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Key Points:
•

Recirculation of water between the land surface and the aquifer can be difficult to
identify using ionic tracers.

•

The use of dissolved gases allows quantification of groundwater recirculation due to
gas re-equilibration on exposure to the atmosphere.

•

Infiltration of mine water discharged to creeks is differentiated from natural creek
flow using CFC-12, 14C and 3H.
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Abstract
In many hydrological systems, groundwater is pumped from the aquifer onto the land surface,
and a fraction of this water subsequently infiltrates to recharge the groundwater system
(recirculated groundwater). Tracers that undergo different degrees of re-equilibration with the
atmosphere during this recirculation process can enable ambient groundwater and
recirculated groundwater to be differentiated. In this paper, the recirculated groundwater has
been pumped to dewater open pit mines, and discharged into ephemeral creeks. Some of this
water subsequently recharged back into the aquifer. CFC-12, 14C and 3H are used in a four
end-member mixing analysis to differentiate between (1) ambient groundwater, (2)
recirculated groundwater, (3) river recharge from natural flows prior to commencement of
mining operations (in 2007), and (4) natural river recharge post-2007. Sampling of the
surface water when discharge of mine water was the only source of river flow enabled the
extent of re-equilibration of both CFC-12 and 14C to be accurately determined. Since CFC-12
re-equilibrates more rapidly than 14C, recirculating groundwater had a CFC-12 concentration
which was close to modern, but a 14C activity that was higher than the original groundwater,
but less than modern recharge. As 3H does not re-equilibrate, it enabled easy differentiation
between recirculated groundwater and infiltration of natural creek flows. Uncertainty of endmember compositions is due to changes in the end-member concentrations over time in the
case of natural river flows, uncertainty in the extent of tracer re-equilibration for the
groundwater recirculation end-member, and spatial variations in the composition of the
ambient groundwater end-member.
1 Introduction
Chemical mixing models are often used for discriminating between potential sources
of groundwater recharge, and for identifying relative contributions of different sources.
Conservative solutes are preferred for such analyses, because end-member signatures are best
preserved where subsequent chemical transformations can be ruled out. Thus concentrations
of chloride have been widely used for discriminating between different sources of aquifer
recharge (Harrington et al., 2002; Vázquez-Suñé et al., 2010), as have isotopic ratios of Sr
(Dogramaci et al., 2001), SO4 (Yamanaka, and Kumagai, 2006), 2H and 18O (Peng et al.,
2016). The only pre-requisite is that concentrations of these substances in end-members are
distinct, and that subsequent chemical transformations are small relative to the differences in
end-member concentrations. Uncertainty in relative contributions from the different sources
can be determined from the variation in end-member concentration and measurement
uncertainty (Genereux, 1998; Carrera et al., 2004).
In many situations, one of the possible recharge sources is infiltration of water that
has been pumped from the underlying aquifer. This process, sometimes referred to as
groundwater recirculation, can be associated with irrigated agriculture (Brown et al., 2011),
artificial wetland supplementation (Searle et al., 2011), mine dewatering (Bourke et al., 2015)
or salinity management (Simmons et al., 2002). In these situations, the use of ion
concentrations and isotopes of ions can be limited by a lack of clear differentiation between
end-members, as the composition of recirculated water may be similar to the groundwater
from which it was originally derived. However, it may be possible to overcome this problem
by using dissolved gases. Concentrations of dissolved gases behave differently to ionic
tracers in these environments, as their concentrations can change after exposure to the
atmosphere. Thus the dissolved gas concentration in recirculated water will often be different
from the groundwater from which it was originally derived. This approach was recently
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demonstrated by Bourke et al. (2015), who discriminated between ambient groundwater and
recirculated groundwater using the dissolved gas CFC-12 and 14C activity of total dissolved
inorganic carbon (TDIC). These two tracers undergo differing degrees of re-equilibration on
exposure to the atmosphere.
While the study of Bourke et al. (2015) was the first to suggest the use of dissolved
gases to quantify groundwater recirculation, it had a number of limitations. Firstly, the study
used only two tracers, both of which undergo some degree of re-equilibration on exposure to
the atmosphere. A tracer that does not undergo any re-equilibration was not used. Secondly,
the use of two tracers only permitted identification of three possible end-members, and a
fourth potential end-member was not included in the analysis. Finally, the study did not have
any measurements of CFC-12 in recirculated groundwater, and so had to calculate the extent
of re-equilibration from theoretical approaches.
The present study, as in Bourke et al. (2015), examines infiltration from a losing
stream subject to flow supplementation. The study uses chlorofluorocarbons (CFCs), 14C
activity of TDIC and 3H as tracers. These tracers have been extensively used for determining
groundwater residence times, and thus for estimating groundwater flow velocities and
recharge rates (Cook and Böhlke, 2000). In our environment, groundwater derived from
distant sources contains negligible 3H, whereas natural river flows in response to large
precipitation events contain measurable 3H, and also high concentrations of CFCs. While
ambient groundwater does not contain CFCs, once it is discharged into the surface water, the
concentration of dissolved CFCs should rapidly re-equilibrate with the atmosphere (which
contains high CFC concentrations). If this equilibration is complete, then both natural and
supplemented flows will have a modern CFC concentration. This would allow CFCs to be
used to trace river recharge and potentially to estimate the recharge rate, and 3H to be used to
distinguish between recharge from natural versus supplemented flow. 14C can also be used to
distinguish natural recharge from supplemented flow, as it should only partially re-equilibrate
with the atmosphere following discharge to the surface. The field site is located in the
western part of the Hamersley Basin, northwest Australia, where groundwater pumped to
dewater open pit mines is discharged to ephemeral creeks.
2 Theory
2.1 Chlorofluorocarbons
Chlorofluorocarbons are synthetic organic compounds that are produced for a range
of industrial and domestic purposes. They have relatively long residence times in the
atmosphere, and so their atmospheric concentrations show little global variation (Cunnold et
al., 1994). The concentration of CFC-12 (CF2Cl2) in the atmosphere increased after the
1950s, and reached a peak in 2003 (Figure 1). The concentration has since decreased by
approximately 5%. CFC-12 is stable in most groundwater systems (Cook et al., 1995). If
equilibration with the atmosphere occurs before groundwater recharge, then comparison of
concentrations of CFC-12 in groundwater with atmospheric concentrations indicates the time
at which a groundwater sample was last in contact with the atmosphere, and hence the
groundwater age (Busenberg and Plummer, 1992; Cook and Solomon, 1997). This requires
knowledge of the solubility of the tracer in groundwater, which is a function of temperature
and pressure (Warner and Weiss, 1985), and quantification of any dissolved excess air
(Heaton and Vogel, 1981).
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2.2 Tritium
Tritium is a radioactive isotope of hydrogen, which becomes incorporated into the
water molecule. Nuclear testing during the 1950s and 1960s added large amounts of ‘bombinduced’ tritium into the atmosphere. Tritium values in Australian rainfall peaked at about
100 TU (Tritium Units) in precipitation during 1963, greatly exceeding that due to natural
production. (One TU represents one molecule of 3H1HO in 10-18 atoms of H2O.) The closest
and most representative 3H measurement stations for the Hamersley Basin are Perth and
Darwin (1000 km south-southwest and 1600 km northeast of the field site, respectively). The
monthly 3H concentration in rainfall from 1960-1965 averaged 31 TU (n=20, min 16 and max
168 TU) in Darwin and 33 TU (n=24, min 12 and max 97 TU) in Perth (GNIP/WISER IAEA
database, 2006). However, since 1963 the amount of ‘bomb induced’ tritium in the
atmosphere has steadily declined, and now approaches the concentration in equilibrium with
natural atmospheric production. Based on a review of 3H data in precipitation, Tadros et al.
(2014) concluded that the 3H concentration in rainfall in this part of Australia has been 1 – 2
TU since 2005. In May 2015, 3H concentrations on rainfall were measured at two sites within
the Hamersley Basin. Between 6 May and 3 June, 106 mm of rain fell at Hope Downs 4
(approximately 40 km southeast of the field site) with a 3H concentration of 1.6 TU, and 162
mm of rain fell at Koodaideri (approximately 50 km north-northwest of the site) with a 3H
concentration of 1.5 TU. Tritium has a half-life of 12.3 years, and so, today, rainfall from the
mid-late 1960s should have a concentration of between 1 TU and 5 TU, whereas rainfall from
the 1980s – 1990s should have a concentration of between 0.5 and 0.8 TU.
2.3 Carbon-14
Carbon-14, with a half-life of 5,730 years, enables estimation of groundwater ages
over time periods of approximately 200 - 30,000 years. 14C is formed naturally in the upper
atmosphere by cosmic ray bombardment of 14N, where most 14C is in the form of 14CO2. 14C
is incorporated into groundwater during recharge, where most dissolved inorganic carbon
occurs as HCO3. Before the onset of the industrial age, the 14C activity of atmospheric CO2
was relatively constant (100 percent modern carbon; pmC). During the industrial age, the 14C
activity declined due to the burning of fossil fuels, and in the 1940s it was approximately 90
pmC. However, atmospheric nuclear weapons testing in the 1950s and 1960s increased the
activity up to approximately 170 pmC (Kalin, 2000). It has been declining since then, and in
2010 was approximately 105 pmC (Hua et al., 2013).
Where HCO3 behaves conservatively (i.e., does not react with the aquifer matrix or
undergo other chemical changes that affect the 14C activity), groundwater ages can be
estimated from measured 14C activity of TDIC using:
𝑡𝑡 =

−1
𝜆𝜆

𝐶𝐶

(1)

𝑙𝑙𝑙𝑙 �𝐶𝐶 �
0

where 𝑡𝑡 is the apparent groundwater age, C is the measured 14C activity, C0 is the initial
activity, and λ= 1.21 × 10-4 y-1 is the radioactive decay constant. The initial activity is often
considered to be the activity of atmospheric CO2, which is often assumed to be 100 pmC.
However, chemical reactions within an aquifer have an important bearing on the measured
14
C activity, particularly in carbonate-rich aquifers. In most cases, chemical processes will
lower the 14C activity in groundwater and thus cause an over-estimation of groundwater ages
(Clark and Fritz, 1997; Han and Plummer, 2013; Salmon et al., 2015). To account for these
processes, a large number of geochemical models have been proposed for correcting 14C data
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(e.g., Ingerson and Pearson, 1964; Han and Plummer, 2013). McCallum et al. (2018)
compared 14C and 39Ar and other geochemical data and determined that most groundwater
samples from the shallow aquifers of the eastern Hamersley Basin could be explained by a
50% reduction in initial 14C activity due to chemical reactions. This is consistent with the
stoichiometry involved with dissolution of calcium carbonate containing negligible 14C by
carbonic acid (Clark and Fritz, 1997), and has been adopted in the current study. Uncertainty
in the 14C correction is considered as part of an uncertainty analysis.
2.4 Gas Solubility and Exchange Rates
Changes in dissolved gas concentrations upon exposure of groundwater to the
atmosphere will depend upon the atmospheric concentration of the gas and the gas exchange
rate. The rate of change is often expressed
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

𝑘𝑘

(2)

= 𝑧𝑧 �𝑐𝑐𝑒𝑒𝑒𝑒 − 𝑐𝑐�

where k is the gas transfer velocity (m/day), z is the water depth (m), c is the dissolved gas
concentration, t is time and ceq is the gas concentration that will occur in equilibrium with the
atmosphere. The change in concentration following discharge to surface water is then
𝑘𝑘

𝑐𝑐 = 𝑐𝑐𝑒𝑒𝑒𝑒 + �𝑐𝑐0 − 𝑐𝑐𝑒𝑒𝑒𝑒 �𝑒𝑒𝑒𝑒𝑒𝑒 �− 𝑧𝑧 𝑡𝑡�

(3)

where c0 is the initial concentration in groundwater discharged to the surface. This can also
be written
𝑘𝑘

𝑐𝑐 = 𝑐𝑐𝑒𝑒𝑒𝑒 + �𝑐𝑐0 − 𝑐𝑐𝑒𝑒𝑒𝑒 �𝑒𝑒𝑒𝑒𝑒𝑒 �− 𝑣𝑣𝑣𝑣 𝑥𝑥�

(4)

where x is distance and v is the surface water velocity.
The gas exchange rate will vary between gases, in accordance with their diffusion
coefficients (Genereux and Hemond, 1992). For gases such as CO2 and CFC-12, gas
exchange rates in rivers are typically between 1 and 2 m/day (Raymond and Cole, 2001).
Thus, for surface water depths of 0.1 – 0.2 m, CFC-12 would be expected to re-equilibrate
with atmospheric concentrations after approximately 0.1 days. For 14C, only a fraction of the
TDIC is in the form of CO2, and so the rate of change of 14C activity is slower than for
concentrations of other gases. Bourke et al. (2014) showed that the rate of gas exchange for
14
C of TDIC is therefore reduced by a factor equal to the fraction of TDIC that occurs as CO2.
Because of the low water vapour concentration in the atmosphere, the exchange of 3H
between water and the atmosphere is negligible.
3 Site Description
The Hamersley Basin is a depositional basin covering an area of approximately
100,000 km2 in the northwest of Australia (Trendall, 1983). The Hamersley Group is a
sequence of sedimentary deposits more than 1 km thick. It includes Banded Iron Formation
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(BIF), which constitutes one of the largest iron ore deposits in the world. The study site
occurs within the Weeli Wolli Creek catchment, which covers an area of 4000 km2 in the east
of the basin. The upper catchment is characterised by relatively wide, flat plains, surrounded
by hills of outcropping BIF, and is occupied by a number of large open pit mines (Figure 2).
Weeli Wolli Creek is naturally ephemeral, only flowing after intense rainfall events.
However, mining below the water table necessitates mine dewatering, and much of this
surplus mine water is discharged to creeks (including Weeli Wolli Creek), resulting in
perennial creek flow for some distance downstream of the discharge points. Prior to the
commencement of mine operation, Weeli Wolli Creek flowed for an average of 65 days per
year, mostly in summer following large cyclonic rainfall events. On average, mean daily
flows averaging more than 20 m3/s occur once per year, and flows exceeding 100 m3/s occur
once every 10 years. Perennial flow in Weeli Wolli Creek has always occurred for several
kilometres downstream of Weeli Wolli Spring, which is located at a narrow gorge, where
Weeli Wolli Creek transects the Hamersley Range to the Fortescue Plain (Figure 2). The
spring occurs due to a bedrock high where the un-mineralised Brockman Iron Formation acts
as a subsurface barrier resulting in groundwater flow to the surface (Figure 3). Up-gradient
from the spring, the creek is underlain by 10 to 30 m of alluvial sediments consisting of
coarse gravel or shingle (up to 30 cm in diameter) in the upper 3 m, overlying fine sand, silt
and clay. These alluvial deposits overlay the Wittenoom Formation, which is the main
regional aquifer, and consists of interbedded shale, dolomite, sandstone and mudstone.
Downstream from the spring the creek is underlain by 5 m of alluvial sediments, and these
sediments are underlain by the Brockman Iron Formation (Barnett, 2010).
The open mine pit (Hope Downs 1) is located approximately 8 km southwest of Weeli
Wolli spring, and within approximately 1.5 km of Weeli Wolli Creek at its closest point
(Figure 2). Dewatering associated with the mine operation has resulted in up to 130 m
drawdown and a cone of depression extending to ~ 6 km. In order to mitigate adverse impacts
of lowering the water table on the phreatophytic vegetation adjacent to Weeli Wolli creek and
spring, surplus groundwater abstraction has been discharged into the creek since 2007, at a
number of points downstream of the mine pit. Discharge occurs through a series of 13 pipes
located along a 4 - 5 km length of the creek, although most discharge occurs through 5 of
these pipes, and only these were flowing at the time of sampling. Since the dewatering bores
are located around the edge of (and outside) the mine pit (Figure 3), the composition of the
water is not affected by mining activities, and there is no treatment of the water prior to
discharge. Water from all the dewatering bores is mixed prior to discharge, and so the
composition of the water is therefore also the same at all discharge points. The discharge
volume has increased from 6.5 GL/y to 8 GL/y over the past 10 years. The remaining surplus
water (approximately 30 - 35 GL/y) is discharged further downstream of the spring (see
Gabion in Figures 2 and 3).
Over most of the catchment, the water-table depth exceeds 30 m, although shallower
water tables occur close to Weeli Wolli Spring and in the vicinity of mine water discharge
points. Groundwater in all aquifers is fresh, with total dissolved solids (TDS) generally 500–
800 mg/L, and dominated by magnesium, calcium and bicarbonate ions (Dogramaci and
Dodson, 2009). The region has a highly variable, arid to semi-arid climate, with average daily
maximum summer temperatures at Newman (80 km southeast of the mine site) between 37
and 39 °C, and average daily maximum winter temperatures between 22 and 25 °C (1965–
2003; BOM 2016). The mean annual air temperature for Newman is approximately 24 °C.
Mean annual rainfall is 318 mm, most of which falls between January and March.
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4 Methods
4.1 Surface water and groundwater sampling and analysis
Samples were collected from 6 surface water sites and 19 piezometers along a 5 km
reach of Weeli Wolli Creek up-gradient of the spring (Figure 4). Surface water samples were
collected on 22 November 2017, and groundwater samples were collected from 23 – 26
November 2017. At the time of sampling, surface water within the creek was exclusively due
to discharge of excess mine water. The surface water samples were collected along almost 3
km of creek, and included two locations immediately downstream (within 10 m) of mine
water discharge points (WW03 and WW06). Although no manual measurements of flow
were made on the creek at the time of sampling, flow visibly decreases downstream of each
discharge outlet, and flow is not continuous between the pipe outlets and the spring. The
water depth within the creek is generally less than 0.2 m, and so samples were simply
collected by submerging bottles below the water surface. The majority of piezometers were
completed with 50 mm PVC casing and screens, with construction depths ranging from 3 to
130 m, and screen lengths between 1 and 60 m (Table 1). Two shallow 3 m and 4 m deep
piezometers were installed in the creek bed in order to obtain water samples from the coarse
alluvial sediments (shingle). Seven of the remaining 17 piezometers are installed in the
alluvial aquifer, eight in the Wittenoom Formation and two in the Brockman Iron Formation.
Prior to 2012, groundwater levels were recorded manually at approximately monthly
intervals, and since 2012 data has been recorded daily using pressure transducers.
Piezometers were sampled through a nylon tube that was attached to a submersible pump.
Groundwater samples were collected while sample bottles were submerged in a bucket, to
prevent atmospheric contamination.
Samples were collected for electrical conductivity, major ion, 18O, 2H, 14C, 13C, 3H,
CFC, N2 and Ar analyses. Samples for 13C and 14C analysis were collected in 500 ml HDPE
bottles. 14C analysis was performed by accelerator mass spectrometry and 13C analysis by
isotope ratio mass spectrometry, both at GNS Rafter Radiocarbon Laboratory. The 14C data
are reported as percent modern carbon (pmC) according to the convention described in
Stuiver and Polach (1977). 3H analysis was by electrolytic enrichment and liquid scintillation
counting using Quantalus low-level counters (Morgenstern and Taylor, 2009). Results are
expressed in tritium units (TU). Samples for dissolved gas analysis (CFC-11, CFC-12, CFC113, N2, Ar) were collected in 125 ml clear glass bottles with metal screw lids, and analysed
by gas chromatography using a purge and trap system with electron capture detector at GNS
Water Dating Laboratory, New Zealand. Only CFC-12 data is reported here, and is expressed
as picograms of CFC per kg of water (pg/kg). N2 and Ar concentrations are expressed as cm3
gas at standard temperature and pressure per kg of water. The concentration of major ions in
water samples were analysed using an Inductively Coupled Plasma-Optical Emission
Spectrometer (ICP-OES, method Ref. APHA 3120B) for Ca, Mg, Na, and K cations, a
Discrete Analyser in Water by Aquakem DA for SO4 and Cl anions (method Ref. APHA
4500) and by acid titration for HCO3 alkalinity (method Ref. APHA 2320). The stable isotope
composition of water samples (δ2H and δ18O) was analysed using an Isotopic Liquid Water
Analyser Picarro L1102-i (Picarro, Santa Clara, California, USA). The δ2H and δ18O values
are reported in per mil (‰) after normalisation to VSMOW scale (Vienna Standard Mean
Ocean Water), following a three-point normalisation based on three laboratory standards each
replicated twice. Analytical precision is approximately 0.2 pmC for 14C, 0.2 ‰ for δ13C, 0.02
TU for 3H, 1.0‰ for δ2H, 0.1‰ for δ18O, 5 pg/kg for CFC-12, 0.3 cm3/kg for N2 and 0.008
cm3/kg for Ar.
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4.2 Mixing model
A four end-member mixing model was used to identify the relative proportions of
groundwater from four possible end-members: (1) recirculated mine water, which has
occurred since 2007 (henceforth referred to as recirculated groundwater), (2) river recharge
from natural high flow events over the same period of time (i.e., since 2007) (post-2007 river
recharge), (3) river recharge from natural high flow events between 1950 and 2007 (pre-2007
river recharge), and (4) ambient groundwater. The year 2007 is the time that discharge of
excess mine water to the creek commenced. Discriminating between natural river recharge
pre- and post-2007, thus allows us to determine the total recharge contribution since
discharge of excess mine water began, and also to calculate the relative contribution of
natural river flow to recharge over this time period. The year 1950 defines the approximate
date prior to which CFC-12 and 3H concentrations were indistinguishable from background.
Although CFC-12 concentrations in the atmosphere increased slowly with time from this
point, 3H concentrations increased rapidly from the mid-1950s. River recharge from prior to
1950 is thus essentially indistinguishable from ambient groundwater. Thus, ambient
groundwater may contain river recharge from natural flow events in Weeli Wolli Creek from
prior to the 1950s, but it may also contain much older water that may have recharged the
aquifer through different mechanisms and at more distant locations. The measured
concentration is derived from the end-member concentrations according to the mixing
equation
𝑐𝑐𝑚𝑚 = 𝑐𝑐1 𝑓𝑓1 + 𝑐𝑐2 𝑓𝑓2 + 𝑐𝑐3 𝑓𝑓3 + 𝑐𝑐4 𝑓𝑓4

(5)

where cm is the measured groundwater concentration, c1 to c4 are concentrations in endmembers 1 through 4, and f1 to f4 are the relative fractions of these end-members in the
mixture. Equation 5 can be written for each tracer (i.e., 14C, 3H and CFC-12), giving three
separate equations. In the case of 14C, use of this equation requires that TDIC concentrations
are the same for all four end-members, which is the case for our site (see Section 5.3). Since
the four end-member fractions must sum to unity (f1+f2+f3+f4=1), there are four equations
with four unknowns, which will have a unique solution.
The end-member mixing analysis is carried out for different possible chemical
compositions of each end-member. The 14C activity and 3H and CFC-12 concentrations in the
river recharge end-members (2 and 3) have changed over time due to changes in atmospheric
concentrations of these gases and also radioactive decay (Figure 1). It is assumed that river
recharge is in equilibrium with the atmosphere, and so its composition is based on
atmospheric concentrations of 14C and CFC-12, and rainfall concentrations of 3H, decay
corrected to the time of sampling. We therefore neglect the possible contribution of excess
air, which is small for our samples (see Section 5.3). The end-member composition of
recirculated water is based on measured values of tracers in surface water when mine water
discharge was the only contributor to streamflow. Changes in time of the recirculated
groundwater end-member concentrations are not considered significant, as the atmospheric
concentration of CFC-12 and atmospheric 14C activity have not changed substantially since
2007, and 3H does not re-equilibrate with the atmosphere. Although the composition of
groundwater pumped by dewatering bores may have changed with time, these changes are
considered to be small, as discussed in Section 5.2. Changes in the end-member composition
for the recirculated water end-member is thus due to the progressive re-equilibration of CFC12 and 14C concentrations with distance down the creek. Differences in the end-member
composition of ambient groundwater are due to natural spatial variability of this end-member.
This end-member is assumed to have zero 3H and CFC-12; and its 14C activity is based on
measured concentrations in groundwater that appear to be unaffected by infiltration of creek
8

water. A relatively wide range of 10 – 45 pmC is used, based on the 14C activity of samples
obtained from the deepest piezometers (Table 1), and also from the activity of groundwater
samples obtained directly from the dewatering bores (Cook et al., 2016). For each endmember, compositions based on mixing within each end-member are also considered.
Rather than undertake a traditional Monte Carlo analysis, whereby each end-member
is randomly sampled across its possible range, we have systematically selected end-member
concentrations to cover the entire plausible range of each tracer. This approach is more
efficient than a random Monte Carlo approach, provided that the entire plausible range of
end-members is tested. For the two end-members whose concentrations have changed in time
(2 and 3, above), selected end-members are based on the annual values of 3H in rainfall, and
CFC-12 concentrations and 14C activities in water in equilibrium with the atmosphere (Figure
1), as well as mixing of water from different years. This results in a total of 11 different
potential compositions for post-2007 river recharge (annual values between 2007 and 2017,
inclusive), and 81 for pre-2007 river recharge (annual values between 1951 and 2006). For
recirculated groundwater and ambient groundwater, end-member compositions are based on
observed concentrations in surface water and groundwater, respectively. Twenty five
different potential compositions are considered for recirculated groundwater, and nine for
ambient groundwater. This gives a total of 200 475 possible end-member combinations.
Additionally, uncertainties of 5 pmC, 0.1 TU and 15 pg/kg for 14C, 3H and CFC-12,
respectively, are considered for each potential end-member composition and for measured
values in groundwater. These errors represent analytical uncertainty, as well as uncertainty in
recharge elevation and temperature for CFC-12 (we assumed a recharge elevation of 600 m
and temperature of 24°C), rainfall concentrations for 3H, and geochemical reactions for 14C.
Thus, for each of the 200 475 end-member combinations, an error is randomly
selected for each tracer assuming a uniform distribution within the uncertainty ranges
described above. This random error is then added to (or subtracted from) the selected 3H,
CFC-12 concentrations and 14C activity. This is repeated 100 times, so that a total of 20 047
500 end-member calculations are performed for each groundwater sample. The uncertainties
are larger than the interval between the systematically selected concentrations for each endmember, which means that every possible composition within the plausible end-member
range can be sampled. A fortran program was written to solve the simultaneous equations for
each groundwater sample for each of the 20 047 500 end-member combinations. Of course,
not all combinations will yield realistic end-member fractions, defined as all end-member
fractions between zero and one. Unrealistic end-member fractions mean that the chosen endmember values cannot explain the measured values. For each groundwater sample, mixing
fractions are expressed in terms of mean, and 10th and 90th percentile values for end-member
calculations that yielded realistic end-member fractions.
5 Results
5.1 Groundwater level trends
Prior to mining, hydraulic heads indicate a flow direction towards the northeast. The
hydraulic gradient in this direction is approximately 0.003, slightly less than the topographic
gradient, which is approximately 0.004 (Figure 5). Since mining commenced, dewatering has
caused a reduction in head of 10 – 20 m at the southwest end of the piezometer transect.
Piezometers within the mine water discharge zone do not show an increase in head since
discharge operations commenced (Figure 5). Water levels in P11, the most westerly
piezometer, show a clear declining trend from 2007 to 2014 after which they appear to
stabilise (Figure 6). It is probable that after 2014, enhanced recharge from the creek due to
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mine water discharge has reduced the rate of expansion of the drawdown cone in this area.
P12 and P3, also located in the western part of the transect, but further from the mine than
P11, show declines of approximately 2.0 and 0.75 m since 2007, respectively. In contrast,
piezometers located further to the east show no significant drawdown over time. Prior to
mining commencing, groundwater levels in the alluvial aquifer were similar to those in the
Wittenoom and Brockman Iron Formation aquifers. Today, groundwater levels in the alluvial
aquifer are mostly 1 – 2 m below those in the Wittenoom Formation, but between 0.1 and 0.4
m above those in the Brockman Iron Formation. Groundwater levels in the shingle are 1 – 2
m above those in the alluvial aquifer, although there are no alluvial aquifer bores located
directly beneath the creek. (There is no data on the shingle aquifer prior to the
commencement of mining operations.) Although the hydraulic head is higher in P11 (3.5 km
from the mine) than in P17 (4 km), P11 is somewhat displaced from the northeast-southwest
transect of the other piezometers.
The response of the water level to rainfall in all the piezometers is very rapid, with
rises of up to 6 m in P11 and up to 2 m in other piezometers. Despite significant volumetric
discharge to the creek however, the water table is still several metres below the land surface
(Table 1 and Figure 5).
5.2 Surface water chemistry
At the time of sampling, surface water within the creek is exclusively due to discharge
of excess mine water. The dissolved CFC-12 concentration immediately downstream of the
discharge outlets (WW03, WW06) is 71 – 75 pg/kg, and this increases downstream to
approximately 150 pg/kg (146 and 148 pg/kg at WW01 and WW02, respectively). Although,
in some cases, creek water may contain a contribution from more than one discharge outlet, a
plot of concentration versus distance downstream of the closest discharge outlet reveals a
smooth curve, which may suggests that the proportion of flow coming from discharge outlets
further upstream is minimal. However, the apparent equilibrium concentration reflects a
recharge temperature of approximately 29°C, rather than 24°C. Uncertainty and possible
temporal variation in recharge temperature is handled by including uncertainty in endmember concentrations in the mixing analysis. The rate of increase with distance can be well
explained by gas exchange (Equation 4) with rate parameter k/vz = 8.9 × 10-3 m-1 (Figure 7).
Assuming a gas exchange rate of k = 1 m/day, and mean stream depth of z = 0.1 m, this rate
of increase is consistent with a mean water velocity of v = 0.013 m s-1. This slow average
velocity in part reflects the presence of large, wide pools within the creek, but may also be
partly explained by some contribution of flow from discharge outlets further upstream (and
hence under-estimation of the distances shown on this figure).
The pH of the surface water at the time of sampling ranged between 7.8 and 8.1, and
the mean HCO3 concentration was 350 mg/L, and does not change with distance. The 14C
activity of excess mine water discharge (WW03, WW06) is approximately 37 pmC,
increasing to 46 pmC by 1100 m downstream. Considering that CFC-12 appears to have fully
equilibrated by this point, and the 14C activities are still well below the equilibrium activity
with the atmosphere (approximately 103 pmC), this supports the findings of Bourke et al.
(2014) that 14C equilibration by exchange of CO2 is significantly slower than for other
dissolved gases as it is buffered by carbon in other forms. At our site, 14C equilibration is
approximately 70 times slower than CFC-12 equilibration, which is consistent with 1 - 2% of
TDIC being as CO2 at a pH of 8 (Drever, 1997), which is the pH of creek water when flow is
exclusively from mine water discharge.
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H concentrations in surface water range between 0 and 0.05 TU, and are not
significantly different from zero (Table 1). There is no significant increase in 3H with
distance from the discharge outlets.
CFC-12 and 3H concentrations and 14C activities in groundwater samples obtained
directly from mine dewatering bores in 2008 and 2014 range from 7 – 70 pg/kg (mean 30
pg/kg), 0 – 0.1 TU (mean 0.04 TU) and 30 – 45 pmC (mean 36.3 pmC), respectively (Cook et
al., 2016). Concentrations in surface water samples obtained close to the discharge outlets are
very similar to these values for 14C and 3H, although the CFC-12 value near the discharge
outlet is somewhat higher. This may indicate an increase in CFC-12 concentration of
groundwater pumped from dewatering bores over time. However, the difference (40 pg/kg) is
relative small relative to the change in concentration as water flows down the creek (120
pg/kg). Thus, given the rapid rate of gas equilibration with the atmosphere and relatively
constant atmospheric CFC-12 concentration since dewatering began (in 2007), the
assumption of a constant concentration in recirculated water over time appears reasonable.
The uniformity of Cl concentrations within the surface water (values between 68 – 71
mg/L) suggests limited evapotranspiration of the discharge water within the creek. This is
consistent with a residence time of less than one day (v = 0.013 m/s and travel distance of
1100 m). The two piezometers located within the shingle have similar tracer concentrations to
the surface water (Table 1).
5.3 Groundwater chemistry
The Cl concentrations obtained from 7 piezometers in the alluvial aquifer cover a
relatively narrow range (66 - 76 mg/L; Table 1), similar to the range in surface water (68 – 71
mg/L). With the exception of P15 and P11 (96 mg/L and 10 mg/L, respectively), chloride
concentrations in the Wittenoom aquifer are similar, but slightly skewed towards lower
values (56 – 76 mg/L). P11, which is located further upstream than the other piezometers has
the lowest Cl concentration (10 mg/L), and its value is similar to that of flood water measured
within this part of the Hamersley Basin (Skrzypek et al, 2013). This piezometer also displays
the greatest hydraulic response to rainfall events (Figure 6). P15 has the highest measured Cl
concentration, and is located on the edge of a flat platform on the northern side of the creek
close to WW03 (Figure 4). The relatively large, flat area allows ponding of surface water
during large rainfall events and results in relatively high evaporation compared to the
southern side of the creek. The similarity of chloride concentrations in the other groundwater
samples to that of the surface water samples is consistent with minimal evapotranspiration of
recirculated groundwater. The lack of enrichment in 18O and 2H in groundwater from P15
indicates that surface water that ponds in this location typically completely evaporates, and
that the salt is incorporated in subsequent infiltration.
The pH of the groundwater samples is between 7.6 and 8.0, and HCO3 concentrations
range between 220 and 410 mg/L (mean 320 mg/L) and are not significantly different in
shingle, alluvial and Wittenoon Formation aquifers. This suggests that the assumption of
constant TDIC in the four end-members is reasonable. The 14C activity of groundwater ranges
from 10.8 pmC in piezometer P10 to 65.3 pmC in piezometer P11. This compares with
surface water values between 36.3 and 45.8 pmC. δ13C values are relatively constant, ranging
between -9.3 ‰ and -12.7 ‰, and there is no relationship between δ13C values and 14C
activity. The concentration of CFC-12 follows a similar trend to 14C, with the highest CFC-12
concentration measured in piezometer P11 (160 pg/kg) and lowest in piezometer P10 (2
pg/kg).
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Figure 8 shows 14C activity and CFC-12 and 3H concentrations in groundwater as a
function of depth. Highest concentrations of all tracers occur in the upper 20 m of the aquifer,
although high concentrations are recorded throughout the profile – to at least 100 m depth.
Screen lengths in some of the deeper piezometers are quite long, and it is likely that these
have contributed to some mixing between higher concentrations in the aquifer near the top of
these well screens and lower concentrations nearer the base of the screens. Notwithstanding
the possibility for mixing, 3H concentrations at depth are significantly above background, and
CFC concentrations in the deepest piezometer are equivalent to those of water in equilibrium
with the atmosphere in 1987. This suggests vertical water velocities of several metres per
year, or higher if mixing with older water has diluted concentrations. 14C concentrations at
depth are also relatively high, when a 50% dilution with old 14C from calcium carbonate is
considered (McCallum et al., 2018). N2 and Ar concentrations are consistent with a recharge
temperature between 21 and 28 °C, and excess air between 1.3 and 4.4 cm3/kg (Figure 9).
While nitrate concentrations in groundwater are low, the potentially for some N2 to be
contributed from denitrification of NO3 in surface water flow cannot be ruled out, but is
considered to be minor. The mean excess air fraction of all samples is 2.8 cm3/kg, which
would increase CFC-12 above equilibrium solubility values by less than 5%. Omission of an
excess air component for CFC-12 in calculation of end-member fractions is therefore unlikely
to introduce significant error.

5.4 End-member mixing analysis
A four end-member mixing model based on 14C, 3H and CFC-12 was used to identify
the relative proportions of groundwater from four possible end-members: (1) recirculated
groundwater (post-2007), (2) post-2007 river recharge, (3) pre-2007 river recharge, and (4)
ambient groundwater. As can be seen in Figure 10, 3H provides good discrimination between
recirculated groundwater and both pre-2007 and post-2007 river recharge, while CFC-12 and
14
C allow discrimination between ambient groundwater and pre-2007 and post-2007 river
recharge, even though this discrimination becomes more difficult for older river recharge.
CFC-12 and 14C alone would not allow accurate identification of recirculated groundwater, as
this end-member is intermediate between ambient groundwater and post-2007 river recharge
on the CFC-12 – 3H plot (and hence could be confused with a mixture between these latter
two end-members). However, the three tracers together provide good discrimination between
all four end-members. End-member mixing fractions for each groundwater sample, together
with estimated uncertainties, are presented as depth profiles in Figure 11. Estimated fractions
of recirculated groundwater are also shown in plan view in Figure 4. On average, the fraction
of recirculated groundwater in the sampled wells is 0.46, but individual values range between
0.05 and 0.78. Average fractions of pre-2007 river recharge, post-2007 river recharge and
ambient groundwater are 0.14, 0.12 and 0.29. The mean uncertainty of end-member fractions
(defined by the 10th and 90th percentiles of the distribution) is ±0.11. However, there are
significant spatial patterns associated with these fractions. For most piezometers screened in
the upper 50 m of the aquifer, the fraction of recirculated groundwater is between 0.5 and 0.8.
Exceptions are P6, P10, P11 and P13, which have recirculated water fractions between 0.05
and 0.10. P6, P10 and P13 are located at the extreme eastern end of the transect, and screened
within the low permeability Brockman Iron Formation. Samples from these piezometers are
dominated by ambient groundwater (fractions greater than 0.75). P11 has a low fraction of
recirculated groundwater and also contains the largest fraction of natural river recharge, at
0.93. This is the only piezometer that was sampled upstream of the mine water discharge
outlets. Here, the high permeability of underlying sediments permits high rates of river
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recharge from natural flow events. Piezometers screened between 50 and 140 m depth are
mostly located in the central part of the transect and have recirculated water fractions
between 0.25 and 0.7. It is evident that recirculated groundwater has infiltrated to over 100 m
depth. Excluding P11, the ratio of recirculated groundwater fraction to post-2007 river
recharge averages 6:1.
5.5 Comparison with other tracers
A significant relationship exists between the chloride concentration in groundwater
and the fraction of river recharge (pre-2007 plus post-2007) determined from the end-member
mixing analysis (Figure 12). The sample that is predominantly comprised of river recharge
(P11; pre-2007 river recharge plus post-2007 river recharge = 0.93), has a much lower
chloride concentration than all other samples. However, a strong negative relationship
between chloride concentration and fraction of river recharge is also apparent from samples
with less than 35% natural creek recharge. The only sample which does not follow this trend
(P15) occurs in an area subject to surface water evaporation, as previously noted. Different
recharge sources are also reflected in 18O data, with samples that are predominantly
composed of ambient groundwater all having δ18O values of -9 ‰ or less, and P11, which is
95% river recharge, having an δ18O value of -7.2 ‰. The other samples are all predominantly
derived from recirculated groundwater, and have δ18O values between -8.1 and -8.4 ‰. As
there was no evidence of enrichment of δ18O in surface water (i.e., no trend with distance
downstream of mine water discharge outlets), it was not included in the mixing analysis, as
discussed below.
Significant relationships are also apparent between recharge temperature and excess
air values derived from N2 and Ar concentrations, and the fraction of recirculated
groundwater. Samples that have low fractions of recirculated groundwater have a higher
recharge temperature than most other samples (Figure 12c). These samples were probably
recharged in the summer months, when large, cyclonic rainfall events occur, and at this time
the soil temperatures would be highest. The mean soil temperature within this part of the
Hamersley Basin is approximately 30 °C (much higher than mean air temperature; Gerner
and Budd, 2015), and summer soil temperatures would be higher than this. This may explain
the high recharge temperature of these samples. The lower recharge temperatures of
recirculated groundwater may also be influenced by the higher vegetation cover in this
section of the creek, which would cool the soil by shading and by increased
evapotranspiration. Samples that are predominantly comprised of recirculated groundwater
have a mean recharge temperature of approximately 24°C. This is consistent with the mean
air temperature, and lower than the values suggested by the equilibrium CFC-12
concentration measured within surface water. It may suggest re-equilibration within the
unsaturated zone beneath the creek. There is also a relationship between excess air and the
fraction of recirculated groundwater derived (Figure 12d). Ambient groundwater samples
have a high proportion of excess air, which is consistent with rapid recharge from high
rainfall events. Perhaps surprisingly, though, the sample with the highest fraction of river
recharge does not have a high excess air volume. The reason for this is unclear. However, it is
possible that the increase in water table beneath the creek during peak river flows results in
direct connection between surface water and groundwater, and hence little generation of
excess air.
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6 Discussion and Conclusions
In a hydrologic system where water is recirculated between an aquifer and the surface,
the use of major ions (e.g. chloride) or stable isotopes of ions as tracers can be limited by the
lack of adequate hydrogeochemical variation in potential end-members (Dogramaci et al.,
2015; Qin et al., 2011). In such cases, groundwater age indicators that undergo a process of
re-equilibration with the atmosphere through gas exchange may be better tracers of recharge
sources (Bourke et al., 2015).
In this paper a four end-member mixing analysis was carried out using three tracers:
H which does not undergo re-equilibration, 14C which is predominantly present in water as
dissolved bicarbonate ions, and so is not greatly affected by re-equilibration, and CFC-12
which undergoes complete re-equilibration with the atmosphere within a few hundred metres
of the discharge point. CFC-12 was therefore critical in differentiating ambient groundwater
from recirculated groundwater. 3H allowed us to also differentiate between recirculated
groundwater and modern recharge from other sources (natural creek flows), which would not
have been possible using CFC-12. 14C, which only partially re-equilibrated, provided an
additional constraint, with recirculated groundwater having a 14C activity higher than ambient
groundwater but lower than modern recharge from natural creek flows. Even when
uncertainty of end-member composition was considered, the analysis was able to clearly
discriminate between these end-members. End-member determinations were also supported
by other hydrochemical analyses, such as chloride and 18O. However, these tracers were not
able to be used in the end-member analysis, as their concentrations in the end-members were
not known a priori. One of the key advantages of the groundwater age tracers, is that their
concentrations in the river recharge end-members are known, even though these endmembers are not sampled. Recharge temperature and excess air volumes also appear to differ
between recharge sources. This might be related to recharge processes, but requires further
analysis.
3

To carry out the uncertainty analysis, we statistically sample the range of possible
concentrations for each of the end-members. However, the uncertainty bounds (that we
present as 10th and 90th percentiles), are affected by how this range is sampled. For example,
for the pre-2007 river recharge end-member, our analysis assumes that it is equally likely for
river recharge to have occurred in each year from 1951 till 2006. Alternatively, we could
have assumed that the probability of recharge was proportion to the amount of rainfall in each
year, or the amount of river flow. Further, as well as drawing possible end-member
concentrations from annual tracer concentrations in equilibrium with the atmosphere, we also
sample the mixing space, and hence allow for groundwater to have mixtures of river recharge
from different years. However, our uncertainty bounds are affected by the number of endmember samples that are drawn from the atmospheric curve and the number that are drawn
from the mixing space. How the mixing space is sampled will also affect the uncertainty
bounds. These issues arise whether the mixing space is sampled randomly, or systematically
as in the present study. The uncertainty bounds should therefore be considered as indicative,
rather than absolute.
In addition to the three tracers used in this study, other dissolved gas tracers that
might be useful include helium, SF6 and Halon-1301 (Busenberg and Plummer, 2000; Beyer
et al., 2015). Due to its high diffusion coefficient, helium will re-equilibrate with the
atmosphere more rapidly than other dissolved gas tracers. Its disadvantage is that
concentrations might be more variable in end-members than some of the other tracers, due to
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variability in subsurface production rates. Large variations in end-member compositions
increase uncertainty of mixing fraction calculations. Concentrations of CFC-12 in the
atmosphere have been relatively constant since 2007, and so other age tracers might have
improved our ability to estimate infiltration rates of recirculated groundwater. In particular,
atmospheric concentrations of SF6 increased by approximately 50% between 2007 and 2017,
and so might have allowed more accurate estimation of groundwater ages over this time
period. This might have allowed vertical water velocities within the period over which
discharge of excess mine water has occurred to be estimated from vertical concentration
profiles.
The approach developed in this paper is applicable to recirculation of groundwater
due to other processes, including supplementation of perennial streams and wetlands, and
irrigation. However, where groundwater is discharged to perennial streams or wetlands, then
it might not be possible to directly sample the recirculated groundwater end-member.
Although the initial composition of this endmember could be sampled at the discharge
outlets, the effect of atmospheric re-equilibration would need to be determined by modelling.
Both irrigation and wetland supplementation would be expected to have more complete reequilibration of gaseous tracers than in our study. In this case, 3H would still be useful for
discriminating between natural recharge and recirculated groundwater. Although 14C and
CFC-12 would be useful for discriminating between ambient groundwater and recirculated
groundwater, these two tracers might provide similar information. (In our study, 14C provided
additional information because it was not completely re-equilibrated.) In some cases, 36Cl
might also be useful. Ion concentrations (e.g., chloride) and stable isotopes of water (2H and
18
O) might be able to be used if the residence time of recirculated groundwater at the surface
is sufficiently long for evaporation to alter ion concentrations and isotope ratios. In our study,
no enrichment of δ18O ratios in surface water was apparent, and Dogramaci et al. (2015)
measured only 1 ‰ enrichment of 18O in surface water 10 km downstream of another (larger)
mine water discharge outlet on the same creek system. Thus, although 18O ratios on
groundwater dominated by recirculated groundwater were enriched relative to ambient
groundwater, this was not a direct result of the recirculation process, but rather may reflect
different recharge processes for the mine water and ambient groundwater beneath the creek.
Where infiltration occurs through a thick unsaturated zone (tens of metres), the possibility for
re-equilibration during transport through the unsaturated zone would also need to be
considered for gas-phase tracers (Cook and Solomon, 1995; Bacon and Keller, 1998).
The only previous study that used dissolved gases to quantify recirculated
groundwater that we are aware of was that of Bourke et al. (2015). This study examined
discharge of mine water from a different mine both to a downstream reach of Weeli Wolli
Creek, and to a different creek. However, Bourke et al. (2015) only considered three endmembers: mine water discharge (which in their study had been occurring since 1996), premining recharge (1960-1996), and ambient groundwater. They thus completely neglected the
existence of a fourth end-member, which is recharge from flood flows since 1996. Since they
solved for three end-members, they only used two tracers: 14C and CFC-12. Our study
includes this important fourth end-member, and hence also a third tracer. The third tracer (3H)
significantly improves the utility of the approach since it does not re-equilibrate with the
atmosphere at all, and so provides an important contrast to both CFC-12 and 14C. Another
important difference between our study and the study of Bourke et al. (2015), is that this
previous study did not have any measurements of CFC-12 concentrations in surface water
receiving mine water discharge. Rather they assumed that this was in equilibrium with the
atmosphere. This was not the case in our study. Although we did not have any measurements
of any of the tracers in river flood flows, rainfall that contributed to these large flow events
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would have been in equilibrium with the atmosphere, although for CFC-12 some uncertainty
is introduced from assumptions related to the temperature at which this equilibration would
have occurred. Although we did not directly consider processes within the unsaturated zone,
at our site the relatively shallow depth to the water table means that the unsaturated zone
residence time would be short, and so changes in tracer composition during unsaturated zone
transport are handled through the uncertainty analysis.
6.1 Implications for site hydrology
The study was conducted to better understand the water budget of Weeli Wolli Creek
in the area of mine water discharge. Within the past 10 years, infiltration beneath the creek
has reached at least 100 m depth. Excluding P11, which is at the upstream end of the well
transect, the fraction of recirculated groundwater in the sampled wells is almost 0.5, and the
ratio of recirculated groundwater fraction to post-2007 river recharge is almost 6:1. However,
this does not necessarily mean that the recharge rate has increased by a factor of six since
mine water discharge commenced. The hydraulic conductivity of the shingle has been
measured on the adjacent Marilana creek, and ranges between 1000 and 10 000 m/day,
compared to a hydraulic conductivity of 1 – 10 m/day for the alluvial aquifer and Wittenoon
Formation. Since the hydraulic conductivity of the shingle is several orders-of-magnitude
greater than the underlying deposits, discharge of mine water to the creek is likely to increase
downstream flow within the shingle. The composition of groundwater within the shingle
aquifer will change to reflect the high proportion of excess mine water discharged to the
creek, and the composition of the water leaking into underlying aquifers will change to reflect
the change in composition of the shingle aquifer. The proportion of mine water discharge that
flows downstream within the shingle versus that which leaks to underlying aquifers will be
determined by the horizontal gradient and hydraulic conductivity of the shingle aquifer, and
the vertical head gradient and vertical hydraulic conductivity of the alluvial and Wittenoon
Formation aquifers. However, inherent errors in measurement of hydraulic conductivity will
mean that partitioning the flux using such hydraulic calculations is unlikely to be successful.
Rather, additional piezometers to better define the vertical and lateral extent of the subsurface
plume, together with additional sampling of the shingle aquifer downstream of the discharge
zone, would be necessary to more accurately partition mine water discharge. Measurement of
SF6 and Halon-1301 in piezometers should also help constrain the vertical water velocity and
hence the leakage rate. Comparison of measurements of transpiration from riparian
vegetation in the discharge zone and elsewhere could also assist in quantifying the
transpiration loss. There is evidence that the vegetation has changed following
commencement of discharge, but this might be because under natural conditions the shingle
aquifer dried out occasionally. It does not necessarily reflect a significant increase in
transpiration. It is also possible that the proportions of recharge due to natural river flows and
recirculated groundwater might change over time, particularly in the shallow piezometers
depending on the timing and magnitude of natural river flows, and so repeat sampling would
also be valuable.
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Table 1 Piezometer construction details and results of Cl, CFC-12 and 14C for groundwater and surface water.
ID

Well No.

Easting

Northing

Elevation
(m AHD)1

Screen
(m)

Shingle layer
MB14WWC005
724121 7462563
566.70
566.70
MB14WWC017
725468 7463760
557.71
557.71
Alluvium Aquifer
P3
BH18s
725309 7463167
567.72
567.72
P4
BH32s
726215 7463937
555.30
555.30
P5
BH16s
724058 7462378
568.92
568.92
P6
BH17s
725699 7463790
559.70
559.70
P7
MB14WWC029
725442 7463334
564.15
564.15
P8
MB14WWC030
724421 7462546
568.58
568.58
P9
MB14WWC031
723586 7462219
571.33
571.33
Wittenoom Formation Aquifer
P11
BH15
722145 7461300
569.10
569.10
P12
BH16d
724055 7462377
572.37
572.37
P14
MB14WWC020
724321 7462743
575.32
575.32
P15
MB14WWC021
724324 7462736
575.01
575.01
P16
MB14WWC022
723512 7462474
571.50
571.50
P17
MB14WWC023
722603 7462206
568.44
568.44
P18
MB14WWC026
723598 7462219
566.70
566.70
P19
MB14WWC027
724436 7462541
557.71
557.71
Brockman Iron Formation Aquifer
P10
BH32d
726218 7463935
567.72
567.72
P13
BH17d
725698 7463791
555.30
555.30
Surface Water
WW01
725264 7463521
WW02
725070 7463121
WW03
724523 7462705
WW04
724103 7462529
WW05
723723 7462420
WW06
722884 7462212
1 Elevation of top of well casing
2 Water level below top of well casing, measured on 26 December 2018.
P1
P2

SWL (m
TOC)2

14C
(pmC)

13C
(‰)

3H
(TU)

1.0
0.13

43.0
46.8

-9.3
-11.3

0.050±0.015
0.052±0.015

7.0
4.0
5.0
3.0
4.0
5.5
6.5

43.8
58.0
45.4
23.5
54.6
48.2
42.7

-10.9
-12.5
-11.2
-12.1
-11.3
-11.4
-11.4

0.084±0.016
0.162±0.016
0.062±0.014
-0.002±0.014
0.230±0.017
0.077±0.015
0.037±0.014

24.0
5.0
9.5
8.0
11.0
26.0
8.3
7.0

65.3
47.7
42.8
65.1
51.0
38.6
28.7
39.4

-12.5
-11.0
-10.9
-11.6
-11.1
-10.5
-10.5
-12.7

5.0
3.0

10.9
20.4
45.8
42.4
37.2
37.0
37.4
36.3

CFC12
(pg/kg)

HCO3
(mg/L)

Cl
(mg/L)

18O
(‰)

2H
(‰)

Ar
(cm3/kg)

N2
(cm3/kg)

278
350

73
68

-8.1
-8.0

-60.8
-61.3

115
114
151
18
134
143
144

353
348
326
254
347
380
374

66
72
67
75
66
70
69

-8.3
-8.4
-8.3
-9.0
-8.2
-8.2
-8.2

-59.5
-61.1
-57.8
-64.3
-58.4
-60.4
-59.5

0.288
0.286
0.269
0.279
0.288
0.26
0.286

12.55
11.6
11.06
12.18
11.87
10.53
11.48

1.567±0.033
0.177±0.016
0.145±0.017
0.112±0.026
0.189±0.017
0.297±0.018
0.078±0.016
0.138±0.015

160
109
123
120
122
88
59
62

279
360
350
409
302
298
340
316

10
67
64
96
60
56
64
56

-7.2
-8.4
-8.2
-8.3
-8.2
-8.1
-8.2
-8.4

-46.6
-55.7
-59.6
-59.2
-57.3
-57.8
-59.6
-57.6

0.262
0.281
0.275
0.291
0.279
0.291
0.294
0.299

10.62
12.36
11.42
12.58
11.7
12.49
12.54
13.00

-12.2
-12.0

-0.004±0.014
0.001±0.014

2
5

221
263

73
76

-9.2
-9.3

-64.2
-64.1

0.279
0.286

12.49
12.54

-11.0
-10.8
-10.7
-10.8
-10.7
-11.7

0.050±0.015
0.025±0.015
0.027±0.014
0.006±0.014
0.004±0.014
0.040±0.015

146
148
71
111
121
75

369
336
341
358
383
323

71
67
69
68
68
67

-8.0
-8.2
-8.3
-8.4
-8.4
-8.5

-58.6
-59.0
-61.1
-59.2
-60.3
-60.3
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Table 1 Derived quantities based on measured tracer concentrations.
ID

Recharge
Excess Air
Temp. (°C)
(ml/kg)
Alluvium Aquifer
P3
25
3.8
P4
22
1.7
P5
25
1.8
P6
27
3.7
P7
22
2.1
P8
26
1.3
P9
21
1.4
Wittenoom Formation Aquifer
P11
26
1.3
P12
27
3.9
P14
25
2.2
P15
24
3.6
P16
25
2.5
P17
24
3.4
P18
23
3.3
P19
24
4.2
Brockman Iron Formation Aquifer
P10
28
4.4
P13
26
4

f1

End-Member Fractions
f2
f3

f4

0.65
0.58
0.78
0.11
0.60
0.75
0.78

0.08
0.08
0.08
0.04
0.13
0.08
0.07

0.11
0.23
0.07
0.09
0.19
0.09
0.07

0.17
0.11
0.07
0.77
0.09
0.08
0.09

0.05
0.55
0.65
0.63
0.60
0.35
0.30
0.31

0.67
0.11
0.10
0.04
0.11
0.17
0.07
0.09

0.25
0.16
0.11
0.28
0.16
0.15
0.09
0.18

0.03
0.18
0.15
0.05
0.12
0.33
0.54
0.43

0.05
0.07

0.03
0.03

0.04
0.08

0.89
0.82

Note: f1, f2, f3 and f4 refer to fractions of recirculated groundwater, post-2007 river recharge, pre-2007 river recharge, and ambient
groundwater, respectively.
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Figure 1. Atmospheric concentrations of environmental tracers in the Southern Hemisphere.
CFC-12 atmospheric concentrations based on measurements at Cape Grimm, and a solubility at
24 °C and recharge elevation of 600 m AHD. 3H data are the average of measurements at Darwin
and Perth (Tadros et al. 2014), decay corrected to the time of sampling. Between 1990 and 2004,
a 5% decline in concentration per year is assumed, with a constant concentration of 1.5 TU since
2004. 14C data are based on Levin et al. (1992) and Hua et al. (2013).
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Figure 2. Site location map, showing location of Hope Downs 1 mine pit, Weeli Wolli Creek,
Weeli Wol1i Spring, the drawdown cone surrounding the mine pit, and mine water discharge
sites. Approximately 20% of the water that is pumped to dewater the mine is discharged to Weeli
Wolli Creek at 13 locations upstream of the spring (circles), with most of this discharged at five
locations (closed circles), The remaining 80% is discharged downstream of the spring (Gabion).
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Figure 3. Approximate northeast-southwest cross section showing the main aquifers underlying
Weeli Wolli Creek, the mine water discharge points, the surface water sample sites and some of
the piezometers. Circles denote the mine water discharge points that were installed upstream of
the spring to maintain water levels, and protect riparian vegetation and spring flow. Most of the
discharge occurs through the closed circles, and these were the only ones that were flowing at the
time of sampling. The remainder of the surplus water is discharged at the Gabion, downstream of
the spring. The pre-mining and 2017 water table positions along the creek are also shown.
(mAHD refers to metres above Australian Height Datum, which is similar to mean sea level.)
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Figure 4. The location of piezometers that are sampled for tracer analysis along Weeli Wolli
creek, together with surface water sampling sites. The numbers in brackets show the fraction of
recirculation water in each piezometer.

Confidential manuscript submitted to Water Resources Research

Figure 5. Longitudinal water table elevation as measured in piezometers in the vicinity of the
mine water discharge points. Arrows denote the mine water discharge points that were installed
upstream of the spring to maintain water levels, and protect riparian vegetation and spring flow.
Most of the discharge occurs through the discharge points represented by the five solid arrows,
and these were the only ones that were flowing at the time of sampling. Pre-mining water table
elevations were measured between July and September 2006, and post-mining data were
measured 26 December 2018. (In 2006, differences in water levels between the different aquifers
were less than the size of the symbols.) Note that the land surface elevation was determined from
surveying of bores, and so does not represent the creek level, which is incised 2-3 m below the
rest of the floodplain.

Confidential manuscript submitted to Water Resources Research

Figure 6. Water level response to the expansion of cone of depression and rainfall. Piezometer
P3 is in the alluvial aquifer, whereas P11 and P12 are in the Wittenoom Formation and P10 and
P13 Brockman Iron Formation. Differences between water levels in different aquifers are much
less than differences between sites.
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Figure 7. CFC-12 concentration and 14C activity in surface water plotted versus distance
downstream of the closest up-gradient mine water discharge outlet. Lines show model results for
k/vz = 8.9 × 10-3 m-1 (CFC-12) and 1.2 × 10-4 (14C).
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Figure 8. Concentrations of 14C, CFC-12 and 3H in groundwater, plotted versus screen depth of
piezometer. (Symbols depict midpoint of piezometer screen and vertical bars show extent of
screened interval.)
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Figure 9. Comparison of N2 and Ar concentrations in groundwater. Circles denote measured
values. The solid line depicts expected concentrations in based on equilibrium with the
atmosphere an elevation of 600 m and recharge temperatures between 20 and 30°C. Broken lines
depict the effect of addition of up to 6 ml/kg of excess air to water at equilibrium at 20 and 30°C.
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Figure 10. Comparison of measured 14C activity and CFC-12 and 3H concentration in surface
water (blue circles) and groundwater (black circles), and in assumed recharge end-members.
Solid red lines depict expected values based on equilibrium with the atmosphere at different
times (Figure 1), although 14C data have been reduced by 50%, assuming equal contributions of
atmospheric CO2 and CaCO3 dissolution in TDIC in groundwater (see Section 2.3). (Note that
the red lines extend along the x-axis to the origin (0,0), although these lines are obscured by the
axis.) The end-members for recirculated groundwater is based on measured values in surface
water when mine water discharge was the only source of river flow. Pre-2007 and post-2007
river recharge end-members are based on atmospheric equilibrium concentrations of CFC-12 and
atmospheric activities of 14C, and rainfall concentrations of 3H over time. The ambient
groundwater end-member is based on measured values, as described in the text. Closed circles
denote measured surface water and groundwater values, and open circles denote values used for
end-member mixing analysis (prior to consideration of errors). Note that end-member values for
recirculated groundwater and pre-2007 river recharge are derived from measured concentrations
and atmospheric concentrations, respectively (open circles connected by solid lines), but also
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concentrations that can occur due to mixing within these end-members (open circles offset from
solid lines.) The ambient groundwater end-member has zero 3H and CFC-12 concentrations, and
so is not visible on the 3H – CFC-12 plot.
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Figure 11. Results of end-member mixing analysis for groundwater samples. The horizontal
axes denote the end-member fractions for the four end-members (f1, f2, f3 and f4 in Equation 5),
and each symbol represents a different groundwater sample. Vertical bars denote the extent of
the well screen for each sampled bore, whereas horizontal bars denote the 80% probability for
end-member fractions. (Upper and lower limits of the horizontal bars represent 10th and 90th
percentile values, respectively.) Different symbols denote different aquifer systems (see legend
in Figure 8).
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Figure 12. Comparison between end-member mixing analysis and other geochemical
parameters: (a) fraction of river recharge (both pre- and post-2007) versus chloride
concentration; (b) fraction of river recharge versus 18O value; (c) fraction of recirculated
groundwater versus groundwater recharge temperature; and (d) fraction of recirculated
groundwater versus excess air. Numerals refer to piezometer IDs (Table 1).

