carbonate dissolution prevails over gypsum disso-
lution as a source of Ca and Mg to groundwater. Furthermore, the
correlation between SO4 and Cl is rather weak (R2 = 0.38) and SO4/
Cl ratios are low (between 0.16 and 0.24 in all aquifers), indicating
that gypsum dissolution plays only a minor role in groundwater
chemistry. Groundwater-rock interactions therefore significantly
affect the chemistry of groundwater in the Adelaide Plains region.
A complete chemistry dataset for all sampled wells can be found in
Table S2.

Nitrate (NO3
�) concentrations are relatively high in most Q wells

sampled, reaching up to 138 mg L�1 in the Northern Transect
(Fig. 6), most probably due to return flow from agricultural irriga-
tion. Nitrate concentrations in the T1 aquifer are generally below
10 mg L�1, occasionally reaching concentrations close to 30 mg L�1

(Well Canala, Northern Transect) and 55 mg L�1 (Well 3d, Central
Transect). In the Northern Transect these T1 concentrations can
be due to leakage from the overlying Q aquifer, but in the Central
Transect such high and isolated concentration is likely to be caused
by sewage leakage. Nitrate concentrations in the T2 aquifer are
systematically close to the detection limit or undetectable.
Groundwater in the FRA aquifer is generally close to the detection
limit, and only occasional concentrations of 6 mg L�1 (ADE092) and
up to 31 mg L�1 (well 6883) were measured (Fig. 6), likely due to
infiltration of return flow from local agricultural practices and/or
contamination of septic tanks from isolated households.

Chloride concentrations increase towards the coast in all three
transects and concentrations in the Q aquifer are generally close
to or higher than concentrations in aquifers T1, T2 and FRA
(Fig. 7). This suggests high rates of evapotranspiration from the
shallowest aquifer and likely low vertical infiltration from the Q
to lower T1 and T2 aquifers. However, it does not rule out the pos-
sibility that the Tertiary aquifers are a mixture of water from both
the FRA and Q aquifers.

Mean Cl concentrations in each transect were calculated com-
bining data from this work, previous studies and historical data
from the DEWNR. Significant variation exists in the Q aquifer
between the Northern transect (1300 mg L�1, n = 65; n: number
of samples) and the Central and Southern Transects (650 mg L�1,
n = 198). Mean Cl concentration in the FRA aquifer in the MLR is
approximately 290 mg L�1 (n = 300), while in the Northern Tran-
sect mean chloride concentration in the MLR is significantly higher,
1200 mg L�1 (n = 74). Mean Cl concentrations in the T1 and T2
aquifers are relatively constant in all three transects, approxi-
mately 500 mg L�1 (n = 500) and 700 mg L�1 (n = 257), respec-
tively. The only groundwater sample available from the T3
aquifer from previous works has a concentration of approximately
5000 mg L�1. Nevertheless, few historical data from the T3 aquifer
show concentrations of up to 80,000 mg L�1.
5.2. Stable isotopes and radiocarbon

Stable isotopes (18O, 2H) can provide valuable information on
groundwater recharge processes because their composition



Fig. 5. Piper diagram, highlighting the Na-Cl type of waters. Groundwater samples from the present and previous studies are used. Rainfall composition in the Adelaide Plains
(�40 m asl) is from Crosbie et al. (2012).
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records the atmospheric conditions at the time of recharge (Gat,
1996). The amount-weighted mean d18O and d2H ratios in the Ade-
laide Plains (�40 m asl) rainfall between 2008 and 2010 are �4.1‰
and �19.1‰, respectively (Crosbie et al., 2012). Rainfall isotopic
composition shows a significant elevation (and consequently tem-
perature) effect, becoming depleted towards the Mount Lofty
Ranges, with �5.1‰ and �24.3‰ at 160 m asl, and �7.6‰ and
�44.1‰ at 435 m asl, for 18O and 2H respectively (as measured
between 2009 and 2011, Guan et al., 2013). Groundwater in the
Adelaide Plains has d18O values ranging from �6‰ to �3‰ and
d2H ranging from �32‰ to �16‰ (Fig. 8). In general, groundwater
samples from the Q and FRA aquifers are located along the LMWL
(Local Meteoric Water Line; Liu et al., 2010), although some Q sam-
ples are shifted towards the right of the line (less negative d values;
water enriched in heavier O and H isotopes), suggesting evapora-
tive enrichment during recharge. Samples from the FRA aquifer
are more depleted (isotopic composition shifted towards more
negative d values), indicating that these waters are more enriched
in lighter O and H isotopes than those from Q aquifers, which is
consistent with an origin within the Western MLR. Groundwater
samples from the T2 aquifer are located along a line approximately
parallel to the LMWL but shifted towards the right, suggesting that
groundwater in the T2 aquifer has a different origin than present
rainfall. T2 samples closer to the coast are located towards more
negative d values, while samples closer to the Western MLR are
located in the opposite edge of that line, towards less negative d
values. This trend, in combination with the elevation and temper-
ature effects on rainfall isotopic composition, suggests that
groundwater in the T2 aquifer close to the coast has a palaeomete-
oric origin (possibly recharged during the last cold period;
>12,000 y) (Varsányi et al., 1997). As distance from the coast
increases, the water becomes more enriched, suggesting that was
recharged during a warmer climate (<12,000 y). Groundwater sam-
ples from the T1 are scattered along the LMWL, between the Q and
FRA samples. Samples 5a, 5b and YAT134 are highly depleted in 2H,
and also were characterized by high Cl concentrations (Fig. 7b).
The only groundwater sample available from the T3 aquifer is iso-
topically light (d18O �4.55‰, d2H �26.5‰).

An analysis of 18O with distance (Fig. 9) confirms an isotopic
depletion in T1 and T2 aquifers west of the PF in the Northern
and Central Transects. The 18O composition of these aquifers in
the Southern Transect is nearly constant. Groundwater in the Q
aquifer becomes enriched towards the coast in all three transects,
although this is more visible in the Central and Southern Transects.
In the Central and Southern Transects, samples from the FRA aqui-
fer west of HVF and EBF faults are enriched compared to samples
east of these faults. Overall this suggests ongoing evapotranspira-
tion processes in the Q aquifer, probable little influence of vertical
Q infiltration into the Tertiary aquifers T1 and T2, and possible
infiltration of Q aquifer into the FRA aquifer near the HVF and
EBF faults.

Considering valid the current accepted conceptual model of the
Adelaide Plains groundwater system (T1 and T2 aquifers mainly
recharged with rainfall in the MLR that infiltrates into the FRA
aquifers; see details in Section 3), it is possible to calculate the con-
tribution of Q and FRA into the T1 aquifer using mean values of d2H
in mass balance calculations for the Central and Southern tran-
sects. Results suggest that the Q aquifer would contribute around
25% to the T1, with the remaining contribution from the FRA aqui-
fer. This calculation is not possible for the T2 aquifer, because the



Fig. 6. Nitrate concentrations in the Adelaide Plains groundwater system during the present and previous studies. Only the highest concentrations are labelled.
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water appears to reflect recharge under a different climate. In the
Northern Transect there is not enough data from the FRA aquifer
to calculate mixing fractions.

d13C values in groundwater samples range from �15.2 to
�2.8‰, and 14Cuncorr activities range from 0.4 to 91 percent modern
Carbon (pmC, Fig. 10). Samples with low 14C activities are generally
more enriched in 13C, suggesting that the decrease of 14C activity
by radioactive decay is enhanced by dissolution of dead marine
carbonate minerals (0‰; Pearson and Hanshaw, 1970). None of
the samples from the Q and FRA aquifers are very enriched in 13C
(�15.2 to �8.6‰), with an average of �11.3 ± 0.7‰, which is in
good agreement with the often assumed d13Crech in groundwater
recharge of �12‰ (Clark and Fritz, 1997). Based on the current
conceptual model of the region (see details in Section 3), ground-
water in the Adelaide Plains is believed to be recharged from the
Q and FRA aquifers, and we thus apply a d13Crech value of
�11.3‰ in Eq. (1).
The calculated 14Ccorr values in the Q aquifer are mostly
between 65 and 115 pmC (�4000 y – modern), with the exception
of one sample at approximately 11 km (well ADE051) that has an
age of �28,000 y. This is significantly older than what would be
expected for the Q aquifer, and it would be necessary to resample
this well to confirm the result. 14Ccorr ages tend to increase with
depth and distance from the Western MLR within T1 and T2 aqui-
fers (Fig. 11). Some high 14Ccorr activities were measured at signif-
icant depths (screens at depths up to 280 mbg; meters below
ground) and close to major faults (Fig. 11). In particular, in the
Northern Transect, 14Ccorr activities of 88.5 and 81.0 pmC (�1000
to 2000 y) were measured on MPA140 (screened at 112–125 mbg
and 88–101 mbwt –meter below water table; T2 aquifer) and
MUW030 (screened at 46–50 mbg and 23–27 mbwt; T2 aquifer),
respectively. In the Central Transect, 70.5 pmC (�3000 y) was mea-
sured on ADE138 (277–287 mbg and 168–178 mbwt; FRA aquifer),
and in the Southern Transect, 66.0 and 61.8 pmC (�3000–4000 y)



Fig. 7. Cl concentrations increase towards the coast in the Adelaide Plains aquifer
system, and concentrations in the Q aquifer are generally close to or higher than
concentrations in aquifers T1, T2 and FRA, suggesting high rates of evaporation from
the Q aquifer. (a) Northern Transect; (b) Central Transect; (c) Southern Transect. AF:
Alma Fault, PF: Para Fault; PWF: Para West Fault; EBF: Eden-Burnside Fault; HVF:
Hope Valley Fault.

Fig. 8. Relationship between 18O and 2H values in groundwater (LMWL: Local
Meteoric Water Line d2H = 7.3d18O + 11, Liu et al. (2010)). Average-weighted rainfall
composition in the plains (40 m asl) from Crosbie et al. (2012), in the hills (160 and
435 m asl) from Guan et al. (2013). Samples from the T2 aquifer follow a line nearly
parallel to the LMWL. T2 samples are lighter (towards negative values) closer to the
coast, and heavier (towards less negative values) closer to the Western MLR.
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were measured on ADE071 (37–62 mbg, depth to water table could
not be measured at the sampling time; FRA aquifer) and ADE084
(18–60 mbg and 3–45 mbwt; FRA aquifer), respectively. This data
suggests deep infiltration of modern water along the major faults.

Although Fig. 11 groups together wells screened at different
depths, an increase in age along the flow line is apparent, particu-
larly in the T2 aquifer in the Northern Transect and in the T1 aqui-
fer in all three transects. Considering all wells west of AF in the
Northern transect, and ignoring variation in screen depths, the T2
aquifer shows an increase in 14Ccorr ages towards the coast, from
2000 to 4000 years at distances between 20 and 24 km to
32,000–33,000 years at distance of 2–6 km (confirming the
palaeometeoric origin of water in the T2 aquifer, as suggested by
the analysis of stable isotopes). An increase in age with distance
is not usually observed within unconfined aquifers (Cook and
Bohlke, 2000; Vogel, 1970), and this suggests that the T2 aquifer
is at least partially confined, and receives a significant volume of
its recharge from the Western MLR. Although less apparent, an
increase in age with depth can be observed in some areas. For
example, between 13 and 14 km distance, a groundwater age of
6000 years was measured at a screen depths between 51 and 72
mbg (well PTG084), and 29,000 years at a screen depth of 95–
118 mbg (well PTG053). Although carbon-14 data for the T1 aqui-
fer is quite sparse, groundwater age increases from 9000 years at
12 km to 28,000 years at 1.5 km. There is not enough data in the
T1 aquifer to evaluate variations in age with depth.
Age trends in the Central Transect are less immediately appar-
ent from Fig. 11, as the density of sampling is lower, and age is
affected both by distance along the transect and depth of screened
intervals. A piezometer nest (6d, 6c, 6b and 6a) at 6.5 km from the
coast, shows an increase in 14Ccorr age from �10,000 y at a screen
depth of 111–117 mbg (well 6d; T1 aquifer) to 27,500 y at 212–
218 mbg (well 6b; T1 aquifer) and �30,000 y at a screen depth
of 245–251 mbg (well 6a; T2 aquifer). Near the top of the T1 aqui-
fer, the age increases towards the coast from approximately 8000–
23,000 years at 5.4–6.5 km (wells ADE002, ADE133 and YAT151;
screened in the top 10–30% of the aquifer thickness) to 25,000–
31,000 years at 0.3–2 km (wells ADE005 and YAT042; screened in
the top 10–40% of the aquifer thickness). A single sample in the
T1 aquifer east of the PF had an age of 2000 years. West of the PF
in the T2 aquifer, 14Ccorr ages range between �23,000 and
30,000 y at 2.9–7.5 km distance from the coast. There is a clear
relationship between 14Ccorr age and screen depth, with the deep-
est well having the oldest measured 14Ccorr age (well 6a, 245–251
mbg, �30,000 y), and the shallowest well having the youngest
14Ccorr age (well ADE191, 226–246 mbg, �23,000 y). East of the
PF only two samples in the T2 aquifer are available, with 14Ccorr

ages of �26,000 y at 14 km (well 3b) and �9000 y at 18 km from
the coast (well 1b).

In the Southern Transect west of the PWF, only two samples are
available, with �16,000 y at 2.1 km (well ADE130) and �31,000 y
at 0.3 km (well ADE005), both in the top 30% of the aquifer thick-
ness. East of the PF, samples in the top 20% of the aquifer thickness
have 14Ccorr ages between �10,000 and 15,000 y at distances of 7.9
and 3.5 km, respectively (wells ADE062 and ADE149). Near the
middle of the aquifer 14Ccorr ages of �13,000 y were measured at
distances between 8.1 and 9.6 km (wells 25759 and ADE040).
Between the PWF and PF, at 4.6 km, one sample had a 14Ccorr age
of �9000 y (well ADE207). A single sample in the T2 aquifer in
the Southern Transect, between the PWF and PF, had a 14Ccorr age
of �21,000 y (well ADE206).



Fig. 9. Distribution of 18O with distance to coast in the (a) Northern; (b) Central;
and (c) Southern Transects. Groundwater in T1 and T2 becomes enriched towards
the Mount Lofty Ranges, while groundwater in the Q aquifer generally becomes
enriched towards the coast.

Fig. 10. d13C (‰) vs 14Cuncorr (pmC) in the Adelaide Plains aquifer system.
Groundwater samples from the present and previous studies are used. An average
d13C of �11.3 ± 0.7 is calculated for the Q and FRA aquifers, the two aquifers from
where recharge to Tertiary aquifers is believed to occur in the Adelaide Plains
system.

Fig. 11. Relationship between 14Ccorr age and distance to coast in the (a) Northern;
(b) Central; and (c) Southern Transects. Radiocarbon age generally increases
towards the coast in the Adelaide Plains (particularly visible in the T2 aquifer in the
Northern Transect). Numbers in brackets are the relative depths of the top of the
screen length (0 = top of the aquifer; 1 = bottom of the aquifer). When the bottom of
the aquifer is unknown (T2 aquifer west of AF and PF in the Northern and Central
Transects), numbers in brackets denote absolute depths (mbg) of the top of the
screen. Symbols with red circles highlight samples where younger groundwater
than expected was found close to major faults at relatively important depth (up to
280 mbg in ADE138). AF: Alma Fault, PF: Para Fault; PWF: Para West Fault; EBF:
Eden-Burnside Fault; HVF: Hope Valley Fault.
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5.3. Dissolved gases

Based on recharge temperatures between 2 and 30 sC and up to
0.01 cm3 g�1 of excess air, 4He concentrations at equilibrium
should be between 4.35 � 10�8 cm3 g�1 and 9.99 � 10�8 cm3 g�1.
Only values for four samples (wells 1b, 3b, 12 and ADE207) fall
within this range, with the other samples having 4He concentra-
tions up to four orders of magnitude higher (Fig. S3). This means
that most 4He concentrations in the groundwater cannot be
explained by equilibrium with atmospheric 4He at the time of
recharge, and that subsurface production or accumulation of 4He
is the main contributing processes within the aquifer.

The distribution of 4He along the three transects is shown in
Fig. 12. In the Northern Transect, considering only those samples
west of the AF (thus excluding MPA140), there is an increase in
4He concentration of one order of magnitude over 20 km in the
T2 aquifer, approximately 1.7 � 10�7 cm3 STP g�1 km�1 (Fig. 12a).
In the Central Transect, 4He concentrations west of the PF in the
T2 aquifer increase from 7.6 � 10�7 cm3 STP g�1 in ADE191 to
4.3 � 10�6 cm3 STP g�1 in YAT132, over a distance of 5 km, approx-
imately 7.1 � 10�7 cm3 STP g�1 km�1, four times higher than the
Northern transect (Fig. 12b). Concentrations in the T1 aquifer in
the Central Transect (only available west of PF) are nearly constant
at around 3 � 10�7 cm3 STP g�1, with one sample (well 12) with a
much lower concentration (4.9 � 10�8 cm3 STP g�1). In the South-
ern Transect there is insufficient data on 4He to identify any trend
(Fig. 12c).



Fig. 12. Distribution of 4He concentrations with distance to coast in (a) Northern;
(b) Central; and (c) Southern Transects. Helium-4 concentrations increase in the T2
aquifer in the Northern transect and west of PF in the Central transect, but with a
higher slope by a factor of four in the Central Transect (arrows show the trend of
that increase). Symbols with red circles highlight groundwater samples where high
14Ccorr activities were measured close to faults, at relatively important depths. AF:
Alma Fault, PF: Para Fault; PWF: Para West Fault; EBF: Eden-Burnside Fault; HVF:
Hope Valley Fault. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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The relationship between 4He and 14Ccorr ages in the T1 and T2
aquifers allows us to define lower (8 � 10�12 cm3 STP g�1 y�1) and
upper (1�10�10 cm3 STP g�1 y�1) bounds of the 4He accumulation
rate (Fig. 13). With the exception of MPA140 (T2 aquifer Northern
Transect), this range of accumulation rates can explain most of the
data from the Adelaide Plains. It is interesting to note that 4He con-
Fig. 13. Relationship between 4He concentrations and 14Ccorr ages for the T1, T2 and
FRA aquifers. Best fits of upper (1 � 10�10 cm3 STP g�1 y�1) and lower (8 � 10�12 -
cm3 STP g�1 y�1) 4He accumulation rates for wells west of AF and PF are shown. The
sample east of AF (MPA140), in the Northern Transect, can only be fitted with a
much higher accumulation rate of 3 � 10�9 cm3 STP g�1 y�1, similar to deep and
highly saline FRA groundwater from wells 5b and YAT134. Helium-4 concentrations
in the T1 aquifer are relatively constant, so no accumulation rate curve can be fitted.
centration in the T1 aquifer in the Central Transect is nearly con-
stant at around 3 � 10�7 cm3 STP g�1. This may be due to a lower
production rate for the T1 aquifer (compared to the T2). It is also
likely that the Munno Para clay aquitard that overlays the T2 aqui-
fer shields the T1 aquifer from receiving upward diffusion of 4He
from deeper layers, also contributing to build up the helium con-
centration in the T2 aquifer below.

The high concentration measured in well MPA140 is most prob-
ably due to a mixing young and old groundwater. Mixing of a small
amount of very old water into samples of younger water will have
little to no effect on 14C age, because the 14C activity of waters older
than 40,000 years is close to zero. Three groundwater samples
from the FRA aquifer (5a, 5b and YAT134), located just east of
the PF in the Central Transect, are also characterized by high 4He
concentrations (1 � 10�5–1 � 10�4 cm3 STP g�1) (Fig. 14a). These
three groundwater samples also have high Cl concentrations
(5000–10,000 mg L�1) and very old 14Ccorr ages (>30,000 y)
(Fig. 14b). However not all samples at significant depths next to
faults have these characteristics. For example, samples from
MPA140 (T2 aquifer), 1b (T2 aquifer), and ADE071 (FRA aquifer),
all close to faults, have 4He concentrations ranging between
3.1 � 10�6 cm3 STP g�1 and 4.9 � 10�8 cm3 STP g�1, but all of them
have very low Cl concentrations (6400 mg L�1). This suggests that
groundwater from wells 5a, 5b and YAT134 may have a different
source to groundwater from other wells close to the faults, most
likely old brine.
5.4. Groundwater flow velocities

The increase in 14Ccorr ages in the T2 aquifer with distance from
theWestern MLR (see Section 5.2 and Fig. 11) was used to calculate
flow velocities. In the Northern Transect flow velocities between
0.3 and 1.8 m y�1 were calculated, with a mean flow velocity of
Fig. 14. Relationship between dissolved 4He concentrations and (a) 14Ccorr ages, and
(b) Cl concentrations. FRA samples 5a, 5b and YAT134, located east to the PF in the
Central Transect, consistently present high Cl concentrations, very low 14Ccorr

activities and high 4He concentrations, suggesting influence of very old brines.
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0.8 m y�1 (24 km in 30,000 years). Carbon-14 data for the T1 aqui-
fer is quite sparse, but groundwater velocities between 0.5 and
0.8 m y�1 can be estimated (5–10 km in 6000–20,000 years).

In the Central Transect, west of PF in the T2 aquifer, a flow
velocity cannot be estimated because: (1) the low density of sam-
pling in that area; (2) the vertical variation in screen depth; and (3)
14Cuncorr activities are very low (<2 pmC), close to the detection
limit of 14C. In the T1 aquifer west of PF, horizontal velocities
between 0.2 and 0.6 m y�1 are estimated from wells in the top
T1 aquifer (6 km in 10,000–21,000 years). In the Southern Transect
data is too sparse to reliably estimate a horizontal flow velocity.
Overall, in the Adelaide Plains horizontal flow velocities can be
estimated west of the PF, but there is not enough data to estimate
flow velocities east of the PF, and thus, identify whether or not
faults cause a change in flow velocity.

Based on a mean helium accumulation rate of 5.4 � 10�11 cm3

STP g�1 y�1 in the T2 aquifer in the Northern Transect, an increase
in age of 64,000 years over a distance of 20 km is calculated, or a
horizontal velocity of approximately 0.3 m y�1, lower but within
the same order of magnitude of the mean flow velocity estimated
using 14C data (0.8 m y�1). In the Central Transect west of the PF,
where radiocarbon velocities could not be estimated, we can use
a mean helium accumulation rate of 1 � 10�10 cm3 STP g�1 y�1

(Fig. 13), obtaining an increase in age of 35,000 years over a dis-
tance of approximately 5 km, or a horizontal velocity of approxi-
mately 0.15 m y�1.
6. Discussion

This study has examined environmental tracer data in a com-
plex multilayered aquifer system dissected by faults that cause sig-
nificant vertical displacement of aquifers. Previous studies that
have used environmental tracers to determine apparent ground-
water ages, and hence infer flow velocities, have mostly focused
on unconfined (Cartwright and Morgenstern, 2012) or confined
aquifers (Drimmie et al., 1991; Torgersen et al., 1991). However,
the authors are unaware of any previous studies in semi-
confined aquifers. In unconfined aquifers, changes in groundwater
age mainly occur vertically but not horizontally. In confined aqui-
fers, changes in groundwater age with horizontal distance in the
direction of flow are usually much greater than vertical variations
in age. In semi-confined aquifers, both vertical and horizontal vari-
ations in age are important, and this greatly increases the amount
of data that is required to accurately resolve the age distribution.
At our field site, this is further complicated by the presence of
faults that cause significant vertical displacement of aquifers.
Notwithstanding this complexity, the following observations can
be made.
6.1. Aquifer recharge

The two main rivers in the area, Torrens and Gawler, are
believed to be important sources of recharge for the Quaternary
aquifer in the plains, although estimates are unknown. In a recent
study Cranswick and Cook (2015) demonstrated that loss of water
from streams and creeks in the MLR contribute to the water bal-
ance of the Q aquifer with at least 5000 ML y�1. This process was
also suggested by fresher water in shallow (<30 m) Q aquifer in
the vicinity of creeks and rivers in the Adelaide Plains. However,
deeper recharge of surface water into T1 and T2 aquifers is not
warrant based on vertical profiles of 14C next to the Torrens River.
For example, wells 6d, 6c and 6b, located at just 50 m distance
from the Torrens River and screened in the T1 aquifer at 111–
117, 168–174, 212–218 mbg, respectively, have 14C activities of
29.73, 4.25 and 3.62 pmC, respectively. Well 6a, at the same loca-
tion but screened in the T2 aquifer at 245–251 mbg, has
2.59 pmC. If vertical recharge from the Torrens River would occur,
higher 14C activities would be expected, at least for the top part of
the T1 aquifer.

The presence of NO3
� in groundwater is originated by return

flow from agricultural irrigation and/or human and animal waste
either caused by septic tanks, sewage or exposed animal manure
on farmland. In the Adelaide Plains relatively high concentrations
of NO3

� were found in the Q aquifer, occasional presence of nitrate
in the T1 aquifer was found, and was undetectable or close to the
detection limit in the T2 aquifer. Overall this suggests that recharge
to T1 and T2 aquifers from the overlying Q aquifer is not a domi-
nant process. Undetectable concentrations of NO3

� in T1 and T2
aquifers could be also explained by ongoing denitrification pro-
cesses as groundwater flows towards deeper layers, but denitrifica-
tion primarily occurs in the absence of oxygen (Soares, 2000), and
DO in Q and T1 aquifers was typically found to be 5–10 mg L�1,
concentrations that certainly can inhibit denitrification (Gómez
et al., 2002), in which case nitrate would be likely to be found in
deeper layers, but this is not the case.

Mass balance using Cl concentrations could potentially be used
to estimate the contribution of Q and FRA aquifers into T1 and T2
aquifers. However, the similarity of Cl concentrations between Q
and T2 aquifers (600–700 mg L�1) in the Central and Southern
Transects could provide misleading results from mass balance cal-
culations. An analysis of pre-development (1940s) piezometric
heads could potentially bring light to the direction of groundwater
vertical flow. Unfortunately this type of data does not exist, and an
analysis of post-development piezometric heads does not neces-
sarily provide insight into sources of groundwater, because the
groundwater system has been extensively pumped since 1940s.
For example, an analysis (not shown) of historic (1980s) piezomet-
ric heads between ADE139 (T2 well) and ADE140 (T3 well) in the
Central Adelaide Plains shows a positive difference of 2 m, result-
ing in a flow direction upwards from T3 into T2. This would suggest
an additional potential source of Cl to the T2, other than from Q
and FRA aquifers. Based on wells 1b (T2 aquifers) and 1a (FRA aqui-
fer), the flow direction is upwards (from FRA to T2), but down-
wards (from T2 to FRA) based on wells 3b (T2 aquifer) and 3a
(FRA aquifer).

Our results do not rule out the presence of vertical leakage from
the Q aquifer into T1 and T2 aquifers (e.g. vertical downward flow
from Q to T1 in wells 3e (Q aquifer) and 3d (T1 aquifer)), but over-
all our data (Cl and 14C) suggest that the FRA aquifer is the primary
contributor of groundwater into the Tertiary aquifers. This is indi-
cated by the presence of old water near the top of the T2 aquifer in
several wells in the Northern (e.g., PTA115, PTG079) and Central
Adelaide Plains (e.g., 1b, ADE061), and the increase in age with dis-
tance from theWestern MLR observed in all three transects. Cl con-
centrations are also higher in the Q than in the T1 and T2 aquifers,
indicating that vertical leakage from the Q is not the main source of
groundwater in the Tertiary aquifers.

Chloride deposition from precipitation in coastal areas is spa-
tially variable and depends upon a number of factors such as dis-
tance to the coast, elevation, terrain slope and vegetation
(Bresciani et al., 2014; Guan et al., 2010). Nonetheless, a Cl concen-
tration in rainfall of 5 mg L�1 is a reasonable estimate for the Ade-
laide Plains (Guan et al., 2010; Harrington, 2002; Zulfic et al.,
2003). With an average Cl concentration within the FRA aquifer
in the MLR of 290 mg L�1, and a range of rainfall between 400
and 1000 mm y�1 (characteristic values for the Plains and MLR),
we estimate a groundwater recharge rate between 10 and
27 mm y�1. Based on this approach, and assuming that all recharge
in the MLR (20 km wide, 70 km long, recharge area 1400 km2)
flows across the faults to the plains, we calculate a recharge vol-
ume for the Tertiary aquifers between 1 � 107 m3 y�1 and
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2.4 � 107 m3 y�1. Alternatively, we can use the range of groundwa-
ter flow velocities estimated in the T2 aquifer in the Northern Tran-
sect (0.3–1.8 m y�1) to obtain an independent estimate of the
recharge volume. Assuming a combined constant T1 + T2 aquifer
thickness of 150 m along the EBF and PF (representative length
of 70 km), a volume between 0.3 � 107 and 2 � 107 m3 y�1 would
flow from the MLR through the EBF towards the Adelaide Plains.
These estimates are in reasonable agreement with Georgiou et al.
(2011), who estimated that the volume of groundwater withdrawn
from T1 and T2 aquifers (agricultural, industrial and recreational
purposes) to be in the order of 3 � 107 m3 y�1. Although this esti-
mate is subject to significant uncertainty, it is noteworthy that it
is similar to the estimated recharge volume flowing from the Wes-
tern MLR. It is important to stress, however, that pumping volumes
over the last few decades would have not yet affected the regional
groundwater velocities determined from 14C and 4He calculations,
as the total volume extracted is a small proportion of the aquifer
volume.

6.2. Groundwater flow velocities

Mean helium accumulation rates for the Northern and Central
Transects were used to estimate flow velocities in both the North-
ern and Central Transects west of the AF and PF faults, resulting in
0.3 and 0.15 m y�1, respectively. A mean flow velocity of 0.8 m y�1

was estimated in the Northern Transect using 14C. Helium data was
calibrated using 14C, thus different velocities are in principle not
expected. We hypothesize that differences in 4He and 14C velocities
are an artefact due to mean accumulation rates and velocities cal-
culated from scattered data in the same transect.

Radiocarbon and helium flow velocities can be compared to
hydraulic velocities, calculated using available KH and ne estimates.
Using a hydraulic gradient of 1.6 � 10�3, which corresponds to a
1959 potentiometric surface (Shepherd, 1971; see Fig. S1), hydrau-
lic velocities in the T2 aquifer in the Northern Transect span
between 0.9 and 3.5 m y�1. In the Central and Southern Transects,
where the KH range in the T2 aquifer is smaller compared to the
Northern Transect, hydraulic flow velocities range between 0.9
and 1.3 m y�1. Overall hydraulic velocities are higher by approxi-
mately a factor between two and four. These hydraulic velocities
are calculated using a 1959 hydraulic gradient, while pumping in
the area started in the late 1940s and early 1950s. That means that
pre-development hydraulic gradients are expected to be lower
than 1.6 � 10�3, thus resulting in lower velocities. For example, a
lower hydraulic gradient by a factor of two would result in hydrau-
lic velocities between 0.5 and 2.1 m y�1 in the Northern Transect,
comparable to the radiometric range velocities of 0.3–1.8 m y�1.
The present hydraulic gradient in the T2 aquifer in the Northern
Transect, 8.7 � 10�3, is higher by a factor of five compared to
1959, while hydraulic gradients in the Central Transect, upgradient
and downgradient of the PF, are 7 � 10�3 and 3 � 10�3.

The rate of increase in helium concentration with distance in
the Central Transect west of PF is higher than in the Northern Tran-
sect by a factor of four. This higher rate can be explained by a lower
flow velocity in the Central Transect west of the PF. A lower flow
velocity west of the PF in the T2 aquifer in the Central Transect
may be partly due to the vertical displacement created by the PF
that separates the Tertiary aquifers west and east of that fault.

6.3. Faults and water mixing

Some high 14Ccorr activities were measured at considerable
depth close to the faults that separate the Western MLR from the
Plains (MPA140- 88.5 pmC- and ADE138 – 70.5 pmC- in the North-
ern and Central Transects, respectively), suggesting a possible pref-
erential pathway of relatively modern groundwater across the fault
and onto the Plains. In the Central Transect, three wells in the FRA
(5a, 5b and YAT134) are located close to the PF, a fault that caused
an important displacement of Tertiary sediments. These wells have
the highest concentrations of Cl (�5000–10,000 mg L�1) and Br�

(15–32 mg L�1) measured in this study, and have among the most
depleted 2H signatures (�31‰). Additionally, groundwater sam-
pled out of these three FRA wells is very old, as suggested by the
14Ccorr activities (1–2 pmC) and 4He concentrations (10�6–10�4 -
cm3 STP g�1). Overall, several lines of evidence suggest of an ongo-
ing upwelling of old groundwater through faults, in some cases
possibly related to old brines. Mixing of highly saline old fluids
with fresher young waters has been previously reported (Di Sipio
et al., 2006; Kaudse et al., 2016; Mayer et al., 2014; Williams
et al., 2013). The fault system in the Adelaide Plains was responsi-
ble of an important vertical displacement of strata, and is related to
several minor (magnitudes between 1.7 and 3.8) and majors earth-
quakes (magnitudes 5.5), in the last century (http://minerals.
statedevelopment.sa.gov.au/home). This suggests that tectonically
active faults (in the particular case of Adelaide most probably
due to the stress caused by the Indo-Australian plate moving
northwards), can play a role as preferential flow paths for the
transport of old fluids rich in helium. Previous studies correlated
the presence of deep helium with active faults and seismicity
(Kulongoski et al., 2005; Newell et al., 2005; Wei et al., 2015).

Thus, faults may contribute to both upwelling of old saline
‘‘brine- related” fluids, but also infiltration of modern water near
the recharge area. The direction of flow will be related to the ver-
tical head gradient in the vicinity of the fault, although this is dif-
ficult to measure, and has likely been affected by recent pumping.
Estimates of vertical velocities for these wells range between 0.01
and 0.4 m y�1.

It is likely that some of the poor relationships observed between
4He and 14Ccorr ages in the Adelaide Plains is due to mixing young
with old groundwater in deeper parts of the aquifer. Upwelling of
old groundwater through faults contributes to increase 4He con-
centrations but does not significantly dilute 14C.
7. Conclusions

Our study has shown the potential of environmental tracers to
study flow velocities and residence time of complex multilayered,
semi-confined and faulted aquifer systems. Groundwater flow
velocities between 0.3 and 1.8 m y�1 were estimated using 14C ages,
resulting in basin recharge estimates between 0.3 � 107 and
2 � 107 m3 y�1. Faults were found to play a critical role mixing old
and young water, highlighting the need to use several environmen-
tal tracers covering a wide range of residence times. For example,
although radiocarbon and 4He-estimated flow velocities were gen-
erally in good agreement, the range of 4He accumulation rates con-
firmed slower flow velocities in some areas that could not be
captured using 14C. Carbon-14 has advantages over helium formea-
suring groundwater velocities, because apparent helium ages are
greatly affected by small contributions of very old water. However,
this particularity makes helium most sensitive to upward move-
ment of old water through faults, and this was found to be useful
in explaining some anomalies in chloride concentrations. Our study
has also highlighted that highly complex groundwater systems
require increased data density to accurately characterize the sys-
tem. This is likely to prove a major impediment to detailed under-
standing of regional flow in complex hydrogeological systems.
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