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Highlights 24 

 We demonstrate that spatial variations in groundwater ages can be used to 25 

infer temporal changes in recharge 26 

 We used measurements of 14C and CFC-12 to quantify changes in ephemeral 27 

recharge from a stream in northwest Australia  28 

 We found that infiltration of mine discharge water increased recharge by up to 29 

75% of natural recharge values. 30 

  31 
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Abstract 32 

Determining variations in groundwater replenishment over a variety of time scales 33 

remains a challenge in the management and protection of groundwater resources. 34 

Specifically, capacity to use hydraulic data collected in small windows of time to infer 35 

long term changes can be limited by system responses. Groundwater ages offer an 36 

alternative approach as they represent the time since recharge occurred. Here we 37 

use spatial variations in groundwater ages and environmental tracer concentrations 38 

to infer temporal variations in groundwater recharge and apply the method to a mine 39 

site in northwest Australia, where a stream has been modified from ephemeral to 40 

perennial, resulting in enhanced recharge to groundwater. Measurements of 14C and 41 

CFC-12 at five transects along an ephemeral stream were interpreted with the new 42 

model to identify recharge rates and the proportion of recharge attributable to 43 

enhanced versus natural recharge from flood events. Enhanced recharge varied 44 

between 0.03 and 0.66 m/year compared to flood generated recharge values ranging 45 

between 0.07 and 1.3 m/year. Our results show that spatial variations of 46 

groundwater ages and environmental tracer concentrations preserve information 47 

about past flow regimes. While our study has demonstrated decadal variations in 48 

recharge, application of the method on larger scales could infer much greater extent 49 

of temporal variability in recharge, with the potential for significant insight into climate 50 

effects on groundwater.  51 
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Plain Language Summary 52 

Groundwater is a very important source of water supplying 40% of population 53 

globally. The process that replenishes groundwater is known as recharge and 54 

reflects climate, plants and soil conditions, so changes in any of these factors will 55 

modify the groundwater recharge. Much of the water in aquifers is thousands of 56 

years old, so it is challenging to understand the conditions that led to this recharge 57 

using measurements taken today. Our study uses the variability of groundwater ages 58 

at different locations in an aquifer to determine how recharge has changed over time. 59 

We can also better understand these systems using environmental tracers, which 60 

are chemical compounds with distinct signals that change over time. The amount of 61 

groundwater replenishment can be determined by measuring the same compounds 62 

in groundwater, and having a model of how they move through the groundwater 63 

system. We investigated a system where a usually dry creek (ephemeral) had been 64 

made permanently wet (perennial). We were able to show that in areas of the stream 65 

close to where flow is added, the natural replenishment of groundwater was 66 

supplemented by additional infiltration of mine discharge water. This effect reduced 67 

along the creek further from the discharge point. Our approach can now be used to 68 

better predict how changing climate and land management may impact on 69 

sustainable use of groundwater. 70 

  71 
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Introduction 72 

Measuring changes in groundwater flow regimes is essential for understanding how 73 

climate and human induced environmental changes may impact on future 74 

sustainability (Döll, 2009; Taylor et al., 2012). However, assessing how a system 75 

may respond to changes in climate is limited in that we are only able to measure the 76 

present state of a system. The present state of the system determined using 77 

hydraulic head measurements may reflect a transitional response due to the 78 

response time of aquifers (M. Currell et al., 2016; Cuthbert et al., 2019). Generally, 79 

changes consistent with the response time of an aquifer can only be observed by 80 

monitoring over the same time frame, and hence the inference of temporal changes 81 

are limited by the measurements that can be taken under present conditions. The 82 

lack of a sufficient number of temporal groundwater observations is therefore a 83 

limiting factor in determining the relationships between climate variation and 84 

groundwater (Taylor et al., 2012). 85 

An alternative approach to hydraulic measurements is the use of groundwater age or 86 

residence time. Groundwater age relates to the time since groundwater recharge 87 

occurred, where flow, transport and sampling conditions result in groundwater age 88 

being a distribution rather than a single value (Ginn, 1999; Maloszewski & Zuber, 89 

1993; Varni & Carrera, 1998). Importantly, groundwater age will also reflect the 90 

variations in recharge that have occurred historically in a system (Engdahl et al., 91 

2016). Therefore, the age of the groundwater offers great insight into the recharge 92 

history of aquifers (Green et al., 2011; Lemieux & Sudicky, 2010; Petersen et al., 93 

2014). In studies of catchment hydrology, the ages in groundwater storage are 94 

generally lumped and considered uniform for the whole catchment (Botter et al., 95 

2011). However, studies of groundwater demonstrate the spatially distributed nature 96 

This article is protected by copyright. All rights reserved.



of groundwater ages and their indicators (e.g. Bentley et al., 1986). Further, studies 97 

of groundwater age tend to be limited to steady state conditions, with few notable 98 

exceptions (Cornaton, 2012; Engdahl et al., 2016; Engdahl, 2017.; Leray et al., 2014; 99 

Massoudieh, 2013; Toews et al., 2016).  100 

Determining groundwater age is also complicated because it cannot be measured 101 

directly, so environmental tracers must be used to infer age ( Cook & Bohlke, 2000). 102 

Environmental tracer measurements do not represent groundwater age directly, but 103 

are rather represent an age weighted combination of recharge concentrations, 104 

and/or decay processes in the aquifer formally known as convolution (Małoszewski & 105 

Zuber, 1982). Typically, environmental tracers may be used with models of 106 

groundwater age based on varying assumptions about flow processes and transport 107 

properties (Leray et al., 2016; Małoszewski & Zuber, 1982). However, environmental 108 

tracers may also be used in end member mixing studies (Bourke et al., 2015; Cook & 109 

Dogramaci, 2019; Jasechko, 2016) or in non-parametric studies (Massoudieh et al., 110 

2013; McCallum et al., 2017; Visser et al., 2013). Whilst groundwater age studies 111 

have previously focussed on inferring spatial variations in groundwater recharge 112 

(Harrington et al., 2002; Wood et al., 2017), the assessment of recharge transience 113 

is still limited (Massoudieh, 2013), and the exploration of spatial variations in the age 114 

of groundwater storage to infer transience remains unattempted. 115 

In this study, we develop an approach to assess temporal variations in groundwater 116 

recharge using spatial variations in the age of groundwater storage. The method 117 

combines an end member mixing approach with a distributed age modelling 118 

approach. This extends on the single well approach of (Massoudieh, 2013), and the 119 

lumped storage approaches of (Botter et al., 2011), and allows for individual sample 120 

locations to be linked by a model of the flow system. We apply the method to an 121 
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ephemeral stream environment in the semi-arid Pilbara region of northwest Australia 122 

that has experienced rapid changes in hydrology over the past decade due to mining 123 

activities.  124 

 125 

Groundwater age model 126 

The movement of water within an aquifer is subject to advection, dispersion and 127 

diffusion. As a result, the age of groundwater at a point within an aquifer will be a 128 

distribution, rather than a single value (Ginn, 1999; Varni & Carrera, 1998). The 129 

mean age, or mean groundwater residence time corresponds to the mean of this 130 

distribution. We simulate the groundwater age distributions in our system using a 131 

one-dimensional solution oriented along flow paths. The advantage of this method is 132 

that a two- or three-dimensional system is reduced to an ensemble of one-133 

dimensional solutions that are each a unique groundwater age (e.g. the samples 134 

taken from the bores within the transect will have different age distributions). Here, 135 

we express the groundwater age equation in one dimension oriented along 136 

streamlines as (Massoudieh, 2013): 137 

2

2
( ) ( ) 0

g g g g
f t v f t D

t a l l

   
   

   
        ( 1) 138 

where g  is the frequency of the age distribution, t  is time, a  is age, l  is the length 139 

along the streamline, ( )f t  is an arbitrary scaling function describing how the flow 140 

varies with time, relative to the chosen reference state, v  is the velocity and D  is the 141 

dispersion coefficient. The key assumptions of the model are that transverse 142 

dispersion and diffusion are not important, flow paths remain constant when the flow 143 
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rate changes, and that all changes in the flow field happen instantly within the 144 

aquifer. 145 

 146 

Flow model 147 

For the purposes of this paper we have described the flow system in terms of the 148 

advective or kinematic age (Varni & Carrera, 1998):  149 
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l d
v

 


            ( 2 150 

) 151 

Under assumptions of one-dimensional flow governed by the standard advection-152 

dispersion equation , the kinematic and mean groundwater age are equivalent 153 

(McCallum et al., 2015) 154 

The method can be applied generally to any flow field, but the description here 155 

focusses on a model consistent with the site we will apply the approach too. The 156 

studied groundwater system is primarily recharged through a finite stream channel, 157 

and discharge through evapotranspiration from the surface adjacent to the stream. 158 

Many standard analytical models of advective groundwater age simulate horizontal 159 

discharge from aquifers uniformly across a vertical boundary. To match conditions at 160 

our site, we adapted the model of Vogel (1967) and extend the flow lines beyond the 161 

vertical boundary allowing discharge to occur where flow lines intersect the ground 162 

surface (Figure 1, Appendix A). The flow lines extending past the recharge boundary 163 

represent the life expectancy of the particle (time to discharge) for the given 164 

discharge rates. The total age can then be determined as the age at the end of the 165 

recharge zone, plus the life expectancy at the same point, minus the life expectancy 166 
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at the sample location. The modelled travel-time was dependant on the following 167 

parameters: recharge rate, discharge rate, stream width, aquifer thickness and 168 

porosity.  169 

 170 

Accounting for flow variation 171 

A number of methods exist for including flow variation in age simulations (Engdahl et 172 

al., 2016). The method implemented in the present study is known as stretching 173 

(Massoudieh, 2013), which is formally a variable transform of time and age 174 

(described in the supplementary material). The implementation of flow variations is 175 

described below. The mathematics behind this method require that spatial and 176 

temporal distribution functions are independent, which is a common assumption in 177 

simplified transient age models (Engdahl et al., 2016), and this presumes that flow 178 

paths remain the same under varying flow conditions. The method also assumes that 179 

velocity changes within the system are instantaneous for a given change in recharge 180 

rate, which is reasonable for most confined aquifers but may introduce small errors 181 

in unconfined systems (Engdahl, 2017.). The consequence of the instantaneous 182 

changes is that the rate of aging in a system will be proportional to the recharge. For 183 

example, if distances are fixed, and recharge is doubled, the age of water at a fixed 184 

point will be halved. The temporal stretching method (i.e. stretching groundwater flow 185 

lines) changes the age to account for the effects of flow variations. In this case, the 186 

age and time is replaced with a stretched age and time defined as (Massoudieh, 187 

2013): 188 
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Where ( )f t  is an arbitrary scaling function describing how the flow varies with time, 192 

relative to the chosen reference state. Following the approach of Massoudieh (2013) 193 

as presented in the supplementary information, the flow corrected age distribution 194 

can then be defined as: 195 

( , ) ( ) ( ')g t a f a g a   ( 5 ) 196 

The method assumes that all properties that influence the age distribution are also 197 

proportional to flow. A solution of the steady state or reference equation is given as 198 

(Małoszewski & Zuber, 1982): 199 

2

3

[ ]
( ) exp

4 4D D

t a
g a

P a P a



 

  
  

 
  ( 6 ) 200 

As noted previously this equation can be related to a standard inverse Gaussian 201 

solution (Ginn et al., 2009) of age with the equivalence of /l v   and /DP D vl ; 202 

where l , v  and D  are the distance, velocity and dispersion coefficient in spatial 203 

coordinates, respectively (McCallum et al., 2014). This also allows for us to use the 204 

advective age solution of out flow model to determine  . The distribution is 205 

generated using the dispersion parameter.  206 

The modelled environmental tracer concentrations in groundwater for each sample 207 

were calculated by convolving the flow corrected age distribution with the input 208 
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concentrations. Aquifer concentrations are given by the equation (Małoszewski & 209 

Zuber, 1982): 210 

0
( ) ( ) ( , )exp( )

t

out inc t c t g t d        ( 7 ) 211 

where   is the radioactive decay constant and inc  is the input concentration. 212 

Method assessment 213 

We compared our approach to age simulations undertaken with MODFLOW and 214 

MT3D to assess our method. A detailed description of the model set up is presented 215 

in the supplementary information. Here, we compare the complex model with the 216 

simple approach proposed in this paper to calculate CFC-12 concentrations in a half 217 

floodplain cross section. In both models, the same recharge and discharge 218 

boundaries were implemented. MT3D simulations additionally included transverse 219 

dispersion coefficients, which the method proposed here neglects. The results of the 220 

comparison are presented in Figure 2.  221 

The key difference is that the distribution of CFC-12 concentrations in the MT3D 222 

simulation show greater vertical variation than the proposed method. The underlying 223 

assumption of the analytical flow model is that Dupuit-Forcheimer flow is occurring; 224 

meaning that flow is evenly distributed over the thickness of the aquifer. This 225 

assumption is violated by the use of the surface discharge. This results in a higher 226 

proportion of flow occurring at the top of the aquifer. The outcome is that solute 227 

moves faster and further in the top of the aquifer relative to the bottom of the aquifer. 228 

For the analytical model Fig. 2b), it is clear that the flow, and hence solute movement 229 

is distributed across the whole thickness of the aquifer.  230 
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Site description 231 

The described modelling approach was applied to a field site in the Pilbara region. 232 

The Pilbara region is situated in the subtropics of northwest Australia and is home to 233 

some of the richest iron ore deposits in the world (Fig. 3). The climate of the area 234 

ranges from semi-arid to arid, with an average annual rainfall of 276 mm/year at 235 

Newman, approximately 80 km east of the field site. Rainfall exhibits a high inter-236 

annual variability, with a maximum period between flood producing events of seven 237 

years observed since 1960 (Rouillard et al., 2015a). Recorded potential pan 238 

evaporation in the region is ~3,100 mm/y, more than 10 times the annual rainfall rate 239 

(Dogramaci et al., 2012). 240 

The Marillana and Weeli Wolli Creeks form part of the greater Weeli Wolli catchment 241 

within the Hamersley Basin that drains a catchment area of approximately 4,000 km2 242 

before discharging into Fortescue Marsh (Dogramaci et al., 2015). Under natural 243 

conditions, interannual variability in the flooding of the two creeks occurs in response 244 

to strongly episodic rainfall associated with cyclones and monsoonal lows (Rouillard 245 

et al., 2015a). At a greater time scale (centuries) flooding patterns have been shown 246 

to reflect extended wet and drought periods that in turn reflect regional climate 247 

variability (Rouillard et al., 2016). Across the Hamersley basin, stable isotope 248 

compositions of groundwater are consistent with rainfall events greater than 20 mm, 249 

suggesting that high intensity rainfall events are also the primary source of  250 

groundwater recharge (Dogramaci et al., 2012). Dewatering associated with mining 251 

activities adjacent to Marillana and Weeli Wolli creeks has lowered water tables, with 252 

excess water discharged to the creek channels. In a recent study near the Hope 253 

Downs mine site, which is about 10 km upstream of our study site, Cook et al., 254 

(2017) found that the high velocities required to generate large amounts of young 255 

This article is protected by copyright. All rights reserved.



water at depth pointed to focussed stream recharge as the primary source of 256 

recharge. The addition of the excess mine operation water to the creeks has thus 257 

altered surface flow regimes, and resulted in additional groundwater recharge 258 

(Bourke et al., 2015). The discharge of excess water into Marillana Creek 259 

commenced in 1991 and to Weeli Wolli Creek in 2007 at the points marked in Figure 260 

3. The isotopic and tracer composition of the discharge water varies from natural 261 

recharge due to ageing processes; however, the concentration of gas tracers will 262 

reflect modern conditions with distance from the outlet depending on the re-263 

equilibration rates of the individual tracers (Bourke et al., 2014, 2015).  264 

The geology underlying the area consists of alluvial deposits, the Weeli Wolli 265 

formation and the channel iron deposits (Fig. 4). The channel iron deposits are the 266 

main target of iron ore mining in the area, with the fractured nature of the formation 267 

producing a permeable aquifer. While the basement Weeli Wolli formation is 268 

considered impermeable, the upper 10 - 15 m section is weathered and fractured, 269 

and therefore considered a permeable aquifer. The three geological units are 270 

considered hydraulically continuous to a depth of weathered bedrock. 271 

The introduction of permanent water has modified the distribution and structure of 272 

vegetation in the riparian zone along the creeks in the Weeli Wolli catchment. The 273 

excess water discharge has contributed to localised high recruitment success of the 274 

tree species Melaleuca argentea and Eucalyptus camaldulensis subsp. refulgens 275 

where water is now permanently at or near surface.  This higher density of saplings 276 

and young trees is often associated with a dense understorey in the riparian zone 277 

and inner floodplains of Acacia citrinoviridis as well as sedges and grasses, including 278 

introduced grasses (Cenchrus spp.). 279 
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The specific study area encompassed a ~18 km section of Weeli Wolli Creek (Fig. 280 

3). The site was instrumented with five transects of bores crossing the creek and 281 

extending to the floodplain (Fig. 3). The first transect (Transect A) was located 282 

approximately 10 km downstream of the excess water discharge outlet. Transect E 283 

was located further downstream beyond the wetting front of the discharge. Hence, 284 

the transects encompass a gradient from being heavily modified by discharge water 285 

at Transect A, to natural conditions at Transect E (stream flow only occurs after 286 

significant rainfall and the consequent flow events). The study site also transitions 287 

from a mid-catchment setting, with well-defined channels, before transitioning to a 288 

braided environment with wide floodplains and multiple channels under flooding 289 

conditions (Dogramaci et al., 2015). The bore geological cross-sections at each of 290 

the transects is presented in Figure 4.  291 

Methods 292 

We apply the groundwater age model to assess how the introduction of perennial 293 

water supplies from excess mine operation water into creeks had modified recharge 294 

to groundwater from a stream. We identified three primary sources of recharge to 295 

groundwater through the stream bed: (i) natural flood water, (ii) Weeli Wolli Creek 296 

and (iii) Marillana Creek discharge of excess mine water. 297 

 298 

Environmental tracers 299 

Samples obtained from the bores were analysed for CFC-12, 14C and δ13C. These 300 

tracers were chosen as they represent two distinct time periods (modern for CFC12 301 

compared to >1000 years for 14C), and show differing effects from mine water 302 

exposure to the atmosphere (described below). Deep bores utilized 6 m screen 303 
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intervals, while shallow bores were screened over 3 m intervals (Fig. 4). All samples 304 

were collected following a standard protocol of purging the piezometers until the pH, 305 

temperature and EC had stabilised with a minimum of three bore volumes removed. 306 

CFC-12 samples were obtained by bottom-filling the bottles within a bucket and 307 

sealing them under water. Samples for 14C and δ13C were obtained in one litre 308 

bottles. Analysis of CFC-12 was undertaken at the GNS tritium and water dating 309 

laboratory New Zealand using gas chromatography (Busenberg & Plummer, 1992). 310 

Samples for 14C were analysed by AMS, and samples for δ13C were analysed using 311 

a Europa Geo 20-20 IRMS with a precision of 0.2 ‰. Both 14C and δ13C were 312 

analysed at Rafter radiocarbon laboratory. Reported 14C activities were normalised 313 

to a δ13C value of -25‰ (Donahue et al., 1990). Reported analytical errors varied 314 

from 0.25 to 0.31 pmC, with a mean of 0.28 pmC for 14C. Measurement errors for 315 

CFC-12 varied between 14 and 247 pptv, with a mean of 59 pptv. 316 

 317 

Groundwater age modelling 318 

The groundwater age model described above was implemented for each of the five 319 

transects. To assess changes in the groundwater flow regime, we defined a flow 320 

variation function. The flow variation function describes relative changes to the 321 

reference condition. The variation function cannot be less than zero, but may be 322 

greater than 1. For example, if the reference age at a fixed point in the aquifer was 323 

defined using a recharge rate of 1 m/year, then an estimated flow variation function 324 

of 2 would correspond to a recharge rate of 2 m/year and the age occurring over a 325 

fixed distance will be halved, after the water at the point was comprised of the new 326 

water. The period between would be a transition between the old and new flow 327 
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system (Cornaton, 2012). In our case, we seek to attribute the flow variation to three 328 

sources; recharge from natural flow, and two phases of enhanced recharge from 329 

excess mine water discharge incoming from two constantly flowing creeks; Marillana 330 

Creek and Weeli Wolli Creek.  The flow variation function is the sum of the variation 331 

of the three components: 332 

( ) ( ) ( ) ( )fl wc mcf t f t f t f t     ( 8 ) 333 

where flf  is the variation function of flood recharge, and mcf  and wcf  are the 334 

variation functions of recharge from excess mine water from Marillana and Weeli 335 

Wolli Creeks respectively. The function for flf  was set as constant in time. The 336 

functions for wcf  and mcf  were set at zero initially, and then as a constant value 337 

after mine excess water was added to the creeks, for Marillana Creek, starting from 338 

1991 and for Weeli Wolli Creek, starting from 2007. 339 

 340 

Determining environmental tracer concentrations 341 

The aquifer concentrations are obtained by convolving the atmospheric 342 

concentration with the groundwater age distribution (Equation 7). We assume the 343 

concentrations are constructed from a weighted sum of the input sources: 344 

( ) ( ) ( ) ( ) ( ) ( )
( )

( ) ( ) ( )

fl fl wc wc mc mc

in

fl wc mc

f t c t f t c t f t c t
c t

f t f t f t

 


 
  ( 9 ) 345 

where flc , wcc  and mcc  represent the concentrations of flood recharge, recharge 346 

derived from mine excess water from Weeli Wolli creek and Marillana Creek mine 347 

discharge respectively. The 14C concentration in excess mine water is lower than 348 
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natural flood water due to the relatively slow re-equilibrium of 14C with the 349 

atmosphere (Appendix B, Bourke et al., 2014). However, the re-equilibration rate of 350 

CFC-12 is much greater than the equilibration rate of 14C with the atmosphere. In a 351 

recent study, Cook & Dogramaci (2019) demonstrated that CFC-12 concentration re-352 

equilibrated within 1 km of the excess mine water discharge. The first transect that 353 

we sample is 10km downstream of the discharge point so we can assume that the 354 

CFC-12 concentration of the stream water is fully equilibrated.  The method for 355 

calculating 14C concentration in mine excess water at each transect is presented in 356 

Appendix B. The correction for closed system carbonate dissolution is carried out 357 

using a δ13C balance (Ingerson and Pearson, 1964): 358 

13 13
14 14

13 13
( ) ( ) s

corr

r s

C C
C t C t

C C

 

 





  ( 10 ) 359 

where 
13

sC  is the stable isotope composition of the solid carbonate end member 360 

and 
13

rC  is the recharge end member. 361 

 362 

Uncertainty analysis 363 

The modelled environmental tracer concentrations are dependent on the geometry of 364 

the modelled system, described by the channel width and aquifer dimensions, and 365 

the variations in recharge sources from natural and mine water discharge. The 366 

method used to quantify the parameter ranges was the DREAM algorithm, an 367 

evolutionary MCMC method (Vrugt et al., 2009). The method maximises the 368 

Likelihood function defined as: 369 
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     ( 11 ) 370 

where nobs  is the number of observations, 
2

n  is the variance of the nth 371 

observation, and ,m nc  and ,o nc  are the nth modelled and observed concentrations 372 

respectively. We refer the reader to Vrugt et al (2009) for details of how the DREAM 373 

algorithm operates. Identical parameters were used to calculate the travel-time 374 

coordinates for all bores located on an individual transect. In addition, it was 375 

assumed that the recharge and discharge pattern at each transect were symmetrical 376 

(i. e. the same on both sides of the stream). This allowed for all available bores to be 377 

simulated with one set of parameters for each transect. The parameter ranges used 378 

for each transect is presented in Table 1. 379 

The prior parameter ranges were based on observations of the system and a general 380 

hydrogeological conceptual model for the location (see Dogramaci et al., 2015). The 381 

thickness of the aquifer was based on prior knowledge of the site that flow occurs 382 

throughout the until the depth of the weathered bedrock of the sediment. This layer 383 

encompasses the permeable alluvial and channel iron deposit formations, and the 384 

weathered components of the Weeli Wolli and Joffre formations. The recharge length 385 

was determined to be between the half-width of the channel, and the half width of the 386 

floodplain, measured from aerial photography. The variations along the reach reflect 387 

the transition from defined to braided channels. Recharge rates were set with a wide 388 

range allowing for determination using the MCMC. The discharge rates were also 389 

allowed to vary over a wide range. The chosen range of porosity was given a wide 390 

range (0.15 – 0.35) to cover the range of sedimentary units (alluvium to fractured 391 

and weathered bedrock) observed at the site (Domenico & Schwartz, 1990). A 392 
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uniform value for the dispersion parameter was implemented. We initially tried to 393 

vary this based on distance to represent a uniform dispersivity, however the model 394 

was unable to recreate concentrations. Implementing the parameter in this way 395 

suggests that the dispersivity increases with flow distance. The recharge δ13C end 396 

member was set between -20 and -12 ‰. This covered stream values observed by 397 

Cook & Dogramaci (2019) and the correction value used by McCallum et al. (2017), 398 

both observations from a site 10 km upstream. The solid carbonate end member 399 

covered ranges for marine carbonate (Mook, 2000). 400 

 401 

Results 402 

Environmental tracer concentrations 403 

At Transect A, 14C activities in shallow piezometers vary between 57 and 68 pmC, 404 

with increasing values further away from the stream (Fig. 4). Contrastingly, in the 405 

deeper piezometers, 14C activities are higher and vary between 69 and 85 pmC, 406 

without a notable horizontal trend. This apparent discrepancy of old groundwater 407 

overlying relatively younger water indicates infiltration of excess mine discharge 408 

water characterised by a lack of 14C. The mine discharge water originating from the 409 

CID is old (31- 45 pmC,  McCallum et al., 2017), and the short time of contact with 410 

atmosphere during water transfer on the surface does not allow equilibration with 411 

atmospheric CO2. At the same time CFC-12 concentrations in shallow piezometers 412 

(355 and 529 pptv) are higher than in deeper piezometers (166 and 372 pptv) 413 

because CFC-12 re-equilibration is rapid even during short exposure time to the 414 

atmosphere, with re-equilibration occurring less than 1km after the groundwater 415 

discharges to the stream (Cook & Dogramaci, 2019). A similar trend is observed at 416 
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Transect B, with the exception of the location of bores 22 and 23, where a 14C 417 

activity of 63 pmC is observed at the shallow (19.3 mBGL) piezometer and 62 pmC 418 

at depth (53.6 mBGL). CFC-12 concentrations show a similar pattern to Transect B 419 

with higher concentrations in shallow bores (539-624 pptv) and lower concentrations 420 

in deeper bores (278 – 522 pptv). 421 

At Transect C, the shallow bores show apparently younger waters than deep bores, 422 

with 14C activities between 85 and 95 pmC observed in shallow bores compared to 423 

activities of 70-93 pmC in deep bores. There is also a notable decrease in activity 424 

moving away from the stream at both depths (Fig. 4C). Interestingly, the CFC-12 425 

concentrations are similar at each of the four locations for both the shallow and deep 426 

piezometers. The highest concentrations of CFC-12 are observed at greatest 427 

distance from the stream channel. At Transect D, 14C activities in the deeper bores 428 

range between 70 and 82 pmC, compared to a range of 81 – 89 pmC in the shallow 429 

bores. A trend of decreasing 14C with distance from the stream is observed in deeper 430 

piezometers (Fig. 4D). CFC-12 concentrations are also varied at Transect D, but 431 

show no relationship with increasing distance from the channel. At Transect E, the 432 

deeper water was also older (74 - 85 pMC) and the shallower water younger (87 - 93 433 

pMC) in bores within or adjacent to the channels. However, bores 45 and 46 on 434 

Transect E, located on the outer floodplain and 286 m from the stream channel 435 

revealed no difference in water age with depth i.e., 14C activities were 65 pmC at 436 

24.5 mBGL and 66 pmC at 59 mBGL). 437 

 438 
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Modelling 439 

Whilst the overall trends in 14C activities are represented by the model, considerable 440 

scatter exists for each of the transects (Fig. 6). At transects where the data presents 441 

higher variability, the model is more representative. This is best demonstrated for 442 

Transect A, where there is a distinct difference between flood recharge and recharge 443 

derived from mine excess water. At other sites a greater amount of re-equilibration 444 

has occurred resulting in a smaller difference between the two water sources. This 445 

results in a lower temporal variability in the 14C input signal over the time frames 446 

important to the study.   447 

To support the visual plots, we also computed the absolute mean error, and the 448 

Nash-Sutcliffe efficiency (NSE). The absolute mean error indicates the average 449 

goodness of fit, whereas the NSE assesses the ability of the model to capture the 450 

trends in the data. The overall absolute mean error for the 14C is 7.91 pmC, with a 451 

NSE of 0.37. At individual transects, the lowest absolute mean error of 6.0 pmC is 452 

observed at Transect B, with a maximum absolute mean error of 9.9 pmC observed 453 

at Transect C. Computation of the Nash Sutcliffe efficiency at each of the transects 454 

only resulted in positive values at Transect A; which reported a value of 0.64. 455 

Negative values indicate that a straight line fit through the mean of the data would be 456 

a better representation of the trends (Nash & Sutcliffe, 1970). These suggest that 457 

Carbon-14 is acting as an indicator of the presence of mine water discharge. When 458 

large differences are not observed between the two recharge end members, the 459 

limited ageing occurring in the groundwater results in only small variations in the 14C 460 

concentration. It should also be noted that the changed observed in the boreholes 461 

are small relative to the adopted error of 10 pmC. 462 
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A large amount of scatter is observed in the relationship between modelled and 463 

observed values for CFC-12 (Fig. 6). visually, the overall trends are largely 464 

observed, with the exception of Transect C. This could be due to the presence of a 465 

calcrete layer at this location. Additionally, a large proportion of points from transect 466 

B (seven out of eight) report values between 514 and 654 pptv compared to the 467 

maximum equivalent atmospheric concentration of 541 pptv. This may indicate either 468 

a large amount of recharge, or alternatively atmospheric contamination. It is also 469 

important to consider that CFC-12 is more sensitive in the range of ages being 470 

identified in this study, as the full variation of the recharge concentration occurs over 471 

the past 70 years, which could also explain the higher variability between the 472 

measured and modelled data.  473 

An overall absolute mean error for the CFC-12 modelled and measured data of 78 474 

pptv was observed, with a NSE of 0.4. A maximum absolute mean error of 117 pptv 475 

was observed at Transect C, with a minimum absolute mean error of 43 pptv 476 

observed at Transect E. Transects A, D and E reported positive NSE values of 0.44, 477 

0.39 and 0.55, respectively. Negative NSE values were observed for Transects B 478 

and C, suggesting a line at the mean value would represent the data trends better. 479 

The flow rates obtained by fitting the model suggest a large amount of mine water 480 

discharge infiltrating from Weeli Wolli Creek at transect A (0.66 m/y) (Fig. 7).  The 481 

recharge contribution of this water source also decreases, as distance from the 482 

Weeli Wolli Creek discharge outlet increases. Whilst some recharge is derived from 483 

Weeli Wolli Creek mine excess water at Transects B and D, only a small amount of 484 

recharge attributable to excess mine water discharge is observed for the transect 485 

furthest downstream of Marillana Creek (Transect E). This may be due to the greater 486 

distance between the discharge outlet and the location of the transects. A small 487 
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amount of recharge derived from Marillana Creek mine excess discharge is found to 488 

contribute to discharge at transect D (0.07 m/y). However, this water does not 489 

appear to contribute to recharge at the location of Transect E.  490 

The amount of flood recharge is variable along the creek ranging from 0.07 m/y at 491 

Transect C to 1.3 m/y at Transect B. The recharge rate appears to increase from 492 

transect A to B, then decrease between Transects B and C. Due to the increase 493 

observed between Transects A and B it is unlikely that cumulative infiltration 494 

depletes the volume of flood water over short distances. Additionally, the amount of 495 

flood recharge will be influenced by the local geomorphology, geology and 496 

groundwater levels. The estimated discharge, assumed to be groundwater ET was 497 

estimated to be between 0.02 m/year and 0.09 m/year. These rates may reflect only 498 

ET occurring from groundwater, and not from the unsaturated zone, owing to the 499 

setup of the model. This is relatively small compared to potential evapotranspiration, 500 

assumed to be greater than 3 m/y. This difference is likely due to deep water tables, 501 

which reduce evapotranspiration (e.g. Maxwell & Condon, 2016). 502 

Our results also indicate a large amount of error in the estimates of the recharge 503 

components. The estimated recharge rate showed correlation to the physical 504 

properties of the aquifer system, including stream geometry, porosity, aquifer 505 

thickness and the dispersion parameter (Supplementary Information Section SI3). 506 

Recharge and recharge sources were additionally sensitive the carbonate mass 507 

balance end member values. At all locations, the recharge and solid carbonate end 508 

members showed correlation to recharge, with the recharge end member positively 509 

correlate and the solid end member negatively correlated. The opposite was true for 510 

correlation to the natural fraction of recharge, with the recharge end member 511 

negatively correlated. Wide end members are utilised in this study due to the 512 
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uncertainty of end member values in semi-arid environments (e.g. Meredith et al., 513 

2016). Better constraints of these end members will likely improve recharge 514 

estimates. 515 

 516 

Discussion 517 

We have demonstrated the capacity to infer temporal changes in recharge variation 518 

using spatial variations in groundwater age across a semi-arid catchment. The 519 

method relies on the assumption that groundwater ages preserve previous 520 

hydrologic conditions, and requires an understanding of the groundwater flow field. 521 

Aquifer locations containing a higher amount of older water will reflect changes over 522 

a longer period than those with a larger proportion of young water. By treating 523 

multiple locations holistically, rather than independently, common variations in past 524 

recharge can be determined. The proposed method builds on previous single well 525 

approaches  for inferring transient conditions (Massoudieh, 2013). While we have 526 

only applied our method to short term variations in recharge induced by artificial 527 

discharge of groundwater derived from deeper aquifers, our approach is also 528 

applicable to large scale basins and for investigating larger time scales. Critically, 529 

key to the application of this method is the availability of environmental tracers that 530 

are sensitive over the time periods of change. 531 

 532 

Conceptual models for sites  533 

The analysis undertaken at our study site has revealed two conceptual modes for 534 

recharge from an ephemeral stream. One model relates to sites affected by 535 

discharge of excess mine water which we observed at Transect A. The primary 536 
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evidence of contribution of mine water is the presence of relatively lower 14C 537 

concentrations (older water from deep aquifers) detectable in shallow piezometers. 538 

At Transect A, mine water discharge contributed to a 75% increase in recharge, 539 

relative to flood-derived recharge. The second conceptual model relates to sites 540 

where the primary recharge mechanism is through flood processes generally 541 

occurring every 4 – 5 years due to cyclones (Dogramaci et al., 2015; Rouillard et al., 542 

2015b). Transects D and E, furthest downstream from the discharge, demonstrate 543 

this mechanism, with more typical natural patterns in the environmental tracer 544 

concentrations (i.e., younger water at shallow depths).  545 

Our observations at Transects A and B are consistent with a previous water balance 546 

study of Weeli Wolli Creek conducted by Dogramaci et al. (2015). They found that 547 

mine water discharge infiltrating to the CID aquifer was equivalent to 1.61 m/y, with 548 

recharge due to flooding contributing a similar amount of water. The mean 549 

streamflow from mine discharge to Weeli Wolli Creek from the Hope Downs 1 Mine 550 

is 95,000 m3/day. Our study suggests that 590 m3/day is infiltrated along 551 

approximately 18 km stream section equating to <1%. Assuming an evaporation rate 552 

of 0.5 m3/m/day (Bourke et al., 2014), a total of 13,731 m3/day or ~14% of the 553 

discharge is lost to evaporation along the same length. Surface water expression at 554 

Transect E is ephemeral; approximately 85% of discharge water is infiltrated 555 

upstream of transect E (total discharge from the mine minus evapotranspiration). 556 

Some of the infiltration loss not accounted for from the study reach may occur 557 

through the river bed upstream of Transect A (prior to our transect measurements), 558 

or through ET from the unsaturated sediments below the adjacent riparian zones, 559 

prior to groundwater saturation. The method applied here would only account for 560 

infiltration reaching the saturated component of the aquifer. 561 
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 562 

Limitations  563 

The study assumed a simple model of groundwater age distribution not accounting 564 

for heterogeneity or flow variability through the aquifers. This limitation resulted in 565 

inaccurate estimation of recharge at Transect C, where an extensive calcrete layer is 566 

present (Fig. 2). The presence of the calcrete layer may impact not only on the 567 

physical flow process, but also the chemical processes controlling carbonate 568 

chemistry. The recharge estimates can be further improved by building a more 569 

complex model that accounts for variations in the aquifer properties. Additionally, the 570 

transient model assumes that all flows in the system change instantaneously, in 571 

response to changes in recharge, and that the overall flow pattern of the system 572 

remains unchanged. If we define the response time of the aquifer as 2 /yL S T  we can 573 

assess this assumption (Currell et al., 2016; Townley, 1995). If we define the length 574 

of the aquifer as 200 m, a transmissivity of 100 m2/day and a specific yield of 0.1, the 575 

predicted response would be 40 days. This is relatively shorter than the period of 576 

variation identified in our study (10 years), suggesting a new equilibrium has been 577 

reached by the time of sampling. We also assume that recharge is confined to a 578 

discrete channel. In the case of flood recharge, this assumption would be violated if 579 

the flood plain was large relative to the stream channel, modifying the flow field 580 

during recharge. This may help to explain the discrepancy between the model and 581 

obtained data at sites where flood recharge is the main mechanism e.g. at Transect 582 

E. Additionally, changes in the flow system may result in changes in the water level, 583 

and the overall position of the flow lines in the aquifer. In our study, the aquifer was 584 

relatively thick. In addition, as samples were taken at a single time, the flow lines are 585 

likely to be representative of the conditions in the aquifer at the time of sampling. 586 
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This may leady to higher discrepancy if a time series were used. B far the largest 587 

potential error from out modelling approach is the assumption of horizontal flow. Our 588 

comparative model identified that under two-dimensional conditions the flow in out 589 

configuration was concentration the upper part of the aquifer, resulting in a larger 590 

vertical variation in CFC-12 concentrations. Future work should consider better 591 

streamline models. 592 

Given the above observations, using an additional tracer may enhance the accuracy 593 

of our approach. The end member component of our study is limited by the 594 

difference of the concentration of each end member. As CFC-12 equilibrated quickly, 595 

14C was the only tracer that differentiated between rainfall and recharge. Differences 596 

in 14C of our deep and shallow water sources was reduced with distance 597 

downstream of the discharge as the time to re-equilibrate increased. There was 598 

limited variability in the tracer concentrations observed at some of the sites, relative 599 

to the adopted error. This may suggest why only Transect A for 14C and Transects A, 600 

D and E for CFC-12 reported positive NSE values. Tritium may provide additional 601 

insight in this case ( Cook & Dogramaci, 2019). As tritium is part of the water 602 

molecule, it’s ageing in excess water discharge would be more pronounced than in 603 

rainfall, as no equilibrium would occur with the atmosphere. Future sampling 604 

campaigns will collect tritium samples to provide further data for recharge 605 

partitioning. 606 
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 607 

Implications for other sites 608 

Although our study has investigated changes on the time scales of a decade, the 609 

method we have developed could be applied at other spatial and temporal scales. 610 

Larger confined aquifers would preserve age information over a much larger period 611 

of time. The limitation would be detecting ages at an appropriate time scale. In this 612 

study, CFC-12 varied over the time frame of interest, but could not differentiate 613 

between the two recharge sources. Additionally, the re-equilibration of 14C also lead 614 

to variability on a practical scale for the present study. However, by developing 615 

models of groundwater flow, and assessing the relative aging along flow paths, 616 

information about long term recharge variation could be identified. Comparing this to 617 

long term climate information would prove valuable in assessing the relationship 618 

between climate and groundwater. 619 

Conclusions 620 

In this study we have demonstrated the capacity of spatial variation in groundwater 621 

age to assess past recharge variation. We implemented the model at a site in 622 

northwest Australia where the ephemeral recharge regime had been modified by the 623 

addition of mine dewatering discharge. Our results showed that close to the location 624 

where mine discharge was entering the stream, the infiltrated water was enhanced 625 

by 75% due to mine discharge water. The mine water discharge component of 626 

recharge was more than double that of the natural recharge at distances of 10 km 627 

from the mine discharge but this effect had dissipated within several kilometres 628 

downstream. At these sites, infiltration still closely reflected the pre-mining conditions 629 
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showing a limited impact from mining at sites further away from the mine discharge 630 

outlet.  631 

The importance of assessing past states with present day measurements remains a 632 

significant goal in understanding the long-term sustainability of groundwater 633 

systems. Whilst the characteristic response of hydraulic heads in groundwater 634 

systems are well known, the ability to infer pasty states is limited (M. J. Currell, 2016; 635 

Cuthbert et al., 2019; Townley, 1995). Conversely, the spatial distribution of mean 636 

groundwater ages (Lemieux & Sudicky, 2010), and environmental tracer 637 

concentrations (Schwartz et al., 2010) have been shown to be sensitive to past 638 

groundwater flow conditions. The method presented in this paper develops a formal 639 

process to elucidate information on past states of groundwater systems using spatial 640 

distributions of measured environmental tracer concentrations. Whilst this paper 641 

demonstrates the approach applied to a small groundwater flow system to 642 

investigate decadal variations, the method should equally apply so investigate 643 

groundwater variations in larger confined systems.  644 

 645 

Appendix A: Recharge-Discharge advective age model. 646 

This section describes the implementation of the model of ages in a constant 647 

thickness aquifer with diffuse recharge and discharge. In the portion of the aquifer 648 

between 0 and LR, the age can be represented as the model of Vogel (1967). 649 

Conversely, between LR and L the life expectancy (time until discharge) can be 650 

represented as a modified Vogel (1967) model using the discharge value. The total 651 

age of the water can be determined as the age due to recharge at LR added to the 652 
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life expectancy due to discharge at LR, minus the life expectancy at the point of 653 

interest. This can be expressed as:   654 
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 Where R is the recharge rate, D is the discharge rate, θ is the aquifer porosity, H is 656 

the thickness of the aquifer, x and z is the coordinates within the aquifer, 657 
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and: 659 
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 It can also be demonstrated that the length of the aquifer is: 661 
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Although the assumptions are simple, they allow for the age profile to be fitted 663 

considering both recharge from the ephemeral stream and ET from the riparian 664 

zone.  665 

Appendix B: Calculating gas exchange and mine discharge end members 666 

The change in the concentration of dissolved gas in the stream is described here as: 667 
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where  sc  is the stream concentration, k  is the gas exchange velocity, d  is the 669 

stream depth and eqc  is the equilibrium (atmospheric) concentration. For an initial 670 

concentration, c0, the solution to the equation is: 671 
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The value of k  was previously estimated for the site to be 0.025 m/day for 14C 673 

(Bourke et al., 2014). The estimate of the time taken to travel between two points 1x  674 

and 2x   in the stream is given as:  675 
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where ( )v x is the stream velocity as a function of distance. With two known points of 677 

14C in stream concentration, the time elapsed between the two points can be 678 

determined as: 679 
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 where 1xc  and 2xc  are the up and downstream 14C concentrations respectively. The 681 

time of travel can be determined for two points collected at Weeli Wolli Creek. Here, 682 

the concentration increased from 46 to 58 pmC over a distance of 7800 m. Assuming 683 

an equilibrium concentration of the current atmospheric value (103 pmC), we arrive 684 
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at a travel time of 0.946 days. We assume that the velocity is constant along the 685 

stream. The resulting end members are presented in Table 2. 686 
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Tables 695 

Table 1: Initial parameter ranges for mode uncertainty analysis. 696 

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 

A – varied over a log range, B – Applied after 2007, C – Applied after 1991 697 

 698 

This article is protected by copyright. All rights reserved.



Table 2: Derived Weeli Wolli and Marillana Creek 14C end members for each of the 699 

five transects. Differences between cx1 and T2  700 

 

xWW xMar 
14C tWW cWW tMar cMar 

Point (m) (m) (pmC) (days) (pmC) (days) (pmC) 

cx1 0 - 46 0.0 46.0 - - 

T1 5626 - - 0.7 54.9 - - 

T2 (cx2) 7801 - 58 0.9 58.0 - - 

T3 11773 - - 1.4 63.1 - - 

T4 15874 35791 - 1.9 67.8 4.3 92.9 

T5 22268 42185 - 2.7 74.0 5.1 94.6 

  701 
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Figures 702 

 703 

Figure 1: Configuration of analytical models where R is recharge rate, D is discharge 704 

rate, LR is the length of the aquifer receiving recharge, L is the total length of the 705 

aquifer, x0 is the point of recharge dr is the depth at LR and xd is the discharge point. 706 

 707 
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 708 

Figure 2: Comparison of CFC-12 concentrations simulated with (a) MODFLOW and 709 

MT3D and (b) The method proposed in this paper. Details of the model set up are 710 

presented in the supplementary material. 711 

  712 
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 713 

Figure 3: Location of the Pilbara region and the bore transects along Weeli Wolli and 714 

Marillana Creeks, in addition to mine excess water discharge locations. 715 

 716 

This article is protected by copyright. All rights reserved.



 717 

Figure 4: Cross sections of studied transects along 18km section of the Weeli Wolli 718 

Creek (see location on Fig. 1). 719 

 720 

 721 
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 722 

Figure 5: (a) Input concentration functions for 14C for flood recharge (Fl) (Manning et 723 

al., 1990), Weeli Wolli Creek mine water discharge (WWC) and Marillana Creek 724 

mine water discharge (MC); (b) CFC concentrations in recharge (note, due to re-725 

equilibrium CFC-12 is the same for all end members, with green and orange lines 726 

plotting behind the blue) (Bullister, 2015). Stream 14C concentrations represent 727 

values from Transect D. 728 

 729 
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 730 

Figure 6: Modelled and observed data for transects A through E. 731 

 732 

 733 

Figure 7: Plot of Flood, Weeli Wolli and Marillana recharge, and discharge via ET 734 

with distance along the stream. The black line represents the confluence with 735 

Marillana Creek and the labels above the plot indicate the transect locations. 736 

  737 
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