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s u m m a r y

Understanding the water balance of large groundwater systems is fundamental for the sustainable
management of the resource. The vertical leakage (i.e. discharge to upper aquifers or the unconfined
water table) component of the Great Artesian Basin (GAB) is an example of a poorly constrained but large
component of the water balance of Australia’s largest groundwater resource. Field estimates of phreatic
evapotranspiration (ET) were made at discharge zones along the southwestern margin of the GAB using
eddy covariance station and micro-lysimeter measurements, and inversion of chloride/isotope soil profile
measurements. The field estimates were assigned to three major landforms associated with areas of
increasingly higher evaporative discharge and progressively decreasing depths to the water table.
These landforms were mapped using remote sensing and digital elevation data, with characteristically
higher soil moisture, salt precipitation, and lower surface temperature compared to areas distal to
discharge zones. Based on the field measurements, broad ranges of phreatic ET (0.5–10, 10–100 and
100–300 mm y�1) were assigned to the major land-types. The higher phreatic ET discharge zones mapped
by supervised classification of satellite data are 8–28% of the total regional vertical leakage component
estimated by numerical modelling of the GAB. In comparison, the higher discharge zones estimated by
landform mapping are 73–251% of the total vertical leakage component estimated by modelling. The
mapped distribution of the high discharge areas has important implications for modelling of the GAB.
In the western sub-basin, most of the estimated recharge can be accounted for by phreatic ET in the high
discharge zones located around the Basin margins, implying that vertical leakage rates distal to the
margins are very low and that discharge may exceed current recharge. In contrast, the results for the
eastern sub-basin suggest that vertical leakage rates around the South Australian portion of the Basin
margin are low and that more of the vertical leakage component in the eastern sub-basin is occurring
distal to the Basin margins. Consequently, the pathways for vertical leakage in the eastern sub-basin
are likely to be more complex than for the western sub-basin.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Understanding the water balance of large groundwater systems
is fundamental to the sustainable management of the resource
(Famiglietti et al., 2011). Regional artesian groundwater is a vital
water supply for anthropogenic uses in many arid and semi-arid
areas (Habermehl, 1980; Danielopol et al., 2003), in addition to
supplying water to ecologically and culturally important surface
springs (Mudd, 2000; Fensham and Price, 2004; Harvey et al.,
2007). Increasing water demand worldwide has placed a number
of groundwater systems under stress (Wada et al., 2010;
Famiglietti, 2014). Examples of groundwater depletion are both
historical (e.g. Great Artesian Basin of Australia; Habermehl,
1980) and current (e.g. Central Valley of California, Famiglietti
et al., 2011), and pose significant risks to groundwater dependent
ecosystems (e.g. Patten et al., 2008) and agricultural and other sup-
ply (e.g. Famiglietti et al., 2011). The concept of ‘sustainable yield’
(Bredehoeft et al., 1982; Kalf and Woolley, 2005) in groundwater
management requires an understanding of the different recharge
and discharge components of the water balance and not just mon-
itoring of groundwater levels.

Measurements of many major components of the water balance
of groundwater systems pose considerable challenges and are thus
frequently estimated through modelling (Brunner et al., 2012). A
shortcoming of the modelling approach is that with insufficient
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information, the modelled water balance may have high bias and
uncertainty (Stisen et al., 2010). This can lead to some of the major
fluxes being significantly over-, or under-estimated. For instance,
recharge to groundwater (i.e. from rainfall or streamflow percola-
tion) may be over-estimated if other sources of inflow (e.g. leakage
from underlying basins) are not well constrained by observed data.
Similarly, on the outflow side of the water balance ledger, most of
the uncertainty from having inadequate information on all inflow
and outflow processes could be assigned to vertical leakage (i.e.
discharge to upper aquifers or the unconfined water table due to
artesian piezometric heads) (Welsh, 2006). The collection of field
data to measure a previously unconstrained, major component of
the water balance allows greater confidence to be placed on mod-
elling of the resource and its sustainable use (Tyler et al., 1997).
Whilst the uncertainty ranges around the measured fluxes are
commonly large, they provide an important independent test of
both the magnitude and distribution of the fluxes. An example of
such an approach is to measure phreatic evapotranspiration (ET)
from saline playas in closed basins to determine the major outflow
flux from these systems (e.g. Allison and Barnes, 1985; Kampf et al.,
2005; Kampf and Tyler, 2006).

For large groundwater systems, remote sensing provides a vital
data source and analysis tool for capturing some hydrological pro-
cesses at the appropriate spatio-temporal scale (Becker, 2006;
Brunner et al., 2007). Recent advances in the use of gravity varia-
tion data provided by the Gravity Recovery and Climate Experi-
ment (GRACE) satellites has enabled whole of basin estimates of
water volume changes (Rodell et al., 2009; van Dijk et al., 2011;
Wang et al., 2014). While a powerful technique, the GRACE data
do not provide insights into the detailed spatial distribution of
recharge and discharge processes. Satellites measuring information
in the optical through to microwave spectrum can provide obser-
vations at much finer spatial scales than GRACE and hence on
recharge and discharge zones of the groundwater system where
fluxes are potentially observable at the land surface (Becker,
2006; Leblanc et al., 2007). For example, Hendricks Franssen
et al. (2008) used remote sensing to constrain recharge rates indi-
cated by chloride profiles in Botswana, whilst Brunner et al. (2008)
used remotely sensed maps of ET to extract the phreatic compo-
nent in China.

Phreatic ET can form a large part of the water budget of ground-
water systems in the arid zone, such as in salt lakes and artesian
discharge zones (Habermehl, 1980; Tyler et al., 2006; Sultan
et al., 2007). For many closed basins, phreatic evaporation through
a salt lake can be the dominant outflow from the system (Allison
and Barnes, 1985), but for other large groundwater systems, phrea-
tic ET may form a component of the outflow, in conjunction with
spring flow, bore extraction, and flow into other groundwater sys-
tems (the latter could include underlying and overlying aquifers
and other groundwater basins). Estimating the phreatic ET loss
can improve understanding of groundwater processes in these sys-
tems, which are typically characterised by low flux rates, and can
assist in assessing sustainable extraction from the groundwater
basin (Sultan et al., 2007).

The vertical leakage of the Great Artesian Basin (GAB) supplying
phreatic ET is an example of a poorly constrained but large compo-
nent of the water balance of Australia’s largest groundwater
resource (Habermehl, 1980; Woods, 1990; Welsh, 2000). Steady-
state and transient groundwater modelling of the GAB (Welsh,
2000, 2006) indicates that 12–53% of the total discharge from the
GAB occurs as vertical leakage. Along the south-western margin
of the GAB in South Australia, steady state modelling indicates that
vertical leakage accounts for 58% of the discharge in this region.
Defining the likely spatial distribution and rates of leakage are crit-
ical for reliable modelling of this major basin. Recently, Harrington
et al. (2013) used modelling of tracer profiles through the matrix of
the main aquitard to estimate a bulk vertical hydraulic conductiv-
ity of <1 � 10�12 ms�1 that inferred diffuse vertical leakage rates in
the order of a few millimetres per ten thousand years. However,
around the spring groups occurring along the south-western dis-
charge margin of the GAB (Fig. 1), considerable areas of shallow
groundwater and salt precipitation suggest that GAB water supply-
ing the springs also leaks into the unconfined groundwater and is
depleted by phreatic ET (Costelloe et al., 2012, 2014). If the phrea-
tic ET is considered to be in balance with the vertical leakage to the
shallow water table, then these surface expressions of phreatic ET
(e.g. moist soils and salt precipitation) provide a means of mapping
zones of high discharge (as phreatic ET). Characteristically, these
high discharge zones are dominated by bare soil and so phreatic
evaporation through the soil profile will account for most ET. The
discharge zones lack deep rooted vegetation, as trees are mostly
restricted to stream margins in this region, but they can contain
relatively sparse populations of small halophytic shrubs, such as
Halosarcia, Frankenia and chenopods, that will provide some
transpiration component to ET. Increased water resource demand,
particularly from mining operations, requires improved under-
standing of natural discharge processes in the GAB (Mudd, 2000).
This will lead to improved protection of unique ecosystems (e.g.
mound springs, Fensham and Price, 2004) dependent on flow from
the GAB and greater security of supply for all users of the GAB
resource. This paper reports on the integrated use of field measure-
ments and remote sensing to estimate discharge occurring as
phreatic ET along the south-western margin of the GAB in central
Australia. The paper argues that the integration of field measure-
ments, with a conceptual model of surface characteristics that
can be mapped using remote sensing, allows a robust method for
estimating spatially varying, low rates of phreatic ET.
2. The Great Artesian Basin

The Great Artesian Basin is the largest groundwater resource in
Australia and one of the largest artesian basins in the world
(Habermehl, 1980). It underlies 22% of the Australian continent
(Fig. 1) and is the only practical water resource available to mining
and pastoral operations throughout much of the arid and semi-arid
zone of central and eastern Australia. Most of the utilised water
resource of the GAB occurs in the basal Lower Cretaceous and
Jurassic aquifers (J-K aquifers), which are typically hydraulically
connected and considered as a single aquifer (Habermehl, 1980).
The GAB can be divided into an eastern and western sub-basin
(Habermehl, 1980, Fig. 1). The much larger eastern sub-basin has
groundwater flow from the east to the west, originating from
recharge areas on the eastern margin in Queensland (Qld) and
New South Wales (NSW). The smaller western sub-basin has its
recharge areas along the western margin of the GAB in South
Australia (SA) and Northern Territory (NT) with flow patterns
from the west to the east. In the area around Lake Eyre, there is
a mixing zone with contributions from the eastern and western
sub-basins (Herczeg et al., 1991; Costelloe et al., 2012; Love
et al., 2013a).

Much of the groundwater flow throughout the GAB is focused
towards discharge zones along the south-western margin
(Habermehl, 1980), with water discharged by bores, natural
springs (‘‘mound springs”) and vertical leakage. Due to the large
spatial scale of the GAB, only modelling methods have been used
to estimate the vertical leakage at a sub-basin scale (Welsh,
2000, 2006). Relatively few field measurements are available to
constrain the rate or regional distribution of this vertical leakage,
despite modelling suggesting that it comprises up to 53% of the



Fig. 1. Location diagram of field areas within the GAB. Outcrop of Proterozoic basement forming the GAB margin is shown by grey-striped polygons. Salt lakes are shown in
blue. The discharge areas along the south-western margin of the GAB are approximately shown by the position of artesian springs (triangles). The locations of boreholes
drilled for this study are shown as crosses. The two letter codes refer to field sites with data collection. The mixing zone between the Eastern sub-basin and the Western sub-
basin is shown within the purple polygon and the locations of areas covered in Fig. 3 are shown as black rectangles. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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total discharge from the GAB; although there have been important
advances in recent years (e.g. Harrington et al., 2013; Love et al.,
2013b). Rates of phreatic evaporation along part of the
south-western GAB margin (near Lake Eyre South) were first
analysed byWoods (1990) using soil profile modelling, where rates
of 3.0–7.0 mm y�1 were estimated. Harrington et al. (2013) found
rates of <0.001 mm y�1 for diffuse discharge through the aquitard
matrix away from the discharge zones represented by the
occurrence of spring groups. Conceptually, some artesian water
could be harvested that would otherwise be discharged by
upwards leakage into the less important unconfined water table
(Sultan et al., 2007). However to be sustainable, such harvesting
would require knowledge of the rates and spatial distribution of
the upward leaking discharge.

This study gathered data over much of the south-western mar-
gin of the GAB (Fig. 1). Field data were collected from the Public
House Springs (PU, Fig. 1) on the northern tip of the Gammon
Ranges, through an arc moving west and north to discharge areas
at the northern tip of the Peake-Denison Ranges (OC, Fig. 1).
Remote sensing data were analysed over this area and also
extended to cover the Dalhousie Springs complex (DH, Fig. 1),
approximately 130 km north of the field area. Discharge zones
around the Lake Frome spring super group, south-east of Public
House Springs, were not included in the study area. The field area
coincides with the arid core of Australia with typical conditions
measured at Marree (Station 017031, www.bom.gov.au, near loca-
tion HE in Fig. 1) having a mean annual rainfall of 162 mm (range
39–409 mm y�1) and a mean annual areal potential evapotranspi-
ration (APET) rate of 1300 mm. The mean monthly APET rate
exceeds the mean monthly rainfall in all months and the mean
number of rain-days with P25 mm of daily rainfall per year is
1.2. These climatic conditions favour high rates of ET and only rare
rainfall events that are likely to lead to significant meteoric
recharge to the unconfined groundwater.
3. Methods

3.1. Field measurements

Field estimates of evaporation and evapotranspiration were
measured using small foot-print (order �300 m) and point-based
field techniques; eddy covariance stations, micro-lysimeters and
chloride/isotope soil profile modelling. These estimates were
assumed to represent phreatic ET and this is considered further
in the discussion of the results. Data were collected from 12
locations along the south-western margin of the GAB (Fig. 1) dur-
ing four field trips in the period 2007–2009 (June–July 2007,
November 2007, November 2008, May 2009).

A simple microlysimeter technique (Boast and Robinson, 1982)
for estimating bare soil evaporation has been used by many studies
in both temperate and arid climates (Plauborg, 1995; Tyler et al.,
1997). This technique provides a point measurement of evapora-
tion and relies on few assumptions. Microlysimeters were installed
in areas with both salt precipitation at the surface and moist soils,
indicating probable high rates of phreatic ET. The microlysimeters
consisted of a 0.3 m length of 0.09 m diameter PVC pipe (or 0.1 m
diameter steel pipe) hammered into the surface to obtain a soil
core. The soil core was retrieved and the bottom of the pipe
capped, prior to installation into another PVC pipe of slightly larger
diameter, and both inserted into the soil from where the previous
pipe was removed. Both pipes were installed flush with the ground
surface, taking care that disturbance of the salt/surface crust of the
soil core and surrounding ground surface was minimised. The
microlysimeters were then weighed daily at approximately the
same time of day over a 4–7 day period. The daily weight loss
was converted to a volumetric water loss and expressed as an
evaporative loss in mm using the cross-sectional area of the
microlysimeter. The mean evaporation loss was determined as
the mean of the cumulative loss and also as the gradient of a line
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of best fit through the data. Selected microlysimeter cores were
also subjected to further evaporation treatment under laboratory
conditions using a heat lamp to drive evaporation fluxes over
longer periods of time (further described in Costelloe et al., 2009).

An eddy covariance station was also installed in the areas
having moist soils and salt precipitation at the surface to provide
an estimate of spatially averaged net ET fluxes above the ground
surface. This technique has been applied to salt lake environments
to estimate phreatic ET (Kampf et al., 2005; Kampf and Tyler,
2006). The installation used a three-dimensional sonic anemome-
ter (CSAT3, Campbell Scientific) and a gas analyser (LICOR 7500)
to measure rates of actual evapotranspiration above the ground
surface of the saline discharge zones. The atmospheric sensors
were installed approximately 2.5 m above the ground surface
and were operated at 10 Hz, while averaging fluxes over 30 min
intervals. The 2.5 m height of the instrumentation gave an upwind
fetch (or area providing the ET flux) in the region of about
250–300 m radius. Radiation (four-way net radiometer, Kipp and
Zonen) and soil heat (two soil heat flux plates) flux measurements
were also made to allow for calculation of energy balance closure.

Shallow cored auger holes (<6 m depth) were drilled within
1 km of artesian springs that were surrounded by areas of obvious
phreatic ET (i.e. salt precipitation at the surface and moist soils).
The locations ranged from areas of moist salt flats, to surrounding
slightly higher landscapes with dry soils and no sign of salt precip-
itation at the surface. Core samples were collected and chloride
concentration, oxygen isotope (d18O) values and gravimetric soil
water content (h) of soil water samples were analysed at the Land
and Water Laboratory of the Commonwealth Scientific and Indus-
trial Research Organization (CSIRO) in Adelaide, Australia. These
values were used to estimate long term flux rates through the
unsaturated sections of the soil profile, using a steady state advec-
tion–diffusion model (Barnes and Allison, 1983; Costelloe et al.,
2014). In total, soil profile samples were obtained from 28 shallow
boreholes in a variety of locations. Typically, the first 0.5 m of the
core profile from the surface was continuously sampled at 0.1 m
intervals (usually 0.05 m interval for the surface sample). At
greater depths, 1–2 samples of 0.1 m length were selected over
each 0.5 m of cored soil profile. Further details of the soil profile
method are found in Costelloe et al. (2014).

To assist the interpretation of remotely sensed images of the
field area (Section 3.3), mapping was carried out along transects
designed to cover the major regolith materials and landforms in
each study area, with a particular focus on regolith materials
related to discharge processes (i.e. presence of surface salt, soil
moisture, vegetation). Differential Global Positioning System
(DGPS) data were collected at each sample location to collect the
latitude, longitude and elevation in units of the Australian Height
Datum (AHD) (m). These data provided high resolution informa-
tion for characterising the terrain and topographic relief found
within each landform. Soil moisture was measured either by
volumetric soil samples or using a hand held conductance probe
(Hydraprobe, Merlin et al., 2007). Visual estimates were made of
salt precipitation, surface lag material, and vegetation type and
density, at locations along each transect.

Two of the techniques (microlysimeters and soil profile
modelling) provide point measurements of only the bare soil
evaporation component of the phreatic ET, while the third method
(eddy covariance) measures spatially averaged total evapotranspi-
ration. No specific transpiration rates were measured in this
project but bare soil evaporation is likely to dominate phreatic
ET in the sparsely vegetated discharge zones of the field area.
The field estimates of phreatic ET were assigned to three major
land-types associated with areas of increasingly higher ET rates
(see Section 3.2). These land-types were mapped using remote
sensing, digital elevation data and field observations.
3.2. Landscape conceptual framework

A conceptual framework was used to classify areas of high
phreatic ET into relatively homogenous areas based on surface
characteristics (Fig. 2). Areas with shallow water tables (typically
<1 m deep) are considered to allow water to rise through capillary
action to the near surface (i.e. within 0.05 m of the surface) in clay
and silt based soils, and are classified as the Liquid Transport Zone
(LTZ). This zone is considered to represent the highest phreatic ET
rates and is characterised by moist soils throughout the profile, sig-
nificant salt precipitation at the surface, and relatively low surface
temperatures (see representative LTZ chloride concentration and
soil moisture profile in Fig. 2). As the depth to the water table
increases, the near-surface soil moisture decreases and the evapo-
ration front occurs below the ground surface with water transport
in both liquid and vapour phases in the near surface environment.
Such areas are classified as the Mixed Transport Zone (MTZ). As a
result, these discharge areas are characterised by drier soils, with
less salt precipitation at the surface (see representative MTZ profile
in Fig. 2) and a lower temperature contrast with the surrounding
dry ground. With increasing depth to groundwater (i.e. water table
depths approximately >3–4 m) the evaporation front occurs >0.1 m
below the ground surface and vapour transport dominates at the
surface (classified as the Vapour Transport Zone (VTZ)). The VTZ
no longer has any observable salt precipitation, contains dry sur-
face soils (see representative VTZ profile in Fig. 2) and has practi-
cally no temperature contrast with the surrounding dry ground.
As a result of the lack of surface characteristics, the outer extent
of the VTZ cannot be directly mapped in the field or by remote
sensing. As the depth to groundwater increases beyond some
threshold, phreatic ET is considered to be effectively zero and this
is termed the Zero Discharge Zone (ZDZ). This study has, therefore,
focused on defining the extent of, and phreatic ET rates from, the
LTZ and MTZ. Field mapping indicated that a fourth zone occasion-
ally occurs around the GAB discharge areas (termed the carbonate
zone), that comprises areas of flat-lying massive carbonate layers
that may be related to carbonate precipitation observed around
GAB artesian springs (Keppel et al., 2011). These layers typically
occur at a particular local topographic level, can be 1–2 m thick,
and may extend under alluvial–colluvial cover away from the
spring groups and high discharge zones.

Landform mapping was applied to the field areas to provide an
interpretative measure of the extent of the discharge zones. This
was done by visual interpretation of a variety of data sets. Landsat
TM images were used to create base maps from which the major
landform units present in the study areas were mapped. At some
sites, high spatial resolution digital aerial photographs and
Quickbird satellite images were available and these were used to
complement the landform mapping using Landsat. In addition,
the Shuttle Radar Terrain Model (SRTM) 3 arc-sec DEM product
was used in the mapping and interpretation of landforms. The
discharge zones generally corresponded with topographically low
areas that could be identified using the DEM data. Transects and
associated field observations were used to characterise the
landforms’ structure, surface materials and boundaries. These field
verified maps were then used to quantitatively estimate the GAB
discharge zones across the south-western margin of the GAB, and
also used to evaluate the supervised classification of the discharge
zones using satellite data (Section 3.3).

3.3. Remote sensing of discharge zones

Due to its suitable spatial and spectral resolution in mapping
phreatic ET scale processes, two Landsat indices were used for
classification of the zones of higher phreatic ET with distinctive
surface characteristics (LTZ and MTZ). The Modified Normalized



Fig. 2. Conceptual framework for linking zones with distinctive surface (e.g. soil moisture, surface salt precipitation) and sub-surface (e.g. chloride (Cl) concentrations, soil
moisture (SM)) characteristics to depth to water table and phreatic ET fluxes. LTZ – Liquid Transport Zone, MTZ – Mixed Transport Zone, VTZ – Vapour Transport Zone, ZDZ –
Zero Discharge Zone. Indicative threshold depths for each zone, relative to the position of the water table (0 m), and characteristic sub-surface Cl and SM profiles, are shown
for each zone.
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Difference Wetness Index (MNDWI) (Eq. (1)) highlights the short
wave infrared soil moisture absorption feature (Xu, 2006) and
was used to delineate areas of high soil moisture that define the
LTZ. The Salinity Index (SI) (Eq. (2)) has been used to map areas
with salt precipitation at the land surface (Tripathi et al., 1997)
by making use of the high albedo of salt crusts. The MTZ was
mapped using the SI where the MNDWI fell below threshold values
defining the LTZ. Only these indices were used in the mapping of
the high discharge zones based on the supervised classification of
Landsat 5 images from 2004 to 2010.

MNDWI ¼ ðGreen�MIRÞ=ðGreenþMIRÞ ð1Þ

SI ¼ ðGreen� RedÞ0:5 ð2Þ
Ground truth data were collected along field transects (Section 3.1)
and each point was characterised as either wet or dry (based on the
real component of the dielectric constant measured by a handheld
theta probe), and whether or not it featured surface salt
precipitation by visual assessment. Each point was then classified
as LTZ, MTZ or other, based on the salt and soil moisture classifica-
tion. For the Landsat image Path 99/Row 80, approximately 1000
points were classified from transects located around six artesian
spring groups and used in a calibration exercise. The pixel value
of each index was extracted for each sample location to input
into an error matrix/accuracy assessment (Congalton, 1991). The
user and producer accuracies (ibid.) for both classes were then
calculated and evaluated for different threshold values using all
ground truth points. A second approach was also used for
evaluation of the accuracy of supervised classification using varying
threshold index values by comparing the results against the land-
form mapping. As the index value is relaxed beyond an optimum
value, the classified area should increase, extending outwards from
the discharge area and creating ‘false positives’. The second
approach is illustrated for the MNDWI index at two of the
calibration sites (BI, WA in Fig. 1) using two Landsat scenes from
September 2003 and February 2004 (Fig. 3).



Fig. 3. Examples of calibration of MNDWI index against landform mapping (black polygons) for supervised classification of the LTZ at Billa Kalina and Wabma Kadarbu (BI,
WA in Fig. 1, respectively). Landsat images (99, 80) from 14th September 2003 and 5th February 2004 are used in the supervised classification. Approximate thresholds for
where false positives occur outside of landform mapping of the LTZ were �0.57 (A), �0.55 (B) and �0.52 (C and D). At MNDWI values above these thresholds the classified
areas occurred within the landform mapping of probable LTZ, while values increasingly below these thresholds generated increasing areas of false positives.
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4. Results

The field results for each measurement technique (microlysime-
ters, eddy covariance, soil profile modelling) are presented in terms
of the discharge zones (LTZ, MTZ, VTZ) identified by the conceptual
model developed for the remote sensing analysis (Table 1). All
results showed wide ranges, but a consistent decrease in discharge
rates moving between zones and coinciding with an increase in the



Table 1
Range of field measured phreatic ET for the different zones. The mean of field measurements for each method and zone are given in brackets, except for soil profile modelling. For
the previous studies, the approximate depth to groundwater is shown in brackets in the Comments column. More detailed information on site measurement results are provided
in the Supplementary Table.

Zone LTZ MTZ VTZ Comments

Water table depth (m) 0.3–0.9 1.3 to >3.5 >3.0
Microlysimeters (mm y�1) 96–542 (279) 41–449 (145) – Not applied in VTZ
Eddy covariance (mm y�1) 44–455 (175) 32–157 (78) – Not applied in VTZ
Soil profile modelling (mm y�1) 2–456 0.2–86 <0.1–17
Final range (mm y�1) 100–300 10–100 0.5–10
Previous studies (mm y�1) (mm y�1) (mm y�1)
Woods (1990) 3–7 3–7 Outer margins of GAB spring zones
Allison and Barnes (1985) 90–230 Saline playa (<1 m)
Tyler et al. (1997) 88–104 88–104 Playa (0.9–2.5 m). Soils near saturation
Sanderson and Cooper (2008) 163–449 Vegetated playa (1.5–1.7 m)
Kampf et al. (2005) 37–402 Saline playa (0.2–0.9 m), salt crust
Kampf et al. (2005) 146–1022 Saline playa (0.2–0.9 m), vegetated
Brunner et al. (2008) 200–600 200–600 Arid basin (0.8–2.0 m)
Shanafield et al. (2015) 0.1–300 Saline playa – claypan (1–3 m)
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depth to the water table. The remote sensing techniques (super-
vised classification and landform mapping) were only able to map
the high discharge zones (LTZ, MTZ and carbonate) and could not
constrain the outer extent of the VTZ around these areas. No defini-
tive measurements were available from the carbonate zone due to
the difficulty in drilling soil profiles through the massive carbonate
layer. However, the very low soil moisture in the near surface of the
carbonate zone indicates that it would share a similar range in
discharge as the VTZ but with a decreased upper limit.

4.1. Field measurements of discharge – liquid transport zone

Field estimates of bare soil evaporation in the LTZ using
microlysimeters ranged from 96 to 542 mm y�1 with a mean of
279 mm y�1 and standard deviation of 112 mm y�1. The results
include estimates using cumulative weight losses and linear best
fits (see Fig. 4) from 20 microlysimeters measured over periods
of 4–6 days. These estimates are significantly below the mean
annual areal potential evapotranspiration rates for the region
(1300–1400 mm, Australian Bureau of Meteorology) and probably
reflect the influence of soil characteristics, as well as thin salt
crusts and high soil water salinities, in decreasing evaporation
rates.

The eddy covariance data were collected at three LTZ sites (EL,
NI, OC, Fig. 1), but on all occasions results were affected by rainfall
within a few days of the measurements. The daily measurements
were converted to annual estimates that ranged from 44 to
455 mm y�1 with a mean of 175 mm y�1 and standard deviation
of 131 mm y�1. Half-hourly latent and sensible heat energy data
from the LTZ Elizabeth Springs (EL) site (Fig. 5) show that in days
following rainfall contribution, the sensible energy flux was simi-
lar, or smaller than, the latent energy flux. Data from MTZ sites
not affected by rainfall show that latent energy fluxes were much
smaller than sensible energy fluxes and thus taken as representa-
tive of phreatic ET rates (see HE site in Fig. 5 and Section 4.2).
The least rainfall-affected discharge rates measured by the eddy
covariance stations in the LTZ were in the range of 54–151 mm y�1

but may also integrate lower rates derived from areas of MTZ (and
perhaps even VTZ) in the upwind fetch of the stations. The correla-
tion between the sensible and latent heat flux terms (H + LE) with
the difference between the net radiation and soil heat flux (Rn-G)
provides a measure of the closure of the surface energy balance
at the site. For both the LTZ and MTZ, the range in slope values
of 0.46–0.63 indicates that the H + LE term is significantly underes-
timated compared to the Rn-G term (i.e. on average, the H + LE
term is 46–63% of the Rn-G term). This large underestimation
may reflect the differences in the spatial scale at which the two
sets of measurements were collected. The net radiation and soil
heat flux data represent conditions directly beneath the radiome-
ter and around the soil heat flux plates, respectively. The area of
influence around these instruments is on the order of a few square
metres. In contrast, the sensible and latent heat energy fluxes were
measured by the eddy covariance instrument and represent an
area of influence of possibly several thousand square metres. Thus,
the larger area measured by the sensible and latent heat energy
data probably incorporates lower discharge areas than the salt-
crusted location where the net radiation and soil heat flux data
were collected. However, the lack of closure of the energy balance
does imply that the sensible and latent heat fluxes are not being
overestimated and so the evapotranspiration determined by this
method is likely to represent a minimum rate for the area.

Five soil profiles were collected in the LTZ and were
characterised by having shallow (<1 m below ground level
(BGL)), moderate salinity (<12,000 mg L�1 total dissolved solids
(TDS)) unconfined groundwater. The overall range of modelled
discharges for these soil profiles was 2–456 mm y�1 and this large
range was driven by model uncertainties arising from the position
of the evaporation front and salinity of groundwater (Costelloe
et al., 2014) within individual profiles. Modelled profiles from
the LTZ at Elizabeth Springs are shown in Fig. 6 (top) and show
that model fits are typically noisy for the shallow profiles in the
LTZ and very sensitive to the placement of the evaporation front
either in, or below, dry upper soil layers. All of the profiles
showed large ranges in modelled evaporation fluxes, with
the smallest range being 10–56 mm y�1 and the largest being
14–456 mm y�1.

4.2. Field measurements of discharge – mixed transport zone

Field estimates of bare soil evaporation in the MTZ using
microlysimeters ranged from 41 to 449 mm y�1 with a mean of
145 mm y�1 and standard deviation of 93 mm y�1 (see examples
in Fig. 4). Excluding microlysimeter data collected after rainfall in
May 2009 (OC site) reduces the mean to 134 mm y�1 with a
standard deviation of 102 mm y�1. Selected cores from the MTZ
were also measured over significantly longer periods of time (e.g.
15–30 days) under laboratory conditions and compared to the field
sample results. The laboratory-measured cores showed non-linear
weight loss behaviour that decreased with time as the core dried
(Fig. 4). The laboratory analyses of loss rates supported the field
results and were in the range of 60–480 mm y�1 with short-term
mean rates of 97–333 mm y�1 (i.e. over periods or 5–30 days,
depending on which part of the non-linear evaporative curve is
used). In general, the microlysimeter data show poor ranked



Fig. 4. Representative microlysimeter results from the LTZ at Elizabeth Springs (EL in Fig. 1) during November 2007 (A and B); from the MTZ at Public House Springs (PU in
Fig. 1) in July 2007 (C and D); and from laboratory controlled loss rates measured from cores collected at Public House Springs in November 2008 (E and F).
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correlations between evaporation rates and relative height differ-
ences within a site, and also with estimated depths to groundwater
between sites. This may reflect local scale variation in soil water
content driven by differences in soil type and uncertainties in the
position of the water table.

Eddy covariance data were collected from MTZ sites at four
locations (HE-June 2007, PU-July 2007, November 2008, RE-July
2007) and results from HE are shown as an example of MTZ eddy
covariance data in Fig. 5. Excluding the rainfall-affected Public
House Springs (PU) results from November 2008, the eddy covari-
ance discharge rates had a range of 32–157 mm y�1 with a mean of
78 mm y�1 and standard deviation of 42 mm y�1. The rain-affected
eddy covariance discharge rates from Public House Springs had a
range of 246–401 mm y�1. The non-rain affected values were all
measured in the winter trip of June–July 2007 and so probably
do not represent the highest short-term rates that could be mea-
sured from the MTZ. However, it is possible that some areas of
LTZ, open spring pools or night-time condensation, could be
contributing to the higher values measured in the MTZ, that are
very similar to the eddy covariance range measured in the LTZ.

Eleven soil profiles were collected in the MTZ showing approx-
imately steady-state evaporation characteristics. These profiles
occurred in areas with water table depths of 1.7 m to >4.5 m BGL
and high groundwater salinity (13,000–192,000 mg L�1, mean
78,000 mg L�1 TDS). These profiles also showed evaporation fronts
occurring between the surface and 0.4 m depth, with a mean depth
of 0.14 m, indicating that most evaporation was occurring in the
sub-surface, thus limiting soil moisture and salt precipitation at
the surface. Soil profile modelling results from the MTZ showed a
range of 0.2–86 mm y�1 and this range was generally less than
estimated from the LTZ soil profile modelling results. Results rep-
resentative of the MTZ are shown in Fig. 6b for a soil profile from
Strangways Springs (ST) where the water table was 1.7–2.2 m
below ground surface. Similar to the LTZ, the lower end of the
MTZ results were heavily influenced by dry soil samples at the
top of the profile being incorporated into the modelling and thus



Fig. 5. (A and B) Eddy covariance results from Elizabeth Springs installation (EL in Fig. 1), May 2009 (39% LTZ, 61% MTZ within a 300 m radius of installation from landform
mapping). (C and D) Eddy covariance results from Hergott Spring (HE in Fig. 1), June 2007 (6% LTZ, 62% MTZ, 31% VTZ within a 300 m radius of installation from landform
mapping). The left hand side plots (A and C) show the half hourly ET (converted from latent energy) rates and the right hand plots (B and D) show the half-hourly latent and
sensible energy flux rates. Approximately 3.0 mm of rainfall fell at Elizabeth Springs on the night of the 24/05/09 but there was no further rain for the remainder of the
sampling period. The Hergott Springs site experienced 0.9 mm of rainfall on the night of 22/06/07.

1 For interpretation of color in Fig. 3, the reader is referred to the web version of
this article.
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these lower results probably underestimate the long-term
evaporative discharge rates. The modelling was also sensitive to
the groundwater concentration not being in equilibrium with the
deeper sections of the soil profile (e.g. Fig. 6b).

4.3. Field measurements of discharge – vapour transport zone

No microlysimeters were installed in the VTZ zone due to the
difficulty in obtaining a soil core in dry sediments, and eddy covari-
ance stations were not located in the VTZ at any of the field sites
either. Phreatic evaporation estimates for this zone relied on the
soil profile modelling. Seven boreholes were identified as occurring
in the VTZ as their evaporation fronts occurred between 0.20 and
0.75 m depth, being typically deeper than for profiles occurring
in the MTZ. In addition, the gravimetric water contents of the
uppermost 0.1 m of the profiles were low (0.023–0.034 g/g) with
the exception of those drilled within a week of rainfall (PU9, EL5,
EL6, 0.072–0.102 g/g), and no salt precipitates were visible on the
ground surface. The unconfined water table was not intersected
in any of the VTZ boreholes, with the water table typically >5 m
deep at least. The results from the soil profile modelling showed
a wide range (<0.1–17.4 mm y�1) with most results being consis-
tently lower than the results from the MTZ and LTZ. An example
of a VTZ soil profile is shown from Elizabeth Springs (EL) in
Fig. 6c (water table >5 m deep) where the chloride and d18O tracers
had not yet approached a concentration that asymptotes towards
the concentration of the unknown groundwater reservoir.

4.4. Mapping of discharge areas

The results of the mapping of the GAB discharge areas using
supervised classification and landform mapping are shown in
Table 2 and Fig. 7. The calibration of the MNDWI values against
field point data for mapping the LTZ indicated that threshold
values for identifying ‘wet’ pixels (i.e. LTZ) ranged from �0.51
(conservative, few false positives) to �0.58 (increase in false
negatives). Comparison of different thresholds against landform
mapping of the LTZ at the calibration sites (BI and WA, Fig. 3) indi-
cate that a threshold of �0.51 for the MDNWI does not result in
obvious false positives. Furthermore, it appears that even slightly
relaxing the threshold to �0.53 could be used without false
positives in most images (i.e. the yellow1 to red pixels occurring
outside of the mapped LTZ areas, Fig. 3). The standard deviation is
low (0.02–0.03) for the optimum threshold value from eight differ-
ent Landsat scenes (covering seven years; 2003–2010). Therefore,
there is confidence that this threshold of �0.53 has reasonable
accuracy of classification without temporal variability significantly
increasing uncertainty in the results.

The calibration of the SI values against field point data for map-
ping the MTZ indicated that a broad range of threshold values for
identifying ‘salt precipitation’ pixels (i.e. MTZ) from 0.075 (increase
in false negatives) to 0.124 (conservative, few false positives).
Comparison of different thresholds against landform mapping of
the MTZ at the calibration sites indicates that a threshold of 0.12
best delineates the MTZ (Fig. 3). This threshold falls on the conser-
vative side of potential threshold ranges and would likely underes-
timate the spatial extent of salt precipitation on the surface,
according to the producer accuracy. However, due to the thin salt
crusting often observed, the pixel mixing effect may mean this is
approximately the limit of the sensor in distinguishing salt crust
from other high albedo materials. There is only a small amount



Fig. 6. Soil profile results from the LTZ (top – Elizabeth Springs; EL), MTZ (middle – Strangways Springs; ST in Fig. 1) and VTZ (bottom – Elizabeth Springs). Profiles compare
observed tracer concentrations to modelled concentrations using the advection–diffusion model (Barnes and Allison, 1983), where ‘z’ is the modelled position of the
evaporation front and ‘c’ is the modelled concentration of the unconfined groundwater. The ‘modified depth’ utilises the measured sample interval and its effective diffusion
coefficient to transform the measured depths so that the whole profile can be represented by a single representative, average diffusion coefficient so that the modified total
depth remains the same as the measured total depth (see Costelloe et al., 2014).

Table 2
Results for mapping of high discharge areas (LTZ, MTZ and carbonate) by supervised classification and landform mapping. Mapped areas are shown in km2 in the upper rows and
as a percentage of the total area for each discharge zone in the lower rows.

Western area (km2) Mixing area (km2) Eastern area (km2) Total area (km2)

Supervised Landform Supervised Landform Supervised Landform Supervised Landform

LTZ 68.5 601.2 10.0 46.0 – 35.2 78.5 682.4
MTZ 34.0 353.5 4.3 84.4 7.3 24.4 45.6 462.3
Carbonate 20.8 11.3 – 7.6 0.5 – 21.3 18.9

% % % % % % % %

LTZ 87.3 88.1 12.7 6.8 – 5.2 100 100
MTZ 74.6 76.5 9.4 18.3 16.0 5.3 100 100
Carbonate 97.7 59.8 – 40.2 2.3 – 100 100
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Fig. 7. Mapping of high discharge areas (LTZ and MTZ) using landform mapping over the south-western margin of the GAB. The distribution of artesian springs is shown for
context. The supervised classification mapping is not shown as it is difficult to see at this scale but generally occurs within the areas of landform mapping. The Billa Kalina
area (shown in greater detail in Fig. 8) is shown within the rectangle.
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of spatial and temporal variability between the two calibration
sites (mean SI of 0.12 at both sites and standard deviations of
0.01–0.014).

Comparing the supervised classification mapping to the land-
form mapping suggests that the former is significantly under-
estimating the area of the high discharge zones while the latter
is possibly over-estimating the area (Table 2). Examination of the
supervised classification mapping results at the site scale (e.g. BI,
Fig. 8) illustrates the underestimation by this method. In particular,
areas with patchy salt precipitation but a heavy stone lag, which
field mapping and water table depth would place in the MTZ, are
not identified at the spatial scale of the Landsat resolution. The
more interpretative ‘lumping’ nature of the landform mapping
captures the outer boundary of the high discharge zones but at
the expense of ignoring smaller scale heterogeneity. The results
of the two mapping techniques (Table 2) consistently show that
the high discharge zones are most prevalent in the western
sub-basin of the GAB. In contrast, the basin margins in the eastern
sub-basin are characterised by a relative paucity of areas with high
phreatic ET characteristics.

4.5. Regional scale flux estimates

The water balance for the GAB has previously been estimated by
Habermehl (1980) and by steady-state and transient modelling at
the whole-of-basin scale by the Bureau of Rural Sciences (BRS)
(Welsh, 2000, 2006). In this study the steady-state GABFLOW
model (Welsh, 2000) results are used in preference to the transient
model results, as the latter treated vertical leakage as the water
balance residual and was minimised during the model calibration
(Welsh, 2006). The water balance for the South Australian portion
of the GAB from the steady-state modelling is shown in Table 3
(reported in Arid Areas Catchment Water Management Board,
2004). The phreatic ET estimates from this study are compared
to two key modelled water balance components; the estimate of
total vertical leakage along the south-western margin of the GAB
(100,010 ML y�1) and the estimate of recharge from the western
margin (59,495 ML y�1).

Ranges of field-measured phreatic ET rates (Table 1) were esti-
mated for LTZ, MTZ and carbonate discharge zones. The zones were
separated into western and eastern sub-basins, reflecting ground-
water inflow from the western and eastern margins of the GAB
respectively, and a mixing zone that received inflow from both
sub-basins. These provide the upper and lower bounds for use in
simple up-scaling discharge estimates using the supervised classi-
fication and landform mapping of discharge areas. These bounds
were then applied to the areas of each discharge zone using both
mapping approaches (Table 2) and the estimated fluxes of phreatic
ET for the study area were calculated, as shown in Table 4 and
Fig. 9. The total modelled leakage (Table 3) provides a conceptual
upper limit for comparison to the phreatic ET discharge while
the modelled recharge from the western margin provides a con-
ceptual upper limit to phreatic ET discharge within the western
sub-basin.

Note that the VTZ zone was not included in this analysis and nor
were any GAB discharge zones around mound springs in the large
salt lakes (e.g. Eyre South, Blanche, Callabonna, Frome). In the large
salt lakes it is not possible to separate out areas of GAB vertical
leakage from evaporation of unconfined groundwater sourced from
surface inflow recharge. Therefore, the flux estimates of Table 4 do
not represent the entire GAB-sourced phreatic ET component in
the field area but do indicate the main distribution of the areas
of highest discharge. The higher (i.e. LTZ, MTZ, carbonate) phreatic
zones mapped by supervised classification of satellite data account



Fig. 8. Detail of Billa Kalina (BI in Fig. 1 and also shown in Fig. 7) discharge areas using supervised classification (left) and landform mapping (right). The supervised
classification areas of high discharge (LTZ and MTZ) nearly always occur within the LTZ and MTZ identified by landform mapping.

Table 3
Summary of model flows (indicative) for the GAB within South Australia (AACWM
Board, 2004; Welsh, 2000).

Water balance components Inflow (ML y�1) Outflow (ML y�1)

Horizontal flow (J-K aquifers) 58,400 1095
Bores – 46,720
Springs – 24,090
Recharge (western sub-basin) 59,495 –
Vertical leakage (from deeper

Hutton Sandstone aquifer)
54,020 100,010

Sum 171,915 171,915

Table 4
Estimated phreatic ET fluxes for the south-western margin of the GAB using mapping o
mapping. The percentages are of the estimated flux relative to the total modelled vertical

Western area (ML y�1) Mixing area (ML y�1)

Superv. Landf. Superv. Landf.

LTZ 6851–20,553 60,121–180,362 1001–3004 4604–13,81
MTZ 340–3400 3535–35,348 43–433 844–8441
Carb. 4–104 2–57 0 2–38

% % % %

LTZ 7–21 60–180 1–3 5–14
MTZ 0–3 4–35 <1 1–8
Carb. 0 0 0 0
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for 8–28% of the total vertical leakage component within South
Australia estimated by BRS modelling (Table 4). Phreatic ET fed
only from groundwater flowing from the western sub-basin are
7–24%, areas from the mixing zone are 1–3%, and areas from the
eastern sub-basin are <1% of the model-estimated total vertical
leakage for South Australia, respectively. The higher phreatic ET
zones estimated by landform mapping account for 73–251% of
the total vertical leakage component modelled by BRS (Table 4),
with the western sub-basin being 64–216%, the mixing zone being
5–22% and the eastern sub-basin being 4–13% of the modelled total
vertical leakage, respectively.
f high discharge areas by supervised classification (Superv.) and landform (Landf.)
leakage flux for South Australia (see Table 3).

Eastern area (ML y�1) Total area (ML y�1)

Superv. Landf. Superv. Landf.

1 0 3519–10,556 7852–23,556 68,243–204,730
73–730 244–2443 456–4563 4623–46,232
0–2 0 4–107 4–95

% % % %

0 4–11 8–24 68–205
0–1 0–2 1–5 5–46
0 0 0 0



Fig. 9. Comparison of phreatic ET flux estimates, up-scaled using supervised
classification (‘Supervised’) and landform mapping (‘Landform’), to steady state
modelling (‘Model’, Table 3) and comparable (‘Other’, Fulton, 2012; Love et al.,
2013b) estimates of western sub-basin recharge (A) and total vertical leakage (B).
The phreatic ET estimates show the median and range while the steady state
modelled value has been given an arbitrary range of ±10%. Note that the Fulton
(2012) estimate of western sub-basin recharge only includes fluvial recharge from
the north-western rivers and represents a probable minimum value, while the total
vertical leakage estimate of Love et al. (2013b) is from noble gas analysis of
unconfined groundwater around the south-western margin of the GAB.
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5. Discussion

5.1. Uncertainties in estimates of phreatic ET

There are three main groups of uncertainties associated with
the results from this study: uncertainties in flux estimates, uncer-
tainties in mapping of discharge zones, and uncertainties in the
assumptions of the methods.

The field measured flux rates for the different discharge zones
(Table 1) show high variability within and across the three mea-
surement techniques but with considerable overlap. The measured
phreatic ET rates are larger than the range identified by Woods
(1990) using soil profile modelling around the Lake Eyre Spring
supergroup (Table 1), recognizing that those results were more
focused on data collected in what we map as the MTZ and VTZ
zones. The VTZ phreatic evaporation rates shown in Table 1 are
considerably larger than diffusive leakage rates through the aqui-
tard, measured by Harrington et al. (2013) from deep profiles distal
to the main discharge zones, and these distal areas are equivalent
to the ZDZ of Fig. 2. The higher rates identified in this project for
the LTZ and MTZ zones were consistent with results from arid zone
environments with shallow water tables (e.g. Allison and Barnes,
1985; Tyler et al., 1997) where phreatic evaporation rates of
100s mm y�1 have been measured (Table 1). The LTZ in the study
region typically only had a very thin salt crust of 1–3 mm, which
is likely to due to periodic wetting of the soil surface layer and
removal of salt by rainfall. Thus it lacked the thick, dry salt crust
that has been found to result in very low phreatic evaporation rates
reported for some salt lakes with thick crusts (e.g. Salar de Ata-
cama; Kampf et al., 2005). The upper range of the field measured
rates only represents approximately 40% of the areal potential
evapotranspiration rate estimated for this region (Australian
Bureau of Meteorology) and so these rates still represent likely
water-limited conditions, although the elevated salinity of the near
surface soil water will also limit ET rates. Some of the higher mea-
sured rates were affected by rainfall and so do not represent
‘steady-state’ phreatic ET. However, even the rain-affected results
lay within the range defined by the other measurements of phrea-
tic ET and so may represent the upper limit of bare soil evaporation
supported by capillary rise through the soil. The measured fluxes
also generally decrease with increases in the depth to water table,
consistent with analytical and experimental studies (Gardner,
1958; Gowing et al., 2006). This was best illustrated in the upper
ranges of fluxes estimated from the soil profile modelling as the
microlysimeter data appeared to be more sensitive to local-scale
factors (Table 1).

The role of phreatic transpiration in the ET flux has not been
explicitly considered in this study. Halophytic shrubs are relatively
sparse in the field area and largely restricted to the LTZ and MTZ
zones, with the VTZ generally containing very little vegetation
cover. The results in Table 1 show a similarity in range between
the microlysimeter results, measuring bare soil evaporation, and
eddy covariance results, measuring total above-ground ET flux,
for both the LTZ and MTZ. This indicates that the selected range
of phreatic ET fluxes encompasses the likely contribution of phrea-
tic transpiration. Trees are confined to the drainage lines and,
though in close spatial proximity to the discharge zones at a num-
ber of sites, these are largely excluded from the supervised classi-
fication and landform mapping of discharge areas due to the
influence of fluvial recharge on the unconfined groundwater
(Costelloe et al., 2012). As a result, unaccounted for phreatic ET
from phreatophytic trees is not considered to be a significant con-
tributor to the GAB water balance.

The two forms of mapping high discharge zones (landform
mapping and supervised classification) are interpreted as provid-
ing effective upper and lower bounds to estimation of the different
phreatic ET zones. This is illustrated in Fig. 9 where the estimates
for the entire south-western margin are compared to the steady
state numerical model total leakage flux (Fig. 9a) and the estimates
for the western sub-basin are compared to the modelled recharge
flux for the western margin of the GAB (Fig. 9b). The steady state
modelled fluxes also have high uncertainty but provide an inde-
pendent measure for comparison against the results of this study,
and other independent estimates of GAB diffuse discharge (Love
et al., 2013b) and western margin recharge (Fulton, 2012). In both
cases, the steady state modelling fluxes (specified in Table 3) are
greater than the supervised classification estimates but overlap,
or are less than the landform estimates. The landform mapping is
more of an interpretative ‘lumping’ exercise as it identifies an
envelope around characteristic discharge areas and so will not
account for small scale landform heterogeneity, particularly caused
by micro-topographic, vegetation and soil variations. In contrast,
the supervised classification of the Landsat data is significantly
affected by pixel mixing effects due to its spatial resolution
(30 m pixel size) and is unable to distinguish between areas with
heterogeneous mixtures of discharge and non-discharge surface
characteristics (e.g. salt precipitates and stone lags). Nevertheless,
both methods show similar spatial distributions of high discharge
zones, albeit with significant differences in the mapped area at any
specific location but with the landform mapping nearly always
encompassing the areas mapped by supervised classification. The
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landform mapping will also incorporate areas with halophytic
vegetation in the LTZ and MTZ that account for the transpiration
component of phreatic ET, and which may not be mapped using
the supervised classification.

The major assumption of using phreatic ET rates to measure
artesian leakage is that the unconfined groundwater is dominantly
sourced from artesian leakage, rather than meteoric recharge.
Within the field area, hydrogeochemical modelling showed that
the composition of the shallow unconfined groundwater was con-
sistent with evapoconcentration of the underlying artesian
groundwater at a number of sites, but that other sites within the
field area, particularly discharge zones near surface streams,
showed evidence of significant contributions from meteoric
recharge (Costelloe et al., 2012). Results from another study, which
sampled noble gases from the unconfined groundwater from parts
of the field area, were also consistent with GAB discharge along
preferential flow paths being the dominant source of unconfined
groundwater around the spring groups (Love et al., 2013b). The
noble gas analysis estimates of Love et al. (2013b) were
7300–109,500 ML y�1, and consistent with the range of phreatic
ET estimates from this study (Table 4). The sites with significant
meteoric recharge were located close to lower order streams and
also showed piezometric responses to flow events, indicating that
recharge was due to fluvial processes (Costelloe et al., 2012). The
lack of a significant pluvial recharge signal in the GAB discharge
zones is also consistent with most of the soil profiles showing
long-term phreatic evaporation characteristics (Costelloe et al.,
2014). Woods (1990) also found that most soil profiles collected
in the area near Lake Eyre South were consistent with long-term
phreatic evaporation. Nevertheless, the occurrence of fluvial
recharge and the spatial correlation between many GAB discharge
zones and drainage systems in the low-lying parts of the landscape
means that the phreatic ET fluxes estimated from this study
represent a conceptual upper bound to GAB vertical leakage from
the mapped areas.

5.2. Hydrogeological implications of flux estimates

Despite the large uncertainties associated with the field esti-
mates of phreatic ET (Table 1) and the mapping of discharge areas
(Table 2), the results provide important constraints on the upward
leakage loss term from the GAB and its spatial distribution. Note
that the flux estimates in Table 4 do not include spring flow, dis-
charge into large salt lakes or discharge from the VTZ surrounding
the LTZ and MTZ areas.

In the western sub-basin (Table 4), much of the estimated
recharge can be accounted for by phreatic ET in the LTZ and MTZ
areas located around the spring groups occurring close to the Basin
margins. The results imply that vertical leakage rates distal to the
margins are very low, and/or the inflow to this part of the GAB is
currently underestimated. This finding concurs with the very low
hydraulic conductivities (e.g. <1 � 10�12 ms�1) and discharge rates
estimated for the Bulldog Shale aquitard in the region of the south-
western GAB discharge area using hydrogeochemical analysis of
porewater and modelling (Harrington et al., 2013). In effect,
unfaulted thick sequences of the Bulldog Shale aquitard experience
effectively zero discharge at an annual time scale.

The likelihood that the steady-state numerical modelling (see
Table 3) has underestimated inflow (i.e. recharge) to the western
sub-basin is low. Other field studies have found low recharge rates
and long residence times in the unsaturated zone (1000s years)
indicating that recharge is not in steady state with discharge (i.e.
recharge < discharge), and that current discharge likely represents
recharge from wetter periods, with effectively zero recharge under
current climate conditions. For example, the diffuse recharge
through outcropping aquifer rocks along the western margin of
the GAB has been estimated using chloride mass balance at a mean
annual rate 0.15 mm y�1 (range 0.01–1.8 mm y�1) and deep unsat-
urated soil profile analysis at 0.34 ± 0.11–1.65 ± 0.42 mm y�1 (Love
et al., 2000, 2013a). Recharge to the western sub-basin is likely to
be dominated by fluvial recharge from ephemeral rivers crossing
the north-western margin of the GAB that supplies flow paths to
the high discharging Dalhousie Springs complex. The spring dis-
charge from the Dalhousie Springs Complex is estimated to be
approximately 21,000 ML y�1 (Habermehl, 1982), but current flu-
vial recharge from the north-western rivers is estimated at only
17,000 ML y�1 based on analytical modelling of observed recharge
events (Fulton, 2012). The area of high discharge zones measured
by both landform mapping and supervised classification was dom-
inated by Dalhousie Springs (i.e. 43.3% of total LTZ and 9.8% of total
MTZ), although these areas include probable re-infiltration of
spring outflow that may make a significant contribution to the def-
inition of the phreatic ET zones. However, these figures indicate
that the vertical leakage flux for the Dalhousie Springs is in the
range of 3400–93,200 ML y�1, in addition to the spring discharge
of approximately 21,000 ML y�1, emphasising that even in this area
with relatively high current fluvial recharge, the water balance is
not in steady state.

In contrast to the interpreted water balance of the western sub-
basin, the results for the eastern sub-basin suggest that vertical
leakage rates around the Basin margin are very low and therefore,
more of the vertical leakage component in the eastern sub-basin is
occurring distal to the Basin margins. For instance, of the
112,000 ML y�1 estimated inflow to South Australia from the east-
ern GAB (Table 3), the phreatic ET component for the eastern and
mixing sub-basins only comes to a maximum of approximately
35,000 ML y�1. These results suggest that pathways for vertical
leakage are likely to be more complex (i.e. more faulting allowing
preferential leakage) from the deeper eastern sub-basin than for
the shallow western sub-basin and allow more leakage distal to
the GAB margins. For instance, overlying non-artesian aquifers
could be capturing much of the vertical leakage from the artesian
basal aquifers and control the spatial distribution of the ultimate
destination of the leaked groundwater. Alternatively, some of the
unaccounted for loss could be GAB contribution to phreatic ET
from large salt lakes, such as Lake Eyre and Lake Frome.

Our results indicate that groundwatermodels for theGABneed to
consider spatially explicit areas of high discharge that are associated
with the spring complexes. The close proximity of the springs and
high discharge zones suggests that the concept of harvesting the
vertical leakage component (Sultan et al., 2007) would not improve
the sustainability ofwater extraction (i.e. in terms of limiting effects
on high value spring ecosystems) as the preferential flow pathways
for springs and leakage are likely to be closely linked.
6. Conclusions

This research has demonstrated that phreatic ET from leakage
zones to the unconfined water table around artesian spring groups
makes up a significant component of the water balance of the GAB.
The highest recorded rates are consistent with those recorded at
groundwater discharge playa environments and typically decrease
as the depth to the water table increases away from the active
springs. The results provide insights into the spatial distribution
of the phreatic ET loss term and overall functioning of the GAB.
In the western sub-basin, the results indicate that most of the dis-
charge flux from the GAB occurs in the LTZ and MTZ areas sur-
rounding spring groups, and is also consistent with other studies
indicating that discharge currently exceeds recharge along the
western margin of the GAB. In the eastern sub-basin, most of the
discharge flux must be occurring away from the spring groups
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located on the GAB south-western margin. The integration of field-
based estimates of phreatic ET with a conceptual framework for
mapping discharge zones provides a robust method for constrain-
ing important discharge components of a large, arid zone, ground-
water system.
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