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Abstract Carbon-14 (14C) has been widely used to estimate groundwater recharge rates in arid regions,
and is increasingly being used as a tool to assist numerical model calibration. However, lack of knowledge
on 14C inputs to groundwater potentially limits its reliability for constraining spatial variability in recharge.
In this study, we use direct measurements of 14C in the unsaturated zone to develop a 14C input map for a
regional scale unconfined aquifer in the Ti Tree Basin in central Australia. The map is used as a boundary
condition for a 3-D groundwater flow and solute transport model for the basin. The model is calibrated to
both groundwater 14C activity and groundwater level, and calibration is achieved by varying recharge rates
in 18 hydrogeological zones. We test the sensitivity of the calibration to both the 14C boundary condition,
and the number or recharge zones used. The calibrated recharge rates help resolve the conceptual model
for the basin, and demonstrate that spatially distributed discharge (through evapotranspiration) is an impor-
tant part of the water balance. This approach demonstrates the importance of boundary conditions for 14C
transport modeling (14C input activity), for improving estimates of spatial variability in recharge and
discharge.

1. Introduction

In arid regions, understanding groundwater recharge is critical to managing groundwater resources. How-
ever, quantifying recharge is complicated in such environments, as rainfall is often low and episodic [Gee
and Hillel, 1988]. Recharge may vary spatially and occur via different processes, such as focused recharge at
the basin margin (i.e., mountain front recharge [Wilson and Guan, 2004]), direct recharge beneath ephemer-
al rivers [Fulton et al., 2012], or aerially distributed diffuse infiltration through the unsaturated zone [Scanlon
et al., 2006]. Environmental tracer methods provide estimates of recharge over relatively large spatial and
temporal scales, and are also able to estimate lower fluxes than other available methods [Scanlon et al.,
2002]. They are thus well suited to studies of recharge in arid zones. Carbon-14 (14C) has proven useful in
recharge estimation [Vogel, 1967], and due to its long half-life (5730 years) has been widely applied in arid
environments [Dincer et al., 1974; Cresswell et al., 1999; Kulongoski et al., 2008; Herczeg and Leaney, 2011].
Tracer such as chloride and the stable isotopes ratios of water (18O/16O and 2H/1H) have also been used to
delineate sources of recharge and the degree of evapotranspiration that occurs prior to recharge [Harring-
ton et al., 2002].

In addition to being used to estimate recharge, 14C has also been used as a calibration target (in addition to
groundwater level) in numerical groundwater models. Several studies have compared modeled advective
groundwater ages (determined through particle tracking) with ages estimated from 14C to assist in model
calibration and recharge determination [Sanford and Buapeng, 1996; Sanford et al., 2002, 2004; Michael and
Voss, 2009]. However, comparisons between modeled advective age and measured apparent age can be
complicated. This is because advective ages do not account for diffusion and dispersion, which can affect
the transport of a tracer such as 14C (thus influencing the distribution of apparent ages). Therefore modeling
of tracer concentrations directly may be more desirable [Troldborg et al., 2007; McCallum et al., 2015; Gardner
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et al., 2013; Turnadge and Smerdon, 2014]. This is especially important in arid regions, where diffusive trans-
port of tracers such as 14C may be just as important as advective transport [Walker and Cook, 1991].

Studies that have modeled 14C transport directly (i.e., solute transport modeling accounting for advection,
diffusion, dispersion, and radioactive decay) have generally been limited to 2-D transect models [Zhu, 2000;
Castro and Goblet, 2005; Schwartz et al., 2010]. These 2-D model studies have assumed 14C inputs from the
unsaturated zone to be modern (90 pMC in Castro and Goblet [2005]; 100 pMC in Zhu [2000] and Schwartz
[2010]). However, many studies have shown that unsaturated zone 14C activities may be diluted [Haas et al.,
1983; Walvoord et al., 2005; Gillon et al., 2009] and spatially variable [Wood et al., 2014], with significant
implications for the interpretation of groundwater 14C activities [Bacon and Keller, 1998]. Wood et al. [2015]
demonstrated how knowledge of unsaturated zone 14C and its spatial variability can constrain recharge
estimates for simple 2-D transect models. The remaining challenge is how to extrapolate unsaturated zone
14C data to the regional basin scale.

In this study, we use measured vertical profiles of 14C in groundwater in the Ti Tree Basin, central Australia,
and a 3-D groundwater flow and solute transport model to estimate the spatial variability of groundwater
recharge. Carbon-14 activities are modeled directly, and the 14C boundary condition at the water table (14C
input activity) is constrained by measurements of the spatial variability of unsaturated zone 14C activities
[Wood et al., 2014]. Parameter estimation software (PEST) [Doherty, 2010] is used to calibrate the model to
both heads and 14C activities, by allowing recharge rates to be varied within specified zones. The recharge
zones are user-defined and based on physical features in the basin (e.g., ephemeral streams) as well as the
conceptual understanding of recharge processes, including the importance of mountain front recharge in
the basin [Wood et al., 2015].

2. Site Description

2.1. Physical Description
The Ti Tree Basin is located in the Northern Territory, in arid central Australia, and covers approximately
5500 km2 (Figure 1). Average annual rainfall is 300 mm yr21 and predominantly occurs in summer months
(December to March). Soil types vary from dark red massive clays that are dominated by mulga vegetation
(Acacia spp.) to red earthy sands that are dominated by spinifex grass (Trioda spp.) understory and a sparse,
open woodland of bloodwood (Corymbia spp.), and coolabah trees (Eucalyptus spp.). Uplifted Paleoprotero-
zoic rocks form the boundary of the basin, with the interior being relatively topographically flat (elevation
ranges from 648 m above the Australian Height Datum (m-AHD) in the south east to 480 m-AHD in the
north). The main unconfined aquifer occurs within a 60–90 m deep sequence of Tertiary lacustrine and fluvi-
atile sediments (undifferentiated sandstone, limestone, and silty sandstone). Groundwater flows from
deeper water table areas (>40–60 m below ground) in the southern parts of the basin to shallower water
tables in the north, where it is thought to discharge in a saline wetland, Stirling Swamp [McDonald, 1988;
Read and Tickell, 2007].

2.2. Previous Recharge and Discharge Studies
Previous investigations have estimated recharge to be low, with enhanced recharge in high rainfall years
through the ephemeral surface water features in the basin [McDonald, 1988; Calf et al., 1991; Harrington
et al., 2002]. These features (Woodforde River and Allungra Creek) only flow following high rainfall events,
and are otherwise dry. The downstream section of these features dissipate into ‘‘floodouts’’—low gradient
alluvial plains that only become inundated during large, rare flood events [Tooth, 1999]. Harrington et al.
[2002] estimated recharge to the Ti Tree Basin using both 14C and the chloride mass balance method, and
found recharge generally ranged from 0.1 to 2 mm yr21. However, some higher rates (up to 50 mm yr21)
were estimated from 14C measurements in the vicinity of the Woodforde River and Allungra Creek. Harring-
ton et al. [2002] also analyzed stable isotope ratios of water to show that much of the groundwater in the
basin is recharged following high rainfall events (�150–200 mm/month), which typically only occur once
every 5–10 years.

Villeneuve et al. [2015] investigated recharge under the Woodforde River in more detail. Monitoring of flow
events between 2010 and 2013 revealed that much of the surface water infiltrated into the shallow, pebbly
sands that underlie the river. These sands form a �6 m thick perched aquifer the same width as the river
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channel. The perched aquifer is underlain by clayey sandstone, and separated from the regional aquifer by
a 10–40 m thick unsaturated zone. Villeneuve et al. [2015] demonstrated that much of the infiltrated surface
water in the perched aquifer is lost to evapotranspiration (the river is lined by a riparian corridor of river red
gums and coolabah trees, both Eucalyptus spp.). Infiltration to the regional aquifer from the Woodforde Riv-
er was estimated to be a small fraction of the total basin recharge previously estimated by Harrington et al.
[2002], suggesting the Woodforde River may not be the most significant location for groundwater recharge
in the basin.

Wood et al. [2014] examined 13CO2 and 14CO2 processes in the unsaturated zone at sites A2, A3, A4, N1, and
N3 in Figure 1. They found that unsaturated zone 14CO2 activities were generally depleted directly above
the water table (542106 pMC), resulting in lower than atmospheric 14C inputs to groundwater. Wood et al.
[2014] found a relationship between unsaturated zone thickness and 14C activity above the water table
(lower 14C above the water table where unsaturated zones are thicker). The controlling factors for this pro-
cess were plant root respiration (13CO2 ranged from 213.5& to 216.5&, consistent with respiration from
spinifex grass), and precipitation/dissolution cycles in the capillary fringe releasing CO2 with a low 14C activi-
ty. Wood et al. [2015] investigated the effect of this lower 14C input on groundwater 14C and recharge esti-
mates at sites A2, A3, and A4 (Figure 1) along the Allungra Creek floodout path. Through 2-D modeling of
groundwater flow and 14C transport they identified mountain front recharge, as well as floodout recharge
as important recharge mechanisms in the basin.

Shanafield et al. [2015] investigated discharge processes in Stirling Swamp. Using multiple methods, Shana-
field et al. [2015] estimated evapotranspiration across the swamp area to range from 10 to 3000 ML/y,

Figure 1. Location of 14C investigation sites in the Ti Tree Basin, Northern Territory (NT), Australia.

Water Resources Research 10.1002/2015WR018424

WOOD ET AL. CARBON-14 BOUNDARY CONDITION 144



significantly less than the estimated 4950 ML/y of basin-wide recharge estimated by Harrington et al. [2002].
Shanafield et al. [2015] concluded that additional evapotranspiration fluxes may be occurring elsewhere in
the basin. Plant water use is known to be a significant part of the water balance in Ti Tree [Chen et al., 2014],
and profiles of soil water potential in the basin (and similar environments) have shown that upward move-
ment of water is likely to occur from water tables up to 20 m below ground, where soil water potentials as
low as 210 megaPascals have been measured [Cook et al., 2005]. More recent work by Cleverly et al. [2016]
demonstrated that annual evapotranspiration under Corymbia spp. vegetation (which occurs throughout
the basin) exceeded annual precipitation, and this species was likely to be accessing groundwater. Thus
spatially distributed discharge may be an important part of the water balance.

3. Methods

3.1. Data Collection
Approximately 90 piezometers were installed and sampled between June 2011 and August 2012. Drilling
for piezometer installation was done using direct rotary methods and air circulation. At sites A1–A9 and
N1–N3, piezometers were installed in nests of five (three piezometers installed in one borehole, two
piezometers in a second borehole) so that vertical profiles of groundwater samples could be collected
(i.e., total of 60 piezometers at these 12 sites). Piezometers were constructed of 50 mm diameter PVC with
slotted screen apertures of 1 mm. Screen lengths were between 1 and 2 m, and a gravel pack of 5–7 mm
aggregate gravel was installed in the annulus around screened intervals. At each site, the borehole annu-
lus above the gravel packs was sealed with bentonite, then back-filled with drilling cuttings to the surface
in single piezometer holes, and to just below the level of the next shallowest piezometer screen for
nested holes.

Groundwater was sampled using a Grundfos MP1 submersible pump, and measurements of salinity (as spe-
cific conductivity), pH and temperature were made while purging bores. Alkalinity (mg L21 as CaCO3) was
also measured in the field by titration using a Hach AL-DT alkalinity kit. Samples for carbon isotope (14C and
d13C) analysis of dissolved inorganic carbon (DIC) were collected after approximately three bore volumes
had been purged and field parameters had stabilized. Carbon-14 isotope analysis was performed by acceler-
ator mass spectrometry (AMS), while d13C was performed by Isotope Ratio Mass Spectrometry (IRMS). Analy-
sis was performed predominantly at Rafter Radiocarbon (New Zealand); however, 12 samples were
analyzed using the facilities at the Australian Nuclear Science and Technology Organisation [Fink et al.,
2004]. Carbon-14 activities of groundwater are reported as 14CDIC:12CDIC relative to the international stan-
dard [Stuiver and Pollach, 1977] in units of percent Modern Carbon (pMC). Stable isotope ratios (13CDIC:12C-

DIC) are reported in per mil (&) relative to the international standard [Craig, 1957]. Major ion analysis was
performed by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) at CSIRO in Adelaide (Australia), and
stable isotopes were analyzed with a Laser Water Isotope Analyzer V2 at the University of California Davis,
Stable Isotope Facility.

3.2. Numerical Modeling
The use of measured 14C activities in groundwater to constrain spatial variability in recharge and discharge
was achieved by linking a 3-D numerical flow model with a 14C transport model. The numerical model in
this study is based on a groundwater flow model developed by Knapton [2007] using the finite element
code FEFLOW [Diersch, 2014]. The model domain represents �3700 km2 (Figure 2), which covers the majori-
ty of the saturated sediments in the basin, based largely on the interpretation of Read and Tickell [2007] (Fig-
ure 1).

The basin was divided into 18 recharge zones (Figure 2a) representing features such as the Woodforde River
and its floodout area (zones 18 and 17), Allungra Creek and its floodout area (13 and 16), and zones for
mountain front recharge (zones 1, 2, 4–9). The domain was further divided based on where the majority of
data was collected in this study.

A no-flow boundary representing out-cropping Paleoproterozoic rocks surrounds the domain, with the
exception of the northern limit of the domain where a constant head boundary is assigned to allow dis-
charge from the domain (Figure 2b). This constant head boundary is based on known head values and rep-
resents regional discharge, which in reality is thought to occur via evapotranspiration in Stirling Swamp
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further north, where the basin terminates and the water table comes with 1 m of the ground surface. How-
ever, there is uncertainty as to the amount of regional discharge that occurs here [Shanafield et al., 2015].

The model of Knapton [2007] consisted of two layers: an upper layer of lower horizontal conductivity
(0.2 m d21) and a lower layer of higher hydraulic conductivity (5 m d21 for the majority of the domain,
then 17 m d21 in the north-eastern branch of the domain, Figure 2b). The boundary between the two
layers was set to �540 m AHD. Vertical conductivities were an order of magnitude lower than horizontal
values. The conductivity distribution was based on information from drilling logs and aquifer tests reported in
McDonald [1988], where transmissivities from 18 pumping tests ranged from 160 to 350 m2 d21 (conductivity
of 3.2–7 m d21 for a saturated thickness of 50 m). Two higher transmissivities of 1000 and 1700 m2 d21 were
reported, one of which was in the north-eastern part of the basin where a higher conductivity was applied in
the model. The conductivity values were adjusted by Knapton [2007] during calibration. Prior to calibration in
this study, a small refinement to the hydraulic conductivity values of Knapton [2007] was made in the lower
south-east portion of the model domain, where lower values were assigned (Kx,y 5 0.1 m d21). This was based

Figure 2. Ti Tree Basin model domain showing (a) the 18 recharge zones based on ephemeral surface water features and mountain front
recharge zones, (b) hydraulic conductivity distribution and boundary conditions, (c) simple 14C boundary based on unsaturated zone thick-
ness (unsaturated zone thickness is shown in Figure 1), and (d) 14C boundary condition obtained by cokriging.
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on drilling and groundwater sampling con-
ducted as part of this study, where piezom-
eters were found to be low yielding (site
SE2 in Figure 1).

Solute transport was implemented in
FEFLOW to simulate 14C, and relevant
parameters are listed in Table 1. Porosity
was based on earlier modeling of gas
transport in the unsaturated sediments of
the Ti Tree Basin [Wood et al., 2014], where
values were found to vary between 0.2

and 0.4. The model was found to be sensitive to dispersion, with larger dispersivities (>500 m) causing
unexpected ‘‘spreading out’’ of 14C (vertical profiles become constant with depth). However, given the low
fluxes expected in this arid environment, we do not expect mechanical dispersion to be large. Molecular dif-
fusion may be the more important transport mechanism [Walker and Cook, 1991], and has been incorporat-
ed by assigning an appropriate diffusion coefficient to 14C (Table 1). The model was more finely discretized
by increasing the number of layers (42), nodes (347,956), and elements (661,920) to prevent numerical dis-
persion. While refining the model, tests were run on the transport model to observe the effect of increasing
discretization on the movement of 14C at low recharge rates (<1 mm yr21), till an adequate level of discreti-
zation was reached and there was no artificial spreading out of 14C or constant concentrations with depth.

Two separate 14C boundary conditions were tested: a boundary condition that related 14C input to unsatu-
rated zone thickness following Wood et al. [2014] (Figure 2c), and a boundary condition developed by com-
bining two spatial data sets using cokriging (Figure 2d). Cokriging is a method of spatial interpolation that
uses more than one data set (where there is a relationship between data sets) to improve interpolation. It
involves calculation of a semi-variogram model for both data sets (the spatial auto-correlation between val-
ues in a data set) and a cross-variogram model for the two data sets. Cokriging is useful when a primary
data set of interest for interpolation is sparse, and an additional data set (with some relationship to the pri-
mary data set) may provide additional spatial coverage.

In our case, these data sets were:

1. Carbon-14 activities measured in groundwater near the water table in this study (generally within 0–
10 m of the water table) and 14C measured in unsaturated zone gas near the water table from Wood
et al. [2014]. These data give the best indication of spatial variability in 14C inputs at the water table, but
provide limited spatial coverage.

2. Unsaturated zone thickness—a relationship between unsaturated zone thickness and unsaturated zone
14CO2 activity directly above the water table was presented by Wood et al. [2014]. Unsaturated zone
14CO2 profiles indicate a source of old CO2 close to the water table (e.g., oxidation of old organic matter
or calcite precipitation/dissolution cycles). The 14CO2 activity at the water table therefore represents a
balance between production of old CO2 and exchange with modern CO2 in the atmosphere and in plant
respiration. Greater unsaturated zone thickness reduces the rate of exchange and is therefore related to
lower 14CO2 activities above the water table.

Cokriging was performed using the Geostatistical Analyst tool in ArcMap version 10.0 (ESRI 2014). Ordinary type
cokriging was performed with no data transformation, and the default values determined by the program were
used for the input (semi-variograms for both data sets and cross-variogram model for the combined data sets).

The model was calibrated to hydraulic head measurements and 14C activities, and calibration was per-
formed with PEST [Doherty, 2010]. PEST uses the Gauss-Levenberg-Marquardt algorithm (GLMA) to iterative-
ly improve the fit to model calibration targets, expressed as the weighted sum of squares of the residuals
between measured and modeled results:

/5
X

i
wi hobs

i 2hsim
i

� �2
(1)

where / is the objective function, hobs is a measured value (e.g., hydraulic head or 14C activity), hsim is the
simulated value, and w is the weight applied to the measurement. Weighting can be used to rank

Table 1. Model Parameters Used in Simulations

Parameter Value

Hydraulic conductivity 0.1–17 m d21

Porosity 0.3
Longitudinal dispersivitya 50 m
Transverse dispersivitya 5 m
14C decay constantb 1.21 3 1024 yr21

14C diffusion coefficient in waterc 3.15 3 1022 m2 yr21

aBased on values in Gelhar et al. [1992] for the Aquifer Scale Modeled.
bFrom Browne and Firestone [1999].
cFrom Li and Gregory [1974].
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observations and give them greater contribution to the objective function based on their credibility [Knowl-
ing et al., 2015], or to normalize values from different observation groups that are orders of magnitude
apart, so that they contribute equally to the objective function [McCallum et al., 2012]. When using multiple
data sets it is recommended that they have a roughly equal contribution to the objective function [Doherty
and Hunt, 2010]. Initial PEST runs showed the objective function for 14C to be much greater than for head,
due to greater initial misfit (i.e., greater hobs

i 2hsim
i ). Thus in order to reduce the objective function for 14C,

14C values were weighted based on the inverse of an assumed error value of 10% [Doherty and Hunt, 2010].
While analytical errors in 14C are assumed to be low (<1 pMC), structural error may be present given that
measured 14C activities are a mixture from across the screened interval of aquifer sampled. Head measure-
ments were also weighted based on their credibility—values measured in this study concurrent with 14C
measurements were given a higher weight (0.9). Additional hydraulic head measurements were taken from
the Northern Territory Government database, where measurements may have been made up to 3 years pri-
or to this study at locations where 14C was not measured in this study. While groundwater levels are gener-
ally static in the Ti Tree Basin, these measurements were nonetheless assigned a lower weight (0.1) to the
head measurements made as part of this study. With these weights applied to 14C and head measurements,
the two data sets had approximately the same contribution to the objective function. In total, 70 observa-
tions for 14C were used, in many cases including vertical profiles (i.e., up to five 14C measurements at one
location). Coincidentally 70 head measurements were also used, however only one head measurement was
taken from each of the nested 14C investigation sites (as vertical differences in heads were very small), with
the remainder coming from existing bores and the Northern Territory Government database.

4. Results

4.1. Groundwater Chemistry
Measured groundwater 14C activities ranged from 104.5 pMC in the perched aquifer beneath the
Woodforde River, to 6.7 pMC near the bottom of the regional aquifer in the south-central part of the basin
(Figure 3). There is a trend of decreasing 14C activity with depth below the water table across the basin and
in vertical profiles at individual sites (see later Figure 8 for vertical profiles).

Samples collected near the Woodforde River (both in the perched aquifer and in the regional aquifer close
to the river) are generally higher in 14C activity (> 65 pMC, up to 23 m below the water table) than those
collected elsewhere in the basin (generally <60 pMC). As previous work has shown, depth of plant roots
plays a role in determining unsaturated zone 14C activities, which in turn influences 14C activities in underly-
ing groundwater [Wood et al., 2014]. Close to the Woodforde River a riparian corridor of predominantly
Eucalyptus spp. vegetation is present, and tree roots were observed in a piezometer screened 20 m below

Figure 3. (a) Carbon-14 activities measured in the Ti Tree Basin aquifer (depth below the water table) in this study and (b) the relationship
between 14C activity and d13C content.
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ground near the Woodforde River in Novem-
ber 2013. Hence, these deep roots may be
responsible for respiring more modern 14CO2

at depth in the unsaturated zone. Higher 14C
input activities were thus used in the 14C
model in this zone (Figure 2d), based on
these observations.

Elsewhere in the basin, 14C activities in
groundwater within 0–10 m below the water
table generally follow a trend of being lower
where unsaturated zones are thicker (Figure
4). Figure 4 shows the theoretical relation-
ship between unsaturated zone thickness
and 14C activity above the water table devel-
oped by Wood et al. [2014]. This relationship
is based on measurements and models
of unsaturated zone 14CO2 transport for
unsaturated zones of varying thickness (e.g.,
10–50 m thick unsaturated zones). Lower 14C
activities above the water table are generally
found where unsaturated zones are thicker,
due to dissolution-precipitation of calcite
releasing CO2 with low 14C activity [Walvoord
et al., 2005; Gillon et al., 2009; Wood et al.,
2014]. Figure 4 also shows expected 14C
activities 10 m below the water table. This is
calculated based on the relationship
between 14C activity and unsaturated zone
thickness described above, and an analytical
solution developed by Vogel [1967] that
describes the decrease in 14C activity with
depth below the water table:

A5 A0
H

H2z

� �
e2k Hh

Rð Þ

where A is the 14C activity in groundwater, A0 is the initial 14C activity (given by this relationship line in Fig-
ure 4), H is the aquifer thickness (60 m), z is the sampling depth below the water table (10 m), h is porosity
(0.3), and R is the recharge rate (0.5–5 mm yr21). Groundwater samples generally lie below the unsaturated
zone line, and between these recharge lines. There is some scatter, which mostly reflects the spatial variabil-
ity in factors affecting 14C dilution in the unsaturated zone and hence input activity, and the different
depths at which groundwater samples were collected (0–10 m below the water table). These factors include
variation in lithology and unsaturated zone mineralogy and variation in root depth (which acts as a source
of modern CO2 in the unsaturated zone through respiration). As discussed earlier, deeper rooted vegetation
near the Woodforde River is thought to be responsible for higher 14C activities in groundwater in that area.

Carbon-13 composition of DIC in groundwater ranges from 25.5& to 28.5& for most of the Ti Tree Basin,
however closer to the Woodforde River and in the perched aquifer, values range from 29.3& to 216&

(Figure 3b). Vertical profiles of 13CO2 in unsaturated zone gas measured at five of these sites by Wood et al.
[2014] (data reproduced in Figure 5) showed values ranging from 213.5& to 216.8&, consistent with res-
piration from C4 grasses at these sites (i.e., spinifex with d13C � 214.5& [Cook and Dawes-Gromadzki,
2005]). Thus the range of d13C values in groundwater away from the Woodforde River is consistent with
inputs from unsaturated zone gas, given an expected fractionation factor of approximately 8& between
13CO2 in unsaturated zone gas and 13CDIC in groundwater [Clark and Fritz, 1997]. Vertical profiles of d13C in
groundwater (measured in this study) show little variation spatially (Figure 5), suggesting that weathering

Figure 4. Data used in the cokriging approach for determining the 14C
boundary condition at the water table. (i) Groundwater 14C activities near
the water table. These represent 14C values measured on the shallowest
piezometer at each site, generally <10 m below the water table. (ii) 14C
activities measured near the base of the unsaturated zone (from Wood
et al. [2014]). (iii) The relationship between unsaturated zone thickness
and 14C activity directly above the water table (based on earlier modeling
work of Wood et al. [2014]. (iv) Inferred 14C activities 10 m below the water
table, assuming a 14C activity at the water table given by (iii) and recharge
rates of 0.5 and 5 mm yr21. Figures 4i and 4ii represent the primary data
source for cokriging, and the relationship Figure 4iii combined with unsat-
urated zone depths represents the secondary data source.
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of aquifer minerals, though likely to be occurring, is not a significant source of DIC to groundwater (i.e.,
there is no clear trend of enrichment in d13C with dilution of 14C for large parts of the basin).

Closer to the Woodforde River, the more depleted d13C values likely represent inputs from unsaturated
zone gas where a mixture of grasses and C3 trees are present. The most depleted values are seen in the
perched aquifer in the Woodforde River, where Villeneuve et al. [2015] showed uptake of water is dominated
by riparian trees (e.g., Eucalyptus camaldulensis with d13C 227.7& to 229& [Thorburn and Walker, 1994]).

Stable isotope and chloride data from groundwater also demonstrate the likely role of vegetation ground-
water use in the basin (Figure 6). While evaporation of water will increase the chloride concentration and
lead to fractionation of stable isotopes (an increase in the abundance of heavier isotopes), transpiration
will only increase chloride concentrations (with plants accessing water and leaving salts behind), with no
significant influence on stable isotopes [Simpson et al., 1987]. Groundwater samples in the perched aqui-
fer are most depleted in stable isotopes and have the lowest chloride, demonstrating their rapid infiltra-
tion following rainfall (i.e., little evapotranspiration). The range in d2H values represents the range

expected from rainfall (d2H may be as
high as 240& for high rainfall events
of 50–100 mm/month [Harrington
et al., 2002]). Samples in regional
groundwater near the Woodforde Riv-
er show a similar signature, but with
more enriched chloride (likely from
plant transpiration, given the resem-
blance to perched aquifer d2H values,
although evaporation may still be
important). Elsewhere in the basin,
d2H values are generally constant
(ranging from 255& to 249&), while
chloride concentrations increase from
100 to 600 mg L21. The increase in
chloride with no consistent pattern of
enrichment in d2H suggests transpira-
tion of groundwater is occurring.

Figure 5. Vertical profiles of d13C in unsaturated zone gas (13CO2, from Wood et al. [2014]) and groundwater (13CDIC, this study) at five investigation sites in the Ti Tree Basin.

Figure 6. Chloride and d2H values measured in groundwater in the Ti Tree Basin.
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4.2. Numerical Modeling
The model was calibrated in steady state. Both boundary conditions for 14C in Figures 2c and 2d were test-
ed. Initial best-guess estimates of recharge were based on existing knowledge (higher recharge along the
basin margin and the Allungra Creek floodout from Harrington et al. [2002] and Wood et al. [2015]) and then
final calibration was achieved with PEST (Figure 7). The best calibration (judged as the lowest root mean
squared error (RMSE)) was obtained using the cokriged 14C boundary (Figure 2d). PEST simulations obtained
recharge rates that varied spatially from 21.9 to 11.6 mm yr21, with an average recharge rate across the
basin of 1.11 mm yr21. Negative recharge rates are indicative of groundwater discharge from the model,
which is likely to occur throughout the basin via plant transpiration [Cleverly et al., 2016]. The RMSE using
the cokriged boundary condition for modeled groundwater level was 2.9 m. The RMSE for 14C activity was
8.02 pMC, demonstrating a reasonable fit to measured 14C and vertical profiles (Figure 8). Higher recharge
rates (3.7–9.6 mm yr21) are generally in the basin margins representing mountain front recharge (zones 1,
3, 4, 15, 16, Figure 9). The highest recharge rate (11.6 mm yr21) is in the center of the basin (zone 9), associ-
ated with the floodout from Allungra Creek. Negative recharge rates (i.e., discharge) were found for zones
14, 17, 11, and 18. Zones 11 and 17 are in the northern part of the basin where water tables become shal-
lower (<10 m below ground level) and higher salinity values are found (total dissolved solids >1500 mg L21),
thus discharge may be occurring through plant transpiration. Zones 14 and 18 are likewise in areas of shal-
lower water table and denser vegetation (respectively) where evapotranspiration is also likely to occur.

For the model with 14C inputs based on unsaturated zone thickness (Figure 2c), calibrated recharge rates were
similar in magnitude (ranging from 21.8 to 19 mm yr21) and spatial variability (higher recharge in the Allungra
floodout and mountain front recharge zones). However, the fit to 14C activity and head was poorer than for the
model with the cokriged boundary condition (RMSE of 16.46 pMC and 5.59 m, respectively). A further simula-
tion was performed with constant 14C inputs of 100 pMC, which yielded calibrated recharge rates again similar
in magnitude (22 to 14.6 mm yr21); however, a much poorer fit to 14C (RMSE 26.3 pMC) and head (RMSE
5.65 m) was achieved (see supporting information Table S3 and 42 for recharge rates and confidence intervals).

PEST was used to calculate 95% confidence intervals for recharge in the 18 zones (Figure 8 and Table 2).
While recharge estimates in some zones appear well constrained with narrow confidence intervals (e.g.,
zones 1–13), other zones have very wide confidence intervals, well outside the recharge range expected
(e.g., zones 14–18). This may be due to these zones having a relatively small spatial extent. Also the widest
confidence interval is for zone 17, which has no observation data located in it or down gradient from it
(zone 16 is similar with wide confidence intervals and there is likely no influence from recharge in this zone
on observations down gradient). One steady state simulation was run with a specified recharge rate of
135 mm yr21 in zone 16 (the maximum value of the confidence interval for this zone), and while a poorer

Figure 7. Measured versus modeled hydraulic head measurements and 14C activities in the Ti Tree Basin.
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fit to head was observed (RMSE of 5.23 m), model fit to 14C was not significantly different (RMS of 8.14
pMC). Confidence intervals for the models with simpler 14C boundary conditions show more recharge zones
that overlap 0 mm yr21 (supporting information Tables S3 and S4), meaning there is lower confidence as to
whether these are recharge or discharge zones. For the model with the boundary condition based on cok-
riging, fewer zones overlap 0 mm yr21. In other words—with a simpler 14C boundary condition—the distri-
bution of recharge and discharge across the basin is less certain.

Further sensitivity analysis was performed by reducing the number of recharge zones (amalgamating some of
the 18 zones, Figure 9). Reducing the number of recharge zones to four resulted in narrower confidence inter-
vals; however, one zone still displays high uncertainty (zone 3 in this case—with no spatially distributed dis-
charge elsewhere in the model, this zone could become either a higher discharge area or an area of significant
recharge with the remaining discharge being directed out of the model boundary in the north (Figure 9 and
Table 3)). Also the use of four zones results in an increase in RMSE for both 14C (up to 8.62 pMC) and head (up
to 5.5 m). A further calibration was performed in PEST using one recharge value for the entire model domain.
The calibrated recharge rate (0.36 mm yr21) had narrow confidence intervals (0.07–0.65 mm yr21); however,
model fit was poorer again (RMSE of 12.41 pMC for 14C and 7.07 m for head). This demonstrates the need for
spatially distributed recharge and discharge to achieve a better model fit to measured data.

Figure 8. Measured versus modeled 14C vertical profiles at investigation sites in the central Ti Tree Basin (RN refers to registration number of the drill holes in which piezometer nests
were installed).
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To demonstrate the importance of using 14C in the calibration, the model was also calibrated to recharge in
18 zones using head data alone (14C targets weighted to zero). From this calibration, there was a minimal
improvement in the fit to head (RMSE of 2.5 m compared to 2.9 m). However, 95% confidence intervals for
recharge were much wider than those for the model calibrated to head and 14C (supporting information
Table S5). For example, 95% confidence intervals for recharge in zone 9 ranged from 214 to 33 mm yr21

(supporting information Table S5) compared to 8 to 15 mm yr21 in the model calibrated to all data (Table
2). The recharge rates derived from the calibration to head were then run in the transport model, with the
fit to 14C found to be poor (RMSE 35 pMC). Thus a better overall calibration (fit to both head and 14C) and
reduced uncertainty in recharge is obtained by including 14C in the calibration.

An additional PEST run was performed with hydraulic conductivity values included as parameters for opti-
mization (along with recharge rates); however, the calibrated conductivity values were within less than
15% of their original values, with no noticeable change in RMSE for head or 14C. The 95% confidence inter-
vals for conductivity spanned up to an order of magnitude (supporting information Table S6); however, the
ranges are considered reasonable for the aquifer and pump test values reported by McDonald [1988]. The
95% confidence intervals for recharge from this simulation were either worse or no different than confi-
dence intervals from the PEST run where K was not allowed to vary (supporting information Table S7).
Worth noting though, is that where more 14C data were present in the model domain (zones 4 and 6–10),
confidence intervals are generally in the same range as the earlier PEST runs where K was not allowed to

Figure 9. 95% confidence intervals for recharge estimates with 18 recharge zones and four recharge zones.
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vary. Zones where recharge could not be
constrained well due to lack of data have
even worse confidence intervals from this
run (e.g., zones 15–18). This suggests that
the presence of 14C data in the model does
still help constrain recharge rates, even
when there is some uncertainty in hydraulic
conductivity.

5. Discussion

Previous studies have shown the value of
collecting spatially distributed tracer data
and vertical profiles of age tracers for deter-
mining spatial variability in recharge [Robert-
son and Cherry, 1989; Solomon et al., 1992].
These previous studies have considered 2-D
conceptual and numerical models to inter-
pret tracer data. The present study builds
upon this previous work by demonstrating
the value that a spatially distributed set of

age tracer data can provide in determining spatial variability in recharge and discharge across an entire
basin with the use of a 3-D flow and transport model. In our case, this helps resolve the conceptual model
of recharge and discharge dynamics in the Ti Tree Basin.

This study also underscores the importance of boundary conditions for modeling tracers such as 14C, where
inputs to groundwater may be spatially variable. This is demonstrated through comparison with models
with simpler boundary conditions, which produced poorer fits to the data. Determining regional scale vari-
ability in recharge and discharge is complex, and often involves a multidisciplinary approach where various
aspects of recharge are investigated separately (e.g., mountain front recharge, ephemeral river recharge, dif-
fuse recharge [Bartolino and Cole, 2002]), and measurements of discharge require detailed plant water use
investigations. This study demonstrates that significant insight can be gained through the application of
tracer data in a groundwater flow model.

The average recharge rate from this study (i.e., the total volumetric flux into the model divided by the area)
is 1.11 mm yr21, also in good agreement with the average reported by Harrington et al. [2002] from the
chloride mass balance method (0.8 mm yr21). However, recharge is estimated to be low (1.26 mm yr21) or
negative (20.85 mm yr21) along the Woodforde River, despite it previously being identified as a high
recharge area. The finding that recharge is likely to be negative (i.e., groundwater discharge is occurring) in
parts of the basin also confirms recent studies which suggest that plant water use is a significant compo-
nent of the water balance in the basin [Shanafield et al., 2015; Cleverly et al., 2016].

Sensitivity analysis showed that overall confidence in estimates of spatial variability in recharge may be low
in some areas, with wide confidence intervals on recharge estimates for some zones. The widest confidence
intervals were for mountain front recharge zones along the northern boundary of the model. These zones
were relatively small and had few or no observation data ‘‘down gradient’’ of them. Amalgamating these

recharge zones with larger parts of the model
domain did improve confidence in recharge
estimates in these areas; however, this also
resulted in a poorer fit to model data. The
model fit to measured data was also sensitive
to the boundary condition for transport (14C
input activities). When a simpler boundary
condition was used (constant input of 14C
and spatially variable based solely on the rela-
tionship between unsaturated zone thickness

Table 3. Calibrated Recharge Rates and 95% Confidence Intervals for
Models With Four Recharge Zones

Recharge
Zone

Recharge
Rate (mm yr21)

Lower
95% Limit

Upper
95% Limit

Model with four recharge zones and cokriged 14C boundary
1.0 0.7 0.5 0.8
2.0 1.2 1 1.4
3.0 22 228 24
4.0 17 12.7 21.3

Table 2. Calibrated Recharge Rates and 95% Confidence Intervals for
Models With 18 Recharge Zones

Recharge
Zone

Recharge
Rate (mm yr21)

Lower
95% Limit

Upper
95% Limit

Model with 18 recharge zones and cokriged 14C boundary
1 9.6 3.2 16
2 1.3 0.7 1.9
3 8.2 1.2 15.2
4 3.7 23.7 11.1
5 3.E-04 21.3 1.3
6 2.E-02 20.8 0.9
7 0.3 20.4 1
8 1.3 0.2 2.4
9 11.7 8.1 15.2
10 1.1 0.7 1.5
11 20.1 20.9 0.6
12 0 22 2
13 0 22.6 2.6
14 21.9 234.1 30.4
15 8 241.5 57.5
16 8.8 2118 135
17 20.2 2133 133
18 20.8 240 39
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and 14C input activity) the model fit was much poorer and confidence in recharge estimates was lower. Confi-
dence intervals for nearly all recharge zones overlapped 0 mm yr21, limiting certainty in whether zones were
recharge or discharge zones. Thus more accurate determination of spatial variability in 14C input activities,
achieved using measurements of 14C activity near the water table can help improve model calibration and con-
strain recharge estimates, as well provide confidence in the overall conceptual model of a basin.

Spatial variability in hydraulic conductivity, as well as recharge is likely to have an influence of the distribu-
tion of tracers such as 14C [McCallum et al., 2014; Kozuskanich et al., 2014]. The conductivity field used in our
model is based on available drilling and aquifer testing; however, it is likely to be a simplification of the real
hydraulic conductivity distribution. Nevertheless, the decrease in 14C activity with depth across all the
nested sites sampled across the basin (i.e., the lack of ‘‘over-turned’’ 14C profiles) suggests there is no sub-
stantial vertical layering of heterogeneity [Sanford, 2011]. Carbon-14 provides a direct measure of the verti-
cal component of the groundwater velocity, which is related to the recharge rate by the porosity. Thus
conceptually, 14C data provide the greatest constraint on recharge, whereas head data provide the greatest
constraint on hydraulic conductivity. Spatial variability of hydraulic conductivity is thus unlikely to affect
recharge rates in areas where 14C data is available. Including spatial variability of hydraulic conductivity on
a finer resolution than available 14C data would likely lead to nonuniqueness issues.

Also we do not consider the influence of geochemical reactions such as carbonate weathering or oxidation
of organic carbon, which may lower the activity of 14C in an aquifer. Salmon et al. [2015] have developed a
modeling framework for simulating the influence of such geochemistry on 14C age within an aquifer, which
represents an important step forward in modeling 14C transport in groundwater. Though our study does
not incorporate this reactive transport component, the demonstrated influence of boundary conditions for
14C transport will likely inform future studies that attempt to simulate 14C transport, reactivity, and 14C
derived age. Furthermore, the consistent d13C profiles in groundwater (Figure 4) suggest geochemical reac-
tions do not greatly influence 14C activities in groundwater. Furthermore groundwater samples were found
to be saturated with respect to calcite, even close to the water table. Previous studies in the Ti Tree Basin
have shown that 14C activities are most influenced by geochemical processes occurring in the unsaturated
zone (most likely calcite precipitation/dissolution fluxes [Wood et al., 2014]) and accounted for in the bound-
ary condition used in this study.

With an increase in the number of studies in which environmental tracer concentrations are interpreted
with a solute transport model [Turnadge and Smerdon, 2014], these findings will be useful in the design and
implementation of future environmental tracer studies.

6. Conclusion

This study demonstrates that incorporation of a spatially variable boundary condition for 14C input into a
regional groundwater flow and solute transport model greatly improves the use of 14C to estimate spatial
variability in recharge and discharge. In this study, this helps resolve the conceptual model of an arid zone
groundwater basin, and provides a novel way of demonstrating the role of spatially distributed groundwa-
ter discharge (most likely via plant evapotranspiration). Measurement of environmental tracer data near the
water table provides the best way to understand the spatial variability in tracer inputs. These findings will
help inform future studies of both measurement and modeling of environmental tracers such as 14C, as well
as understanding of groundwater recharge and discharge processes in arid environments.
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