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Abstract 19 

Carbon-14 (14C) has been measured in groundwater for over half a century and remains a 20 

widely used tool for understanding groundwater flow systems. Ultimately, the usefulness of 21 

14C as a groundwater tracer relies on the ability to distinguish between changes in 22 

concentration due to various chemical/physical processes (e.g. chemical reactions with solid 23 

carbonate material, conditions at the water table), and changes due to ageing along flow 24 

paths, the latter being most informative of groundwater flow conditions. To this end, a 25 

number of correction methodologies have been developed to account for chemical 26 

modifications in groundwater systems. In this paper, we implement two different single 27 

sample correction models, one for closed and one for open system carbonate dissolution in 28 

conjunction with a Markov chain Monte Carlo (MCMC) approach at two sites; the 29 

sedimentary Port Willunga Formation Aquifer in South Australia and a fractured rock aquifer 30 

in the Hamersley Basin, northwest Australia. For comparison, we include argon-39 (39Ar) 31 

data taken from some of the wells sampled and use a mixing envelope constraint in the 32 

MCMC procedure. We found that considering all of the errors associated with 14C correction 33 

resulted in a distribution of values to consider for groundwater dating procedures. When 34 

accounting for all parameters associated with single sample correction techniques, the 35 

associated error was 10 times greater than the analytical errors. Additionally, inclusion of the 36 

39Ar data produced mixed results, with little improvement observed in the Port Willunga 37 

Aquifer (closed system correction), and a significant improvement observed at the 38 

Hamersley site (open system). This is most likely due to the mixing caused by long screens 39 

and the sensitivity of the open system correction model. Our results highlight the importance 40 

of considering all sources of error in groundwater dating studies.  41 

42 
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1 Introduction 43 

Groundwater age offers an important insight into the time frames of key processes occurring 44 

in aquifer systems. Groundwater ages can be used to predict recharge rates (McMahon et 45 

al., 2011; Wood et al., 2015), quantify mixing in groundwater systems (Małoszewski and 46 

Zuber, 1982) and understand groundwater sustainability (Jasechko et al., 2017). Ages are 47 

inferred by measuring concentrations of chemical and isotopic species in aquifers and 48 

relating measured concentrations to recharge times using interpretive models. Ideally, the 49 

concentration of the measured chemical compound should only reflect the time since 50 

recharge (i.e. aging). This can only be achieved if other processes that modify the 51 

concentration can be accounted for and corrected. 52 

One of the most commonly used chemical compounds to determine groundwater ages is 53 

carbon-14 (14C) (Vogel, 1967). Carbon-14 decays with a half-life of 5730 years, hence 54 

knowing the decay-related change in concentration since recharge allows an age to be 55 

determined. However, the measurements of 14C used for dating are performed on the 56 

dissolved inorganic carbon (DIC) within a sample, and therefore the 14C activity will reflect all 57 

processes that (1) modify DIC concentration (e.g. dissolution of solid carbonate, addition of 58 

geogenic CO2), or， (2) do not change DIC concentration but modify 14C (e.g. carbon 59 

exchange between DIC and solid carbonate) (Han and Plummer, 2016). For example, in a 60 

carbonate aquifer, dissolution of aquifer material will add dead carbon to the DIC pool, 61 

resulting in dilution of 14C activity and an apparent aging of the sample. In many simple 62 

applications of the method, the estimated flow or recharge rate is directly proportional to the 63 

age, and therefore an older apparent 14C age will result in an underestimate of flow or 64 

recharge rate.  65 

Currently, a number of techniques exist to correct 14C activities (for an extensive review see 66 

Han and Plummer, 2016). These include modelling geochemical evolution along a flow path 67 

(Plummer, 1977), single sample correction techniques using a carbon-13 (13C) mass balance 68 
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(Ingerson and Pearson, 1964; Mook et al., 1974; Han and Plummer, 2013), measuring 69 

recharge concentrations (Wood et al., 2014) and statistical methods (Gonfiantini and Zuppi, 70 

2003; Han et al., 2014; Meredith et al., 2018). The processes that affect 14C can also be 71 

included in full flow and transport modelling (Salmon et al., 2015). These methods vary in 72 

their complexity, data requirements and assumptions. The most widely used technique is 73 

single-sample based models, however, these require some assumptions about the 74 

processes affecting 14C activities in the aquifer and information about the 13C and 14C 75 

concentrations of end members. The values of these end members will depend on aquifer 76 

material and the vegetation types (C3 or C4) in recharge areas.  77 

When applying single sample methods, the choice of end member values is based upon 78 

some understanding of the studied groundwater flow system. For example, the fractionation 79 

of soil gas carbon isotope ratios (δ13C) that will occur due to soil carbon cycling is dependent 80 

on the pathways in which plants process carbon (C3 or C4 plants). However, the plant 81 

speciation at the site may have also varied over time. Additionally, measurements of δ13C of 82 

aquifer material may vary spatially, making end members difficult to determine. In this study, 83 

we apply a stochastic approach to the use of 14C correction schemes.  A Markov Chain 84 

Monte-Carlo method is used to constrain 14C corrections. We also perform the procedure 85 

with a limited number of argon-39 (39Ar) samples, to assess if the inclusion of a second 86 

tracer can reduce ranges of corrected 14C (14Ccorr)
 activities. Evaluation of the full distribution 87 

of 14Ccorr activities allows for correction errors to be propagated through the allowing more 88 

accurate determination of groundwater age. We demonstrate the method at two field sites: 89 

one in South Australia where closed system carbonate dissolution is occurring, and another 90 

in northwest Australia where open system carbonate dissolution is occurring. 91 
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2 Field sites 92 

2.1 Port Willunga Formation Aquifer 93 

The Willunga Embayment is located approximately 35 km south of the city of Adelaide, 94 

South Australia. The Port Willunga Formation is the collective name given to the 95 

stratigraphic units that comprise the upper tertiary aquifer of the Willunga Embayment and 96 

includes the Aldinga, Ruwarung and Pirramimma Sand Members. These Cainozoic 97 

sediments are bounded to the south-east by the Willunga Fault and to the north by 98 

basement rock (Cooper and McKenzie, 1979). The Ruwarung Member, composed of 99 

calcareous sands, silts and clays is present mostly in the coastal part of the basin and is not 100 

present at or up gradient of the locations investigated in this study. Of the two more-101 

extensive formations, the Aldinga Member is a marine limestone extending inland from the 102 

coast (Cooper and McKenzie, 1979). The Pirramimma Sand overlies the Aldinga Member in 103 

the central part of the basin and represents the majority of the Port Willunga Formation 104 

aquifer away from the coast (Fairburn, 1998). The Pirramimma Sand Member consists of 105 

fine unconsolidated and weakly cemented calcareous sand (Cooper and McKenzie, 1979). 106 

Groundwater samples were collected from two groundwater monitoring networks in the 107 

Willunga Embayment. Some samples were taken from an existing network of state 108 

government monitoring bores and other samples were collected from new groundwater 109 

monitoring wells installed to monitor regional groundwater flow, surface water and 110 

groundwater interaction, flow across a regional fault and sea water intrusion. All samples 111 

were taken from monitoring wells with short production screen lengths (<6 metres long). As 112 

collectively the screened intervals of the wells covered the entire thickness of the aquifer, 113 

sampled 14C activities range between 1.4 and 94.7 pmC. 114 

The Port Willunga aquifer is semi-confined with a shallow water table within five metres of 115 

the surface. The sediments in the unconfined components have a limited carbonate content. 116 

Therefore, we have assumed that carbonate dissolution happens under closed conditions. 117 
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For this reason, we apply a closed system correction model to the samples collected at this 118 

site. 119 

2.2 Hamersley Basin 120 

The Hamersley Basin of north-west Australia contains one of the oldest aquifers on the 121 

planet earth (> 2 Ga). The samples collected at this field site were obtained from an 122 

operational mine, approximately 75km west of Newman, Western Australia. These samples 123 

have previously been reported in Cook et al. (2017) and McCallum et al. (2017). The site has 124 

a sub-tropical climate, typical of the Pilbara region. Recharge occurs through ephemeral 125 

streams during flood periods (Dogramaci et al., 2012), which coincide with the timing of 126 

tropical cyclones (Rouillard et al., 2015).  127 

Unlike the Port Willunga Formation site, where samples were taken from wells with short 128 

production screens, the samples collected at Hamersley Basin came from production bores 129 

with long screen lengths (up to 100 m) These production bores extend across a number of 130 

geological units, including tertiary detritals, and the main water bearing unit – the Dolomitic 131 

Wittenoom Formation. Measured 14C at the site fall within a narrow range, and show 132 

significant discrepancies with young tracers (chlorofluorocarbons, CFCs), suggesting 133 

extensive mixing between young and old waters  (McCallum et al., 2017). 134 

The Hammersley basin site contains a significant amount of calcrete in the recharge area, 135 

around ephemeral streams (Fig.1). The ephemeral recharge mechanism also creates a 136 

significant unsaturated zone. It is likely that the carbonate dissolution occurs in the 137 

unsaturated component of the aquifer, hence, we have applied an open system correction 138 

model to the Hamersley site. 139 

3 Methods 140 

3.1 Field methods 141 

The groundwater sampling procedure at the two sites was customised for the type of wells 142 

being sampled. For samples collected from the Port Willunga Formation aquifer, three bore 143 
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volumes were purged prior to sampling. Samples taken from Hamersley Basin were 144 

collected from active production bores. In-situ temperature, pH and electrical conductivity 145 

measurements were collected during sampling with a calibrated handheld YSI® portable field 146 

meter.  147 

3.1.1 Carbon-14 and δ13C 148 

Samples were collected in one litre bottles for carbon isotope analysis. All samples from the 149 

Willunga site were analysed for 13C using Isotope Ratio Mass Spectrometry (IRMS) and 14C 150 

using accelerated mass spectrometry (AMS) at GNS Rafter Radiocarbon Laboratory in New 151 

Zealand. For the Pilbara site, samples collected after 2008 were analysed in the same way, 152 

however, earlier samples for 13C used either IRMS or AMS at CSIRO Land and Water, 153 

Australia, and 14C samples were analysed using AMS at the Australian National University.  154 

3.1.2 Argon-39 155 

Gas samples for 39Ar analysis were collected in the field by degassing of groundwater 156 

collected from the monitoring and production bores following the method described by 157 

Purtschert et al., (2013). In all cases more than three m3 of water was required to obtain 158 

approximately 6.5 Bar of pressure in ten litre gas cylinders; a gas volume of 6.4 × 10-2 m3. 159 

Analysis of the samples was undertaken at the University of Bern in Switzerland by low-level 160 

gas proportional counting (Loosli et al., 1986; Loosli and Purtschert, 2005; Riedmann and 161 

Purtschert, 2016). 162 

3.2 Correction techniques 163 

The correction of 14C activities was undertaken following the method outlined by (Han and 164 

Plummer, 2013). The single sample method assumes that the correction can be carried out 165 

using the carbonate speciation within a sample and a mass balance using δ13C end 166 

members. The carbonate speciation of the sample can be estimated using equilibrium 167 

constants determined as a function of temperature (Mook, 2000). The speciation of 168 

carbonates in a sample (i.e. dissolved CO2, HCO3
-, CO3

-2) is determined by the pH. The 169 

carbonate speciation of the sample can then be determined: 170 
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where aC  is the dissolved CO2 concentration, bC  is the concentration of bicarbonate and 173 

TC  is the total dissolved carbon concentration. The determination of the constants followed 174 

the equations presented by Millero and Rabindra (1997). These constants can be obtained 175 

using the equations as (where K = 10pK): 176 

8435.14032786.0/71.34041  TTpK               ( 3 ) 177 

4980.602379.0/39.29022  TTpK               ( 4 ) 178 

where T is the temperature in K and the p symbol represents that these values are the log of 179 

the constants. 180 

The δ13C balance requires the definition of two end members; the end members for soil gas 181 

and solid soil/aquifer carbonate. Then mass balance is conducted by accounting for the 182 

fractionation processes that occur during changes in the ionic composition of the water. The 183 

fractionations are determined as a function of temperature (Mook, 2000). Defining an 184 

appropriate soil gas end member requires knowledge of the plant speciation, as C3 and C4 185 

type plants induce a different fractionation on soil gas. Over the time important to 14C dating, 186 

this speciation may have changed (Huang et al., 2006).  187 

The processes that alter 14C activities also depend on whether the system is open or closed 188 

to atmospheric CO2. In this analysis, we implement both the open-system and closed-189 

system corrections presented by Han and Plummer (2013) to determine if one is more 190 

appropriate than the other. The equation for open system 14C correction is given as: 191 
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where we assume: 193 

0

14C  is the corrected initial 14C activity of the sample water; 194 

0

14

aC  is the atmospheric 14C activity; 195 

0

14

bC  is the 14C activity of dissolved bicarbonate which is produced under the assumption 196 

that only carbonate dissolution has occurred (without further carbon exchange between 197 

bicarbonate and soil gas and/or solid carbonate), where 2/0

14

0

14

ab CC  ; 198 

gC14
 is the soil gas 14C activity, were we assume 0

1414

ag CC  ; 199 

bg /  is the fractionation between the gas and bicarbonate phases ( 89.23/9483/  Tbg ); 200 

C13  is the δ13C of the groundwater sample; 201 

0

13

aC  is the δ13C of dissolved soil CO2; 202 

gC13  is the δ13C of soil CO2; and 203 

0

13

bC  is the δ13C of dissolved bicarbonate assuming that only carbonate dissolution has 204 

occurred. 205 

In a system closed to atmospheric or soil gas, the correction for initial 14C activities of the 206 

sample can be given by: 207 
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where: 209 
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bs /  is the fractionation between the calcite and bicarbonate ( 1.15/4232/  Tbs ); and 210 

sC13  is the δ13C of the carbonate mineral. 211 

When correcting a sample activity, we make the following approximation: 212 

gcorr C
C

C
C 14

0

14

14
14                   ( 7 ) 213 

where: 214 

corrC14
 is the corrected activity of 14C in the groundwater sample accounting for decay and 215 

carbonate exchange.  216 

C14  is the measured 14C in the groundwater sample. 217 

This varies from the standard method where the initial activity of individual samples is 218 

modified and used for groundwater dating. This correction approach allows for all samples to 219 

be interpreted with the atmospheric curve. Equation 7 is only an approximation as Equations 220 

5 and 6 are not linearly related to the soil gas 14C end member, which has historically varied 221 

due to bomb testing since the 1940s. This leads to errors when correcting equations with 222 

modern activities (>100pmC) which can be useful in studies of younger waters. In our testing 223 

we have found that the ratio of gC14
/ 0

14C  varies by less than 2% when varying 14Cg between 224 

100 and 160pmC. Therefore, we believe that Equation 7 is a valid approximation allowing 225 

the direct determination of concentrations for all samples.   226 

3.3 Determining ranges of 14Ccorr 227 

The equations referenced above use multiple parameters, both measured (e.g. temperature 228 

and pH) and estimated (e.g. δ13C end members). Measured parameters have an associated 229 

analytical error, and the estimated parameters have a range of possible values. When using 230 

14Ccorr to make hydrogeological predictions of recharge and travel times, the associated 231 
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errors are important to consider. Therefore, we present a procedure that propagates the 232 

uncertainties of the correction model parameters to the 14Ccorr values.  233 

We implemented a Markov Chain Monte-Carlo approach to predict plausible ranges of 14Ccorr 234 

concentrations. The MCMC method has previously been applied to environmental tracer 235 

studies (Massoudieh et al., 2012; Massoudieh, 2013; Petersen et al., 2014; Alikhani et al., 236 

2016). Some of these studies have included the estimation of the fraction of mineral carbon 237 

to account for 14C modification (Massoudieh et al., 2012; Massoudieh et al., 2014; 238 

Massoudieh et al., 2017). The main difference between the present study and the previous 239 

study is the focus on using a Bayesian approach to determine site wide end members prior 240 

to further age determination.   241 

The MCMC selected method is known as the Metropolis-Hastings algorithm (Metropolis et 242 

al., 1953). The method determines a posterior probability distribution by maximising the 243 

likelihood of the parameters subject to some constraints. Figure 2 presents the concept of 244 

likelihood. For measured parameters, the likelihood is described as a normal distribution 245 

using the measured value as the mean, and the measurement error as the standard 246 

deviation. As the value of the parameter moves away from the mean value, the likelihood is 247 

reduced. The rate at which the likelihood decreases is dependent on the standard deviation 248 

or error of the measured value. Therefore, measurements with a higher error produce a 249 

larger range of plausible values. 250 

For un-measured parameters, the likelihood can be defined as a normal or uniform 251 

distribution. For a uniform distribution, the likelihood is defined as one within the plausible 252 

range, and zero outside this range. The range of 14Ccorr activities can also be constrained. 253 

The processes of 14C decay and carbon exchange will result in the measured value (14C) 254 

being the minimum possible value, hence this forms a lower limit for 14Ccorr. Additionally, the 255 

maximum value for 14Ccorr would represent the maximum possible initial 14C activity input to a 256 

groundwater system. Therefore, the upper limit of 14Ccorr is 160 pmC, the maximum 257 

atmospheric value in the southern hemisphere. 258 
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The Metropolis-Hastings method works by assessing the likelihood (here used in log-scale, 259 

)ln(L ) of individual model runs for a set of generated parameters. For the sampled values of 260 

pH, 14C, δ13C, 39Ar and T, the likelihood assumes that the samples have a normal distribution 261 

where the mean is the measured value and the standard deviation is the measurement error. 262 

The variable part of the log-likelihood of these sample parameters can be described as: 263 

 
2

2

1
ln( )L obs mod


                   ( 8 ) 264 

where   is the measurement error, and obs  and mod  are the measured and current 265 

modelled parameter values respectively. We see that moving model parameters away from 266 

the measured value, will result in the likelihood will becoming more negative, at a rate scaled 267 

by the measurement error, meaning that a higher value of the likelihood indicates a better fit. 268 

The total likelihood of a model run is a product of all the individual likelihoods. In a non-log 269 

space, the likelihood is the multiplication of the individual likelihoods, hence, in log-space, 270 

the likelihood for each concentration can be summed to give the total likelihood. 271 

As stated above, we implemented a number of constraints on the corrected ranges such 272 

that: 273 










otherwise

val
L

9999

maxmin0
)ln(                ( 9 ) 274 

where val  represents the parameter or constraint of interest and the desired range of that 275 

parameter defined between min and max . This measure effectively penalises corrected 14C 276 

activities where correction parameters do not meet our additional constraints. Equation 9 277 

included the following constraints: 278 

 The 14Ccorr activity is greater than or equal to the 14C concentration (min) and less 279 

than the maximum decay-corrected 14C recharge concentration (max) 280 

 The δ13C end members fall within the prior ranges specified below. 281 
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The Metropolis-Hastings algorithm is a MCMC, which generates new parameter sets based 282 

on the current parameter values, accepting the new parameters dependent on likelihood. 283 

The initial parameter set is chosen at by randomly sampling the ranges of measured and 284 

unknown values. Each of the parameter sets contains values for each of the parameters of 285 

interest. This includes all of the chemical values of the samples sites, and end member 286 

values used to determine 14Ccorr.  A higher likelihood is obtained when the sample values are 287 

more representative of measured chemical values. All parameter sets that produce a higher 288 

likelihood are accepted, and, parameter sets that produce a lower likelihood are accepted 289 

conditional on the probability of the poorer likelihood (a parameter set that produces a small 290 

reduction in likelihood is more probable than one that produces a large reduction in 291 

likelihood). The method therefore favours parameter combinations that represent the 292 

measured data and constraints better. Initially, a burn in period is implemented to allow for 293 

the Markov-chain to find a favourable parameter set based on the initial conditions. We used 294 

10,000 samples or the burn in period. After this burn period, the sampled values form the 295 

redistribution 14Ccorr that should be considered in dating or modelling studies. Additionally, 296 

the resulting distributions of the δ13C end member mixing parameters (δ13Cg and δ13Cs) 297 

sampled by the MCMC represent the joint distribution of the values that were considered 298 

when determining 14Ccorr activities at the sites. The distributions were obtained from 200,000 299 

samples. 300 

3.4 Constraining correction parameters using argon-39 301 

A key component of our approach is to assess the accuracy of single sample correction 302 

models using a second tracer. The use of a piston flow model is appropriate only over very 303 

narrow ranges when the mixing of multiple ages is negligible (McCallum et al., 2015). 304 

However, the maximum variation of two environmental tracers can be defined using mixing 305 

envelopes (Cook et al., 2017). The mixing envelope defines the ranges of concentrations 306 

that can be obtained from the combination of any points obtained from a piston flow line. 307 

This effectively represents all plausible concentration relationships for the two tracers from 308 
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physical mixing and ageing processes. Hence, all samples corrected for geochemical 309 

processes must fall within these ranges. It should be noted that measured samples that lie 310 

within the mixing envelope may also contain some modification from carbonate dissolution 311 

and carbon exchange, and a correction may still be required. Figure 3 shows the data from 312 

the Port Willunga Formation aquifer and Hamersley Basin sites. At sites where both 39Ar and 313 

14C are sampled, the corrected 14C activities should fall within the mixing envelope. For an 314 

appropriate range of δ13C end members to be valid in the single sample correction model, all 315 

of the resulting corrections from the sites must fall within the mixing envelope.  316 

One approach to assessing the method is to use a second tracer – in this case 39Ar. Argon-317 

39 has a half-life of 269 years and is appropriate for dating groundwater between 100 and 318 

1000 years, filling the gap between young tracers like 3H, CFCs and 85Kr, and 14C.  The 319 

advantages of using 39Ar are that it is not affected by geochemical reactions, has a well-320 

known and constant input value and is sensitive over some of the range of values where 321 

changes in 14C may be attributable to carbonate exchange. Due to it’s low abundance in 322 

natural water, 39Ar needs to be obtained from a large volume of water, if measured by 323 

proportional counting (Lu et al., 2014). The 1-3 tons of water that needs to be degassed in 324 

the field means that it is often not practical to collect a large number of 39Ar samples. 325 

However, here we investigate the use of a limited number of groundwater samples analysed 326 

for 39Ar concentrations to constrain 14Ccorr activities of groundwater in large scale aquifers. 327 

The data collected from sites with 39Ar samples can also be included in the procedure by 328 

including a mixing envelope constraint. This includes penalising values of 39Ar greater than 329 

100 pmA which arises where measured values are close to 100 pmA, and the analytical 330 

uncertainty theoretically allows values above 100 pmA. We wish to exclude these. This is 331 

implemented as: 332 

0
ln( )

9999

Inside
L

Outside


 


                ( 10 ) 333 
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Hence, the constraint of the second tracer, 39Ar, is included in the likelihood assessment. 334 

Our results present the correction procedure for scenarios where 39Ar is included and 335 

excluded from the analysis for comparison. 336 

3.5 Ranges for correction parameters 337 

The ranges of the correction parameters for the δ13C mass balance are presented in Table 338 

1. Typically, the soil gas end members are determined by the plant speciation. The 339 

fractionation between gas and water is different for C3 and C4 type plants. However, over 340 

the time frames important to 14C dating, the plant speciation may change in the recharge 341 

area. Hence, we have adopted a range encompassing both C3 and C4 plants. The one limit 342 

of the end member is that it cannot be greater than the value of the corrected groundwater 343 

sample. This was enforced in our study. 344 

The other parameters important to the method are temperature and pH. Temperature is an 345 

important parameter of the correction scheme as it controls the fractionation rates of δ13C 346 

and equilibrium constants. In this study we have assumed an error of the temperature 347 

measurements of 1 °C. The error was assumed to be normally distributed and samples were 348 

generated using the measured concentration as the mean. The pH also has an impact on 349 

the correction scheme as it controls the speciation of carbonate minerals for a given set of 350 

equilibrium constants. We assumed an error of the pH measurements of 0.5 pH units, and 351 

the sampling was implemented in the same way as temperature. 352 

Finally, the measured 14C, δ13C and 39Ar concentrations in the groundwater samples play an 353 

important role in the calculations of 14Ccorr activities. The measurement errors are presented 354 

in Tables 2 and 3. These errors were also implemented in the sampling scheme of the 355 

Markov Chain Monte Carlo method. 356 

4 Results 357 

The measured 14C activities for most of the groundwater samples in the Port Willunga 358 

Formation aquifer fall within the mixing envelope with 39Ar (Figure 3). This suggests that the 359 
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mixing of old and young groundwater is a plausible scenario, in that the concentrations of 360 

both the 39Ar and the 14C are explainable by physical mixing processes alone, as the 361 

envelope represents all cases of two component mixing. Conversely, the data from 362 

Hamersley Basin falls outside the envelope of the plausible ranges explained by only 363 

physical processes except for two samples, hence, some level of correction is required for 364 

the data. 365 

The 14Ccorr activities for four example wells are presented in Figure 4. The example represent 366 

two sites where both 39Ar and 14C were measured (Figures 4a and 4b) and two sites where 367 

only 14C was measured (Figures 4c and 4d). We have also included sites from both the Port 368 

Willunga Aquifer (Figures 4a and 4c) and the Hamersley Site (Figures 4b and 4d). For the 369 

sites from the Port Willunga Aquifer, the ranges of corrected values are narrower than those 370 

for the Hamersley site when excluding 39Ar from the analysis. This is because the closed 371 

system model is less sensitive to variation in pH, T and δ13C end members. When 39Ar is 372 

included in the correction, only a minor change is observed for the sites located in the Port 373 

Willunga Aquifer (Figures 4a and 4c). Conversely, the range of the corrected values is 374 

significantly reduced for the samples collected from the Hamersley site (Figures 4b and 4d). 375 

This is the case for the site with (Figure 4a) and without (Figure 4b) additional 39Ar data. 376 

Hence the 39Ar data collected at selected sites is able to improve estimates of14Ccorr activities 377 

at all sites, as the end member values of the correction models are shared between all sites. 378 

Histograms from other sites are available in the supplementary material, Sections 1 through 379 

4. 380 

In comparing the changes in the 14Ccorr activities that includes the mixing envelope 381 

constraint, we can examine both the change in the median value and the range of values 382 

defined by the standard deviation. For the closed system Port Willunga Aquifer, negligible 383 

changes were observed in both the median and the range of values. The average change in 384 

the median 4Ccorr value was an 0.08 pmC reduction, and the average change in the standard 385 

deviation was an 0.05 pmC reduction. For the open system Hamersley site, the changes 386 
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were significant; an average increase of 6 pmC for the median value and a 3 pmC in the 387 

standard deviation. 388 

The mixing plot of 39Ar and 14C after the correction procedures are presented in Figure 5. For 389 

the Port Willunga Formation aquifer, the closed system correction moves the samples to the 390 

right of the atmospheric mixing line. Consistent with the observations of relative ranges and 391 

values of 14Ccorr activity, there is little differences between the points obtained from the 392 

scenarios despite of the inclusion of the mixing envelope constraints.  The region to the right 393 

of the mixing line represents mixtures between post 1950s (bomb-peak) recharge and pre-394 

1950’s recharge. This was also validated by the presence of some detectable 85Kr at the 395 

site. These values ranged from 0.6 to 2.0 dpm/cm3 compared to a modern recharge value of 396 

70 dpm/cm3 suggesting measurable component of young water. For the samples collected 397 

from the Hamersley site, some of the samples corrected without the mixing envelope 398 

constraint still fall outside the envelope. Additionally, the changes between the scenarios are 399 

more significant than at the Port Willunga aquifer site.   400 

The error of the corrections for the Hamersley Basin groundwater is much greater than for 401 

the analytical measurement error compared to Port Willunga Formation groundwater 402 

(comparison of Figures 3 and 5). However, the revised errors from the correction model 403 

include the errors attributable to both the measurement errors and the other parameters and 404 

constraints. Interestingly, the correction also modifies 39Ar ranges because the MCMC 405 

procedure will also favour 39Ar values that honour the mixing envelope. Figure 6 presents an 406 

example of a measured and posterior distribution of 39Ar concentrations. The mixing 407 

envelope constraint at the Hamersley Basin site removed groundwater samples with 39Ar 408 

values greater than 100 pmA, resulting in reduction of the range of plausible 39Ar values. The 409 

corrected 39Ar ranges for all sites are located in the supplementary material, Sections 5 and 410 

6. 411 

The posterior distributions of the δ13C end members for both sites are presented in Table 4.  412 

For the four scenarios, the posterior ranges of the soil gas end members were significantly 413 
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reduced from the prior ranges (Table 1). For the Port Willunga Formation aquifer, the end 414 

members were predicted to have similar ranges both with and without the inclusion of 39Ar 415 

data. The ranges for the soil gas end member are more representative of C3 vegetation. 416 

This is consistent with the Eucalyptus vegetation type that historically covered the Willunga 417 

Embayment. Conversely, the soil gas end member at the Hamersley Basin site is more 418 

representative of C4 vegetation. It is also of note that the inclusion of the 39Ar data both 419 

reduces the median value and narrows the range. This is consistent with the reduction in the 420 

range of corrected 14C activities. Rouillard et al. (2016) found that the alternating δ13C of 421 

sediment organic matter indicated variations between C3 and C4 type plants over the past 422 

2000 years at the Hamersley site. The sediment records indicate that the C4 type vegetation 423 

is most representative of a period approximately 500 – 1400 years ago. However, this is not 424 

consistent with the ages of corrected 39Ar suggesting some mixing of older water. 425 

Figure 7 presents the corrected and measured 14C activities for all sites. The correction for 426 

the Port Willunga Formation aquifer results in a significant number of sites reporting post 427 

1950s water. This suggests that age interpretations made on samples with lower 14C 428 

activities are less sensitive to carbon exchange processes. For the Hamersley Basin site, the 429 

correction results in a large range of 14Ccorr activities. Measured ranges were relatively 430 

narrow for 14C activities (20 – 50 pmC). However, the corrected activities indicate a greater 431 

range of concentrations, suggesting a greater variation in the apparent groundwater ages at 432 

the site. 433 

5 Discussion 434 

The stochastic method we used in this study, allows the determination of uncertainties of not 435 

only measured 14C activities, but also all of the parameters important for correction to be 436 

considered in arriving at a final range of 14Ccorr activities. Additionally, we extended the 437 

method to use sparsely collected 39Ar data to inform the parameters of single-sample 14C 438 

correction models. We have shown that the range of plausible values of 14Ccorr activities is 439 

much higher than analytical data alone. The results of our analysis suggest that the errors 440 
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associated with 14Ccorr activity of groundwater samples (~ 10 pmC) is two orders of 441 

magnitude higher compared to analytical error (~0.1 pmC). When including 39Ar data, we 442 

found that the largest reduction in uncertainty was observed at the Hamersley site. The 443 

reduction was not only observed in groundwater samples analysed for 39Ar concentrations, 444 

but also at sites where only 14C was collected. This reduction in uncertainty was attributable 445 

to the narrowed ranges of the soil gas end member that were modified by penalising values 446 

that resulted in 14Ccorr and 39Ar combinations falling outside the mixing envelope. This is 447 

significant in that the collection of a relatively small number of groundwater samples with 39Ar 448 

concentrations can improve the accuracy of 14Ccorr values across the entire site. This work 449 

builds on previous studies that apply Bayesian techniques to environmental tracer studies 450 

(Massoudieh et al., 2012; Petersen et al., 2014; Massoudieh et al., 2014; Alikhani et al., 451 

2016). 452 

One of the outcomes of the method presented here is that the data for 39Ar concentrations 453 

and 14Ccorr activity are no longer independent observations but form a joint probability 454 

distribution and therefore further interpretation can no longer consider these observations 455 

independently. This is because the use of the mixing envelope constraint correlates the two 456 

corrected concentrations (i.e. each sample of 14Ccorr corresponds to a specific sample 39Ar 457 

value). It is also notable that the error ranges and mean values of the 39Ar were modified by 458 

the modelling parameter estimation procedures. By invoking the mixing envelope constraint 459 

the viable ranges of the 39Ar data became lower than the measurement errors for 39Ar (note 460 

the measurement error is relatively high for the 39Ar relative to 14C). This is evidenced by 461 

comparing the vertical error bars in Figures 4 and 5, and is directly presented in Figure 6. 462 

Although we have used 39Ar to form the mixing envelope here, it would be possible to use 463 

multiple other tracers (e.g. tritium, CFCs and helium-4). The advantage of using 39Ar is that it 464 

has a more sensitive age range than young tracers like tritium and CFCs, which results in a 465 

more constrained mixing envelope. Argon-39 also covers the range of ages where the decay 466 

of 14C is not significant. As young tracers are only present in water recharged after 1950, the 467 
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mixture between pre-1950 waters and post 1950 waters form a fairly unconstrained range. 468 

Also if other processes affect tracer concentrations after the recharge event then these 469 

would also need to be considered in the correction schemes. For example, degradation of 470 

CFCs or production of helium-4 (4He) would modify the shape of the mixing envelope but 471 

could be jointly estimated in the procedure. The estimation of additional processes has 472 

previously been included in the studies of (Massoudieh et al., 2012; Massoudieh et al., 2014; 473 

Alikhani et al., 2016). Estimating these parameters would likely increase the degrees of 474 

freedom, and hence the overall ranges of the non-mixed values. Previous studies used 475 

validation of 14C ages with recharge temperatures using noble gases (Edmunds and 476 

Smedley, 2000) and radiogenic 4He measurements (Aeschbach-Hertig et al., 2002). Our 477 

modelling framework builds on these studies by formalising a multi-tracer validation 478 

approach using a mixing envelope constraint and in an MCMC framework.  479 

In this study we have used a single sample model, however, other methods exist to 480 

determine 14Ccorr. Geochemical mass balance techniques may have been applicable at the 481 

Port Willunga Formation site because the monitoring wells were completed with shorter 482 

production screen lengths which allow for the sampling of individual flow paths. However, at 483 

the Hamersley Basin site, the convergent flow field induced by sampling from wells with long 484 

production screen lengths would make it difficult to obtain multiple samples from a single 485 

flow path. Further improvements may be made for calculated age at this site by making soil 486 

gas measurements (e.g. Wood et al., 2015), as modifications to the carbon occurring in the 487 

vadose zone seem to be attributable to open system models.  488 

The implications of the 14Ccorr activity is also important for our understanding of the 489 

conceptual hydrogeology of the site. In the Port Willunga Aquifer, the 14Ccorr ranges suggest 490 

a substantial amount of modern recharge. This is consistent with the slow water table 491 

decline observed at the site despite the high volume of extraction for irrigation purposes. It is 492 

also consistent with the understanding of significant ephemeral recharge at the site (Batlle-493 

Aguilar and Cook, 2012; Batlle-Aguilar et al., 2015). The corrected mixtures also suggest the 494 
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mixing of modern (14Ccorr > 100 pmC) and water up to 460 years old (39Ar > 30 pmA). This 495 

suggests some amount of mixing even for short screens which may be attributable to 496 

heterogeneity of the aquifer (Engdahl et al., 2012; McCallum et al., 2014). For the Hamersley 497 

site, the values of 14Ccorr correspond to the understanding of the transient nature of flooding 498 

and recharge at the site (Dogramaci et al., 2012; Rouillard et al., 2016; McCallum et al., 499 

2017). This is also consistent with the observation of measurable concentrations of young 500 

tracers (post 1950) at the site (Cook et al., 2017). 501 

6 Conclusions 502 

This investigation highlighted the need to account for all sources of error when performing 503 

corrections with single sample models to determine 14Ccorr activities in groundwater dating. 504 

Our work has provided two main outcomes. Firstly, when we consider the errors of all 505 

components of 14Ccorr, the error is 100 times greater than the analytical error. This is 506 

important when including 14Ccorr activities in hydrogeological studies, especially when 507 

additional data is being compared. These errors can be significant when assessing aspects 508 

of a system given the timeframes associated with 14C decay. Secondly, we found that the 509 

use of a second tracer, 39Ar, provided improved estimates of 14Ccorr activities at the 510 

Hamersley Basin aquifer where open system carbonate dissolution was occurring. The 511 

improvements observed in the Port Willunga Aquifer, where closed system condition 512 

prevails, were not substantial. This is related to the relative sensitivity of the open and closed 513 

system models to parameters including pH, temperature and δ13C end members. Future 514 

work should include the uncertainties of single site correction models with more constrained 515 

forms of groundwater age distributions, as the second tracer approach used here relied on 516 

assuming a maximum mixing condition.  517 
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Tables 690 

Table 1: δ
13

C end member ranges used in the Markov Chain Monte-Carlo procedure. 691 

 

δ13C 

 
Minimum Maximum 

Soil Gas     

C4 Plants -27 -20 

C3 Plants -17 -12 

Adopted Range -27 -12 

Samples     
Port Willunga 
Aquifer -17.4 -5.8 

Hamersley -13.9 -9 

      
Marine Carbonate -1 5 
 692 

693 
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Table 2: Groundwater chemical and isotopic results for the Port Willunga Formation and Hamersley 694 
Basin aquifers. 695 

Port Willunga 
Formation 
samples 

      

 

  
Location 14C (pmC) δ13C (‰) 39Ar (pmA)  pH T (°C) 

Site 2-4 57.95 ± 0.17 -10.43 ± 0.2 37 ± 8  7.45 22.1 

Site 2-5 65.86 ± 0.18 -11.35 ± 0.2 35 ± 10  7.53 21.2 

Site 2-6 77.52 ± 0.17 -11.33 ± 0.2 54 ± 9  7.59 21.4 

Site 3-6 80.74 ± 0.20 -12.88 ± 0.2 57 ± 9  7.33 20.4 

Site 4-5 74.67 ± 0.22 -12.57 ± 0.2 34 ± 6  7.05 19.2 

Site 4-6 86.70 ± 0.25 -12.76 ± 0.2 67 ± 9  7.4 19 

Hamersley Basin 
samples 

      

 

  
Location 14C (pmC) δ13C (‰) 39Ar (pmA)  pH T (°C) 

DW06HD1N0001 44.94 ± 0.11 -11.33 ± 0.2 83 ± 7  7.86 27.3 

DW06HD1N0003 44.38 ± 0.1 -11.7 ± 0.2 100 ± 10  7.99 27 

DW06HD1N0005 41.42 ± 0.1 -11.36 ± 0.2 69 ± 9  7.88 28.09 

DW06HD1N0008 31.86 ± 0.1 -10.23 ± 0.2 31 ± 9  7.93 30.76 

DW07HD1N0003 31.84 ± 0.1 -10.79 ± 0.2 56 ± 12  7.84 30.22 

DW07HD1N0004 33.98 ± 0.1 -10.94 ± 0.2 31 ± 9  7.91 30.04 

DW07HD1N0005 34.85 ± 0.1 -11.12 ± 0.2 55 ± 8  7.92 30.26 

WB14HD1N002 32.19 ± 0.29 -9 ± 0.2 43 ± 12  8.11 28.9 

WB14HD1N004 42.52 ± 0.27 -9.4 ± 0.2 60 ± 15  8.13 31.5 
 696 

697 
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Table 3: Results of isotopic and chemical analysis where argon-39 was not collected 698 

Port Willunga Formation 
Groundwater Samples 

    
Location 14C (pmC) δ13C (‰) pH T (°C) 

51350_A 89.2 ± 0.19 -16.1 ± 0.2 7.1 18.8 

51350_B 89.8 ± 0.19 -16.9 ± 0.2 7.9 18.7 

51350_C 90.1 ± 0.19 -13.9 ± 0.2 8.0 18.6 

51350_d 94.7 ± 0.2 -13.8 ± 0.2 8.0 17.6 

51351_A 87.3 ± 0.2 -17.4 ± 0.2 7.5 18.8 

51351_B 89.4 ± 0.2 -12.7 ± 0.2 7.2 18.9 

51351_C 93.1 ± 0.2 -10.8 ± 0.2 7.6 18.3 

51352_A 88.8 ± 0.2 -14.3 ± 0.2 7.4 18.8 

51352_B 89.5 ± 0.2 -13.1 ± 0.2 7.6 18.7 

51352_C 90.9 ± 0.26 -12.2 ± 0.2 7.8 18.5 

FAF-4 38.6 ± 0.13 -9.5 ± 0.2 8.0 23.2 

FAF-5 51.2 ± 0.14 -9.4 ± 0.2 7.8 22.7 

FAF-6 58.7 ± 0.15 -9.9 ± 0.2 7.9 22.5 

FAF-8 40.4 ± 0.13 -9.5 ± 0.2 8.5 22.6 

FAF-9A 63.9 ± 0.16 -11.3 ± 0.2 8.3 22.8 

S1-3 5.9 ± 0.07 -8.3 ± 0.2 7.7 23.2 

S1-4 37.6 ± 0.12 -9.2 ± 0.2 7.6 22.1 

S1-5 58.7 ± 0.17 -10.1 ± 0.2 7.4 21.9 

S1-6 55.4 ± 0.16 -10.4 ± 0.2 7.4 20.4 

S2-3 39.6 ± 0.13 -9.2 ± 0.2 7.6 22.3 

S2-7 82.4 ± 0.17 -9.7 ± 0.2 7.7 23.3 

S3-4 62.5 ± 0.15 -12.2 ± 0.2 7.5 21.4 

S3-5 77.6 ± 0.18 -12.5 ± 0.2 7.2 20.7 

S5-5 39.6 ± 0.14 -10.0 ± 0.2 7.6 18.2 

S6-3 41.0 ± 0.13 -13.2 ± 0.2 7.1 19.8 

SWI-2A 3.8 ± 0.05 -6.0 ± 0.2 7.1 24.2 

SWI-2B 13.5 ± 0.09 -6.2 ± 0.2 7.8 23.6 

SWI-3A 46.5 ± 0.11 -6.7 ± 0.2 7.8 23.6 

SWI-4A 1.4 ± 0.05 -8.1 ± 0.2 6.7 26.5 

SWI-4B 45.4 ± 0.15 -10.0 ± 0.2 7.5 21.5 

SWI-5A 1.6 ± 0.05 -6.4 ± 0.2 7.1 25.1 

SWI-5B 1.8 ± 0.05 -6.0 ± 0.2 6.9 22.9 

SWI-5C 3.3 ± 0.05 -5.8 ± 0.2 7.5 22.9 

SWI-6A 42.1 ± 0.1 -9.6 ± 0.2 7.4 25.6 

SWI-7B 2.8 ± 0.05 -6.5 ± 0.2 7.0 25.8 

SWI-7C 52.7 ± 0.14 -11.0 ± 0.2 8.0 24.2 

SWI-8A 2.9 ± 0.07 -7.9 ± 0.2 6.8 24.6 

SWI-8B 52.5 ± 0.14 -10.6 ± 0.2 7.7 25.1 

WLG061 87.5 ± 0.24 -11.5 ± 0.2 8.0 18.6 

WLG071 75.2 ± 0.18 -13.5 ± 0.2 7.1 19.6 
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WLG099 91.1 ± 0.25 -11.1 ± 0.2 6.6 19.8 

WLG100 85.4 ± 0.24 -9.1 ± 0.2 6.8 19.8 

WLG102 58.6 ± 0.15 -11.1 ± 0.2 7.8 20.7 

WLG136 36.9 ± 0.12 -8.0 ± 0.2 8.3 19.8 

WSS001_B 69.1 ± 0.16 -11.6 ± 0.2 8.1 20.1 

WSS001_C 67.9 ± 0.09 -12.3 ± 0.2 8.2 20.4 

WSS001_D 72.6 ± 0.17 -11.7 ± 0.2 8.0 20.4 

WSS001_E 68.9 ± 0.17 -12.2 ± 0.2 8.1 20.6 

WSS002_A 49.8 ± 0.14 -10.9 ± 0.2 8.3 19.8 

WSS002_B 47.5 ± 0.14 -11.3 ± 0.2 7.9 20.0 

WSS002_C 38.3 ± 0.14 -10.1 ± 0.2 7.0 20.5 

WSS002_E 11.0 ± 0.08 -7.9 ± 0.2 8.2 20.7 

WSS002_F 15.7 ± 0.06 -8.0 ± 0.2 8.1 21.0 

WSS003_A 48.1 ± 1.42 -11.4 ± 0.2 8.2 20.1 

WSS003_B 57.0 ± 1.53 -11.8 ± 0.2 8.0 20.0 

WSS003_C 41.0 ± 1.28 -9.1 ± 0.2 8.3 20.4 

WSS003_D 27.2 ± 1.08 -7.4 ± 0.2 8.1 21.3 

WSS003_E 14.9 ± 0.84 -7.4 ± 0.2 8.2 20.8 

WSS003_F 14.6 ± 0.82 -8.0 ± 0.2 7.8 21.5 

Hamersley Basin Groundwater 
Samples 

    
Location 14C (pmC) δ13C (‰) pH T (°C) 

DW06HD1N0001 43.5 ± 0.19 -13.0 ± 0.1 7.8 25.3 

DW06HD1N0001 44.4 ± 0.27 -11.3 ± 0.2 7.6 27.6 

DW06HD1N0002 31.2 ± 0.14 -12.1 ± 0.1 7.8 26.9 

DW06HD1N0002 32.3 ± 0.1 -10.7 ± 0.2 7.9 30.5 

DW06HD1N0003 40.3 ± 0.18 -13.0 ± 0.1 7.8 27.6 

DW06HD1N0003 44.0 ± 0.27 -11.3 ± 0.2 7.5 27.6 

DW06HD1N0004 39.0 ± 0.23 -13.9 ± 1.4 7.8 26.5 

DW06HD1N0005 36.9 ± 0.19 -12.7 ± 0.1 7.8 26.0 

DW06HD1N0005 42.1 ± 0.27 -11.1 ± 0.2 7.6 27.6 

DW06HD1N0006 45.1 ± 0.19 -12.9 ± 1.3 7.8 25.4 

DW06HD1N0008 32.2 ± 0.15 -11.6 ± 0.1 7.8 26.9 

DW06HD1N0008 31.5 ± 0.33 -10.7 ± 0.2 7.7 27.6 

DW06HD1N0009 30.5 ± 0.14 -11.7 ± 0.1 7.8 27.0 

DW06HD1N0009 30.8 ± 0.1 -10.7 ± 0.2 7.8 30.9 

DW07HD1N0002 33.0 ± 0.17 -12.6 ± 1.6 7.8 27.1 

DW07HD1N0002 41.0 ± 0.11 -11.6 ± 0.2 7.9 30.3 

DW07HD1N0002 41.3 ± 0.3 -11.5 ± 0.2 7.6 27.6 

DW07HD1N0003 30.9 ± 0.16 -11.7 ± 2.2 7.8 27.4 

DW07HD1N0003 31.5 ± 0.33 -10.9 ± 0.2 7.7 27.6 

DW07HD1N0004 31.0 ± 0.18 -12.3 ± 2.2 7.8 27.4 

DW07HD1N0004 33.8 ± 0.32 -11.0 ± 0.2 7.7 27.6 

DW07HD1N0005 31.7 ± 0.14 -12.3 ± 1.6 7.8 27.8 

DW07HD1N0005 34.4 ± 0.32 -11.5 ± 0.2 7.8 27.6 
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DW07HD1N0007 37.8 ± 0.1 -11.2 ± 0.2 7.9 28.9 

DW08HD1N001 37.5 ± 0.17 -13.9 ± 1.9 7.8 25.5 

WB12HD1N001 31.4 ± 0.29 -10.6 ± 0.2 7.7 27.6 

PZ08B1010 20.2 ± 0.32 -9.7 ± 0.2 7.8 27.6 

PB06HD1N0001 36.8 ± 0.1 -11.0 ± 0.2 8.1 29.1 

PB06HD1N0001 36.4 ± 0.28 -10.5 ± 0.2 7.7 27.6 
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Table 4: Posterior distribution of δ
13

C end members. Distributions were obtained from 10000 

samples using the Metropolis Hastings algorithm. 

 

δ13C (‰) 

 
Minimum Maximum 

Soil Gas     

C4 Plants -27 -20 

C3 Plants -17 -17 

Adopted Range -27 -12 

Samples     

Port Willunga Aquifer -17.4 -5.8 

Hamersley -13.9 -9 

      

Marine Carbonate -1 5 
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Figures 

 

Figure 1: (a) Location of the two field sites within Australia, (b) location of wells in the Port Willunga 

Formation aquifer (Note, argon samples are taken at multiple depths from well nests at sites 2, 3 and 4), 

and (c) Sample locations at the Hamersley Basin site. 
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Figure 2: Concept of Likelihood. The parameter x is sampled at a distance (xn+1) from the previous point 

(xn). The resulting sample is less likely, hence the probability of the new parameter is lower than the 

previous parameter. 
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Figure 3: Atmospheric piston flow line, the mixing envelope of carbon-14 and argon-39 and the measured 

samples for the Port Willunga Formation and Hamersley Basin aquifer. If physical mechanisms (e.g. 

dispersion) have caused the discrepancy, all samples should fallen within the mixing envelope. Note the 

errors of the carbon-14 samples are smaller than the size of the symbols. 
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Figure 4: Posterior distribution of corrected 
14

C activities with (ME) and without (no ME) the mixing 

envelope constraint. Panel (a) and (b) represent sites where both 
14

C and 
39

Ar were collected, and sites 

(c) and (d) represent sites where only 
14

C was collected. Panels (a) and (c) represent different wells at the 

Port Willunga site and panels (b) and (d) represent the same well sampled at two different times at the 

Hamersley Basin site. The results of all sites are presented in the supplementary information.  
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Figure 5: Posterior distribution of 
14

C activities and 
39

Ar concentrations for open and closed system 

corrections. Open symbols represent scenarios where the mixing envelope constraint was not 

implemented.  Error bars represent the 16
th

 and 84
th

 percentiles of the values.  
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Figure 6: Measured and posterior distribution of 
39

Ar at an example sampling location (DW06HD1N0003). 

The mixing constraint also refines the 
39

Ar concentration range. The results of all sites are presented in 

the electronic annexe. 
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Figure 7: Corrected and uncorrected carbon-14 concentrations for the Port Willunga Formation and 

Hamersley Basin sites. The results of 
14

C activity for the groundwater samples are presented in Table 3. 
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 A Bayesian approach to single-sample based models  

 Coupled 39Ar and 14C dating tracers of old groundwater 

 39Ar tracer as additional constraint for 14C dating method 

 The errors of corrected 14C are much greater than analytical errors 

 Quantifying correction errors is essential in groundwater dating 

 

 




