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Abstract Determining variations in groundwater replenishment over a variety of time scales remains a
challenge in the management and protection of groundwater resources. Specifically, capacity to use
hydraulic data collected in small windows of time to infer long‐term changes can be limited by system
responses. Groundwater ages offer an alternative approach as they represent the time since recharge
occurred. Here we use spatial variations in groundwater ages and environmental tracer concentrations to
infer temporal variations in groundwater recharge and apply the method to a mine site in northwest
Australia, where a stream has beenmodified from ephemeral to perennial, resulting in enhanced recharge to
groundwater. Measurements of 14C and CFC‐12 at five transects along an ephemeral stream were
interpreted with the new model to identify recharge rates and the proportion of recharge attributable to
enhanced versus natural recharge from flood events. Enhanced recharge varied between 0.03 and
0.66 m/year compared to flood‐generated recharge values ranging between 0.07 and 1.3 m/year. Our results
show that spatial variations of groundwater ages and environmental tracer concentrations preserve
information about past flow regimes. While our study has demonstrated decadal variations in recharge,
application of the method on larger scales could infer much greater extent of temporal variability in
recharge, with the potential for significant insight into climate effects on groundwater.

Plain Language Summary Groundwater is a very important source of water supplying 40% of
population globally. The process that replenishes groundwater is known as recharge and reflects
climate, plants, and soil conditions, so changes in any of these factors will modify the groundwater
recharge. Much of the water in aquifers is thousands of years old, so it is challenging to understand the
conditions that led to this recharge using measurements taken today. Our study uses the variability of
groundwater ages at different locations in an aquifer to determine how recharge has changed over
time. We can also better understand these systems using environmental tracers, which are chemical
compounds with distinct signals that change over time. The amount of groundwater replenishment can be
determined by measuring the same compounds in groundwater, and having a model of how they move
through the groundwater system. We investigated a system where a usually dry creek (ephemeral)
had been made permanently wet (perennial). We were able to show that in areas of the stream close to
where flow is added, the natural replenishment of groundwater was supplemented by additional
infiltration of mine discharge water. This effect reduced along the creek further from the discharge point.
Our approach can now be used to better predict how changing climate and land management may impact
on sustainable use of groundwater.

1. Introduction

Measuring changes in groundwater flow regimes is essential for understanding how climate‐ and
human‐induced environmental changes may impact on future sustainability (Döll, 2009; Taylor et al., 2012).
However, assessing how a system may respond to changes in climate is limited in that we are only able to
measure the present state of a system. The present state of the system determined using hydraulic head mea-
surements may reflect a transitional response due to the response time of aquifers (Currell et al., 2016;
Cuthbert et al., 2019). Generally, changes consistent with the response time of an aquifer can only be
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observed by monitoring over the same time frame, and hence the inference of temporal changes are limited
by the measurements that can be taken under present conditions. The lack of a sufficient number of
temporal groundwater observations is therefore a limiting factor in determining the relationships between
climate variation and groundwater (Taylor et al., 2012).

An alternative approach to hydraulic measurements is the use of groundwater age or residence time.
Groundwater age relates to the time since groundwater recharge occurred, where flow, transport, and sam-
pling conditions result in groundwater age being a distribution rather than a single value (Ginn, 1999;
Maloszewski & Zuber, 1993; Varni & Carrera, 1998). Importantly, groundwater age will also reflect the var-
iations in recharge that have occurred historically in a system (Engdahl et al., 2016). Therefore, the age of the
groundwater offers great insight into the recharge history of aquifers (Green et al., 2011; Lemieux &
Sudicky, 2010; Petersen et al., 2014). In studies of catchment hydrology, the ages in groundwater storage
are generally lumped and considered uniform for the whole catchment (Botter et al., 2011). However, studies
of groundwater demonstrate the spatially distributed nature of groundwater ages and their indicators (e.g.,
Bentley et al., 1986). Further, studies of groundwater age tend to be limited to steady state conditions, with
few notable exceptions (Cornaton, 2012; Engdahl, 2017; Engdahl et al., 2016; Leray et al., 2014; Massoudieh,
2013; Toews et al., 2016).

Determining groundwater age is also complicated because it cannot be measured directly, so environmental
tracers must be used to infer age (Cook & Bohlke, 2000). Environmental tracer measurements do not repre-
sent groundwater age directly, but are rather represent an age weighted combination of recharge concentra-
tions, and/or decay processes in the aquifer formally known as convolution (Małoszewski & Zuber, 1982).
Typically, environmental tracers may be used with models of groundwater age based on varying assump-
tions about flow processes and transport properties (Leray et al., 2016; Małoszewski & Zuber, 1982).
However, environmental tracers may also be used in end member mixing studies (Bourke et al., 2015;
Cook & Dogramaci, 2019; Jasechko, 2016) or in nonparametric studies (Massoudieh et al., 2014;
McCallum et al., 2017; Visser et al., 2013). While groundwater age studies have previously focused on infer-
ring spatial variations in groundwater recharge (Harrington et al., 2002; Wood et al., 2017), the assessment of
recharge transience is still limited (Massoudieh, 2013), and the exploration of spatial variations in the age of
groundwater storage to infer transience remains unattempted.

In this study, we develop an approach to assess temporal variations in groundwater recharge using spatial
variations in the age of groundwater storage. The method combines an end member mixing approach with
a distributed age modeling approach. This extends on the single well approach of Massoudieh (2013), and
the lumped storage approaches of Botter et al. (2011), and allows for individual sample locations to be linked
by a model of the flow system. We apply the method to an ephemeral stream environment in the semiarid
Pilbara region of northwest Australia that has experienced rapid changes in hydrology over the past decade
due to mining activities.

1.1. Groundwater Age Model

The movement of water within an aquifer is subject to advection, dispersion, and diffusion. As a result,
the age of groundwater at a point within an aquifer will be a distribution, rather than a single value
(Ginn, 1999; Varni & Carrera, 1998). The mean age or mean groundwater residence time corresponds
to the mean of this distribution. We simulate the groundwater age distributions in our system using a
one‐dimensional solution oriented along flow paths. The advantage of this method is that a two‐ or
three‐dimensional system is reduced to an ensemble of one‐dimensional solutions that are each a unique
groundwater age (e.g., the samples taken from the bores within the transect will have different age distri-
butions). Here we express the groundwater age equation in one dimension oriented along streamlines as
(Massoudieh, 2013)

∂g
∂t

þ ∂g
∂a

þ f tð Þv∂g
∂l

− f tð ÞD∂
2g

∂l2
¼ 0; (1)

where g is the frequency of the age distribution; t is time; a is age; l is the length along the streamline; f(t)
is an arbitrary scaling function describing how the flow varies with time, relative to the chosen reference
state; v is the velocity; and D is the dispersion coefficient. The key assumptions of the model are that
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transverse dispersion and diffusion are not important, flow paths remain constant when the flow rate
changes, and that all changes in the flow field happen instantly within the aquifer.

1.2. Flow Model

For the purposes of this paper we have described the flow system in terms of the advective or kinematic age
(Varni & Carrera, 1998):

τ lð Þ ¼ ∫
l

0
1

v ξð Þdξ: (2)

Under assumptions of one‐dimensional flow governed by the standard advection‐dispersion equation, the
kinematic and mean groundwater age are equivalent (McCallum et al., 2015).

The method can be applied generally to any flow field, but the description here focuses on a model con-
sistent with the site we will apply the approach too. The studied groundwater system is primarily
recharged through a finite stream channel, and discharge through evapotranspiration from the surface
adjacent to the stream. Many standard analytical models of advective groundwater age simulate horizontal
discharge from aquifers uniformly across a vertical boundary. To match conditions at our site, we adapted
the model of Vogel (1967) and extend the flow lines beyond the vertical boundary allowing discharge to
occur where flow lines intersect the ground surface (Figure 1, Appendix A). The flow lines extending past
the recharge boundary represent the life expectancy of the particle (time to discharge) for the given dis-
charge rates. The total age can then be determined as the age at the end of the recharge zone, plus the life
expectancy at the same point, minus the life expectancy at the sample location. The modeled travel time
was dependent on the following parameters: recharge rate, discharge rate, stream width, aquifer thickness,
and porosity.

1.3. Accounting for Flow Variation

A number of methods exist for including flow variation in age simulations (Engdahl et al., 2016). The
method implemented in the present study is known as stretching (Massoudieh, 2013), which is formally a
variable transform of time and age (described in the supporting information). The implementation of flow
variations is described below. The mathematics behind this method require that spatial and temporal distri-
bution functions are independent, which is a common assumption in simplified transient age models
(Engdahl et al., 2016), and this presumes that flow paths remain the same under varying flow conditions.
The method also assumes that velocity changes within the system are instantaneous for a given change in
recharge rate, which is reasonable for most confined aquifers but may introduce small errors in unconfined
systems (Engdahl, 2017). The consequence of the instantaneous changes is that the rate of aging in a system
will be proportional to the recharge. For example, if distances are fixed, and recharge is doubled, the age of

Figure 1. Configuration of analytical models where R is recharge rate, D is discharge rate, LR is the length of the aquifer
receiving recharge, L is the total length of the aquifer, x0 is the point of recharge, dr is the depth at LR, and xd is the
discharge point.
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water at a fixed point will be halved. The temporal stretching
method (i.e., stretching groundwater flow lines) changes the age
to account for the effects of flow variations. In this case, the age
and time is replaced with a stretched age and time defined as
(Massoudieh, 2013)

a0 ¼ ∫
t

t−af ωð Þdω; (3)

t0 ¼ ∫
t

−∞f ωð Þdω; (4)

where f(t) is an arbitrary scaling function describing how the flow
varies with time, relative to the chosen reference state. Following
the approach of Massoudieh et al. (2014) as presented in the sup-
porting information, the flow‐corrected age distribution can then
be defined as

g t; að Þ ¼ f að Þg a0ð Þ: (5)

The method assumes that all properties that influence the age distri-
bution are also proportional to flow. A solution of the steady state or
reference equation is given as (Małoszewski & Zuber, 1982)

g að Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

τ
4πPDa3

r
exp

− t−a½ �2
4PDaτ

 !
: (6)

As noted previously this equation can be related to a standard inverse Gaussian solution (Ginn et al., 2009) of
age with the equivalence of τ = l/v and PD = D/vl; where l, v, and D are the distance, velocity, and dispersion
coefficient in spatial coordinates, respectively (McCallum et al., 2014). This also allows for us to use the
advective age solution of out flow model to determine τ. The distribution is generated using the dispersion
parameter.

The modeled environmental tracer concentrations in groundwater for each sample were calculated by con-
volving the flow‐corrected age distribution with the input concentrations. Aquifer concentrations are given
by the equation (Małoszewski & Zuber, 1982)

cout tð Þ ¼ ∫
t

0cin t − τð Þg t; τð Þexp −λτð Þdτ; (7)

where λ is the radioactive decay constant and cin is the input concentration.

1.4. Method Assessment

We compared our approach to age simulations undertaken with MODFLOW and MT3D to assess our
method. A detailed description of the model set up is presented in the supporting information. Here we com-
pare the complexmodel with the simple approach proposed in this paper to calculate CFC‐12 concentrations
in a half floodplain cross section. In both models, the same recharge and discharge boundaries were imple-
mented. MT3D simulations additionally included transverse dispersion coefficients, which the method pro-
posed here neglects. The results of the comparison are presented in Figure 2.

The key difference is that the distribution of CFC‐12 concentrations in the MT3D simulation show greater
vertical variation than the proposed method. The underlying assumption of the analytical flowmodel is that
Dupuit‐Forcheimer flow is occurring; meaning that flow is evenly distributed over the thickness of the aqui-
fer. This assumption is violated by the use of the surface discharge. This results in a higher proportion of flow
occurring at the top of the aquifer. The outcome is that solute moves faster and further in the top of the aqui-
fer relative to the bottom of the aquifer. For the analytical model (Figure 2b), it is clear that the flow, and
hence solute movement is distributed across the whole thickness of the aquifer.

Figure 2. Comparison of CFC‐12 concentrations simulated with (a) MODFLOW
andMT3D and (b) the method proposed in this paper. Details of the model set up
are presented in the supporting information.

10.1029/2020WR027240Water Resources Research

MCCALLUM ET AL. 4 of 16



1.5. Site Description

The described modeling approach was applied to a field site in the Pilbara region. The Pilbara region is situ-
ated in the subtropics of northwest Australia and is home to some of the richest iron ore deposits in the world
(Figure 3). The climate of the area ranges from semiarid to arid, with an average annual rainfall of
276 mm/year at Newman, approximately 80 km east of the field site. Rainfall exhibits a high interannual
variability, with a maximum period between flood producing events of 7 years observed since 1960
(Rouillard et al., 2015). Recorded potential pan evaporation in the region is ~3,100 mm/year, more than
10 times the annual rainfall rate (Dogramaci et al., 2012).

TheMarillana andWeeli Wolli Creeks form part of the greater Weeli Wolli catchment within the Hamersley
Basin that drains a catchment area of approximately 4,000 km2 before discharging into Fortescue Marsh
(Dogramaci et al., 2015). Under natural conditions, interannual variability in the flooding of the two creeks
occurs in response to strongly episodic rainfall associated with cyclones and monsoonal lows (Rouillard
et al., 2015). At a greater time scale (centuries) flooding patterns have been shown to reflect extended wet
and drought periods that in turn reflect regional climate variability (Rouillard et al., 2016). Across the
Hamersley basin, stable isotope compositions of groundwater are consistent with rainfall events greater than
20 mm, suggesting that high intensity rainfall events are also the primary source of groundwater recharge
(Dogramaci et al., 2012). Dewatering associated with mining activities adjacent to Marillana and Weeli
Wolli creeks has lowered water tables, with excess water discharged to the creek channels. In a recent study
near the Hope Downs mine site, which is about 10 km upstream of our study site, Cook et al. (2017) found
that the high velocities required to generate large amounts of young water at depth pointed to focused stream
recharge as the primary source of recharge. The addition of the excess mine operation water to the creeks has
thus altered surface flow regimes, and resulted in additional groundwater recharge (Bourke et al., 2015). The
discharge of excess water into Marillana Creek commenced in 1991 and to Weeli Wolli Creek in 2007 at the

Figure 3. Location of the Pilbara region and the bore transects along Weeli Wolli and Marillana Creeks, in addition to
mine excess water discharge locations.
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points marked in Figure 3. The isotopic and tracer composition of the discharge water varies from natural
recharge due to aging processes; however, the concentration of gas tracers will reflect modern conditions
with distance from the outlet depending on the reequilibration rates of the individual tracers (Bourke
et al., 2014, 2015).

The geology underlying the area consists of alluvial deposits, the Weeli Wolli formation, and the channel
iron deposits (Figure 4). The channel iron deposits are the main target of iron ore mining in the area, with
the fractured nature of the formation producing a permeable aquifer. While the basement Weeli Wolli for-
mation is considered impermeable, the upper 10–15 m section is weathered and fractured, and therefore
considered a permeable aquifer. The three geological units are considered hydraulically continuous to a
depth of weathered bedrock.

The introduction of permanent water has modified the distribution and structure of vegetation in the ripar-
ian zone along the creeks in the Weeli Wolli catchment. The excess water discharge has contributed to loca-
lized high recruitment success of the tree species Melaleuca argentea and Eucalyptus camaldulensis subsp.
refulgenswhere water is now permanently at or near surface. This higher density of saplings and young trees
is often associated with a dense understorey in the riparian zone and inner floodplains of Acacia citrinovir-
idis as well as sedges and grasses, including introduced grasses (Cenchrus spp.).

The specific study area encompassed a ~18 km section of Weeli Wolli Creek (Figure 3). The site was instru-
mented with five transects of bores crossing the creek and extending to the floodplain (Figure 3). The first
transect (Transect A) was located approximately 10 km downstream of the excess water discharge outlet.
Transect E was located further downstream beyond the wetting front of the discharge. Hence, the transects
encompass a gradient from being heavily modified by discharge water at Transect A, to natural conditions at

Figure 4. Cross sections of studied transects along 18 km section of the Weeli Wolli Creek (see location on Figure 1).
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Transect E (stream flow only occurs after significant rainfall and the consequent flow events). The study
site also transitions from a midcatchment setting, with well‐defined channels, before transitioning to a
braided environment with wide floodplains and multiple channels under flooding conditions (Dogramaci
et al., 2015). The bore geological cross sections at each of the transects is presented in Figure 4.

2. Methods

We apply the groundwater age model to assess how the introduction of perennial water supplies from excess
mine operation water into creeks had modified recharge to groundwater from a stream. We identified three
primary sources of recharge to groundwater through the stream bed: (i) natural flood water, (ii) Weeli Wolli
Creek, and (iii) Marillana Creek discharge of excess mine water.

2.1. Environmental Tracers

Samples obtained from the bores were analyzed for CFC‐12, 14C, and δ13C. These tracers were chosen as they
represent two distinct time periods (modern for CFC12 compared to >1,000 years for 14C), and show differ-
ing effects from mine water exposure to the atmosphere (described below). Deep bores utilized 6 m screen
intervals, while shallow bores were screened over 3 m intervals (Figure 4). All samples were collected follow-
ing a standard protocol of purging the piezometers until the pH, temperature, and EC had stabilized with a
minimum of three bore volumes removed. CFC‐12 samples were obtained by bottom‐filling the bottles
within a bucket and sealing them under water. Samples for 14C and δ13C were obtained in 1 L bottles.
Analysis of CFC‐12 was undertaken at the GNS tritium and water dating laboratory New Zealand using
gas chromatography (Busenberg & Plummer, 1992). Samples for 14C were analyzed by AMS, and samples
for δ13C were analyzed using a Europa Geo 20‐20 IRMS with a precision of 0.2‰. Both 14C and δ13C were
analyzed at Rafter radiocarbon laboratory. Reported 14C activities were normalized to a δ13C value of
−25‰ (Donahue et al., 1990). Reported analytical errors varied from 0.25 to 0.31 pmC, with a mean of
0.28 pmC for 14C. Measurement errors for CFC‐12 varied between 14 and 247 pptv, with a mean of 59 pptv.

2.2. Groundwater Age Modeling

The groundwater age model described above was implemented for each of the five transects. To assess
changes in the groundwater flow regime, we defined a flow variation function. The flow variation function
describes relative changes to the reference condition. The variation function cannot be less than zero, but
may be greater than 1. For example, if the reference age at a fixed point in the aquifer was defined using a
recharge rate of 1 m/year, then an estimated flow variation function of 2 would correspond to a recharge rate
of 2 m/year and the age occurring over a fixed distance will be halved, after the water at the point was com-
prised of the new water. The period between would be a transition between the old and new flow system
(Cornaton, 2012). In our case, we seek to attribute the flow variation to three sources; recharge from

Figure 5. (a) Input concentration functions for 14C for flood recharge (Fl) (Manning et al., 1990), Weeli Wolli Creek
mine water discharge (WWC), and Marillana Creek mine water discharge (MC); (b) CFC concentrations in recharge
(note, due to reequilibrium CFC‐12 is the same for all end members, with green and orange lines plotting behind the
blue) (Bullister, 2015). Stream 14C concentrations represent values from Transect D.
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natural flow and two phases of enhanced recharge from excess mine water discharge incoming from two
constantly flowing creeks; Marillana Creek and Weeli Wolli Creek. The flow variation function is the sum
of the variation of the three components:

f tð Þ ¼ f fl tð Þ þ f wc tð Þ þ f mc tð Þ; (8)

where ffl is the variation function of flood recharge, and fmc and fwc are the variation functions of recharge
from excess mine water from Marillana and Weeli Wolli Creeks, respectively. The function for ffl was set
as constant in time. The functions for fwc and fmc were set at zero initially, and then as a constant value
after mine excess water was added to the creeks, for Marillana Creek, starting from 1991, and for Weeli
Wolli Creek, starting from 2007.

2.3. Determining Environmental Tracer Concentrations

The aquifer concentrations are obtained by convolving the atmospheric concentration with the groundwater
age distribution (Equation 7). We assume the concentrations are constructed from a weighted sum of the
input sources:

cin tð Þ ¼ f fl tð Þcfl tð Þ þ f wc tð Þcwc tð Þ þ f mc tð Þcmc tð Þ
f fl tð Þ þ f wc tð Þ þ f mc tð Þ ; (9)

where cfl, cwc, and cmc represent the concentrations of flood recharge, recharge derived from mine excess
water from Weeli Wolli creek and Marillana Creek mine discharge, respectively. Temporal variations in
concentration are presented in Figure 5. The 14C concentration in excess mine water is lower than natural
flood water due to the relatively slow reequilibrium of 14C with the atmosphere (Appendix B, Bourke
et al., 2014). However, the reequilibration rate of CFC‐12 is much greater than the equilibration rate of
14C with the atmosphere. In a recent study, Cook and Dogramaci (2019) demonstrated that CFC‐12 con-
centration reequilibrated within 1 km of the excess mine water discharge. The first transect that we sam-
ple is 10 km downstream of the discharge point so we can assume that the CFC‐12 concentration of the
stream water is fully equilibrated. The method for calculating 14C concentration in mine excess water at
each transect is presented in Appendix B. The correction for closed system carbonate dissolution is carried
out using a δ13C balance (Ingerson & Pearson, 1964):

14Ccorr tð Þ ¼ 14C tð Þ δ
13C − δ13Cs

δ13Cr − δ13Cs
; (10)

where δ13Cs is the stable isotope composition of the solid carbonate end member and δ13Cr is the recharge
end member.

2.4. Uncertainty Analysis

The modeled environmental tracer concentrations are dependent on the geometry of the modeled system,
described by the channel width and aquifer dimensions, and the variations in recharge sources from

Table 1
Initial Parameter Ranges for Mode Uncertainty Analysis

Parameter Units Transect 1 Transect 2 Transect 3 Transect 4 Transect 5

H m 60–80 70–90 50–70 60–80 60–80
LR m 7–17 10–50 7–100 10–100 7–100
R my−1 0.1–2.0 0.1–1.9 0.01–2 0.01–5.1 0.01–4.1
D my−1 0.01–0.2 0.001–0.95 0.01–0.2 0.0–0.95 0.0–0.95
θ ‐ 0.15–0.35 0.15–0.35 0.15–0.35 0.15–0.35 0.15–0.35
PD

a
‐ 0.1–10 0.1–10 0.1–1 0.1–1 0.1–1

fwc
b

‐ 0.7–0. 9 0.01–0.99 0.01–1. 0.01–0.1 0.01–0.1
fmc

c
‐ na na na 0.01–0.1 0.01–0.1

δ13Cr ‰ −20 to −12 −20 to −12 −20 to −12 −20 to −12 −20 to −12
δ13Cs ‰ −3 to 3 −3 to 3 −3 to 3 −3 to 3 −3 to 3

aVaried over a log range. bApplied after 2007. cApplied after 1991.
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natural andmine water discharge. The method used to quantify the parameter ranges was the DREAM algo-
rithm, an evolutionary MCMC method (Vrugt et al., 2009). The method maximizes the Likelihood function
defined as

log Lð Þ ¼ ∑nobs
n¼1 −

1
σn

2
cm;n−co;n
� �2

; (11)

where nobs is the number of observations, σn
2 is the variance of the nth observation, and cm,n and co,n are

the nth modeled and observed concentrations, respectively. We refer the reader to Vrugt et al. (2009) for
details of how the DREAM algorithm operates. Identical parameters were used to calculate the
travel‐time coordinates for all bores located on an individual transect. In addition, it was assumed that
the recharge and discharge pattern at each transect were symmetrical (i.e., the same on both sides of
the stream). This allowed for all available bores to be simulated with one set of parameters for each trans-
ect. The parameter ranges used for each transect is presented in Table 1.

The prior parameter ranges were based on observations of the system and a general hydrogeological concep-
tual model for the location (see Dogramaci et al., 2015). The thickness of the aquifer was based on prior
knowledge of the site that flow occurs throughout until the depth of the weathered bedrock of the sediment.
This layer encompasses the permeable alluvial and channel iron deposit formations, and the weathered
components of the Weeli Wolli and Joffre formations. The recharge length was determined to be between
the half‐width of the channel and the half width of the floodplain, measured from aerial photography.
The variations along the reach reflect the transition from defined to braided channels. Recharge rates were
set with a wide range allowing for determination using the MCMC. The discharge rates were also allowed to
vary over a wide range. The chosen range of porosity was given a wide range (0.15–0.35) to cover the range of
sedimentary units (alluvium to fractured and weathered bedrock) observed at the site (Domenico &
Schwartz, 1990). A uniform value for the dispersion parameter was implemented. We initially tried to vary
this based on distance to represent a uniform dispersivity, however the model was unable to recreate concen-
trations. Implementing the parameter in this way suggests that the dispersivity increases with flow distance.
The recharge δ13C end member was set between −20 and −12‰. This covered stream values observed by
Cook andDogramaci (2019) and the correction value used byMcCallum et al. (2017), both observations from
a site 10 km upstream. The solid carbonate end member covered ranges for marine carbonate (Mook, 2000).

3. Results
3.1. Environmental Tracer Concentrations

At Transect A, 14C activities in shallow piezometers vary between 57 and 68 pmC, with increasing values
further away from the stream (Figure 4). Contrastingly, in the deeper piezometers, 14C activities are higher
and vary between 69 and 85 pmC, without a notable horizontal trend. This apparent discrepancy of old
groundwater overlying relatively younger water indicates infiltration of excess mine discharge water charac-
terized by a lack of 14C. The mine discharge water originating from the CID is old (31–45 pmC, McCallum
et al., 2017), and the short time of contact with atmosphere during water transfer on the surface does not
allow equilibration with atmospheric CO2. At the same time, CFC‐12 concentrations in shallow piezometers
(355 and 529 pptv) are higher than in deeper piezometers (166 and 372 pptv) because CFC‐12 reequilibration
is rapid even during short exposure time to the atmosphere, with reequilibration occurring less than 1 km
after the groundwater discharges to the stream (Cook & Dogramaci, 2019). A similar trend is observed at
Transect B, with the exception of the location of bores 22 and 23, where a 14C activity of 63 pmC is observed
at the shallow (19.3 mBGL) piezometer and 62 pmC at depth (53.6 mBGL). CFC‐12 concentrations show a
similar pattern to Transect B with higher concentrations in shallow bores (539–624 pptv) and lower concen-
trations in deeper bores (278–522 pptv).

At Transect C, the shallow bores show apparently younger waters than deep bores, with 14C activities
between 85 and 95 pmC observed in shallow bores compared to activities of 70–93 pmC in deep bores.
There is also a notable decrease in activity moving away from the stream at both depths (Figure 4c).
Interestingly, the CFC‐12 concentrations are similar at each of the four locations for both the shallow and
deep piezometers. The highest concentrations of CFC‐12 are observed at greatest distance from the stream
channel. At Transect D, 14C activities in the deeper bores range between 70 and 82 pmC, compared to a
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range of 81–89 pmC in the shallow bores. A trend of decreasing 14C with distance from the stream is
observed in deeper piezometers (Figure 4d). CFC‐12 concentrations are also varied at Transect D, but
show no relationship with increasing distance from the channel. At Transect E, the deeper water was also
older (74–85 pMC) and the shallower water younger (87–93 pMC) in bores within or adjacent to the
channels. However, bores 45 and 46 on Transect E located on the outer floodplain and 286 m from
the stream channel revealed no difference in water age with depth, i.e., 14C activities were 65 pmC at
24.5 mBGL and 66 pmC at 59 mBGL).

3.2. Modeling

While the overall trends in 14C activities are represented by the model, considerable scatter exists for each of
the transects (Figure 6). At transects where the data present higher variability, the model is more represen-
tative. This is best demonstrated for Transect A, where there is a distinct difference between flood recharge
and recharge derived frommine excess water. At other sites a greater amount of reequilibration has occurred
resulting in a smaller difference between the two water sources. This results in a lower temporal variability
in the 14C input signal over the time frames important to the study.

To support the visual plots, we also computed the absolute mean error, and the Nash‐Sutcliffe efficiency
(NSE). The absolute mean error indicates the average goodness of fit, whereas the NSE assesses the ability
of the model to capture the trends in the data. The overall absolute mean error for the 14C is 7.91 pmC, with
a NSE of 0.37. At individual transects, the lowest absolute mean error of 6.0 pmC is observed at Transect B,
with a maximum absolute mean error of 9.9 pmC observed at Transect C. Computation of the NSE at each of
the transects only resulted in positive values at Transect A; which reported a value of 0.64. Negative values

Figure 6. Modeled and observed concentrations of (a) carbon‐14 and (b) CFC‐12 for Transects A through E.

Figure 7. Plot of Flood, Weeli Wolli and Marillana recharge, and discharge via ET with distance along the stream. The
black line represents the confluence with Marillana Creek and the labels above the plot indicate the transect locations.
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indicate that a straight line fit through the mean of the data would be a better representation of the trends
(Nash & Sutcliffe, 1970). These suggest that Carbon‐14 is acting as an indicator of the presence of mine water
discharge. When large differences are not observed between the two recharge end members, the limited
aging occurring in the groundwater results in only small variations in the 14C concentration. It should also
be noted that the change observed in the boreholes are small relative to the adopted error of 10 pmC.

A large amount of scatter is observed in the relationship between modeled and observed values for CFC‐12
(Figure 6). Visually, the overall trends are largely observed, with the exception of Transect C. This could be
due to the presence of a calcrete layer at this location. Additionally, a large proportion of points from
Transect B (seven out of eight) report values between 514 and 654 pptv compared to the maximum equiva-
lent atmospheric concentration of 541 pptv. This may indicate either a large amount of recharge or alterna-
tively atmospheric contamination. It is also important to consider that CFC‐12 is more sensitive in the range
of ages being identified in this study, as the full variation of the recharge concentration occurs over the past
70 years, which could also explain the higher variability between the measured and modeled data.

An overall absolute mean error for the CFC‐12 modeled and measured data of 78 pptv was observed, with a
NSE of 0.4. A maximum absolute mean error of 117 pptv was observed at Transect C, with a minimum abso-
lute mean error of 43 pptv observed at Transect E. Transects A, D, and E reported positive NSE values of 0.44,
0.39, and 0.55, respectively. Negative NSE values were observed for Transects B and C, suggesting a line at
the mean value would represent the data trends better.

The flow rates obtained by fitting themodel suggest a large amount of mine water discharge infiltrating from
Weeli Wolli Creek at Transect A (0.66 m/year) (Figure 7). The recharge contribution of this water source also
decreases, as distance from theWeeli Wolli Creek discharge outlet increases. While some recharge is derived
fromWeeli Wolli Creek mine excess water at Transects B and D, only a small amount of recharge attributa-
ble to excess mine water discharge is observed for the transect furthest downstream of Marillana Creek
(Transect E). This may be due to the greater distance between the discharge outlet and the location of the
transects. A small amount of recharge derived from Marillana Creek mine excess discharge is found to con-
tribute to discharge at Transect D (0.07 m/year). However, this water does not appear to contribute to
recharge at the location of Transect E.

The amount of flood recharge is variable along the creek ranging from 0.07 m/year at Transect C to 1.3 m/
year at Transect B. The recharge rate appears to increase from Transect A to B, then decrease between
Transects B and C. Due to the increase observed between Transects A and B it is unlikely that cumulative
infiltration depletes the volume of flood water over short distances. Additionally, the amount of flood
recharge will be influenced by the local geomorphology, geology, and groundwater levels. The estimated
discharge assumed to be groundwater ET was estimated to be between 0.02 and 0.09 m/year. These rates
may reflect only ET occurring from groundwater, and not from the unsaturated zone, owing to the setup
of the model. This is relatively small compared to potential evapotranspiration, assumed to be greater than
3 m/year. This difference is likely due to deep water tables, which reduce evapotranspiration (e.g., Maxwell
& Condon, 2016).

Our results also indicate a large amount of error in the estimates of the recharge components. The esti-
mated recharge rate showed correlation to the physical properties of the aquifer system, including stream
geometry, porosity, aquifer thickness, and the dispersion parameter (supporting information section SI3).
Recharge and recharge sources were additionally sensitive the carbonate mass balance end member values.
At all locations, the recharge and solid carbonate end members showed correlation to recharge, with the
recharge end member positively correlate and the solid end member negatively correlated. The opposite
was true for correlation to the natural fraction of recharge, with the recharge end member negatively cor-
related. Wide end members are utilized in this study due to the uncertainty of end member values in semi-
arid environments (e.g., Meredith et al., 2016). Better constraints of these end members will likely improve
recharge estimates.

4. Discussion

We have demonstrated the capacity to infer temporal changes in recharge variation using spatial variations
in groundwater age across a semiarid catchment. The method relies on the assumption that groundwater
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ages preserve previous hydrologic conditions, and requires an understanding of the groundwater flow field.
Aquifer locations containing a higher amount of older water will reflect changes over a longer period than
those with a larger proportion of young water. By treating multiple locations holistically, rather than inde-
pendently, common variations in past recharge can be determined. The proposed method builds on previous
single well approaches for inferring transient conditions (Massoudieh, 2013). While we have only applied
our method to short‐term variations in recharge induced by artificial discharge of groundwater derived from
deeper aquifers, our approach is also applicable to large‐scale basins and for investigating larger time scales.
Critically, key to the application of this method is the availability of environmental tracers that are sensitive
over the time periods of change.

4.1. Conceptual Models for Sites

The analysis undertaken at our study site has revealed two conceptual modes for recharge from an ephem-
eral stream. One model relates to sites affected by discharge of excess mine water which we observed at
Transect A. The primary evidence of contribution of mine water is the presence of relatively lower 14C con-
centrations (older water from deep aquifers) detectable in shallow piezometers. At Transect A, mine water
discharge contributed to a 75% increase in recharge, relative to flood‐derived recharge. The second concep-
tual model relates to sites where the primary recharge mechanism is through flood processes generally
occurring every 4–5 years due to cyclones (Dogramaci et al., 2015; Rouillard et al., 2015). Transects D and
E, furthest downstream from the discharge, demonstrate this mechanism, withmore typical natural patterns
in the environmental tracer concentrations (i.e., younger water at shallow depths).

Our observations at Transects A and B are consistent with a previous water balance study of Weeli Wolli
Creek conducted by Dogramaci et al. (2015). They found that mine water discharge infiltrating to the CID
aquifer was equivalent to 1.61 m/year, with recharge due to flooding contributing a similar amount of water.
The mean streamflow frommine discharge toWeeli Wolli Creek from the Hope Downs 1Mine is 95,000 m3/
day. Our study suggests that 590 m3/day is infiltrated along approximately 18 km stream section equating to
<1%. Assuming an evaporation rate of 0.5 m3/m/day (Bourke et al., 2014), a total of 13,731 m3/day or ~14%
of the discharge is lost to evaporation along the same length. Surface water expression at Transect E is
ephemeral; approximately 85% of discharge water is infiltrated upstream of Transect E (total discharge from
the mine minus evapotranspiration). Some of the infiltration loss not accounted for from the study reach
may occur through the river bed upstream of Transect A (prior to our transect measurements), or through
ET from the unsaturated sediments below the adjacent riparian zones, prior to groundwater saturation.
The method applied here would only account for infiltration reaching the saturated component of the
aquifer.

4.2. Limitations

The study assumed a simple model of groundwater age distribution not accounting for heterogeneity or flow
variability through the aquifers. This limitation resulted in inaccurate estimation of recharge at Transect C,
where an extensive calcrete layer is present (Figure 2). The presence of the calcrete layer may impact not
only on the physical flow process, but also the chemical processes controlling carbonate chemistry. The
recharge estimates can be further improved by building a more complex model that accounts for variations
in the aquifer properties. Additionally, the transient model assumes that all flows in the system change
instantaneously, in response to changes in recharge, and that the overall flow pattern of the system remains
unchanged. If we define the response time of the aquifer as L2Sy/T we can assess this assumption (Currell
et al., 2016; Townley, 1995). If we define the length of the aquifer as 200 m, a transmissivity of 100 m2/
day, and a specific yield of 0.1, the predicted response would be 40 days. This is relatively shorter than the
period of variation identified in our study (10 years), suggesting a new equilibrium has been reached by
the time of sampling. We also assume that recharge is confined to a discrete channel. In the case of flood
recharge, this assumption would be violated if the flood plain was large relative to the stream channel, mod-
ifying the flow field during recharge. This may help to explain the discrepancy between the model and
obtained data at sites where flood recharge is the main mechanism, e.g., at Transect E. Additionally, changes
in the flow system may result in changes in the water level, and the overall position of the flow lines in the
aquifer. In our study, the aquifer was relatively thick. In addition, as samples were taken at a single time, the
flow lines are likely to be representative of the conditions in the aquifer at the time of sampling. This may
lead to higher discrepancy if a time series were used. B far the largest potential error from our modeling
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approach is the assumption of horizontal flow. Our comparative model identified that under two‐
dimensional conditions, flow was concentrated in the upper part of the aquifer, resulting in a larger vertical
variation in CFC‐12 concentrations. Future work should consider better streamline models.

Given the above observations, using an additional tracer may enhance the accuracy of our approach. The
end member component of our study is limited by the difference of the concentration of each end mem-
ber. As CFC‐12 equilibrated quickly, 14C was the only tracer that differentiated between rainfall and
recharge. Differences in 14C of our deep and shallow water sources were reduced with distance down-
stream of the discharge as the time to reequilibrate increased. There was limited variability in the tracer
concentrations observed at some of the sites, relative to the adopted error. This may suggest why only
Transect A for 14C and Transects A, D, and E for CFC‐12 reported positive NSE values. Tritium may provide
additional insight in this case (Cook & Dogramaci, 2019). As tritium is part of the water molecule, it's aging
in excess water discharge would be more pronounced than in rainfall, as no equilibrium would occur
with the atmosphere. Future sampling campaigns will collect tritium samples to provide further data for
recharge partitioning.

4.3. Implications for Other Sites

Although our study has investigated changes on the time scales of a decade, the method we have developed
could be applied at other spatial and temporal scales. Larger confined aquifers would preserve age informa-
tion over a much larger period of time. The limitation would be detecting ages at an appropriate time scale.
In this study, CFC‐12 varied over the time frame of interest, but could not differentiate between the two
recharge sources. Additionally, the reequilibration of 14C also lead to variability on a practical scale for
the present study. However, by developing models of groundwater flow, and assessing the relative aging
along flow paths, information about long‐term recharge variation could be identified. Comparing this to
long‐term climate information would prove valuable in assessing the relationship between climate and
groundwater.

5. Conclusions

In this study we have demonstrated the capacity of spatial variation in groundwater age to assess past
recharge variation. We implemented the model at a site in northwest Australia where the ephemeral
recharge regime had been modified by the addition of mine dewatering discharge. Our results showed
that close to the location where mine discharge was entering the stream, the infiltrated water was
enhanced by 75% due to mine discharge water. The mine water discharge component of recharge was
more than double that of the natural recharge at distances of 10 km from the mine discharge but this
effect had dissipated within several kilometers downstream. At these sites, infiltration still closely reflected
the premining conditions showing a limited impact from mining at sites further away from the mine dis-
charge outlet.

The importance of assessing past states with present‐day measurements remains a significant goal in under-
standing the long‐term sustainability of groundwater systems. While the characteristic response of hydraulic
heads in groundwater systems are well known, the ability to infer past states is limited (Currell, 2016;
Cuthbert et al., 2019; Townley, 1995). Conversely, the spatial distribution of mean groundwater ages
(Lemieux & Sudicky, 2010) and environmental tracer concentrations (Schwartz et al., 2010) have been
shown to be sensitive to past groundwater flow conditions. The method presented in this paper develops a
formal process to elucidate information on past states of groundwater systems using spatial distributions
of measured environmental tracer concentrations. While this paper investigates decadal variations in a small
flow system, the method presented should equally apply to groundwater variations over longer periods in
larger confined systems.

Appendix A: Recharge‐Discharge Advective Age Model
This section describes the implementation of the model of ages in a constant thickness aquifer with diffuse
recharge and discharge. In the portion of the aquifer between 0 and LR, the age can be represented as the
model of Vogel (1967). Conversely, between LR and L the life expectancy (time until discharge) can be
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represented as a modified Vogel (1967) model using the discharge value. The total age of the water can be
determined as the age due to recharge at LR added to the life expectancy due to discharge at LR, minus
the life expectancy at the point of interest. This can be expressed as

τ ¼
Hθ
R
ln

H
z

� �
x ≤ Lr

Hθ
R
ln

H
zr

� �
þHθ

D
ln

H
zr

� �
−
Hθ
D

ln
H
z

� �
LR < x ≤ L

8>>><
>>>:

; (A1)

where R is the recharge rate, D is the discharge rate, θ is the aquifer porosity, H is the thickness of the
aquifer, x and z are the coordinates within the aquifer,

zr ¼ H
L − xd
L − LR

� �
(A2)

and

xd ¼ x þH − z
H

L − xð Þ: (A3)

It can also be demonstrated that the length of the aquifer is

L ¼ LR þ LR
R
D

� �
: (A4)

Although the assumptions are simple, they allow for the age profile to be fitted considering both recharge
from the ephemeral stream and ET from the riparian zone.

Appendix B: Calculating Gas Exchange and Mine Discharge End Members
The change in the concentration of dissolved gas in the stream is described here as

∂cs
∂t

¼ k
d
ceq − cs
� �

; (A5)

where cs is the stream concentration, k is the gas exchange velocity, d is the stream depth, and ceq is the
equilibrium (atmospheric) concentration. For an initial concentration, c0, the solution to the equation is

cs ¼ ceq þ c0 − ceq
� �

exp −
k
d
t

� �
: (A6)

The value of k was previously estimated for the site to be 0.025 m/day for 14C (Bourke et al., 2014). The
estimate of the time taken to travel between two points x1 and x2 in the stream is given as

t ¼ ∫
x2
x1

dx
v xð Þ;

where v(x) is the stream velocity as a function of distance. With two known points of 14C in stream con-
centration, the time elapsed between the two points can be determined as

t ¼ −
d
k
ln

cx2 − ceq
cx1 − ceq

� �
; (A7)

where cx1 and cx2 are the up and downstream 14C concentrations, respectively. The time of travel can be
determined for two points collected at Weeli Wolli Creek. Here the concentration increased from 46 to
58 pmC over a distance of 7,800 m. Assuming an equilibrium concentration of the current atmospheric
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value (103 pmC), we arrive at a travel time of 0.946 days. We assume that the velocity is constant along the
stream. The resulting end members are presented in Table B1.
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xWW xMar
14C tWW cWW tMar cMar

Point (m) (m) (pmC) (days) (pmC) (days) (pmC)
cx1 0 ‐ 46 0.0 46.0 ‐ ‐

TA 5,626 ‐ ‐ 0.7 54.9 ‐ ‐

TB (cx2) 7,801 ‐ 58 0.9 58.0 ‐ ‐

TC 11,773 ‐ ‐ 1.4 63.1 ‐ ‐

TD 15,874 35,791 ‐ 1.9 67.8 4.3 92.9
TE 22,268 42,185 ‐ 2.7 74.0 5.1 94.6

Note. Differences between cx1 and TB.
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