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Abstract Understanding groundwater ages within an aquifer system has the potential to better constrain
estimates of groundwater recharge and flow rates and therefore increase the reliability of groundwater
models. Groundwater ages are generally interpreted from field-observed environmental tracer
concentrations, but in many cases in which multiple groundwater age tracers have been analyzed
simultaneously the results show significant disparities among tracer-specific estimated ages. The disparities
are generally attributed to physical mixing between waters of different ages. However, especially in the
geochemical literature environmental tracer concentrations are often analyzed with simplistic models in
which the degree of the simulated mixing might be considered unrealistic for natural heterogeneous
geologic media. In this study we use numerical experiments to examine under which physical conditions
measured concentrations of selected environmental tracers (CFC-12, 39Ar, and 14C) may return discrepant
ages. Our model simulations suggest that matrix diffusion has the greatest potential to cause mixing of
different-aged water and to generate age biases between tracers. The multitracer simulations also suggest
that there is a limit to the magnitude of the discrepancies that can be attributed to physical processes. When
comparing data collected from the Pilbara region of Western Australia with our numerical modeling studies,
it was found that a dual-domain mass transfer model was required to explain the field-observed
age discrepancies.

1. Introduction

Understanding and quantifying the distribution of groundwater ages within an aquifer system provides a
significant potential to better constrain estimates of groundwater recharge and flow rates (Cook &
Robinson, 2002; Solomon et al., 1993; Vogel et al., 1974) and therefore improve the reliability of groundwater
flowmodels (Michael & Voss, 2009; Reilly et al., 1994; Sanford, 2011; Sanford et al., 2004; Turnadge & Smerdon,
2014; Yager et al., 2013). However, the age of groundwater can never be directly measured but must be
inferred from measured concentrations of selected individual or multiple environmental tracers such as
tritium (3H), chlorofluorocarbons (CFCs), carbon-14 (14C), or argon-39 (39Ar). Where groundwater ages are
deduced from measured concentrations of multiple environmental tracers, they often indicate mixtures of
waters of different apparent ages (Bethke & Johnson, 2008; Cornaton & Perrochet, 2006; Ginn, 1999;
Suckow, 2013; Varni & Carrera, 1998). Concentrations of environmental tracers that are indicative of relatively
young waters (<60 years) and concentrations of tracers indicative of very old water have been found in the
same groundwater samples at a wide range of field sites, as seen in Figure 1 (e.g., Alikhani et al., 2016; Arslan
et al., 2015; Bretzler et al., 2011; Cook et al., 2005, 2017; Corcho Alvarado et al., 2007; Genereux et al., 2009;
Harrington, 2002; Jasechko et al., 2017; Jurgens et al., 2014, 2016; Massoudieh et al., 2014; Samborska et al.,
2013; Sültenfuβ et al., 2010; Talma et al., 2000). Cook et al. (2005), for example, observed the presence of
CFCs, an indicator of water less than 60 years old, in water with 14C concentrations suggesting ages of
thousands of years in a fractured rock aquifer. Similarly, Genereux et al. (2009) reported CFC concentrations
in samples with 14C concentrations implying the sampled water in the Braulio Carrillo National Park, Costa
Rica, is older than 8,000 years. Most recently, groundwater samples from bores within the Pilbara region of
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Western Australia have been found to contain both measurable CFC-12
and uncorrected 14C activities of 30–40 pmC, also suggesting the mixing
of old groundwater with recent recharge (Cook et al., 2017; McCallum
et al., 2017). Even when accounting for geochemical processes, Jasechko
et al. (2017) found 3H in samples with depleted levels of 14C indicating
the mixing of young and fossil age groundwater.

Physical mixing of waters of different ages occurs over various time frames
during subsurface passage as a result of diffusion, transverse dispersion
(Castro & Goblet, 2005), and diffusive mass transfer between permeable
zones of an aquifer and poorly permeable layers such as aquitards
(Cornaton & Perrochet, 2006; LaBolle et al., 2006; Sanford, 1997;
Weissmann et al., 2002). Various sampling conditions, such as
long-screened wells, can also induce physical mixing of waters of different
age through the interception of multiple flow paths (Hofmann et al., 2010;
Małoszewski & Zuber, 1982). Additionally, chemical processes may cause
erroneous interpretation of the true groundwater age for one or more of
the analyzed tracers. For 14C, these processes include dissolution of old
carbonates and fractionation due to reactions including ion exchange

and oxidation-reduction (Clark & Fritz, 1997; Salmon et al., 2015). CFCs are also prone to sorption and degra-
dation under specific conditions (Bauer et al., 2001; Cook & Solomon, 1995; Hinsby et al., 2007), which can
influence tracer concentrations and create bias in groundwater age dating.

Where samples are thought to represent a mixture of waters of different apparent ages, the interpretation of
environmental tracer concentrations is frequently carried out with analytical models (e.g., International
Atomic Energy Agency, 2006; Maloszewski & Zuber, 1996). These models quantify the mixtures of young
and old groundwater and their relative distributions using mathematical functions. Common tracer interpre-
tation models include lumped parameter models (e.g., Amin & Campana, 1996; Maloszewski & Zuber, 1982,
1996; Zuber, 1986) and direct age models (Ginn, 1999; Goode, 1996). In several studies the groundwater age
distributions determined from these models have been employed to assist in the characterization of
groundwater dynamics (e.g., Corcho Alvarado et al., 2007; Eberts et al., 2012; Gusyev et al., 2013; Long &
Putnam, 2009; Solomon et al., 2010; Troldborg et al., 2007; Zuber et al., 2005).

While mixing models are well developed in the literature, an important shortcoming is that they do not
explicitly simulate physical mixing mechanisms and therefore potentially allow for physically unrealistic
scenarios. To date, only few studies have sought to employ process-basedmodels to more closely interrogate
measured field data of multiple environmental tracers and to investigate how various types of physical
transport mechanisms can affect interpreted groundwater ages (Cook et al., 2005; Gardner et al., 2015;
McCallum et al., 2014). Therefore, this study systematically explores and discusses the influence of different
physical transport processes on generating mixing between young and old groundwater and to what extent
they can contribute to field-observed apparent age discrepancies.

We define and perform a range of numerical experiments with a synthetic two-dimensional (2-D) aquifer
system to illustrate and quantify the coupled transport and mixing of multiple environmental tracers. For
our simulations we employ three representative groundwater age tracers. We use CFCs to denote young
groundwater and 14C, which is commonly used to date groundwater from ~2,000 years up to as old as
30,000 years. In addition, we also simulate the transport of the less commonly applied 39Ar, which covers
an intermediate age range between the preceding two (50 to 1,000 years). Our simulations do not take into
account external processes (e.g., degradation of CFCs or subsurface production of 39Ar) that may influence
the concentrations of these tracers within the subsurface. Any samples that can’t be explained by physical
processes must therefore be produced by such reactions. This allows us to isolate the influence of individual
processes on the sampled field data. Transport of environmental tracers is explored in both porous media
and fractured rock. For the latter we employ a dual-domain approach in which the mobile domain represents
fracture flow and the immobile domain represents the rock matrix. For the larger-scale setting investigated
here a dual-domain approach was preferred to represent the transport characteristics of fractured rock aqui-
fers, thereby omitting the need for an explicit parameterization of the fracture network that would have been

Figure 1. Comparison between CFC-12 concentrations and 14C activities as
reported from samples collected at selected at field sites. Any sample with
CFC-12 indicates recent recharge, while a 14C concentration <100 pmC
indicates older water. Modern 14C concentrations are considered to be
>100 pmC, and also indicate recent recharge.
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required when employing a discrete fracture network model. Potential
influences on the observed tracer concentrations such as (i) sampling con-
ditions, (ii) recharge variability, and (iii) previously unaccounted geochem-
ical reactions are also investigated.

In light of these theoretical model simulations, we analyze the recently
reported field measurements of environmental tracer concentrations
obtained from a site within the Pilbara region of northwestern Australia
(Cook et al., 2017; McCallum et al., 2017). We use the environmental tracer
distributions produced from the model simulations to identify which
physical processes could plausibly explain the observed apparent age
discrepancies in the field data.

2. Methodology
2.1. Considered Environmental Tracers

The transport of three commonly used environmental tracers that span a
broad range of temporal scales was considered for this study; CFC-12,
39Ar, and 14C. Carbon-14, a naturally occurring isotope with a half life of
5,730 years, can be used to date groundwater from ~2,000 up to around
30,000 years old and is one of themost widely used tracers in groundwater
studies (Clark & Fritz, 1997). Groundwater apparent age determination
with 14C relies on the well-defined radioactive decay from an initial 14C
activity at the time groundwater is recharged, which is usually assumed

to be 100 pmC (Kalin, 2000). However, in natural systems, rock-water interactions can have a large influence
on 14C (Clark & Fritz, 1997; Salmon et al., 2015). A number of correction techniques that account for the sam-
ple’s δ13C signature allow corrections to be made for 14C activities resulting from chemical reactions (Han &
Plummer, 2013; Ingerson & Pearson, 1964; Mook et al., 1974).

Chlorofluorocarbon-12 (CFC-12) atmospheric concentrations have rapidly increased since the 1940s as a
result of industrial and domestic uses, peaking in the 1990s (see Figure 2). Accordingly, the presence of
CFCs in groundwater indicates recharge post-1940 (Busenberg & Plummer, 1992). Since the atmospheric
accumulation of CFCs has been well documented, in theory, the year of recharge and hence groundwater
age can be determined from CFCs by relating the measured concentrations in groundwater back to the
known historical atmospheric concentrations (International Atomic Energy Agency, 2006). It should be noted,
however, that sorption and degradation processes under anaerobic conditions have the potential to bias dat-
ing with CFCs (most notably CFC-11) (Bauer et al., 2001; Cook & Solomon, 1995; Hinsby et al., 2007). Due to the
declining trend in atmospheric CFC concentrations since the 1990s, age dating with CFC’s after this time may
not give a unique solution.

Argon-39, with a half life of 269 years can be used to date groundwater in the range of 50 to 1,000 years
(Loosli et al., 2000), making it a useful tracer to cover the intermediate timescales between the young age
tracers (CFCs) and 14C. As 39Ar has a constant and well-known atmospheric input concentration and is
unaffected by anthropogenic sources; age dating is achieved by assuming that the reduction in the
concentration of groundwater is solely due to radioactive decay.

2.2. Pilbara Field Site

The considered field site is located approximately 80 km northwest of Newman in Western Australia within
the Hamersley Basin. The region has a highly variable arid to semiarid climate, with rainfall being primarily
associated with tropical cyclones over the summer months. The target aquifers at the site are the fractured
Marra Mamba Banded Iron Formation overlain by the Wittenoom formation, which is composed of shale,
dolomite, and sandstone and is considered to be the main regional aquifer. Further details of the Pilbara
field site can be found in Cook et al. (2017) and Dogramaci et al. (2012). A total of 48 water samples were
taken from production bores in 2008, 2014, and 2016 and analyzed for CFC-12 and 14C. The samples
collected in 2008 and 2014 are reported in Cook et al. (2017). Nine 39Ar samples were collected as reported
in McCallum et al. (2017). In addition, this study includes newly analyzed 14C and CFC-12 data collected in

Figure 2. Atmospheric concentrations of environmental tracers as used for
simulated groundwater recharge concentrations between 1940 and 2015.
CFC-12 data are based on measured atmospheric concentrations at Cape
Grimm (Cunnold et al., 1994) and 14C data are based on Levin et al. (1992).
39Ar was set to the globally constant value of 100% modern (Corcho
Alvarado et al., 2007).
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2014 and 2016 from additional bores. The sampled bores ranged in depth from 120 to 216 m and were
completed with 300-mm steel casing. The screened intervals ranged from 12 to 158 m in length. Most of
the sampled bores were continuously pumped for dewatering. However, bores that were not being
pumped were purged a minimum of three bore values, and sampling was only carried out when field
measurements of electrical conductivity, temperature, and pH had stabilized. The sampling techniques
used to obtain these environmental tracer samples are detailed in Cook et al. (2017) and are therefore
only briefly described here. Samples for 14C and 13C were collected in 500-ml plastic bottles, and analysis
was carried out at GNS Science Rafter Radiocarbon Laboratory using accelerator mass spectrometry and
isotope ratio mass spectrometry, respectively. Groundwater samples for CFCs were collected in 125-ml
glass bottles submerged in a bucket with several volumes flushed prior to sampling to avoid atmospheric
contamination. CFC concentrations were determined at the GNS Science Water Dating Laboratory by gas
chromatography. In addition, 39Ar concentrations reported in McCallum et al. (2017) were obtained from
gas samples taken in situ. Gas samples of 6.5 bar in 6-kg cylinders were obtained by degassing between
3.3 and 4.3 m3 of water in the field (Purtschert et al., 2013). The samples were analyzed at the University
of Bern, Switzerland, using low level gas proportional counting (Loosli et al., 1986; Loosli & Purtschert,
2005; Riedmann & Purtschert, 2016).

2.3. Numerical Modeling Framework
2.3.1. Numerical Model Setup
A quasi-hypothetical, synthetic, relatively simple 2-D cross-sectional model was defined to perform the
numerical experiments (Figure 3). The selected model setup represents an unconfined aquifer, 4-km long
and 200-m deep, loosely based on aquifer geometries observed at the Pilbara site by Cook et al. (2017). A
2-D model geometry was selected over a full 3-D model for the sake of higher computational efficiency while
not significantly compromising the general findings as per previous studies (D’Affonseca et al., 2011;
Ekwurzel et al., 1994; Ma et al., 2014; Salmon et al., 2015; Solomon & Sudicky, 1991; Zhang et al., 2013).
Groundwater flow was simulated with MODFLOW-NWT (Niswonger et al., 2011) and multispecies
environmental tracer transport simulations were performed with MT3DMS-USGS (v1; Bedekar et al., 2016).

The conceptual hydrogeological model was defined to resemble a semiarid groundwater system. In the
selected setup, all water enters the domain through groundwater recharge and exits the domain through
a creek situated on the left boundary of the domain represented through a specified head boundary
condition. No flow was permitted across the lateral and bottom boundaries, which represent the
groundwater divide in the recharge area and an underlying impermeable layer, respectively (Figure 3). The
hydraulic properties of the aquifer (Table 1) were chosen to be representative of a limestone/dolomite aquifer
(Freeze & Cherry, 1979).

Figure 3. Schematic of the 2-D simulation domain, including dimensions and boundary conditions. The vertical dashed red
line shows the location of the monitoring wells. Recharge is considered to be spatially uniform except in Scenario 3, where
recharge is nonuniformly distributed.
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2.3.2. Simulation of Environmental Tracer Concentrations
Reconstructed atmospheric concentration histories for individual tracers
were aggregated to annual averages and assigned as recharge
concentrations (Figure 2). In this study, southern hemisphere
concentrations were adopted for CFCs and 14C, as reported by Cook
et al. (2017). CFC recharge concentrations are based on measured
atmospheric concentrations at Cape Grimm (Cunnold et al., 1994), con-
verted to equivalent aqueous concentrations based on the solubilities of
the respective gases (Warner & Weiss, 1985). A recharge elevation of
600 m, a recharge temperature of 24 °C, and negligible amounts of excess
air were assumed. The 14C activities in atmospheric CO2 were adopted
from Levin et al. (1992), and the atmospheric input for 39Ar was set to
the globally constant value, that is, 100% modern (Corcho Alvarado
et al., 2007). First-order decay of environmental tracers was modeled,
where applicable, using the decay rate constants listed in Table 2.
Species-specific molecular diffusion coefficients as employed in the
simulations are also listed in Table 2.

The transport simulations were performed in two steps. In the first step the spatial distributions of 14C and
39Ar concentrations were obtained by computing the steady state transport solution (Zheng, 2010) under
the implicit assumption of a steady state flow field. This step assumed a recharge concentration of
100 pmC and 100 pmA, for 14C and 39Ar, respectively, which are considered the long-term natural
background concentrations (Corcho Alvarado et al., 2007; Kalin, 2000). In the second step the computed
steady state concentrations were used to define the initial concentrations of 14C and 39Ar for a subsequent
75-year long transient transport simulation. This simulation started in 1940 and considered the temporally
variable concentration input that occurred for CFC-12 during this period (Figure 2) as well as for 14C, which
exceeded 100 pmC from the 1950s as a result of nuclear weapon testing (Cook & Böhlke, 2000). Note that
the steady state transport solution requires a fraction of the runtime needed by an equivalent transient
transport model for a sufficiently long period (up to 30 kyr) until a steady state is reached.
2.3.3. Long-Screen Monitoring Wells
Where samples are collected from short-screened monitoring wells, the origin of the sampled groundwater
with respect to the sampled depth is well defined as the mixing of waters from different depths and
therefore different ages are insignificant. In contrast, groundwater samples obtained from long-screened
wells represent mixtures of waters from different depths and, depending on the geology, potentially vastly
different flow paths, leading to water mixtures of highly disparate ages (Eberts et al., 2012; Visser et al.,
2013; Zinn & Konikow, 2007b). To quantify this effect, we consider tracer concentrations as determined
from a range of screen lengths for each of the investigated scenarios and accordingly determine the
respective influence on mixing and apparent age discrepancies. Monitoring wells of screen lengths
spanning 10, 20, 40, 80, 100, 120, 140, and 160 m at all depths within the domain are considered by
successively moving the wells within the domain along a vertical line, that is, positions indicated by the
red line in Figure 3. For each well position, the flux weighted average concentration was extracted from
the mobile domain of the aquifer. As the hydraulic gradient within the domain in primarily horizontal, there
is minimal variation in tracer concentrations laterally across the domain (Vogel, 1967), so only vertical

locations were systematically altered. An exception to this was made
when the recharge was varied spatially across the domain, with the
lateral locations chosen such that they would be in a position which
yields maximum discrepancy.

2.4. Numerical Experiments

Systematic numerical simulations were conducted to assess the effective-
ness of different physical mechanisms in reproducing field-scale ground-
water age discrepancies. Starting with the classical Fickian dispersion
model, we investigated the effectiveness of individual processes and of
plausible combinations of processes.

Table 1
Model Parameters Used in Simulations

Parameter Unit Value

Domain length (x direction) m 4,000
Domain depth (z direction) m 200
Horizontal discretization (x direction) m 50
Vertical discretization (z direction) m 2
Hydraulic conductivity m/day 0.1
Hydraulic conductivity anisotropy ratio — 0.1
Effective porosity (θ) — 0.2a

Specific storage m�1 1 × 10�6

Specific Yield — 0.2
Longitudinal dispersivity (αL) m 10b

Recharge Rate mm/year 5c

aFreeze and Cherry (1979). bGelhar, Welty, Rehfeldt, et al. (1992).
cChloride mass balance presented in Cook et al. (2017).

Table 2
Decay Constants and Diffusion Coefficients of Tracers Studied

Tracer
Half life
(years)

Radioactive decay
constants (year�1)

Free solution diffusion
coefficient (m2/year)

CFC-12 — — 3.5 × 10�2

14C 5,730 1.21 × 10�4 4.0 × 10�2

39Ar 269 2.58 × 10�3 2.68 × 10�2a

Note. Data from Cook and Herczeg (2000) except where specified.
aMaharajh and Walkley (1973).
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2.4.1. Scenario 1: Advection-Dispersion With Fickian
Macrodispersion (Homogeneous)
In a first step, we investigated the maximum possible apparent age discre-
pancies that may be produced under a Fickian advection-macrodispersion
model (ADM). Note that previous studies have pointed out that the ADM is
mostly appropriate to describe tracer transport in relatively homogeneous
porous media (Ekwurzel et al., 1994) and its accuracy decreases as aquifer
heterogeneity increases (Feehley et al., 2000; Larocque et al., 2009). The

ADM implies that solute spreading is fundamentally diffusive in nature with the magnitude of the velocity-
dependent dispersion phenomena being controlled by the longitudinal dispersivity (αL; L) and the transverse
dispersivity (αT; L), which has a horizontal (αTH; L) and vertical (αTV; L) component in two dimensions. The
ranges of the investigated values are shown in Table 3. Employed molecular diffusion coefficients differed
between environmental tracer species but remained constant throughout all simulations in accordance with
Table 2.
2.4.2. Scenario 2: Dual-Domain Mass Transfer (DDMT)
In highly heterogeneous environments dual-domainmass transfer models have often been shown to provide
a more suitable alternative to the standard advection-dispersion formulation (Feehley et al., 2000; Harvey &
Gorelick, 2000; Julian et al., 2001; Liu et al., 2007). Dual-domainmodels have also been successfully applied for
solute transport simulations in fractured rock aquifers (e.g., Gusyev et al., 2013). Solute transport in fractured
rocks is characterized by rapid advective transport through the fractures, with slow diffusive exchange
between water moving through the fractures and the effectively stagnant water within the rock matrix
(Maloszewski & Zuber, 1991; Małoszewski & Zuber, 1985; Neretnieks, 1980; Sudicky & Frind, 1982). Previous
studies have found that diffusion of 14C into the matrix can significantly affect the interpreted apparent
groundwater ages (Maloszewski & Zuber, 1991; Neretnieks, 1981; Sanford, 1997; Sudicky & Frind, 1981) and
several studies have attributed significant discrepancies between apparent ages interpreted from multiple
tracers to matrix diffusion (Cook et al., 2005; Cook & Robinson, 2002; LaBolle et al., 2006; Neumann et al.,
2008; Sanford et al., 2017). The majority of these studies investigated discrete fracture networks at a relatively
small scale, while only two of the studies have adopted the dual-domain modeling approach. Among those,
Neumann et al. (2008) illustrated the influence of mass transfer processes on 3H-3He age dating, and more
recently, Sanford et al. (2017) simulated young age tracers (3H, CFCs, and SF6) along flow paths to partially
constrain dual-domain parameters.

The main parameters controlling a dual-domain system are the mobile (θm) and immobile porosity (θim) and
the mass transfer coefficient (β), which controls the rate of solute exchange between mobile and immobile
zones (Zheng & Wang, 1999). In our DDMT scenarios both the ratio of immobile to mobile domain porosities
and mass transfer rates were varied (Table 4) to explore the effects of matrix diffusion, over a wide spectrum
of possible dual-domain parameter values, on the general pattern of tracer distributions and apparent age
discrepancies. The mass transfer rate is defined as β = De/(μl

2), where De is the effective diffusion coefficient,
l is the length over which exchange is occurring, and μ is a shape factor (Sardin et al., 1991). β can also be
thought of as the inverse of the mean residence time in the immobile zone; hence, a lower value of β
indicates more rapid exchange resulting in conditions representing equilibrium between the mobile and
immobile zones being reached over a shorter time. A wide range of values was selected to represent the pos-
sible scenarios that may impact on environmental tracer concentrations.

Table 3
Parameters of Fickian Advection-dispersion Model

Parameter Unit Range considered

Longitudinal dispersivity (α) (αL) m 0–140
Transverse dispersivity (αT) m 0.1 × αL
Effective Porosity — 0.2
Recharge Rate mm/year 5

Table 4
Parameters Used in the Dual-domain Scenarios

Simulation
Mobile

porosity θm
Immobile

porosity θim
Total

porosity
Porosity
ratio

Mass transfer
rate β (year�1)

Recharge
(mm/year)

1 0.001 0.199 0.2 0.005 3.65–3.65 × 10�7 5
2 0.01 0.19 0.2 0.05 3.65–3.65 × 10�7 5
3 0.02 0.18 0.2 0.1 3.65–3.65 × 10�7 5
4 0.05 0.15 0.2 0.25 3.65–3.65 × 10�7 5
5 0.1 0.1 0.2 0.5 3.65–3.65 × 10�7 5
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2.4.3. Scenario 3: Spatially Variable Recharge
A spatially uniform recharge distribution is the basic assumption of several age dating methods (Cook &
Böhlke, 2000) and also a commonly made assumption in numerical modeling studies (e.g., Salmon et al.,
2015; Stauffer et al., 2002; Weissmann et al., 2002). However, in most aquifer settings, recharge varies spatially
across a catchment due to variations in soil and vegetation cover (Cook et al., 1998), topographic relief
(McGuire et al., 2005), localized recharge sources such as surface waters, wetlands or mountain front
(Fulton et al., 2012; Siade et al., 2015; Wilson & Guan, 2004), and the variability of vadose zone processes
(Scanlon et al., 2002; Wood et al., 2015, 2017). This can result in adjacent groundwater flow paths of very dif-
ferent residence times, which could be expected to create substantial mixing of tracer concentrations indicat-
ing distinctively different ages where these flow paths converge, such as in long-screen wells (Wang et al.,
2016). To consider how these recharge processes could influence the spatial evolution and interpretation
of environmental tracer concentrations, we present a scenario where recharge is distributed over the domain
via multiple distinct recharge zones. We considered a case where recharge is applied over two zones each
1,000 m in length, and where recharge is distributed over three zones of 500 m as shown in Figure 3.
Equivalent recharge rates were selected such that the same volume of recharge was applied in both scenar-
ios. The parameters used for these simulations are listed in Table 5.
2.4.4. Scenario 4: Temporally Variable Recharge
Temporal variations in groundwater recharge processes are considered a distinctive hydrological character-
istic in semiarid regions (Scanlon et al., 2006). Recharge is often highly intermittent, occurring only during
high intensity events (Dogramaci et al., 2012). Most modeling studies incorporating environmental tracers
are generally based on the assumption of steady state groundwater flow, which includes the assumption
of a temporally constant recharge (e.g., Castro et al., 1998; Gassiat et al., 2013; Leray et al., 2016). In reality,
however, groundwater ages and environmental tracer concentrations will only be consistent with recharge
events or wet periods (McCallum et al., 2017; Schwartz et al., 2010). Therefore, depending on the frequency
of recharge events, temporal variability may produce a mechanism which explains the presence of young
and old water. Previous studies have suggested that accounting for historic transients (up to 30 kyr) in
recharge in the flow system can create a significant difference in apparent age distributions compared to
ages simulated using a steady state flow system (Petersen et al., 2014; Sanford et al., 2004; Schwartz
et al., 2010).

In the case of the Pilbara region, a number of historic wet and dry climate periods have been identified over
the past 2 kyr (Rouillard et al., 2016). Using this information, we compared how transient flow conditions may
or may not impact the present day environmental tracer concentration patterns. The recharge during four
identified climate periods was approximated while keeping the cumulative sum of recharge equivalent to
the steady state rate employed in all previous scenarios (Figure 4). As the exact duration of Period 4 (themega
drought) is unknown, the sensitivity of the present day concentrations to its length is tested with durations of
1 and 10 kyr in alternating simulations. Conditions before this drought period were approximated using a
steady state flow and transport simulation assuming infiltration rates equivalent to present-day conditions.
Temporally variable recharge was performed in the DDMTmodel scenario assuming θm = 0.01 and θim = 0.19.

2.5. Quantification of Age Discrepancies

Mixtures were characterized using tracer-tracer concentration plots for all computed flux weighted concentra-
tions from the monitoring wells. These plots were used to determine the sensitivity of these concentration

Table 5
Parameters Used for Spatial Variable Recharge Simulations

Simulation Porosity (θ)
Mass transfer
rate β (year�1)

Number of
recharge zones

Equivalent recharge
(mm/year)

1 0.2 — 2 5
2 0.2 — 3 5
3 0.01; 0.19 3.65–3.65 × 10�7 2 5
4 0.01; 0.19 3.65–3.65 × 10�7 3 5

Note. The range of these parameters is based on the papers discussed (Feehley et al., 2000; Gusyev et al., 2013; Haggerty
& Gorelick, 1995; Liu et al., 2007).

10.1029/2018WR022800Water Resources Research

UNDERWOOD ET AL. 7



distributions to the various simulated processes that were investigated in our model scenarios. A sample was
considered to be young if it contained a concentration of CFC-12 above the analytical detection limit (5 pg/kg),
an indicator that the water was recharged post 1950. Samples were considered old if they contained 14C
activities less than 100 pmC (assuming no analytical errors), which signifies the water was recharged prior
to nuclear testing in 1950. As CFC-12 and 14C cannot realistically produce the same apparent age, that is,
CFC can only detect young water and 14C is only sensitive to relatively old water, a discrepancy occurs
when there are concentrations indicating the presence of CFCs and pre-modern 14C (<100 pmC)
simultaneously. We refer to this as an apparent age discrepancy. All results depict concentrations, as they
would have been measured in 2015, based on the assumed input concentrations in Figure 2.

Figures 5f and 6f depict the relationship between tracer concentrations and apparent age discrepancies. The
solid lines in these figures depict the piston flow line of the tracers for rainfall samples in equilibrium with
atmospheric gas concentrations between 1940 and 2015 (Cook et al., 2017). The shaded region on these
figures indicates the concentrations that have the potential to arise due to mixing of water.

3. Results and Discussion
3.1. Synthetic Simulation Results
3.1.1. Scenario 1: Advection-Dispersion With Fickian Macrodispersion
For the classic ADM-based scenario (Figures 5a and 6a) very few samples recorded tracer concentrations that
were simultaneously indicative of young and old water (i.e., detectable CFC concentrations in waters with 14C
activities less than 100 pmC). Figure 5a shows no samples contain CFC-12 concentrations above 20 pg/kg
suggesting that only a small amount of CFC’s are recharged under the assumed semiarid conditions and
these concentrations are further diluted by the long-screen wells. The results showed limited differences
between realizations of varying Fickian dispersion parameters suggesting that the results are not highly
sensitive to both transverse and longitudinal dispersion (refer to Figures S1 and S2 in the supporting
information). Overall results for the ADM closely resemble those that would be obtained with a piston flow
model, where all samples would plot exactly on the solid lines or along the x axis. This is because the concen-
tration of tracers representing shorter timescales, such as CFC-12, would decrease to zero before 14C concen-
trations begin to show any noticeable decay. The upper limit of the dispersivity parameters (αL, αT) were
selected to be within the range of field-scale dispersivities for the appropriate scale aquifer as reported by
Gelhar, Welty, Rehfeldt, et al. (1992).
3.1.2. Scenario 2: DDMT
In comparison to the ADM, the results obtained with the DDMT model show a much greater portion of
samples with discrepant ages, demonstrating that matrix diffusion can have a notable influence.
Figures 5b and 6b present the tracer biases for different length and vertical positions of monitoring wells

Figure 4. Four identified climate periods in the Pilbara were represented in the model as discrete periods of altered
recharge. As the exact length of Period 4 (the mega drought period) is unknown, the length of this period was altered
between 1 and 10 kyr.
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for all trialed mass transfer rates. It appears from these figures that the effect of DDMT is more significant for
39Ar data than for 14C. The reason for this is that environmental tracers with shorter half lives are more
sensitive to the mixing effect than tracers with longer half lives (McCallum et al., 2014; Varni & Carrera,
1998). Hence, due to the shorter half life of 39Ar, this tracer becomes more sensitive to the mixing of
groundwater ages that is induced by the effect of DDMT.

The influence of individual mass transfer rates on recorded concentrations can be found in Figures S3 and S4
in the supporting information. For mass transfer time scales on the order of centuries to millennia (i.e.,
β = 9.13 × 10�4 year�1 to 9.13 × 10�5 year�1), matrix diffusion between the two domains causes low 14C
activities to be recorded in conjunction with detectable CFC-12. In such cases, diffusion of low concentrations
of 14C stored within the immobile matrix back out into the fracture mobile zone enables both young and old

Figure 5. CFC-12 concentrations versus 14C activities. Dots represent iterations of all well screen lengths at all depths throughout the model domain located at
x = 1,750 m for each model scenario: (a) Scenario 1 for varying dispersivities, (b) Scenario 2 for varying mass-transfer rates, (c) Scenario 3 using an ADM (θ = 0.2),
(d) Scenario 3 using a DDMT model with θm = 0.01 and θim = 0.19, (e) Scenario 4 when altering the duration of the drought period using a DDMT model with
θm = 0.01 and θim = 0.19. (f) A reference as to what is considered a mixture of young and old groundwater. The solid lines depict the relationship between con-
centrations of the tracers for rainfall samples in equilibrium with atmospheric gas concentrations between 1940 and 2015. The shaded regions indicate concen-
trations that could arise due to mixing of water of different ages. CFC-12 concentrations below the analytic detection limit (<5 pg/kg) have been omitted from the
figure. Any point where 14C > 100 and CFC > 5 pg/kg is considered all young water and would be considered to have no discrepancy. Any point within the green
triangle where CFC > 5 pg/kg and 14C < 100 shows some mixture of young and old groundwater.
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groundwater to be detected. Below or above this range of rate constants, the effect of DDMT in causing
apparent age discrepancies between tracers was not significant. For very low values of β
(<3.65 × 10�6 year�1), minimal solute is exchanged into the immobile matrix, therefore causing the
models to behave similar to the classic ADM. On the other hand, for high β values (>3.65 × 10�3 year�1)
mass transfer occurs so rapidly that the mobile and immobile domain become effectively fully mixed and
therefore again behave similar to a single domain ADM.

The larger influence on concentration distributions and age discrepancies caused by matrix diffusion sup-
ports the earlier findings of LaBolle et al. (2006). With decreasing mobile porosity (θm = 0.001), even lower
concentrations of 14C are obtained simultaneously with detectable concentrations of CFCs, as can be seen in
Figure 5b. At the same time, 39Ar concentrations show a much narrower range of simulated concentrations,
particularly when the mass transfer rate is lower than 9.13 × 10�4 year�1. As the groundwater velocity is

Figure 6. Comparison of themodel concentrations of CFC-12 and Argon-39 from all well screen iterations located at x = 1,750m for eachmodel scenario: (a) Scenario
1 for varying dispersivities, (b) Scenario 2 for varying mass-transfer rates, (c) Scenario 3 using an ADM (θ = 0.2), (d) Scenario 3 using a DDMT model with θm = 0.01
and θim = 0.19, (e) Scenario 4 when altering the duration of the drought period using a DDMT model with θm = 0.01 and θim = 0.19. (f) A reference as to what is
considered a mixture of young and old groundwater. The solid lines depict the relationship between concentrations of the tracers for rainfall samples in equilibrium
with atmospheric gas concentrations between 1940 and 2015. The shaded regions indicate concentrations that could arise due to mixing of water of different ages.
CFC-12 concentrations below the analytic detection limit (<5 pg/kg) have been omitted from the figure any point within the green triangle where chlorofluoro-
carbons > 5 pg/kg shows some mixing between young and old groundwater.
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inversely proportional to the selected value of the mobile porosity, small mobile porosities cause young
water to migrate rapidly through the well-connected zones of the system, while older water slowly
diffuses out of the immobile matrix. Such a model configuration is representative of a highly fractured
system. In simulations with an increased porosity ratio (i.e., when θm = 0.1; θim = 0.1) the model might be
more representative of a system containing stratified high-K and low-K layers, as presented in LaBolle et al.
(2006) and again later by Neumann et al. (2008). Tracer biases in these simulations returned very similar
discrepancies to those obtained with the ADM.
3.1.3. Scenario 3: Spatial Variable Recharge
An illustrative example of the concentration distributions of 14C and CFC-12 created by either two or three
distinct recharge zones is shown in Figure 7. Figures 5c and 6c presents the comparison of age biases for
these scenarios with CFC-12 concentrations against 14C and 39Ar, respectively. The recharge flux density
for the scenario with three recharge zones is 33% higher than the scenario with two recharge zones, which
causes younger water to infiltrate to greater depths within the aquifer in the three-recharge-zone scenario as
shown in Figure 7. For the ADM setup, incorporating discrete zones of recharge caused a greater number of
wells to record discrepancies as detectable amounts of young tracers are now influencing more monitoring
screens. These findings support the argument presented in Cook et al. (2017), which suggests that the
presence of above-background concentrations of CFC’s at significant depths observed in the Pilbara is
possibly due to higher vertical flow velocities in areas of localized recharge.

In comparison, recharge variability in the DDMT model does not significantly influence the spread of simu-
lated concentrations (Figures 5d and 6d). This suggests that the influence of the dual-domain behavior itself
is much more significant in creating tracer biases within mixtures than the contribution caused by spatially
variable recharge. For the DDMT variable recharge scenario, 14C concentrations in all tested monitoring well
configurations were lower, particularly for mass transfer rates between 3.65 × 10�4 year�1and
3.65 × 10�5 year�1 (Figure S5). A similar effect was also observed for the 39Ar data, but only for mass transfer
rates <9.13 × 10�5 yr�1 (Figure S6), while otherwise the effect on the 39Ar was minimal. This could be
attributed to what Toth (1963) describes as stagnant zones of groundwater that form at the intersection of
local, intermediate and regional flow systems. For this study, the vertical line of the monitoring wells was

Figure 7. Mobile zone concentrations distributions of CFC-12 and 14C after 75 years for model simulations with two and
three distinct recharge zones. The white dashed line indicates the locations of the simulated monitoring boreholes.
These monitoring boreholes were positioned to generate the greatest possible discrepancy between tracers. θm = 0.01,
θim = 0.19, and β = 3.65 × 10�6 year�1.
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located in the areas in which the most significant tracer biases were observed (x = 1,750 m for two recharge
zones and x = 12,00 m for three recharge zones). These locations are positioned just short of what would be
considered a stagnant zone, which in turn could be responsible for creating older water and a more complex
pattern of mixing as water from different flow systems merge.
3.1.4. Scenario 4: Temporally Variable Recharge
The results of the transient recharge simulations suggest that the timing of the wet periods have the greatest
significance on the present day environmental tracer concentrations, comparable to earlier findings from
Schwartz et al. (2010). Period 2, which consists of extreme volume floods and correspondingly a higher
recharge rate, causes a high rate of inflow of younger water into the deeper aquifer sections. The historic
pattern of 14C created by the low recharge period that represented the mega drought, whether this lasted
for 1 or 10 kyr, is therefore replenished and nearly reset with a new distribution of young 14C activities.
Similarly, this period of higher recharge causes younger 39Ar within the aquifer and fewer reported
discrepancies in comparison to the steady state approximation (Figure 6e). If the drought period persisted
for 10 kyr, then 14C concentrations as low as 35 pmC could be recorded at the present day (Figure 5e).
Despite these low concentrations, it is clear from the narrow shape of the output plots (Figures 5e and 6e)
that the DDMT model, which assumes a temporally constant recharge and hence no significant wet period
(Scenario 2), causes greater mixing of tracer concentrations than accounting for known historic recharge
transients. The DDMTmodel effectively imposesmixing on the scale of the inverse of β. This could be because
the model is only able to mix waters of ages corresponding to certain recharge periods rather than a
continuous recharge input and the associated range of ages in the original DDMT model (Figures 5b and
6b). Interestingly, the temporally varying recharge results in the lowest 14C activities with CFC-12
concentrations present. Therefore, while the envelope created by the temporally varying recharge has a
lower vertical response, it does provide a mechanism for the contribution of old water to groundwater
systems. It is clear from these simulations that for an accurate interpretation of old age-dating tracers such
as 14C, prior knowledge of flow transience within regional flow could be important, especially if significant
wet or dry periods persisted.
3.1.5. Effect of Screen Length
A key output of this study was to determine what effect sampling conditions could have on reported field
concentrations. It is well known that groundwater wells with long screens may sample a mixture of
groundwater of different ages (Manning et al., 2005). While our results confirmed this for the DDMT
simulations, with discrepancies being correlated with screen length, this was not the case for the ADM
simulations. In the ADM simulations, no wells greater than 20 m in length reported detectible levels of both
CFCs and 14C (Figure 8). This is due to the fact that the small amounts of CFCs that were recharged under the
assumed semiarid conditions were only sampled in the topmost sections of the screens. In longer screens the
low concentrations were further diluted and thus falling below the detection limits. In contrast, the low
porosities associated with the mobile domains represented in the DMMT model enable recharged CFC-12

Figure 8. Comparison of reported model concentrations of CFC-12 and 14C from all well screen iterations located at
x = 1,550 m in the (a) advection macrodispersion model where θ = 0.2 and (b) dual-domain mass transfer model where
θm = 0.01, θim = 0.19 and β = 3.65 × 10�6 year�1. ADM = advection macrodispersion model; DDMT = dual-domain mass
transfer.
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to penetrate deeper into the aquifer. The widespread joint occurrence of old and young groundwater as
reported, for example, in Jasechko et al. (2017) therefore implies that more complex transport and mixing
mechanisms must occur in the corresponding aquifers.

3.2. Analysis of Pilbara Field Data
3.2.1. Relative Age Discrepancies
Figure 9 presents a comparison of the simulated concentrations generated for each model scenario with the
raw field data collected from the Pilbara region and other previously reported field studies. Each envelope
outlines the concentration distributions for each different scenario (as seen in Figures 5 and 6), and together
they define the limits of discrepancies between tracers that might be generated by a particular physical
process. The figure clearly illustrates that an ADM alone, considering no other processes, is unable to simulate
a characteristic tracer behavior similar to that observed for the reported field sites, regardless of the
monitoring bore screen length. In comparison to the ADM simulations, where the envelopes are very narrow,
simulations incorporating DDMT produce a much larger envelope, indicating a greater mixing of disparate
age tracer species is possible. What becomes apparent from Figure 9 is that with all simulations (except
the standard ADM), the models can encapsulate the measured CFC-12 and 39Ar data; however, the 14C data
cannot be matched with the physical processes considered. While a DDMT model has been successful at
simulating tracer behavior in other studies, such as the highly heterogeneous Macrodispersion Experiment
field site (Feehley et al., 2000; Harvey & Gorelick, 2000; Julian et al., 2001), our results suggest that physical
mechanisms alone will not be able to generate the apparent age discrepancies reported for the field sites
in our study.
3.2.2. Geochemical Reactions
When comparing the tracer samples collected from the Pilbara region and the results of the numerical
experiments (Figure 9), it is evident that physical mechanisms alone are unable to generate the apparent
14C-CFC age discrepancies that were reported. This finding suggests that additional processes are therefore
necessary to shift the field data into the mixing envelopes. Such processes may include geochemical
reactions such as carbonate weathering or the oxidation of organic carbon.

These processes lower the 14C activity in aquifers and thus cause an overestimation of groundwater ages
(Clark & Fritz, 1997; Cook et al., 2017; Han & Plummer, 2013; McCallum et al., 2017; Salmon et al., 2015). In
the previous studies undertaken in the Pilbara region, Cook et al. (2017) corrected samples using the
Pearson Model (Ingerson & Pearson, 1964), whereas McCallum et al. (2017) used the Mook Model (Han &
Plummer, 2013). This in part reflects the large uncertainty associated with choosing the most appropriate
14C correction scheme and parameters. For this study, both methods of radiocarbon correction were
performed on the Pilbara 14C field concentrations and compared. The Mook Model is a corrective model
for open system carbonate dissolution that accounts for both carbonate dissolution caused by reaction

Figure 9. Comparison of samples collected in the Pilbara region and by other field studies with model concentrations
from all well screen iterations located at x = 1,750 m for each scenario with a recharge rate of 5 mm/year. This figure
represents the limit of mixing that can be obtained using purely physical mechanisms with each shade representing a
different scenario by creating envelopes around the outermost points in each of the scenario plots in Figures 5 and 6.
ADM = advection macrodispersion model; DDMT = dual-domain mass transfer.
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with dissolved soil CO2 and carbon exchange between dissolved inorganic
carbon and gaseous CO2 in the unsaturated zone (Mook, 1976, 1980). The
Pearson’s model is an alternative, widely applied model which accounts
for a simple binary mixing process under closed-system conditions (Clark
& Fritz, 1997; Ingerson & Pearson, 1964) and considers both the dissolved
inorganic carbon activities of soil CO2 and carbonate minerals. Based on
recent field investigations, the end-member parameters were slightly
adjusted from those chosen in the previous studies. An initial δ13C value
of �22‰ and a carbonate δ13C from the Wittenoom Formation dolomite
of 1‰, with a 14C activity of 0 pmC (Becker & Clayton, 1972) was assumed.
Figure 10 compares the raw 14C field data and data corrected using both
the Mook Model and Pearson method with the model simulation results
for each scenario.

From Figure 10, it is apparent that both correction models immediately
shift the raw field data into the mixing envelopes created by the model
simulations. Sixty-eight percent of the field samples can be explained by
the Mook Model correction in combination with mixing caused by a
DDMT model. Similarly, 67% of samples can be explained by both the
Pearson correction and DDMT. In comparison, only 19% and 10% of field
samples could be explained by the ADM in combination with the Mook
or Pearson model, respectively. Roughly 30% of samples remain unex-
plained by physical mixing in combination with geochemical processes.

This could be because the correctionmethods or endmember parameters selected were not themost appro-
priate for these individual field samples or that other reaction processes such as excess air are affecting the
sample. It is clear from these results, however, that despite the corrections on the 14C data, a DDMT mechn-
ism is still required to create a tracer mixing envelope that encapsulates the field data. This suggests that this
type of transport mechanism, as, for example, created by an extensive fracture network, is characterizing the
flow and solute transport at the field site.

4. Conclusions

This study provides an improved understanding of the behavior of environmental tracers and their potential
impact on groundwater age interpretations for a range of the most commonly considered physical transport
phenomena and combinations of those phenomena. Previous studies have suggested that complexity in the
physical settings can bemore important than geochemical factors in interpreting groundwater age (Schwartz
et al., 2010). The present study explicitly examined the effects of purely physical processes on concentrations
of environmental tracers for a range of simple hydrogeological settings in combination with multiple moni-
toring well lengths.

Based on the results of our numerical experiments, we suggest that if large apparent age discrepancies
between tracers of various temporal scales are recorded, it is unlikely that the solute transport at the
respective site will be adequately represented by a standard ADM. Among the physical processes that
were investigated in the present study, aquifer heterogeneity when represented through a DDMT model
caused the most significant apparent age discrepancies. Models characterized by small mobile porosity
values might be representative of highly fractured aquifer system, where younger groundwater can
rapidly migrate over larger transport distances, while the immobile domain (matrix) contains relatively
old groundwater. The mixing of these waters through interdomain mass transfer leads to the greatest
simulated apparent age discrepancies. These findings, in combination with the widespread occurrence
of mixtures between young and very old waters as recently reported by Jasechko et al. (2017), imply that
dual-domain type solute transport phenomena affects environmental tracer transport behavior more sig-
nificantly than previously thought.

Models incorporating matrix diffusion into immobile regions created a better fit to the CFC-12 and 39Ar
data from the Pilbara study site, though field data was limited. However, none of the investigated physical
transport processes was able to explain the raw 14C data. It is highly likely that geochemical or other

Figure 10. Comparison of CFC-12 versus Carbon-14 model simulation results
with the Pilbara raw field data and the Pilbara data corrected using two
different 14C correction methods: the Mook model correction method and
the Pearson model. Note that for the given parameters, both correction
models have resulted in unrealistic corrections with values greater than the
maximum possible decay-corrected 14C activity (>160 pmC).
ADM = advection macrodispersion model; DDMT = dual-domain mass
transfer.
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reaction processes could be affecting the field data, at least at the Pilbara field site. Once geochemical
reaction processes were applied to the data, 68% of the field samples shifted to be within the
mixing envelope.

Furthermore, the study also highlights the uncertainty over choosing the appropriate 14C correction scheme
if there is limited knowledge on the mineral source responsible for enrichment of δ13C. However, for this site
both correction methods returned very similar results and created good fits over the tracer mixing envelopes.
Even once the samples were corrected for 14C reactions, the output concentrations still suggest that there is
mixing of young and very old water. The corrections confirmed that 14C corrections together with matrix
diffusion processes results in the best fit to the field data. While roughly 30% of the samples can still not
be explained when taking into account geochemical reactions, this could be because the most appropriate
correction method or end member parameters were not selected or the use of unsuitable values to account
for recharge temperature and excess air. More accurate determination of 14C input activities, achieved using
measurements of 14C activities near the water table, could help improve the overall confidence in field scale
models. This are particularly the case for the Mook Model, which is highly sensitive to end member para-
meters, pH and temperature. Regional flow models incorporating old tracers such as 14C should also be
tested in a transient setting to realistically account for marked changed in temporal patterns of recharge.

The addition of 39Ar as an intermediate age tracer provides supporting evidence that the observed
discrepancies are not caused by geochemical processes alone but must be a combined result with mixing
processes, most likely due to matrix diffusion. This highlights the importance of using multiple environmental
tracers of varying age ranges to calibrate groundwater flow models.

The numerical experiments presented here remain subject to several limitations. The intention of the study
was not to present models as an exact representation of the field site, but rather as a tool to test a variety of
hypotheses that explain the mixing of groundwater’s of different ages. In doing so, we only considered a lim-
ited set of physical processes and combinations thereof. Also, the influence of transient pumping conditions
on groundwater age discrepancies was also not closely investigated as it has been assessed in other studies
(Engdahl, 2017; Zinn & Konikow, 2007a; Zuber et al., 2011). Nevertheless, the study provides a comprehensive
assessment of field conditions that can lead to discrepant ages as reported by multiple environmental tracers
and the limit to which physical processes alone can explain the often-observed discrepancies. Our modeling
did not consider the effects of borehole integrity on groundwater ages. In long screen wells, ambient head
gradients can water to migrate within the aquifer causing issues for age and environmental tracer analysis
(Poulsen et al., 2018). With an increasing number of studies incorporating measured environmental tracer
concentrations as calibration targets for solute transport models (e.g., Gusyev et al., 2013; Sonnenborg
et al., 2016; Zuber et al., 2005), these findings will be useful to help resolve conceptual models of field sites
when implementing numerical models.
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