Remote sensing and GIS for mapping groundwater recharge
and discharge areas in salinity prone catchments,

southeastern Australia
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Abstract Identifying groundwater recharge and discharge
areas across catchments is critical for implementing
effective strategies for salinity mitigation, surface-water
and groundwater resource management, and ecosystem
protection. In this study, a synergistic approach has been
developed, which applies a combination of remote sensing
and geographic information system (GIS) techniques to
map groundwater recharge and discharge areas. This
approach is applied to an unconfined basalt aquifer, in a
salinity and drought prone region of southeastern Aus-
tralia. The basalt aquifer covers ~11,500 km? in an
agriculturally intensive region. A review of local hydro-
geological processes allowed a series of surface and
subsurface indicators of groundwater recharge and dis-
charge areas to be established. Various remote sensing and
GIS techniques were then used to map these surface
indicators including: terrain analysis, monitoring of
vegetation activity, and mapping of infiltration capacity.
All regions where groundwater is not discharging to the
surface were considered potential recharge areas. This
approach, applied systematically across a catchment,
provides a framework for mapping recharge and discharge
areas. A key component in assigning surface and
subsurface indicators is the relevance to the dominant
recharge and discharge processes occurring and the use of
appropriate remote sensing and GIS techniques with the
capacity to identify these processes.
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Résumé Sur un bassin versant, I’identification des zones
d’alimentation et des aires d’émergence des eaux souter-
raines est capitale pour mettre en ceuvre des stratégies de
réduction de la salinité, de gestion des eaux souterraines et
superficielles, et de protection des écosystemes. Une
approche synergique a ¢été développée, sur la base de
recherches existantes pour cartographier de manicre
systématique les zones de recharge et d'émergence. Elle
combine des techniques de télédétection et de Systémes
d’Information Géographique, dans le but de cartographier
les zones d’alimentation et d’émergence. Ces techniques
ont été appliquées a un aquifére basaltique libre, dans un
secteur sujet a la sécheresse et a la salinité du Sud-Est
australien. L’aquifére considéré couvre environ 11,500 km?
d’une région essentiellement agricole. Un inventaire des
processus hydrogéologiques locaux a conduit a I’éta-
blissement d’une série d’indicateurs superficiels et sub-
superficiels des zones d’alimentation et d’émergence.
Plusieurs méthodes de télédétection et de SIG furent alors
utilisées pour cartographier ces indicateurs de surface, y
compris les analyses de terrain, le suivi de I’activité de la
végétation et la cartographie des capacités d’infiltration.
Toutes les régions en dehors des zones d'émergence sont
considérées commes des zones d'alimentation potentielles.
Un des composants clés de D’attribution des indicateurs
superficiels et subsuperficiels est la concordance avec les
processus majeurs d’alimentation et de prélévement
entrant en jeu, et I’utilisation de méthodes de télédétection
et SIG adaptées permettant d’identifier ces processus.

Resumen La identificacion de areas de descarga y recarga
de agua subterranea es critica para la implementacion de
estrategias efectivas relacionadas con mitigacion de
salinidad, gestion de recursos de agua subterrdnea y agua
superficial, y proteccion de ecosistemas. En este estudio se
ha desarrollado un enfoque sinérgico apoyandose en
investigacion existente el cual aplica una combinacion de
técnicas de sistemas de informacion geografico (SIG) y
sensores remotos para cartografiar areas de recarga y
descarga de agua subterranea. Este enfoque se aplica a un
acuifero de basalto no confinado en una region del sureste
de Australia propensa a sequia y salinidad. El acuifero de
basalto cubre aproximadamente 11,500 km* en una region
con agricultura intensiva. Una revision de los procesos
hidrogeoldgicos locales permitio el establecimiento de una
serie de indicadores superficiales y subterraneos de areas
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de recarga y descarga de agua subterranea. Luego se
utilizaron varias técnicas de SIG y sensores remotos para
cartografiar estos indicadores superficiales incluyendo:
analisis del terreno, monitoreo de la actividad de Ia
vegetacion, y cartografiado de la capacidad de infiltracion.
Todas las regiones donde el agua subterranea no descarga
en la superficie fueron consideradas areas potenciales de
recarga. Este enfoque que se ha aplicado sistematicamente
a través de la cuenca aporta un marco para la cartografia
de areas de recarga y descarga. Un componente clave en la
asignacion de indicadores superficiales y subterraneos lo
constituye la relevancia a los procesos dominantes de
recarga y descarga que ocurren y el uso de técnicas
apropiadas de SIG y sensores remotos con la capacidad
para identificar esos procesos.

Keywords Geographic information system -
Satellite imagery - Terrain analysis -
Groundwater recharge/discharge - Salinisation

Introduction

In salinity prone catchments, effective management of
water resources involves balancing the requirements of
sustainable resource allocation with salinity mitigation
programs and ecosystem protection. Understanding
groundwater recharge and discharge processes is a key
component to achieving this balance. Surface water and
groundwater resource allocation requires knowledge of the
areal extent and processes controlling the influx, including
preferential recharge areas, and outflux via direct discharge,
transpiration, and evaporation. In large regions of Australia,
evapotranspiration during groundwater recharge and dis-
charge is also integral to controls on increased salinisation
of land and water resources. Evapotranspiration of rainfall
during relatively slow recharge (Herczeg et al. 2001), and
of shallow water tables (Cartwright et al. 2004), results in
increased groundwater salinity. On the other hand,
groundwater transpiration by vegetation and direct dis-
charge to wetlands and rivers, means that shallow water
tables are an essential component of sustaining ecologi-
cally significant areas (Batelaan et al. 2003).

To define the spatial extent of recharge and discharge
processes occurring across a catchment, a synergistic
approach is most effective, as controls on these processes
vary in scale and location due to changes in terrain,
geology, hydrogeological regimes, and climate. Field
methods are available to investigate the spatio—temporal
variability of recharge and discharge processes (Kishel
and Gerla 2002), but typically they are site-specific, i.e.
restricted to local scale of investigation. The most
important advantage of using satellite-derived data in
identifying hydrogeological processes refers to the spa-
tially extensive, multi-temporal, and cost-effective data
coverage (Rango and Shalaby 1998; Bastiaanssen et al.
2000; Hoffmann 2005). Therefore, provided remote
sensing data can effectively contribute to the hydrogeol-
ogical investigation, such datasets are particularly useful
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when large areas have to be investigated and on-ground
data are sparse and/or difficult to access.

Taking examples from one study area, this paper
proposes a systematic and synergistic approach to map-
ping groundwater recharge and discharge areas across a
regional unconfined aquifer. A series of surface and
subsurface indicators are chosen to identify recharge and
discharge areas. This approach uses a combination of
different remote sensing and geographic information
system (GIS) techniques, which require the integration of
multiple datasets, including GIS (soil map, digital eleva-
tion model (DEM), groundwater electrical conductivity
(EC), flow, and depth to water-table maps) and remote-
sensing data (Landsat, airborne radiometrics, and aerial
photos).

Brief literature review

Many hydrogeological applications of remote sensing rely
on the user to link image or data interpretation to
groundwater processes (Meijerink 1996). For example, in
many semi-arid areas, discharge of groundwater to the
surface results in soil salinisation and growth of salt-
tolerant vegetation. There are many different remote-
sensing techniques for monitoring salinity-affected soil
and vegetation, i.e. aerial photographs, video images,
infrared thermography, microwave and hyperspectral sens-
ing, airborne geophysics and electromagnetic induction
(Metternicht and Zinck 2003). These techniques, which
require on-ground data to infer the effect of groundwater
discharge, have been used in many studies to identify
vegetation type or soil condition (Meijerink 1996; Metter-
nicht and Zinck 1997; Dehaan and Taylor 2002; McFarlane
and Williamson 2002; Howari 2003; Spies and Woodgate
2005). Remote-sensing techniques using Landsat (TM and
ETM+) have also been used to identify groundwater
discharge areas by identifying changes in lakes temperature
(Tcherepanov et al. 2005), and by mapping lineaments
associated with groundwater springs (Sener et al. 2005).

Remote-sensing data can also be used to determine the
distribution of recharge by the identification of near-surface
parameters. For example, Bierwirth and Welsh (2000)
mapped aquifers using airborne radiometric images, and
from this delineated the extent of unconfined aquifers that
were preferentially recharged. Microwave remote sensing of
soil moisture has also been used to determine soil hydraulic
properties for recharge estimates (Jackson 2002). A GIS
cross-overlay procedure can be used to merge different
component maps and weight information relating to controls
on recharge processes (Lubczynski and Gurwin 2005). The
mapping of relative recharge rates has been applied to
studies in aquifer vulnerability modelling, i.e. using the
DRASTIC approach (Fritch et al. 2000; Al-Adamat et al.
2003), and as input information for numerical modelling
(Salama et al. 1999; Lubczynski and Gurwin 2005).

To identify both recharge and discharge areas within a
catchment, other investigations have also synergistically
applied on-ground data with remote sensing and GIS
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techniques to link surface features with groundwater
processes. This approach requires integration of the
satellite data with catchment data within a GIS framework
(Meijerink 1996). A study by Bobba et al. (1992) used
Landsat data to identify recharge and discharge areas by
the changes in near-surface temperature and thereby
related this to spring water-table elevations. Salama et al.
(1994) integrated the interpretation of geomorphic and
geological features, from Landsat-TM and aerial photo-
graphs, with on-ground hydrogeological studies to map
recharge and discharge areas. They found recharge areas
were linked to increases in permeability of the surficial
geology, whereas discharge areas were associated with
major drainage lines, geological boundaries, and topo-
graphic depressions. Leblanc et al. (2003a,b) also high-
lighted the use of remote sensing (Meteosat thermal,
Landsat optical and Modis normalized vegetation index
(NDVI) data) and GIS (DEM, soil map, and depth to the
water table) data to identify land-surface features that
control or originate from the location of groundwater
recharge and discharge areas in a large data-scarce, semi-
arid basin.

Study area

Geography and hydrogeology

The study area is located in a regional surface-water
catchment known as the Glenelg-Hopkins catchment,
located in southeastern Australia (Fig. 1a). In this study,
hydrogeological processes occurring within the uncon-
fined Newer Volcanics basalt aquifer were investigated.
The aquifer underlies the eastern half of the regional
surface water catchment (Fig. 1a). The basalt aquifer
covers an area of approximately 11,500 km? (46% of the
Glenelg-Hopkins surface water catchment). The basalt
aquifer is essentially covered by agricultural land use with
very little remnant vegetation (Eucalyptus forest) remain-
ing. Dryland pasture makes up the bulk of agricultural
activity, however, dryland cropping and blue gum indus-
tries have significantly expanded in recent years at the
expense of grazing (Ierodiaconou et al. 2005). The study
area is exposed to an ocean-influenced climate in the
south, resulting in greater rainfall compared to the
northern region (Fig. 2).

The surface elevation of the basalt aquifer region
decreases from north to south. However, except for a
small area in the northeast, the basalt aquifer is largely flat
with gentle undulations—from 0 to 300 metres above
Australian Height Datum (mAHD). Stream networks drain
to the south (Fig. la), and wetlands locally occupy
topographic depressions in the landscape. Of the 3,000
lakes and wetlands located in the basalt region the wetland
types include freshwater meadows (55%), shallow and
deep freshwater marshes (15 and 7% respectively),
permanent open freshwater (14%), and semi-permanent
and permanent saline wetlands (7 and 1% respectively).
Most lakes and wetlands are shallow with small drainage
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networks, so that groundwater is considered an important
component sustaining the water levels during summer.

The basalt aquifer consists of tholeiitic lava flows
ranging in age between ~4 and ~0.3 Ma (10° years), and
are typically 3040 m thick (Bennetts et al. 2006). The
age variations have resulted in different thicknesses and
clay content of the weathering profiles, which, therefore,
alters the hydraulic connectivity among the different basalt
flows. The differences in weathering profiles affect
vertical infiltration properties of the shallow zone, which
is explored further below.

Within the basalt aquifer, groundwater potentiometric
contours indicate regional flow towards the south
(Fig. 1b); however, groundwater is also locally recharged
and discharged throughout the region. The average depth
to water table in the basalt aquifer ranges predominantly
between 0 and 30 m and higher values are mostly
observed in the southern region. Average groundwater
EC varies considerably from <1,000 to >100,000 uS/cm
(Fig. 1c). The salinisation processes within the study area
are similar to those impacting water resources throughout
southeastern Australia, where evapotranspiration of infil-
trating rainfall and shallow water tables results in
increased groundwater salinity (Herczeg et al. 2001).
Catchment management issues within the study area
include impacts from dryland salinity processes on land
and water resources, and preservation of groundwater
dependent ecosystems. Thus, delineation of recharge and
discharge areas, particularly when affected by salinisation
processes, is a key component to effective groundwater
management.

Discharge processes

Groundwater discharge processes within the study area
include evaporation and transpiration of groundwater, and
groundwater flow to the surface, including discharge to
wetlands, lakes, rivers, and the ocean.

In many regions of southeastern Australia, the replace-
ment of deep-rooted perennial native vegetation with
shallow-rooted annual crops has resulted in a general rise
of water tables (Allison et al. 1990), and, therefore,
increased discharge to the surface and via evaporation.
As well as changes in water-table depths, the evaporation
rate can vary considerably under different climate regimes
and for soils with different hydraulic conductivities
(Thorburn et al. 1992; Salama 1998; Gowing et al.
2006). In semi-arid areas, for soils ranging from sandy
to clay-rich, significant evaporation of groundwater from
up to 5 m depth has been reported by Salama (1998), and
Lubczynski and Gurwin (2005). Therefore, within the
study area which has a more humid environment, a depth
to water table of <5 m can be assumed as a limit for
significant groundwater evaporation.

The annual soil-water deficit is greatest during summer
in the sub-humid, northern region of the study area, where
the average aridity index (Al=annual rainfall/potential
evapotranspiration; UNEP 1992), varies between 0.55 and
0.65 (Fig. 2). In this region, rainfall is the limiting factor
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Fig. 1 a Location of the basalt aquifer, bores, and surface-water within the study area in southeastern Australia. The b potentiometric
surface and ¢ groundwater electrical conductivity (EC) for the basalt aquifer

for the local vegetation growth during the summer. Where
fresh groundwater discharge occurs, the constant avail-
ability of water sustains plant photosynthetic activity
longer into the summer. Approximately 140 km? of the
basalt aquifer (~1.2% of the total aquifer area), has soil
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and/or vegetation species affected by salinisation process-
es (Munro 2000). Because the region is predominantly
devoted to agricultural land uses, areas where shallow
saline groundwater is close to, or discharges to the
surface, are also evident from the vegetation activity.
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Where saline groundwater discharge occurs, salt accumu-
lation limits photosynthetic activity throughout the year,
or the saline groundwater supports salt-tolerant vegetation
photosynthetic activity (e.g. Fig. 3a). Therefore, in the
drier north region of the basalt aquifer, a surface indicator
of both fresh and saline groundwater discharge areas is the
relatively low seasonal variability of the vegetation
photosynthetic activity. The inter-annular variability of
the vegetation activity can also contain useful information
to map groundwater discharge areas. The intensive
agricultural activities that characterise most of the region
such as harvesting, ploughing, grazing, and culture
rotation, affect the vegetation activity. However, ground-
water discharge areas often have low agricultural yield,
are difficult to access or require drainage, and are
generally not farmed or are farmed to a lesser degree than
other areas.
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Areas in the landscape where groundwater discharge to
the surface is likely to occur include topographic depressions
and at the break of slope in lower areas of the terrain, which
commonly results in discharge to wetlands and rivers.
Groundwater discharge via evaporation and transpiration
are also likely to increase within topographic depressions
and at break-of-slope areas due to general correlations with
shallower depth to water tables. For example, in semi-arid
regions, evaporative pans within topographic depressions
actively evaporate moisture from the subsurface (Thorburn
etal. 1992).

Potential indicators of groundwater discharge include a
shallow water table, the lower temporal variability of the
vegetation activity, terrain indicators such as topographic
depressions and break of slope, and groundwater flow
direction towards surface water bodies (rivers, wetlands, and
the ocean).
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Fig. 3 Examples of surface indicators for discharge areas: a salt-tolerant vegetation, and recharge areas: b stoney rises (basalt lava with

(a) Salt-tolerant vegetation

irregular surface morphology) and ¢ eruption point. Note that the surface extent of the stoney rises can be several square kilometres, and are
mapped in detail in the following sections, whereas the eruption points cover much smaller areas

Recharge processes

All locations where groundwater is not discharging are
potential recharge areas. Factors that can affect the spatial
distribution of relative recharge fluxes, or the location of
preferential recharge areas, include increased rainfall and
increased infiltration capacity of the soil. Increased rainfall
in the southern region of the basalt aquifer (Fig. 2) may
affect relative recharge rates across the region. However,
within this region, a major control on the location of
preferential recharge areas is the hydraulic properties of
the soil profile and unsaturated zone.

Within the basalt aquifer, increased shallow-zone
infiltration rates are associated with areas of thin soil/clay
profiles such as the profiles of the less-weathered basalt
flows, stoney rises, and eruption points (Fig. 3b and c).
Previous investigations within the study area have
highlighted that the less-weathered basalt is typically the
youngest of the basalt flows (<0.5 Ma), which have
thinner and more rocky soil profiles compared with the
older basalt flows (~2—4 Ma) (Joyce 1999; Bennetts et al.
2003). An example of the relatively undeveloped weath-
ered profiles of the basalt includes the stoney rises (an
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example is shown in Fig. 3b). Stoney rises are areas of
irregular basalt boulders at the surface, providing effective
conduits for recharge. In comparison, the more weathered
basalt has thick (5-15 m) kaolinitic regolith profiles
(Bennetts et al. 2003), thereby reducing the potential
recharge flux. Eruption points are associated with all of
the basalt flows, form locally elevated areas (Fig. 3¢), and,
in general, have poorly developed soil/clay profiles
(Bennetts and Webb 2004). Therefore, within the study
area, indicators of preferential recharge areas include less-
weathered basalt flows, stoney rises, and eruption points.

Potential recharge areas, outside of preferential recharge
areas, will have a relatively lower flux of water reaching the
water table due to the compounded effects of lower infiltration
rates and increased evapotranspiration of the recharging water.

Methods and data
Methodology

The method used in this study for mapping groundwater
recharge and discharge areas incorporated GIS and remote-
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1. Identification of recharge and discharge processes
(local and regional)

2. Identification of surface and subsurface indicators
for detection of recharge and discharge processes

3. Selection of appropriate remote sensing and/or
GIS mapping techniques for surface indicators

4. Selection of data required for mapping
techniques

5. Validation on selected sites

6. Application to
larger area

Fig. 4 Outline of the methodology

sensing mapping techniques to link catchment features with
groundwater recharge and discharge processes. As outlined in
Fig. 4, the first two steps involved using knowledge of the
local hydrogeology to identify a series of surface/subsurface
indicators that best show recharge and discharge processes.
Steps three and four involved selecting adequate remote
sensing and GIS techniques, as well as necessary datasets.
Lastly, the results of mapping the indicators were validated
on test sites, and if successful, the mapping of these surface
indicators was then applied to the entire basalt aquifer. The
surface/subsurface indicators, associated datasets, and vali-
dation techniques used to map groundwater discharge and
preferential recharge areas for the basalt aquifer are outline in
detail below, and are summarised in Fig. 5a and b.

Mapping discharge and preferential recharge areas relied
on a variety of GIS (DEM terrain analysis; grid interpolation)
and remote sensing (time analysis of photosynthetic vegeta-
tion activity, image interpretation, simple threshold, and
airborne radiometrics) techniques. The GIS and remote-
sensing software used in this study were ArcGIS 9.0 (ESRI
2005) and ENVI 4.2 (ITT 2005), respectively. Remote
sensing and GIS techniques required multi-source and
multi-scale datasets including groundwater monitoring data,
airborne (radiometrics and aerial photos), satellite (Landsat),
and GIS (soil map, DEM, groundwater EC, flow, and depth
to the water table) maps. The spatial resolution and sources
of these datasets are outlined in Table 1.

Indicators of groundwater discharge areas
Low variability of the vegetation activity

The rationale for mapping discharge areas using low
variability of the vegetation photosynthetic activity, as
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outlined above (see section Discharge processes), is that in
the drier north, both fresh and saline discharge areas
exhibit a constant photosynthetic activity when compared
with productive agricultural areas in the landscape over
seasonal and yearly time periods. A time series of nine
Landsat (TM and ETM+) data, from 1989 to 2003, were
used to map temporal changes of the vegetation photo-
synthetic activity across the northern region of the aquifer.
First, relative radiometric normalisation was applied using
pseudoinvariant targets to correct for inter-scenes radio-
metric variability relating to change in the instrument or
the atmosphere rather than change on the ground. The
NDVI was then calculated for each image Eq. (1). Then,
the variability of the vegetation activity was obtained by
calculating the standard deviation of the NDVI (SDVI) on
a pixel by pixel basis Eq. (2). The map generated shows
standard deviation values of the vegetation index for every
pixel, and represents the temporal variability of the
vegetation photosynthetic activity throughout the years.

NDVI = (NIR — red)/(NIR + red) (1)

1 <& 2
SDVI =4 |— NDVI; — NDVlIyean 2
¢ 3l o) @

Where n is the number of scenes and NDVI, .., is the
mean NDVI for each pixel.

Regions of lowest variability of the photosynthetic
activity were detected using a simple threshold technique
on the SDVI image. This mapping was applied only for
the dryer northern region, where rainfall is the limiting
factor of vegetation growth in the summer. For this
northern region, the aridity index has values 0.50<AlI<
0.65 representing sub-humid conditions.

Along with groundwater discharge areas, roads, urban
areas, and forests also exhibit low SDVI. These areas were
masked from the analysis. Ongoing research work, to be
submitted for publication elsewhere, is currently looking at
improving the validation and application of this SDVI
technique to map discharge areas (see also section Discussion).

Topographic depressions and break of slope
As demonstrated in many studies (Moore et al. 1991; Vieux
1995; Wilson and Gallant 2000), topographic indices
interpreted alongside other datasets may provide a useful
indicator of hydrological processes. Two indices were
generated from a DEM of the region to indicate potential
groundwater discharge in topographic depressions and at
break of slope across the whole basalt aquifer. In both
techniques, the indicator will only represent groundwater
discharge areas if the depth to the water table is shallow.
To indicate topographic depressions, a topographic
wetness index was derived from the DEM. The modified
wetness index (w) has been used to describe areas of
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surface saturation in the landscape and was calculated
using the following equation (Moore et al. 1991),

"o n<tanﬂ>’

where [ is the slope gradient (in degrees). The wetness
index was used to identify potential zones of saturation at
the base of concave slopes (a decrease in the 3; Moore et
al. 1991). A simple threshold technique (>10) was used on
the wetness index to map topographic depressions and the
areas of potential groundwater discharge.

To map the break of slope of the terrain, the profile
curvature GIS function was used on the DEM. Profile curvature
is the curvature of the terrain in the direction of the slope. The
curvature of a surface is calculated on a cell-by-cell basis. The
output of this curvature function is the second derivative of the
surface (i.e. the slope of the slope) and was used in this study to
indicate the break of slope. A positive profile indicates that the
surface is concave at that cell. A value of zero indicates that the
slope of the terrain is constant. A simple threshold technique
(>0.01) was used to map the highest profile curvature values
from the DEM and detect the breaks of slope.

(3)

Groundwater flow lines, permanent water bodies,

and shallow water table

Groundwater data from the Victorian Department of
Sustainability and Environment Groundwater Database,
and Centre for Land Protection Research Groundwater
Database were used to generate a groundwater flow-
direction map for the basalt aquifer. Hydraulic head data
were collated from bores screened in the basalt aquifers at
<35 m depth. The locations of the bores used for this study
are presented in Fig. la. Hydraulic head data were
interpolated using the inverse weighted distance method (7
neighbours) in ArcMap. The resulting grid was used to
generate groundwater potentiometric contours. The conver-
gence of groundwater flow directions was used to indicate
regional areas of groundwater discharge. These groundwater
datasets were also used with the DEM in the GIS to produce
a map of the depth to the water table. A map of depth to the
water table <5 m was used as an approximate indicator of
areas where the groundwater is increasingly evaporated and
potentially discharging to the surface. The permanent
wetlands GIS data were selected from the Victorian
Departments of Primary Industries and Sustainability and

Environment Corporate Geospatial Data Library (Table 1).

Indicators of preferential recharge areas

Volcanic features (eruption points and stoney rises)

As outlined previously, volcanic eruption points and areas
of stoney rises can have relatively high infiltration rates.
Areas of stoney rises were identified using visual image
interpretation from Landsat ETM+ true colour composi-
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tion images and aerial photographs. The locations of
eruption points were detected as topographically high
features in the DEM and confirmed using photo-interpre-
tation of aerial photographs. The eruption locations were
cross-validated with information from on-going geological
mapping (Ray Cas, Monash University, Australia, unpub-
lished data, 2005; Matthias Raiber, La Trobe University,
Australia, unpublished data, 2006). The location of some
stoney rises and eruption points were also ground-truthed.

Less-weathered basalt

In this study, less-weathered basalts were identified using
a simple threshold technique to delineate the regions of
high potassium (K) and low thorium (Th) in the airborne
radiometric (gamma-ray spectrometry) data. Previous
investigations have used variations in the K, uranium
(U) or Th in airborne radiometric images to map the extent
of different aquifers (Bierwirth and Welsh 2000). This
technique was also used by Joyce (1999) and Bennetts et
al. (2003) to distinguish less-weathered basalt from basalt
overlain by thicker clay/soil profiles.

Soil infiltration properties

The soil drainage map, obtained from the Victorian
Departments of Primary Industries and Sustainability and
Environment Corporate Geospatial Data Library (Table 1),
was also included as a general indicator of soil infiltration
capacity. The soil drainage relates to the average wetness
or dryness of a soil due to changes in soil texture,
structure, slope of the land, and absence or presence of a
high water table. Soils that are well to rapidly drained (dry
for long periods) are likely to have a high-infiltration
capacity and were, therefore, considered as an indicator of
preferential recharge areas.

Validation datasets
For the selected test sites (Fig. la), the discharge
indicators outlined above were compared with on-ground
field data such as soil salinity, depth to groundwater, and
vertical hydraulic gradients. A map of salinity-affected
soil and salt-tolerant vegetation was constructed indepen-
dently of this study by Munro (2000; Table 1).
On-ground data were also used to validate the
techniques used to map preferential recharge areas, and
include potentiometric contours, vertical hydraulic gra-
dients, and groundwater EC values. Low EC values for
shallow groundwater can indicate areas of preferential
recharge, as there is increased freshwater input and less
time for either evapotranspiration or mineral dissolution
processes to result in increased solute concentrations.
Subsequent increases in groundwater EC values with flow
down-gradient from preferential recharge areas primarily
results from evapotranspiration of infiltrating rainfall and
shallow groundwater (Bennetts et al. 20006).
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Results

Indicators of groundwater discharge areas
The systematic mapping of discharge areas involved identify-
ing areas of stable vegetation activity, topographic depressions,
break of slope, shallow depth to the water table, groundwater
flow directions, and permanent surface-water bodies.

Low variability of the vegetation activity

The standard deviation for the vegetation index (SDVI)
was mapped for the dryer region of the basalt aquifer, and
ranges in values from 0.07 to 0.47 (Table 2). As outlined
previously (see section Methodology), relatively stable
photosynthetic activity of vegetation indicates potential
groundwater discharge areas. A SDVI threshold value of

(a)

0.20 was used where values <0.20 indicate potential
discharge areas.

As a first step in validating the use of SDVI, values for
saline soil areas mapped by Munro (2000) are compared
with the surrounding agricultural land. The results indicate
a lower mean SDVI of 0.20 for the saline soil areas,
compared with 0.25 for the surrounding agricultural zones
(Table 2). Figure 6a shows the histograms for the SDVI
values inside saline soil areas and for agricultural areas. In
saline discharge areas, 52% of the SDVI values are below
the 0.20 threshold, compared with only 5% of SDVI
values for agricultural areas <0.20.

A test site to assess groundwater discharge mapping
was selected in the northern region of the aquifer (Fig. 1a).
In this area, the SDVI results are presented in detail and
on-ground data were also used to validate application of
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Fig. 5 a Method for mapping discharge areas in the study area. Application of the standard deviation of the vegetation index (SDVI) to
north region; all other indicators applied to the whole basalt aquifer. DEM digital elevation model; NDVI normalized difference vegetation
index. b Method for mapping preferential recharge areas in the study area

Hydrogeology Journal

DOI 10.1007/s10040-006-0129-x



the indicator. Four examples of potential discharge areas
are outlined in red (Fig. 7b). As shown in aerial
photograph (Fig. 7b), some of these discharge sites also
include areas of inundation. In Fig. 7a, examples of four
paddocks are also shown. The mean SDVI inside the
discharge areas is lower (0.20) compared with the
paddocks (0.27). These values indicate a relatively stable
vegetation activity in the groundwater discharge areas
compared with agriculturally active areas. On-ground data
support the results of these discharge areas mapped using
SDVI. The depth to groundwater is <5 m, groundwater
potential contours indicate a general convergence of flow
lines toward this area, and nested bores indicate an
upward hydraulic gradient (averages —0.004 and —0.002;
Fig. 8a). Additionally, the average groundwater EC is
relatively high proximal to the discharge areas (Fig. 8a).

Topographic depressions

The wetness index was mapped for the entire basalt
aquifer, and ranges in values from 5.3 to 20.1. Areas
where the wetness index is high (threshold: >10) indicates
regions of topographic depressions, and, therefore, poten-
tial groundwater discharge areas. These areas are found
across the entire aquifer covering ~2,000 km? which is
17% of the basalt aquifer.

The results of statistical analysis for the northern region
of the basalt aquifer indicate a slightly higher mean value
of 9.9 for saline soil areas (Munro 2000), compared with
9.3 for surrounding agricultural areas (Table 2). Addition-
ally, histogram results shown in Fig. 6b indicate that
approximately 42% of the wetness index values for the
saline soil areas are >10, compared with 16% of the
wetness index values >10 for surrounding agricultural
zones. These results suggest that for the basalt aquifer, the
wetness index can be a useful indicator of saline
groundwater discharge in agricultural regions.

The results of the wetness index mapping are presented
in Fig. 7c for the same test site presented for the SDVI
results in Fig. 7a. In this example, the topographic
depressions, represented by high wetness index values
(>10), generally correlate to the discharge areas indicated
by the SDVI (Fig. 7d), and, therefore, shallow depth to

Table 2 Vegetation activity and terrain indices statistics for the
northern region

Minimum Maximum Mean Standard
deviation
SDVI
Agricultural zones  0.07 0.47 025 0.03
Saline soil areas® 0.07 0.36 0.20 0.04
Break of slope
Agricultural zones —0.62 0.46 0.00 0.02
Saline soil areas® —0.07 0.15 0.00 0.01
Wetness index
Agricultural zones 5.3 16.7 9.3 1.0
Saline soil areas® 7.0 14.8 9.9 1.1

# Areas mapped by identifying salinity-affected soil and salt-tolerant
vegetation (Munro 2000)

Hydrogeology Journal

water table, upward hydraulic gradients, and increased
groundwater EC (Fig. 8a).

Break of slope

The profile curvature values for the basalt aquifer region
range from —0.62 to 0.49. Profile curvature values greater
than 0.01, were considered to highlight break-of-slope
areas as potential groundwater discharge areas. Break-of-
slope areas were mapped across all of the basalt aquifer,
with a total surface area of ~1,800 km? (16% of the basalt
aquifer).

For the northern region of the basalt aquifer, the profile
curvature ranges in values from —0.07 to 0.15 for saline
soil zones, and from —0.62 to 0.46 for surrounding
agricultural areas (Table 2). The histograms of the profile
curvature values for the two regions show a similar
distribution (Fig. 6c). Approximately 11% of the profile
curvature values for the saline soil areas are above the
0.01 threshold, which is similar to the ~9% of values in
agricultural areas. Thus, in comparison to the SDVI and
topographic depression indicators, the results shown in
Fig. 6 suggest that the break-of-slope indicator is less
successful in detecting potential saline discharge areas
from surrounding agricultural areas.

In the test site, the results of mapping show that the
break-of-slope areas surround some of the saline soil areas
(Fig. 7c). Thus, a break of slope may be useful to
indirectly identify potential groundwater discharge areas.
However, also evident from the test site shown in Fig. 7¢
are the abundant break-of-slope areas in the northeast,
where there is little evidence of groundwater discharge.

Groundwater flow lines, permanent water bodies,

and shallow water table

At the regional scale of the study area, the general flow
lines indicate regional groundwater discharge to the major
rivers and the ocean (Fig. 9). At a more localised scale, the
potentiometric contours within the selected test site
indicate a convergence of groundwater flow towards the
southwest, where the SDVI and wetness index also
indicate groundwater discharge (Fig. 7d).

Permanent wetlands were also mapped as potential
groundwater discharge areas in Fig. 9. For these shallow
surface water bodies, groundwater is an important
component sustaining water levels during dry periods.
Within the study region, there are 485 permanent wetlands
that cover a total of 0.8% (88 km?) of the area overlying
the basalt aquifer. Most of these wetlands are located in
the northern region of the basalt aquifer.

The depth to the water table is also shown in Fig. 9,
and areas where the depth is <5 m indicate regions where
there is increased potential for groundwater discharge via
evaporation. The rate of groundwater evaporation will
vary greatly across any catchment depending on factors
such as climate, soil properties, and depth to the water
table. Therefore, this map only highlights potential areas
of relatively increased rates of groundwater evaporation

DOI 10.1007/s10040-006-0129-x
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«Fig. 6 Distribution of values for the a vegetation activity using the
SDVI, b topographic depressions using the wetness index, and ¢
region of the study area. The values are presented for two
categories: agricultural zones and saline soil areas. The saline soil
areas have been mapped by identifying salinity-affected soil and
salt-tolerant vegetation are as via aerial photo graphs and field
surveys (Munro 2000)

compared with surrounding areas. Throughout the basalt
aquifer, 14% of the region has depth to water <5 m,
totalling ~1,650 km”. The shallow depth to water table
(<5 m) is found in both fresh and saline groundwater
areas.

Indicators of preferential recharge areas

Volcanic features, less-weathered basalt, and soil infiltra-
tion properties were used to map areas of relatively high
infiltration potential, which are identified as areas of
preferential recharge.

Volcanic features (eruption points and stoney rises)

The results of mapping stoney rises for the basalt aquifer,
and the location of eruption points are presented in
Fig. 10a. The stoney rises areas are distributed along the
eastern margin and in the south of the basalt aquifer, and
cover 976 km?, or ~8% of the surface area. An example of
these areas in aerial photograph is shown in Fig. 10b.

A test site presented in Fig. 8b highlights the relatively
high hydraulic heads within the stoney rises area.
Hydraulic head data from nested bores located in this
preferential recharge area (Fig. 8b) show a greater
fluctuation in the shallow zone (2—-8 m) compared with
increasingly attenuated responses to rainfall with increas-
ing depth (1824 m and 4649 m). There is also a
downward vertical hydraulic gradient (average 0.053,
Fig. 8b). In comparison, the groundwater hydrograph for
a shallow (2-23 m) bore located outside of the preferential
recharge area shows a relatively attenuated response to
rainfall (Fig. 8b). The attenuated response may be due to a
combination of lower infiltration rates, variations in
specific yield, and a larger unsaturated zone (~13 m)
compared with the preferential recharge area (<5 m).

The test site presented in Fig. 8b also highlights the
relatively low groundwater EC within the stoney rises
area. Figure 11 illustrates the change in groundwater EC
values with distance from the stoney rise area (from the
test site). Results indicate that 95% of the maximum
change in average groundwater EC has occurred within 4—
6 km from the stoney rise area. Figure 10a shows a
general correlation between the stoney rises areas and
relatively low groundwater EC values across the whole
aquifer. For the southern and northern regions of the
aquifer, 81 and 77%, respectively, of the groundwater EC
measurements within the stoney rises areas are lower than
the average groundwater EC values in the surrounding 5-
km buffer zone. Comparisons are undertaken separately
for the northern and southern regions, because merging

DOI 10.1007/s10040-006-0129-x



comparisons of groundwater EC values is complicated by
the spatial variability in climate (Fig. 2). Histogram results
for the southern region are presented in Fig. 12a. The
greater frequency of lower groundwater EC values from
bores located within stoney rises areas, compared with the
surrounding 5-km buffer zone, indicate relatively higher
recharge rates of rainfall.

Less-weathered basalt

The results of mapping the location of less-weathered
basalt, using the airborne radiometric data, are presented
in Fig. 10c. The distribution of these areas mostly matches
that of the stoney rises (Fig. 10d). Also similar to the
stoney rise areas within the southern and northern regions,
81 and 76%, respectively, of the groundwater EC
measurements within the less-weathered basalt areas have
lower than the average groundwater EC values from the
surrounding 5 km buffer zone (Fig. 12b). Compared with

the stoney rises area, an additional 1,000 km” of less-
weathered basalt, predominantly in the south, was
detected using airborne radiometric data (Fig. 10d). As
in stoney rises areas, lower groundwater EC values and
increased responses to rainfall in water-table fluctuations
are also observed in the test site for these areas of less-
weathered basalt.

Soil infiltration properties

Mapped areas of well to rapidly drained soils mostly
correlate to the distribution of stoney rises, eruption points
and less-weathered basalt (Fig. 10d). These areas cover
1,655 km?, which is 14% of the basalt aquifer surface.
There are two large areas where the increased soil
infiltration property does not correlate to the other
indicators. The distribution of groundwater EC values
below the buffer zone average within the southern and
northern regions (77 and 83%, respectively) is similar to
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Fig. 7 Test site with mapped discharge indicators. The test site is located in the northeast area of the study region (location shown in 1a). a
The SDVI for discharge areas compared with agricultural regions (paddocks). The values for roads have been masked. b The aerial
photograph highlights land use for the different regions analysed, and shallow depth to water contours indicates that it is a potential
discharge area. ¢ Terrain indices mapped: wetness index to highlight topographic depressions, and profile curvature to map break-of-slope
areas. Saline soil areas mapped by Munro (2000) are also shown. d All discharge indicators: relatively low SDVI, positive profile curvature,
high wetness index, groundwater flow lines and shallow depth to water table
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the stoney rises and less-weathered basalt indicators
(Fig. 12¢).

Application to the whole aquifer

The final map of recharge and discharge areas for the
basalt aquifer is presented in Fig. 13. A simple GIS
exclusion was used to present all regions that are not
discharge areas as potential recharge areas. Within the
potential recharge areas, preferential recharge areas were
mapped.

The final map includes most indicators listed above;
however, the break-of-slope indicator was not used as it
gave poor results in the test sites. Additionally, ground-
water flow lines indicated regional flow to major rivers

and the ocean; therefore, these discharge sites are mapped
instead of the groundwater flow lines.

Verification of the final mapping for the whole aquifer
involved comparison with predicted recharge/discharge
process from vertical hydraulic gradients of nested bores
and depth to water table. Average vertical hydraulic
gradients were calculated for 20 sites of nested bores,
typically with ~10 years of head monitoring data (Table 3).
At each of the 20 sites, a predicted process was assigned,
where discharge was estimated if an upward gradient and
depth to water table <5 m was observed. The locations of
the 20 sites for analysis are shown in Fig. 13, and results
are presented in Table 3. Predicted recharge/discharge
processes for 17 of the sites were in agreement with the
mapped indicators of recharge/discharge areas.

(a)
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Fig. 8 Assessment of the surface indicators in selected test sites. Average groundwater electrical conductivity (EC) and hydrograph results
are compared with indicators for a groundwater discharge areas (thick black lines), and b preferential recharge areas (white lines).
Hydraulic gradients are also shown (upward, downward). The location of the stoney rises recharge areas in b is shown in Fig. 1a. Hydraulic

head in metres above Australian Height Datum (mAHD)
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Discussion

In this study, the mapping enabled spatial definition of
preferential recharge, and potential discharge and recharge
zones at a fine resolution across the ~11,500 km?® aquifer.
Traditional mapping of recharge and dlscharge areas has
often relied on bore data (especially potentiometric
surfaces and depth to groundwater data). However, here
it would not have been possible to detect most recharge
and discharge areas by just using bore data due to their
lower spatial density. Preferential recharge areas are not
just elevated regions in the topography, and as discussed
below, discharge areas do not encompass whole areas of
topographic lows.

Discharge

The SDVI indicator can be used to detect areas where
groundwater either supports or inhibits vegetation activity.
The technique has the potential to highlight both fresh and
saline groundwater discharge, and regions where vegeta-
tion is groundwater dependent. The technique requires
development; however, preliminary ground-truthing shows
good results in the drier, north of the basalt aquifer. The

Hydrogeology Journal

technique may be more limited in the southern region
where rainfall is higher (Fig. 2). The SDVI data should
also cover changes in long-term climatic variations. For
example, drought conditions have affected groundwater
systems in southeastern Australia since the mid-1990s,
resulting in decreased vegetation activity for paddocks and
discharge areas. The timeframe for change detection
should, therefore, be taken into consideration when using
the SDVI technique. The SDVI was derived from a
number of images so it is dependent upon the temporal
scheme of sampling (Table 1). Ongoing research work is
looking at improving the SDVI indicator by selecting
satellite data with a higher frequency over a shorter
period.

Of the topographic indices used in this study, the
topographic depression is a better indicator of groundwater
discharge areas compared with the break-of-slope indicator
(Fig. 6b and c), and is, therefore, used for the final map in
Fig. 13. The surface area of the mapped topographic
depressions is greater than that of the SDVI (Fig. 7d). This
may be due to the SDVI reflecting more localised discharge
processes occurring within the larger topographic depres-
sions. Future work in the region should reassess the
topography indicators with a higher accuracy DEM.

DOI 10.1007/s10040-006-0129-x
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from a preferential recharge area (test site shown in Fig. 8b)
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Recharge
The major preferential recharge areas mapped are synon-
ymous with areas comprising relatively undeveloped
weathered profiles (low clay/soil content), as reflected by
the soil classes, airborne radiometric data and stoney rises
(Fig. 10d). The compatibility between the hydraulic
properties at the surface and the underlying lithology will
ultimately determine whether these areas mapped as
increased infiltration actually translate into preferential
recharge areas. The correlation between preferential
recharge areas and relatively low groundwater EC
(Fig. 12) indicates that the unsaturated zone profiles do
not inhibit the infiltration of rainfall to the water table.
The rainfall distribution map (Fig. 2) should also be
taken into account when identifying areas of preferential
recharge. The strong N-S rainfall gradient of ~4 mm/km,
with annual rainfall varying from 500 to 900 mm/year,
implies greater recharge fluxes in the south. Therefore, the
term, preferential recharge, as opposed to recharge, is only
pertinent when comparing recharge rates along latitudes.
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«Fig. 12 Distribution of groundwater EC values for bores located
within and outside (5-km buffer) of a stoney rises, b less-weathered
basalt and ¢ well to rapidly drained soil areas in the southern region
of the basalt aquifer

Uncertainties

Uncertainties inevitably exist in mapping dynamic hydro-
geological processes across a ~11,500 km? surface area of
the basalt aquifer. These include both temporal and spatial
variability. This regional mapping should be ground-
truthed for decision making on a local scale. The mapping
identifies the spatial extent of processes occurring;
however, it does not represent annual net influx and
outflux. Temporal variations for the recharge and dis-
charge areas includes hydraulic gradient reversal between
wetlands/rivers and groundwater (Weaver et al. 2004) due
to either long-term impacts from land use or climate
change, or due to the seasonal variability in rainfall
throughout the year (Fig. 2). For example, a previous
investigation in the study area correlated the change in
land use (replacement of deep-rooted perennial native
vegetation with shallow-rooted annual crops) with in-
creased river salinity (Versace et al. 2005), potentially due
to increased groundwater discharge. The large seasonal
variations in rainfall, particularly in the southern region,
also imply that wetlands and rivers may act as recharge
areas during the wetter seasons and that potential recharge
areas or even preferential recharge areas during dry
periods may act as discharge areas. In areas mapped as
both preferential recharge and discharge areas by the
surface/subsurface indicators (Table 3), the presence of
relatively undeveloped weathering profiles results in rapid
infiltration during rainfall, and the shallow depth to water
table (<5 m) results in groundwater discharge via transpi-
ration or evaporation during dry periods. Analysis of on-
ground and remotely sensed time-series data would be an
effective way to constrain the long-term and seasonal
variability of the discharge and recharge dynamics.

The uncertainties in mapping the spatial distribution of any
hydrogeological process relates to the compatibility between
the scale of the processes occurring, and the resolution of the
mapping technique (Woods 2006). For example, the geo-
morphology of the basalt terrain results in break of slope at
the edges of flows, at the sides of volcanoes and along
incised drainage systems. Groundwater discharge at these
break-of-slope sites can often be subtle and can occur over
very small areas (few square metres). Therefore a limitation
in using the break-of-slope topographic indicator in this
study was the coarser DEM resolution (Table 1). The
technique may better suit regions where there are larger-
scale changes in the topographic relief.

Any small-scale variations in catchment properties control-
ling recharge and discharge processes will present significant
challenges in mapping the spatial distributions across a regional
area. Changes in topography and soil infiltration capacities can
result in small-scale spatial variations in the recharge/discharge
relationship. For example, finding techniques with the appro-
priate spatial resolutions to map preferential recharge pathways
in dual porosity systems is complex due to the spatial
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Fig. 13 Integrated map of groundwater discharge and preferential recharge areas. The discharge processes are separated by colour into
indicators that highlight groundwater flow to surface water bodies, and indicators of potential discharge areas. Recharge areas are divided
into regions of relatively low and relatively high (preferential recharge) infiltration capacity (grey and blue respectively). Also shown are the
site numbers for nested bores used to calculate vertical hydraulic gradients (Table 3)

heterogeneity of active fractures (Sander et al. 1996; Tam et al.
2004). In this study, however, the recharge process is
predominantly affected by the thickness of the weathered
profile, which can be mapped at the catchment scale due to
smaller spatial variability compared with fracture networks.

Applications

By identifying areas of groundwater recharge and dis-
charge the spatial extent of these processes can be used to
define boundary conditions and spatial variability of fluxes
in numerical modelling (Lubczynski and Gurwin 2005).
Figure 13 shows the complexity of the spatial distribution
of recharge and discharge processes for the study area.
Synergistic techniques, like the one proposed, can support

Hydrogeology Journal

spatio—temporal flux redistribution as input for numerical
groundwater models. In such models, the uncertainty of
recharge/discharge allocation is still verified against the
complex water-balance solution available in any distrib-
uted numerical groundwater model (Facchi et al. 2004;
Bogena et al. 2005).

The recharge and discharge rates are affected by evaporation
and transpiration (Goodrich et al. 2000). Prospective research
work in the study area could investigate the use of recently
developed evapotranspiration mapping techniques, e.g. energy
balance models (Su 2006), to better constrain recharge and
discharge rates. For groundwater evapotranspiration assess-
ment in arid and semi-arid zones, that method can require an
external calibration data source for rescaling of the remote
sensing based energy balance output (Brunner et al. 2004;
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Lubczynski and Gurwin 2005). However, for transpiration
assessment in dry conditions, a more direct method of up-
scaling of sap flow measurements (Cermak et al. 2004) may
provide more reliable results (Lubczynski and Gurwin 2005).
To distinguish between evapotranspiration processes affecting
water in the unsaturated or the saturated zone is also essential.
By defining the spatial extent of groundwater discharge areas,
it is one step toward defining zones with certain evapotrans-
piration flux from the saturated zone and areas with certain
recharge flux to the saturated zone.

The mapping of recharge and discharge areas is
integral to managing water resources and understanding
salinisation processes. In semi-arid environments, in-
creased groundwater salinity often reflects evapotranspi-
ration directly from the saturated zone or during
recharging rainfall, rather than reflecting accumulative
water—rock interaction along flow paths. Groundwater
flow to the surface, and increased evaporation in these
areas, can result in the degradation of water and land
resources (McFarlane and Williamson 2002; Cartwright et
al. 2004). The recharge map also presents information on
shallow zone infiltration. The recharge regions outside the
preferential recharge areas, as shown in Fig. 13, have
relatively low infiltration capacities. The relatively slow
recharge rates in these areas can result in increased
evapotranspiration, thereby resulting in increased ground-
water salinity (Herczeg et al. 2001).

Information from the recharge and discharge map can
be employed by local catchment managers to help define
actions for salinity mitigation, and the protection of
groundwater dependant ecosystems. Secondary salinity
processes, caused by land clearing after European settle-
ment, is widespread across southern Australia. The
modification of the water budget due to increased recharge
after deforestation has resulted in rising water tables
(Allison et al. 1990), and therefore increased groundwater
salinity and discharge. Salinity mitigation programs
commonly involve tree plantations to decrease recharge
and/or increase discharge, thereby lowering water tables
(Benyon et al. 2006; Falkiner et al. 2006). The challenge
in introducing these schemes is maintaining primary
discharge areas (groundwater dependant ecosystems),
whilst reducing the affects of secondary saline discharge
areas. Therefore tree plantations should be targeted around
secondary saline discharge areas. Salinity mitigation
programs should also incorporate the results from recharge
mapping, so that tree plantations are restricted to areas
outside of preferential recharge zones. Recharge via
preferential recharge areas maintains a fresh groundwater
resource, whilst the introduction of tree plantations would
reduce the fresh recharge flux and increase groundwater
salinity via transpiration (Leaney et al. 2005).

Conclusions
This study provides an example of linking surface features
with recharge and discharge processes by incorporating GIS

and remote-sensing mapping techniques. The approach
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requires (1) knowledge of local hydrogeological processes
occurring to choose appropriate surface/subsurface indica-
tors, (2) adequate remote sensing and GIS techniques, as
well as necessary datasets, to map these indicators, and (3)
validation of the results at test sites and at the catchment
scale. The systematic approach presented in this study
provides a framework for mapping recharge and discharge
areas across catchments. Although the selection of surface
indicators is site-specific, the presented methodology and
application guidelines are widely applicable.

The surface indicators of recharge and discharge
should be relevant to the dominant processes occurring
and have the capacity to identify these. In this example,
preferential recharge and discharge areas occur at a scale
that could be mapped for the ~11,500 km? surface area of
the basalt aquifer. Groundwater discharge areas were best
identified by mapping areas of relatively low variability of
the vegetation activity. Preferential recharge areas were
effectively identified by mapping areas of relatively high
shallow zone infiltration rates using surface characteristics
of the basalt aquifer. Therefore, groundwater discharge
areas were identified by mapping the affects of discharge
on surface features (vegetation), whereas preferential
recharge areas were identified by mapping surface feature
controls on recharge rates (infiltration).

Uncertainties in mapping discharge and recharge
relations across large areas include the temporal variabil-
ity, affected by both seasonal and long-term (e.g. climate
and land-use) changes, and small-scale variations in the
controls on preferential flow. However, by spatially
defining the preferential recharge and discharge areas
using GIS and remote-sensing mapping techniques, the
resolution and extent of information is enhanced for the
regional catchment, and, therefore, new hydrogeological
information is provided for numerical modelling, water-
budget analysis, and salinity mitigation programs.
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