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Abstract The chloride mass balance (CMB) and watertable ﬂuctuation (WTF) analysis methods were used to
estimate recharge rates in the Uley South Basin, South
Australia. Groundwater hydrochemistry and isotope data
were used to infer the nature of recharge pathways and
evapotranspiration processes. These data indicate that
some combination of two plausible processes is occurring:
(1) complete evaporation of rainfall occurs, and the
precipitated salts are washed down and redissolved when
recharge occurs, and (2) transpiration dominates over
evaporation. It is surmised that sinkholes predominantly
serve to by-pass the shallow soil zone and redistribute
inﬁltration into the deeper unsaturated zone, rather than
transferring rainfall directly to the water table. Chloroﬂuorocarbon measurements were used in approximating
recharge origins to account for coastal proximity effects in
the CMB method and pumping seasonality was accounted
for in the WTF-based recharge estimates. Best estimates
of spatially and temporally averaged recharge rates for the
basin are 52–63 and 47–129mm/year from the CMB and
WTF analyses, respectively. Adaptations of both the CMB
and WTF analyses to account for nuances of the system
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were necessary, demonstrating the need for careful
application of these methods.
Keywords Groundwater recharge . Chloride mass
balance . Water-table ﬂuctuation . CFC . Australia

Introduction
Reliable estimates of recharge are often a key prerequisite
for the proper management of groundwater resources. The
measurement of groundwater recharge and the interpretation of its processes are difﬁcult due to a number of
factors, including the complex and multifaceted nature of
recharge processes, spatial and temporal variability in
recharge rates, and both scarcity and uncertainty in
measurements pertaining to recharge estimation. For these
reasons, Scanlon et al. (2002) advocate the use and
comparison of different methods for quantifying groundwater recharge. The application of multiple methods does not
guarantee more reliable outcomes but will highlight errors in
the form of inconsistent outcomes (Healy and Cook 2002).
These errors may stem from the use of methods beyond their
limits of validity or from invalid assumptions about the
nature of the recharge processes. A sound conceptual model
of the recharge mechanisms is vital to the successful
application of recharge estimation techniques.
A wide variety of recharge quantiﬁcation approaches is
available. The accuracy of different methods is dependent
on a multitude of factors, including the site conditions
(e.g. geology, hydrogeology, climate, etc.) and data
availability (Scanlon et al. 2002). Recharge estimates
inferred from ﬁeld measurements apply to various
temporal and spatial scales. Point estimates of recharge
may be obtained from soil testing (e.g. lysimeter
measurements and soil chloride analyses), whereas
groundwater-based methods such as the chloride mass
balance (CMB) method, chloroﬂuorocarbon (CFC) dating and water-table ﬂuctuation (WTF) analysis produce
spatially averaged estimates (Allison and Hughes 1978;
Kitching and Shearer 1982; Gee et al. 1992; Healy and
Cook 2002; Scanlon et al. 2002). Lysimeters and the
WTF approach offer insight into the temporal variability
in recharge, whereas most other methods produce longDOI 10.1007/s10040-011-0794-2

term averages. Based on a review of 172 recharge
studies across Australia, Crosbie et al. (2010) found that
WTF estimates were higher than those based on the CMB
method. They attributed this to the difference in timeframe
over which the methods operate (i.e. whereby CMB
represents pre-development recharge) and to the potential
contribution of transpiration from the saturated zone.
The focus of the current study is the characterisation of
recharge in the Uley South Basin, Eyre Peninsula, South
Australia. Abstraction of groundwater from the basin
supplies around 70% of the water demand of the Eyre
Peninsula’s population of 33,500 (Werner et al. 2011), with
the remainder being met by surface-water sources or by
groundwater from other basins. Both recharge variability
and long-term averages rates of recharge are of high
importance for water-management decision-making, particularly given historical declines in groundwater levels within
the basin (EPNRM 2006; Werner et al. 2011). The limestone
terrain of the Uley South Basin forms a recharge environment that is especially challenging to characterise. Spatial
variations in land cover, topography, water-table depth and
soil type, and, it is hypothesised that, the presence of
dissolution features all contribute to create a complicated
pattern of recharge pathways. Diffuse recharge is expected to
occur in areas with undisturbed calcrete and well-developed
soils, whereas sinkholes may potentially act as point sources
for recharge.
Previous work in other systems characterised by sinkholes has not resulted in a consistent picture of the
contribution of sinkholes to recharge on a regional scale.
Allison et al. (1985) determined recharge below undisturbed
calcrete containing wide-diameter, old (> 40,000 years)
sinkholes and small, young (<100 years) sinkholes based on
vertical proﬁles of chloride (Cl) and isotopes in soil water.
They found that the highest recharge rates were associated
with the small-diameter sinkholes and that these accounted
for most of the regional recharge based on an aeriallyweighted average. Wood and Sanford (1995) investigated
the recharge processes in a sedimentary aquifer capped by a
calcrete layer with sinkholes (referred to as macropores),
using Cl and isotopic data in groundwater. One interpretation
of the solute and isotopic data indicated that signiﬁcant
sinkhole recharge (i.e. 10% of total aquifer recharge) could
be occurring at the regional level. On the other hand,
Herczeg et al. (1997) found that localised recharge to a
limestone aquifer via sinkholes contributed less than 10% of
the total regional recharge and was only important after
sustained periods of rainfall. Globally, the role of sinkholes
in generating recharge appears to be variable and a general
understanding of the inﬂuence of sinkholes on recharge
remains unresolved.
The primary aim of this study is to develop a
conceptual understanding of the recharge mechanisms in
Uley South Basin using hydrogeologic and water quality
observations, leading to quantiﬁcation of the basin’s
recharge using the CMB and WTF approaches. Previous
studies have attempted to quantify Uley South recharge
using various methods (e.g. WTF, CFC, CMB and water
balance analysis), producing a wide range of basin-averaged
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and time-averaged estimates (i.e. 40–200 mm/year;
Harrington et al. 2006; EPNRM 2009). There is a need
to seek plausible explanations for the lack of agreement
across previous recharge studies, and therefore the focus
of this study is to explore recharge and hydrogeological
processes and to critically examine CMB and WTF
approaches as they apply to the Uley South Basin conditions.
Adaptations of both methods are proposed to account for
local factors that are deemed to be important.

Study area
The Uley South Basin is located in the southern part of
Eyre Peninsula, South Australia (Fig. 1), and is a
topographically closed surface drainage basin. The central
part of the basin has a ﬂat to undulating land surface at an

Fig. 1 Extent of the Uley South Basin, showing groundwater
levels and surface elevations, and the location of monitoring wells
(i.e. those used in recharge calculations) and production wells in the
Quaternary Limestone aquifer
DOI 10.1007/s10040-011-0794-2

elevation of less than 10 m AHD (Australian Height
Datum, roughly equal to mean sea level). The basin is
bounded to the northwest, northeast and southeast by
topographic rises from 50 m AHD up to 170 m AHD, and
to the southwest by coastal cliffs of up to 140 m AHD that
border the Southern Ocean. The morphology of the basin
is associated with ancient dune systems overlying basement ridges and troughs, with distinct dunal landforms
and subtle undulations deﬁning local surface drainage
systems (Harrington et al. 2006). Surface-water systems
are highly ephemeral, ﬂowing only after moderate-toheavy rainfall and persisting for tens to hundreds of
metres before terminating abruptly at sinkholes within
local surface depressions (Harrington et al. 2006). An
important feature of the basin is that there are no surfacewater outﬂows to the sea, and therefore at the basin scale,
rainfall is partitioned into only evapotranspiration and
groundwater recharge. No surface expressions of groundwater are evident in the basin.
The climate is semi-arid, characterised by wet winters
and dry summers (Zulﬁc et al. 2007). Climate data for the
study area were obtained from the Bureau of Meteorology
(2010) for Big Swamp monitoring station (station no.
18017; located 18 km NE of Uley South Basin), where
daily data are available dating back to 1889. The daily
minimum temperatures range from 0 to 26°C, averaging
11°C, while the daily maximum temperatures range from
8 to 45°C, averaging 20°C (for the period 1889–2009;
Bureau of Meteorology 2010). The average annual rainfall is
560 mm/year, the average pan evaporation is 1,547 mm/year,
and the average FAO56 reference evapotranspiration is
1,084 mm/year (Bureau of Meteorology 2010).
Figure 2 shows the groundwater hydrograph from
observation well ULE 101, together with monthly rainfall
data at Big Swamp monitoring station. Groundwater levels
are measured at approximately monthly intervals in some 42
wells across the basin. A clear seasonal ﬂuctuation in
groundwater level can be recognised, together with a steady
decline in groundwater levels since the middle of the 1980s.
This decline is attributed to the combined effects of pumping
and below-average rainfall, and there are presently concerns
about movements in the freshwater–seawater interface in the
coastal aquifer (Werner et al. 2011).

Soils are typically lithosols (calcareous soils or shallow
loamy soils), generally less than 3-cm thick or absent in
areas of outcropping surface limestone (calcrete). Shallow
depressions may contain up to 5 cm of loamy soils
(Harrington et al. 2006). No soils have developed in the
modern sand dune areas (designated “deep sand” in
Fig. 3a). The lack or absence of soils across large areas
of the basin causes rapid surface runoff, leading to almost
instantaneous inﬁltration via a vast array of sinkholes,
which vary in size from millimetres to several metres in
diameter. Sinkholes are especially dense in the calcrete
and lightly vegetated regions of Fig. 3a.
Dense stands of mallee vegetation (Eucalyptus diversifolia and E. gracilis) occur above 30 m AHD. Below this
level, only isolated stands occur. Some areas are dominated
by drooping she-oak (Allocasuarina verticillata) that were
probably the predominant vegetation species prior to
extensive modiﬁcation most likely from pastoral activities
(Harrington et al. 2006). There are large areas of open,
sparse grassland, and some infestations of woody weeds
(Way 2006). Remotely sensed multi-spectral images were
used to identify the substrate cover (Fig. 3a) and vegetation
types (Fig. 3b). Landsat Enhanced Thematic Mapper Plus
(ETM+) remotely sensed scenes (multi-image datasets)
were obtained from the United States Geological Survey
(USGS 2009). Ground-truthing was conducted in February
2009 to link substrate and vegetation types to land cover
clusters identiﬁed in the multi-spectral images. The
substrate types were classiﬁed according to: calcrete, soil
lightly vegetated, soil highly vegetated, and sand. Likewise, the vegetation types were classiﬁed according to:
grass on calcrete, grass and shrubs, shrubs and trees, forest,
and lightly vegetated/bare sand (in the sand dune area).
The stratigraphy of the Southern Eyre Peninsula
comprises Tertiary and Quaternary sediments unconformably overlying an Achaean metamorphic basement composed of gneiss and quartzites (Harrington et al. 2006). A
geological cross section is given in Fig. 4. The basement
geometry shows troughs and ridges with a general NE–
SW direction, and the geometry of the sedimentary units
that constitute the aquifers reﬂect the inﬁlling of the
basement troughs by Tertiary and Quaternary sediments
(Harrington et al. 2006). The Quaternary sediments extend

Fig. 2 Hydrograph of monitoring well ULE 101 (see Fig. 1 for its location), and monthly rainfall at Big Swamp monitoring station,
modiﬁed from Werner et al. (2011)
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Fig. 3 a Substrate and b vegetation types of Uley South

from a thin layer covering the underlying units to extensive
accumulations of over 130 m of aeolian ﬁne sands and shell
fragments (Evans 1997). The lower hydrostratigraphic unit
(Tertiary Sand) is known as the Wanilla Formation, which
consists of ﬂuvial sands, clays and grits with some lignite
lenses in the base. The Tertiary Sand aquifer is referred by
Harrington et al. (2006) as conﬁned to unconﬁned, depending on the presence of a clay layer. This formation has a
maximum thickness of 60 m and can be locally absent
(Harrington et al. 2006). A lateritic clay sequence (Tertiary
Clay) of up to 25 m thick, known as the Uley Formation, is
found in the upper Tertiary sediments across much of the
basin, although this palaeosol horizon is discontinuous in
places (Harrington et al. 2006). Tertiary sediments are
overlain by the Quaternary Limestone, also known as
the Bridgewater Formation, corresponding to the unconﬁned Quaternary Limestone aquifer, which is composed
of a combination of unconsolidated Aeolian sediments
and limestone of varying hardness and porosity,
presenting karst features in places (Harrington et al.
2006). The thickness of the Quaternary Limestone
sequence is over 130 m in areas of high topographic
relief such as the coastal limestone cliffs, and the base
of the Quaternary aquifer occurs to elevations of −60 to

50 m AHD (Zulﬁc et al. 2007; Fitzpatrick et al. 2009).
A surface or near-surface calcrete horizon is extensive
across the basin, along with secondary porosity in the
form of dissolution features (sinkholes; Twidale and
Bourne 2000).
Groundwater abstraction from Uley South is undertaken
solely by the water utility organisation SA Water Corporation, who extracts roughly 7×106 m3/year of high-quality
groundwater from the Quaternary sediments (Werner et al.
2011). The hydraulic conductivity of the Quaternary
sequence reaches up to 2,000 m/day locally, reﬂecting
karst aquifer characteristics (Sibenaler 1976). The high
permeability of the aquifer produces relatively ﬂat water
tables, which ﬂuctuate in response to the annual cycle of
wet–dry seasons. Water-table responses to individual
rainfall events are of small magnitude (i.e. in the order of
a few millimetres), likely due to the coastal proximity and
hydraulic connection to the sea, i.e. the coastal head
boundary tends to control water levels and high hydraulic
conductivities extend this water-level control signiﬁcant
distances inland.
Based on all the available physiographic data, a
generalised conceptual model of the recharge processes
in the basin was developed. Sinkholes are believed to be

Fig. 4 Cross section stratigraphy through A–A’ showing the main geologic strata of the Uley South Basin (modiﬁed from Werner et al.
2011). The cross-section alignment is shown in Fig. 1, with a general direction SW–NE
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important inﬁltration pathways at the land surface, but the
contribution of sinkhole inﬁltration to the basin’s total
recharge, however, is yet to be understood. Their depths
are presently unknown, and so it is not certain whether
sinkholes directly recharge the water table or simply
conduct water deeper into the unsaturated zone. As such,
the inﬂuence of evapotranspiration on sinkhole recharge is
also unknown. Moreover, the degree to which vegetation
assemblages draw from the unsaturated and saturated
zones is unclear.

Methodology
Water-table fluctuation analysis
The WTF method uses rainfall-induced water-table rise
and the aquifer’s speciﬁc yield to estimate recharge qR
[LT−1], calculated as (Healy and Cook 2002):
qR ¼ Sy

Dh
Dt

ð1Þ

where Sy [−] is the speciﬁc yield, h [L] is the watertable height and t is time [T]. Water-table rise (Δh) is
taken from the extended hydrograph recession to the
water-level peak of the recharge event (Healy and Cook
2002). The WTF method has the advantage over some
other methods in that it provides insight into transient
recharge trends. The existence of preferential ﬂow paths
is not a restriction in its application, although the WTF
method is limited by difﬁculties in accurately determining Sy, and additionally, such factors as the presence of
entrapped air, changes in barometric pressure and
evapotranspiration can inﬂuence water-table ﬂuctuations
(Healy and Cook 2002).
The WTF method was applied using monthly groundwater levels of ﬁfteen observation wells with records of
varying continuity, spanning the period 1961 to 2007
(DWLBC 2010). Recharge was estimated for discrete
water-table rise-and-decline events (typically spanning
several months) from time series data, and these were
then summed to produce annual recharge estimates.
Values of Sy for the Quaternary Limestone aquifer are
reported by Sibenaler (1976), Zulﬁc et al. (2007) and in
Werner et al. (2011). Sibenaler (1976) estimated Sy from
eight pumping tests, obtaining an average of 0.13 (with
values ranging from 0.03 to 0.35). Zulﬁc et al. (2007) used
a range of 0.10–0.30 as possible input Sy values in a
groundwater model of Uley South’s Quaternary Limestone aquifer, and through calibration of the model they
established Sy zones of 0.20 and 0.30, giving a basin
average of about 0.25. Recently, Werner et al. (2011)
calibrated a lumped water balance model of Uley South
and arrived at Sy values ranging from 0.14 to 0.20. A
plausible Sy range for the purposes of this study was taken
as 0.12–0.25.
The WTF method relies on water–table ﬂuctuations,
which can reﬂect phenomena other than groundwater
recharge, for example pumping (e.g. Healy and Cook
Hydrogeology Journal

2002). As such, time variant pumping rates can impact the
application of the WTF approach to estimate recharge
(Cuthbert 2010). For example, water–table rise is expected
during periods of decreased pumping, leading to a
potential overestimation of recharge (Cuthbert 2010).
Further, accuracy of the method depends on the diffusivity
of the aquifer, the location of the borehole in question, and
the distribution in time and space of the abstraction wells.
The Uley South Basin has been subject to considerable
groundwater abstraction since November 1976, and
Werner et al. (2011) estimated that pumping was a
signiﬁcant component (26%) of the cumulative outﬂow
from the Quaternary Limestone aquifer during the period
of 1967–2007. Modiﬁcations of the WTF method to
account for speciﬁc site characteristics or to meet
particular objectives have been proposed before (e.g.
Crosbie et al. 2005; Moon et al. 2004; Cuthbert 2010).
Here, a modiﬁcation of the WTF approach to account for
the effect of pumping seasonality on WTF recharge
estimations is proposed, where the objective is to evaluate
the potential overestimation of recharge arising from
neglecting the effect of pumping in Uley South.
The abstraction of groundwater is well monitored
(Werner et al. 2011) and there is a general inverse
relationship between pumping and rainfall, whereby
pumping decreases during periods of sustained rainfall
(and recharge). An overestimation of recharge is expected
if Eq. 1 is applied without accounting for the inﬂuence of
pumping. A modiﬁed version of the WTF method was
subsequently adopted in which a correction to account
for pumping-induced water-table rise, qR* [LT−1], is
calculated as:
qR ¼

QPRP  QDPR
ASy

ð2Þ

where QPRP [L3T−1] is the average pumping rate during
successive months of no recharge (i.e. when groundwater
levels are falling), QDRP [L3T−1] is the average pumping
rate during successive months of recharge (i.e. when
groundwater levels are rising) and A [L2] is the planar area
of the basin. The corrected recharge is then given as qR –
qR*, if qR is obtained using Eq. 1.

Chloride mass balance approach
The CMB method has been widely used to estimate
groundwater recharge in semi-arid regions (e.g. Wood and
Sanford 1995; Scanlon et al. 2006), i.e. of similar climate
to Uley South. The method exploits the fact that Cl in
precipitation becomes concentrated by evapotranspiration,
such that the increase of the Cl concentration in
groundwater relative to rainwater is then a measure of
the proportion of rainfall that has evaporated. This
assumes that: (1) the only source of groundwater Cl is
atmospheric deposition (i.e. dry deposition and rainfall Cl
combined), (2) there is no surface runoff from the recharge
area, and (3) the atmospheric Cl deposition is in steady
DOI 10.1007/s10040-011-0794-2

state. The mean annual recharge ﬂux, qR [LT−1], is
calculated by (e.g. Wood and Sanford 1995):
qR ¼

PCPþD
CGW

ð3Þ

where P [LT−1] is the long-term average rainfall, CP+D
[ML−3] is the representative mean Cl concentration in
rainwater including contributions from dry deposition, and
CGW [ML−3] is the Cl concentration of groundwater in the
recharge area. The assumptions required in the application
of the CMB method are considered to be satisﬁed in the
Uley South Basin. That is, it is assumed that there are no
sinks or sources of Cl in the rock matrix, the atmospheric
deposition is the only source of Cl to the system, and
rainfall is partitioned into only inﬁltration and evapotranspiration at the basin scale.
As Uley South is bordered by the ocean, a strong
dependency of CP+D on the distance from the coast is
expected. To take this dependency into account, the
empirical formula developed by Hutton (1976) was used:

CPþD ¼ 35:45


0:99

0:23
d 0:25

ð4Þ

where d [L] is the distance from the coastline in km. This
relationship was obtained for an area in Southeast
Australia with an average annual precipitation of
>500 mm/year, and where the distance from the coast
was between 0.5 and 300 km (Hutton 1976). Cl concentrations calculated using Eq. 4 differed by no more than
5% from measured values in rainfall samples near ULE
109 (d=6.1 km, Fig. 1), obtained during July 1988 to
March 1992 (Evans 1997) and rainfall samples next to
ULE 101 (d=2.3 km, Fig. 1), obtained during May 2008
to March 2009.
The CMB method can be applied using values for CGW
that represent either: (1) averaged Cl concentrations over a
number of samples in an aquifer (Wood and Sanford
1995), or (2) Cl concentrations from individual wells
(Sibanda et al. 2009). The ﬁrst approach yields a basinwide average but it cannot be readily applied to Uley
South as the Cl deposition rate varies spatially due to the
vicinity of the sea. Therefore, the second approach was
adopted. The difﬁculty with this method is that the
calculated recharge value applies to an area located
somewhere up-gradient of the observation well, i.e. the
sampled groundwater has travelled a certain distance
through the aquifer since it was recharged. In an attempt
to correct for this effect, the following steps were taken to
estimate the position of the recharge area corresponding to
an observation well. First, the age of the groundwater
sample was determined based on its CFC concentration
(see the following). Then, using typical values of the
hydraulic conductivity (100–500 m/day) and porosity
(0.15–0.3) of the aquifer, and the local hydraulic head
gradient, the groundwater ﬂow velocity was estimated
based on Darcy’s law. The length of the ﬂow path upHydrogeology Journal

gradient of the observation well was found by multiplying
the ﬂow velocity by the CFC-derived groundwater age.
Finally the up-gradient direction from the sampled well to
the recharge area was determined by using groundwater
pathways derived from hydraulic head contours. Values
of CGW were taken from Evans (1997) (sampled in
1993 and 1994), and from DWLBC (2010) (sampled
from 1961 to 2004).

Groundwater dating using CFCs
Groundwater CFC concentrations can be used to calculate
the time that has elapsed since a water parcel crossed the
water table and thus became isolated from the atmosphere
(Plummer and Busenberg 2000). Atmospheric concentrations of CFC-11, CFC-12 and CFC-113 increased continuously between 1945 and 1990 (Plummer and Busenberg
2006), so that the moment of recharge can be determined
by matching the equilibrium partial pressure of a
particular CFC in a groundwater sample with its historical
concentration in the atmosphere. The basic assumptions
underlying this method are that the historical CFC
composition of air in the recharge area is known and that
the composition of unsaturated zone air resembles that of
the atmosphere. Details of the method are given in
Plummer et al. (2006).
The application of CFCs to date groundwater was
based on data collected by Evans (1997), who sampled
seven wells for CFC-11 and CFC-12 in 1995. The CFC’s
Southern Hemisphere historical air concentration curve
(USGS 2010) was used in the groundwater dating
calculations. Preliminary results showed that groundwater
ages obtained using CFC-11 are older relative to groundwater ages dated with CFC-12, which indicates that CFC11 has been subject to degradation (Cook et al. 1995;
Plummer and Busenberg 2000). For this reason only the
apparent ages calculated from CFC-12 were used.
Under idealised conditions, such as a constant thickness aquifer receiving uniform recharge and with homogeneous hydraulic properties, an exponential increase in
the groundwater age would, theoretically, be observed
with depth below the water table, and the groundwater age
can be used to infer the recharge rate (Solomon et al.
2006). Such conditions are thought not to apply in Uley
South, and rather there is little evidence of vertical
stratiﬁcation in water-quality parameters. This is likely
due to various factors, including the highly heterogeneous
nature of the aquifer, and the variability in recharge. The
long screen lengths of the majority of monitoring wells
would further mask any vertical stratiﬁcation, if present.
The calculated ages were used in approximating groundwater ﬂow lengths and expected locations of upstream
recharge areas attributable to the groundwater obtained
from wells used in applying the CMB method. That is,
simple Darcy’s law calculations were undertaken to
approximate the groundwater travel distance using estimates of hydraulic conductivity, hydraulic gradient,
porosity and the groundwater age.
DOI 10.1007/s10040-011-0794-2

18

O, Cl and Br data analysis
18

The Cl and O data were used in this study to infer the
evapotranspiration processes, and in which way they
impact the groundwater recharge. The Cl/Br ratios were
used to conﬁrm the origin of the recharging water, and to
underpin the use of the CMB method.
The Cl and Br concentrations and δ18O values were
adopted from Evans (1997) (25 groundwater samples
collected in 1993 and 1994). Evans (1997) collected
ﬁve samples of rainwater for determination of δ18O.
These were compared with the rainfall isotopic data
provided for Adelaide by the International Atomic
Energy Agency (IAEA) Global Network of Isotopes in
Precipitation (GNIP) service (IAEA and WMO 2005);
only complete annual data sets from the GNIP database
were used.

Results and discussion
Conceptual model of groundwater recharge
mechanisms
The available chemical and isotope data provide important
insights into the processes that contribute to groundwater
recharge. The Cl concentrations in groundwater samples
from the Quaternary Limestone aquifer range from 100 to
220 mg/L. No spatial trends in Cl concentrations are
apparent, and despite the Cl concentrations in the
underlying Tertiary Sand aquifer being generally higher
(ranging from 137 to 524 mg/L; data from Evans 1997),
no increase of Cl concentrations with depth within the
Quaternary aquifer is observed. It is therefore assumed
that any mixing of waters from these two aquifers is
insufﬁcient to preclude application of the CMB method to
estimate recharge.
Figure 5 shows the δ18O values versus Cl concentrations in groundwater. This plot shows that: (1) there
appears to be a minute increase of δ18O over the observed
range of Cl concentrations, and (2) no groundwater
samples exhibit Cl concentrations below 100 mg/L.
Ranges in δ18O values (IAEA and WMO 2005) and Cl
concentrations for precipitation are also indicated in
Fig. 5. The averages of bulk rainfall δ18O from IAEA

Fig. 5 δ18O (‰ V-SMOW; Vienna-Standard Mean Ocean Water)
values versus Cl concentrations of groundwater samples (data from
Evans 1997). Ranges from bulk rainfall samples have also been
indicated. Error bars indicate the standard deviation, crossing at the
mean values
Hydrogeology Journal

and WMO (2005) and from Evans (1997) compare well,
being −4.3‰ and −4.2‰ respectively.
Cl/Br ratios in both the rainfall and the groundwater
samples are all very close to the Cl/Br ratio of seawater of
288 (using concentrations expressed in mg/L), indicating
that dissolved salts in rainwater and groundwater are
marine derived. This observation is consistent with the
vicinity of the ocean, the land use (no application of
fertilizers and pesticides) and the lithology of the basin
(i.e. absence of Cl-bearing rocks). It rules out the
contribution of Cl from sources other than both rainfall
and dry deposition of marine aerosols, thereby fulﬁlling
one of the key assumptions for the application of the
CMB method.
It should be noted that the Cl concentrations of bulk
rainfall integrate both wet and dry deposition, so that the
observed Cl concentration gap between groundwater
samples and rainwater (Fig. 5) cannot be attributed to
the dry deposition and subsequent dissolution of Clbearing particles from the atmosphere. This, and the
absence of other sources of dissolved Cl as inferred from
the Cl/Br ratio, implies that the increases in groundwater
Cl relative to bulk rainfall are due to evapotranspiration.
Moreover, the observed lack of signiﬁcant enrichment of
18
O as Cl increases (Fig. 5), is interpreted to reﬂect one or
a combination of two processes, namely: (1) transpiration
dominates over evaporation (plant root water uptake is not
accompanied by isotopic fractionation; e.g. Wood and
Sanford 1995; Ingraham et al. 1998; Geyh 2001), and (2)
at times, complete evaporation of rainfall occurs and the
precipitated salts are washed down and redissolved during
wet phases when recharge occurs. The latter process may
occur at the land surface during overland ﬂow of rainfall
or within the sinkholes themselves after inﬁltration. What
remains unclear is whether the vegetation, the mallee trees
in particular, draw their water from the unsaturated zone
or whether their roots have access to groundwater. No
information exists on rooting depths of these trees in
Uley South.
The absence of intermediate data points between the
rainfall and groundwater data points in Fig. 5 is
interpreted to reﬂect the fact that any rainfall that results
in recharge ﬁrst undergoes either or both of these
processes (complete evaporation and transpiration) before
reaching the water table (or the screens of the monitoring
wells). Most recharge occurs in winter, as can be inferred
from the water-level observations (Fig. 2). The observed
gap between Cl concentration of rainfall and groundwater
should be taken as an indication that the contribution of
sinkhole-channelled rainfall that escapes evapotranspiration contributes only little to the total recharge amount,
as otherwise more intermediate data points would be
observed in Fig. 5. This does not preclude that recharge
rates below individual sinkholes are higher than below
the undisturbed calcrete, as suggested by Allison et al.
(1985) for the Murray Group marine limestone aquifer
(Murray River Basin, South Australia), or that there are
some localised occurrences of sinkhole recharge directly
to the water table.
DOI 10.1007/s10040-011-0794-2

Recharge estimates based on the WTF and CMB
methods
The mean annual recharge obtained by averaging the
results of the WTF analysis of the 15 wells varies
between: (1) 66 and 138 mm/year if the pumping
correction is not applied, and (2) 47 and 129 mm/year if
the pumping correction is applied. Recharge ranges reﬂect
the adopted range in Sy, which imparts a signiﬁcant
uncertainty on WTF-estimated recharge. A further source
of uncertainty stems from the potential effects of other
components of the basin water balance, including groundwater outﬂow to the sea and any inﬂows through the basin
boundaries. Although these are in principle considered in
the WTF method by extrapolating the hydrograph recession to the groundwater level peak of the recharge event
(and using that water level as the minimum in the
calculation of Δh; as per Healy and Cook 2002), this
is a rather crude approach that may not accurately take
into account the response of the groundwater system to
other stresses. While some attempt has been made to
modify the WTF approach to account for pumping
seasonality, only a rough approximation of the correction is obtained from the simple representation of the
pumping effects. Nonetheless, it is clear that the
pumping impact is signiﬁcant and cannot be ignored
in the WTF methodology.
Figures 6 and 7 show the relationship between annual
rainfall and annual recharge calculated using the WTF
method. Negative recharge values are due to the pumping
correction factor applied to the lower Sy case, which for
some periods is higher than recharge; this occurred in the
years of 1991, 2005 and 2007. Despite there being
signiﬁcant scatter in the data points, correlations are
apparent, as expected. Figure 6 shows that recharge and
rainfall correlate well in some years (e.g. 1964, 1968,
1971, 1977, 1978, 1992), while poor correlation occurs in
other years (e.g. 1966, 1972 to 1976, 1983, 1984, 1988,
1995, 1996). Figure 7 demonstrates that the same annual
rainfall total can produce very different recharge rates (e.g.
a rainfall rate of ~650 mm/year is associated with recharge
rates of 40–112 mm/year, using Sy =0.12) or that the same

recharge rate can be produced by different rainfall rates
(e.g. a recharge rate of ~40 mm/year can be produced
by rainfall rates of 420–50 mm/year). This indicates that
the annual rainfall total is not the only factor controlling
recharge. Other factors expected to play an important
role in the temporal recharge trends include temporal
and spatial variability in evapotranspiration, soil-water
content, and rainfall pattern (i.e. rainfall intensity,
duration and location). This is commensurate with the
indication from chemical and isotope data that either
low-intensity, short-lived rainfall events do not generate
recharge due to complete evaporation and/or that the
vegetation consumes a signiﬁcant proportion of the
inﬁltrated rainwater.
The spatial variations in time-averaged recharge values
from the CMB approach (modiﬁed to account for the
location of recharge and the distribution of atmospheric Cl
deposition) are given in Fig. 8. There is a general
tendency of higher recharge inferred from wells in the
central and southern part of the basin. This general
tendency is also observed in the recharge results from
the WTF method, although it should be kept in mind that
these results rely on the assumption of a spatially constant
value of Sy. Regions of calcrete and limited vegetation
(see Fig. 3) are by-and-large situated north-east of wells
showing higher recharge rates.
Uncertainties in CMB recharge estimates are linearly
dependent on Cl deposition (Scanlon et al. 2006). To
account for this uncertainty, a range of possible chloride
deposition values was tested in the CMB calculations.
CFC-based groundwater ages from seven bores averaged
11–14 years, ranging from 9 to 17 years (depending on
recharge temperature), equating to inﬁltrating dates ranging from 1978 to 1986 considering that CFC measurements were taken in 1995 (Evans 1997). This translates to
minimum and maximum distance offsets between wells
and recharge areas equal to 0.9–17.3 km, averaging 1.1–
13.9 km (depending on the groundwater ages and
hydraulic properties adopted in the calculations). The
CMB method was applied to these seven wells using Cl
atmospheric deposition rates: (1) at each well location, (2)

Fig. 6 Temporal variability of rainfall and recharge using the standard WTF approach and the approach taking into account the pumping
effect in the WTF analysis, symbolised by WTF*. Insufﬁcient data are available for 2001 and 2002
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Fig. 7 Relationship between annual recharge using the modiﬁed WTF approach (WTF*), and rainfall in Uley South

at the minimum offset distance upstream of each well, and
(3) at the upstream aquifer boundary (i.e. the maximum
offset distances cross the upstream aquifer boundary). The
basin-averaged CMB recharge estimates taking atmospheric Cl deposition at the well location is 68 mm/year.
If consideration is given to the upstream distance-offset in
Cl deposition, CMB recharge estimates reduce by 9–32%
(accounting for spatial variabilities in parameters and
associated uncertainties). These percentages were then
applied to all the wells (including those with no CFC
data), allowing for testing of the inﬂuence of spatial Cl
distribution in the CMB recharge estimates across the
basin. This produced best-estimate values of basinaveraged recharge of 52–63 mm/year, which falls towards
the lower end of the pumping-corrected WTF range of 47–
129 mm/year. Figure 8 illustrates distributions of CMB
recharge estimates for the lower (52 mm/year) and upper
(63 mm/year) bounds.

Contrary to the ﬁndings of Crosbie et al. (2010), for
some 172 recharge studies across Australia, that estimates
based on the WTF method were in general much greater
than those based on the CMB method, in this particular
case it was found that both approaches produce overlapping recharge estimates. Crosbie et al. (2010) justify
the WTF-CMB discrepancy to timeframe differences and
to the potential contribution of transpiration from the
saturated zone (accounted for in the CMB method, but not
in the WTF approach). In this study, both methods were
applied in a consistent timeframe (i.e. groundwater in
Uley South is young (11–14 years old) and both Cl
concentrations and groundwater ﬂuctuations were analysed for the period 1960s to 2000s). Furthermore, Uley
South is inﬂuenced by factors which modify the watertable behaviour (and therefore WTF estimates of recharge)
such as pumping and groundwater discharge to the sea,
and these may impose stronger controls than transpiration

Fig. 8 Spatial distribution of CMB recharge averaging a 52 mm/year (lower bound estimate) and b 63 mm/year (upper bound estimate)
Hydrogeology Journal

DOI 10.1007/s10040-011-0794-2

effects, given the Uley South speciﬁc conditions. Also, the
uncertainty in Sy is clearly a major factor in applying the
WTF method that potentially masks some of these other
uncertain impacts.
There are several additional sources of uncertainty that
may bias the CMB method as applied to the Uley South
Basin. For example, Cl deposition rates (the term PCP+D
in Eq. 3) based on Cl concentrations measured in bulk
precipitation from open (un-vegetated) sites are known to
underestimate Cl deposition rates under vegetated sites
(Beier and Gundersen 1989; Moreno et al. 2001; Neary
and Gizyn 1994; Knulst 2004), thereby underestimating
CMB recharge. The magnitude of this effect is dependent
on the climate, vegetation type, the extent of the vegetated
area, and distance to the coast. For example, in coastal
dunes in Holland covered by shrubs, the effect was found
to be only 10% (Stuyfzand 1993). Casartelli et al. (2008)
found that the increase in Cl deposition in subtropical
forested areas with Eucalyptus spp. was 50% in a site
away from the coast and over 100% in a site close to the
coast. On the other hand, vegetation will reduce the rate
of rainfall reaching the land surface through canopy
interception and enhanced transpiration is expected in
vegetated areas, and these both serve to decrease the
CMB recharge estimates (e.g. by reducing P in Eq. 3).
The majority of the wells and/or respective recharge
areas are located in lightly or un-vegetated sites (i.e. the
distribution of monitoring does not reﬂect the basin’s
distribution in soil-vegetation), thereby not being inﬂuenced by the vegetation effect in Cl atmospheric
deposition. Further research is warranted to assess the
extent to which vegetation causes CMB-estimates of
recharge to be biased. Hypothetically, if a 50%
inﬂuence of vegetation in CP+D occurs over 57% of
the basin (i.e. under highly vegetated areas; see
Fig. 3b), this would result in CMB estimates being
higher by 28%.
The seasonality in the groundwater salinity of production bores was also considered as a potential source of
error in applying the CMB approach—the salinity of
abstracted groundwater is between 8 and 15% higher on
average in summer than in winter. That is, recharge
estimates based on Cl concentrations of groundwater
samples taking during the summer may be lower than
those taken during winter months, given CGW variations
between the seasons. Also, CGW in Eq. 3 strictly
represents the Cl concentration at the water table. The
temporal and spatial variability in recharge and Cl
deposition rate is expected to create some amount of
vertical stratiﬁcation in groundwater Cl concentrations,
albeit vertical variations in groundwater salinity within the
Quaternary Limestone were not apparent in the available
water chemistry data. To test the likely scale of temporal
groundwater salinity effects, the CMB method was
applied by separately considering samples collected at
different depths below the water table (i.e. <3 m, <10 m,
and all the samples). The effect of the sampling depth
appears to be negligible (<3%) in the recharge estimates
using the CMB method.
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Conclusions
In this study, a conceptual model of groundwater recharge
to a heterogeneous coastal aquifer subject to pumping,
seasonal rainfall and evaporation stresses was developed.
A plausible description of recharge processes arising from
the available data is given as: (1) Cl in the system is
essentially from atmospheric origins and inﬂuenced by
proximity to the ocean; (2) a substantial proportion of
rainfall occurring in dryer months is probably subjected to
complete evaporation, with precipitated salts carried into
the aquifer during wetter months; (3) the primary function
of sinkholes at the basin scale is to redistribute water into
the unsaturated zone rather than cause direct recharge to
the aquifer; (4) soil water originating from (3) is subject to
transpiration more so than evaporation.
The WTF and CMB methods applied in this paper are
modiﬁed forms of previous applications. Modiﬁcation to
the WTF method involved a simple correction for watertable rise caused by pumping reductions, producing a
basin-averaged and time-averaged (1967–2007) WTF
recharge estimate that was lower by up to 30% than the
“traditional” WTF method. The CMB approach was
adapted to consider the location of the recharge relative
to the position of the well, based on CFC ages and
groundwater ﬂow distances and directions, resulting in a
basin-averaged recharge 9 to 32% lower than if the Cl
deposition was considered at the well location. Although
the accuracy of the alternative recharge estimations cannot
be validated, it was demonstrated the importance of
considering local site conditions in applying these
common approaches to recharge estimation. The results
indicate that, potentially for this basin, an overestimate in
WTF-based recharge may arise from neglecting pumping
effects, and over- or underestimates in CMB-based
recharge may occur if Cl deposition factors are ignored.
Estimates of the long-term and spatially averaged
recharge to the Uley South Quaternary Limestone were:
(1) 52–63 mm/year from the CMB approach, and (2) 47–
129 mm/year from the WTF approach. Ranges reﬂect
uncertainty in input parameters, although the assumptions
regarding vegetation effects and salinity seasonality were
not considered as they were not able to be quantiﬁed. The
observed decrease in the water levels, especially in areas
of shallow water tables, may have altered the groundwater
recharge pattern due to associated changes in evapotranspiration. This effect requires additional investigation. The
range in possible WTF recharge values is a function of the
uncertainty in Sy. Although this method provides a large
range of possible recharge values (i.e. larger than the
CMB method), it has the advantage of providing
information about the time variability of recharge, which
cannot be obtained with the CMB method. The range of
recharge results presented here is smaller than previous
recharge estimations for the basin (i.e. 40–200 mm/year),
which is indicative of the contribution from extending the
recharge conceptual model beyond pre-existing versions.
Furthermore, the current recharge value of 140 mm/year
adopted in setting groundwater management policies for
DOI 10.1007/s10040-011-0794-2

the basin is likely an overestimate of recharge. The
uncertainty in recharge estimates could be reduced
through further work, aimed at providing a better
understanding of the inﬂuence of vegetation on atmospheric Cl deposition, a better characterisation of Cl
concentration in groundwater across the basin and an
improved characterisation of speciﬁc yield, which would
collectively provide more accurate and reliable data for
the application of the CMB and WTF approaches.
Likewise, a more detailed characterisation of spatial and
temporal variations of hydrochemistry and hydraulic
parameters, both in saturated and in unsaturated zones,
would enhance the understanding of the processes
affecting recharge in Uley South.
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