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Abstract
For the 1600 Indigenous residents who live in Milingimbi, a remote island off the coast of Arnhem
Land in the Northern Territory, drinking water is a scarce and precious resource for which they rely
solely on aquifers beneath the island. Studies have shown that, as the population grows (to a
projected 2300 residents by 2030), the island’s limited fresh groundwater reserve – which is already
vulnerable to saltwater intrusion from the surrounding Arafura Sea – will not be capable of supplying
the future water needs of the community. Despite the high annual rainfall, there is uncertainty as to
what proportion replenishes the freshwater lens and how much is lost to evapotranspiration and
lateral flow to the coast. Groundwater recharge of the freshwater lens takes place during the wet
season between November and April with very little rainfall occurring during the dry season.
Groundwater monitoring has shown that there has been a notable increase in salinity. Recent drilling
investigations identified that there is interconnection between the more saline aquifer that lies
beneath the fresher shallower aquifer and that over pumping of the fresh aquifer could result in
saltwater migration inland and/or contamination by the more saline aquifer below. The main goal of
this project was to use hydro-geophysical scientific measurements to support the water supply
investigations on Milingimbi Island and engage local community members in training and use of
instruments to improve knowledge and understanding of the groundwater resource. More
specifically, geophysical and hydrogeological methods were used to determine (1) the extent and
thickness of the fresh groundwater lens which is used as the community’s water supply, (2) the
salinity distribution across the different aquifers and risks associated with inter-aquifer leakage and
saltwater intrusion, and (3) the effective groundwater recharge to the freshwater lens.
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Background Information
For the 1600 Indigenous residents who live in Milingimbi, a remote island off the coast of Arnhem
Land in the Northern Territory, drinking water is a scarce and precious resource that relies solely on
aquifers beneath the island. As the population grows (2300 people by 2030), studies have shown the
island’s limited groundwater supply – which is already vulnerable to saltwater intrusion from the
surrounding Arafura Sea – will not be capable of supplying the future water needs of the community.
Solutions such as seawater desalination are commonly unfeasible.
The main goal of this project was to use hydro-geophysical scientific measurements to support the
water supply investigations on Milingimbi Island and engage local community members in training
and use of instruments to improve knowledge and understanding of the resource.
The project used geophysical and hydrogeological methods to investigate:
1. Risk of saltwater intrusion
There has been a notable increase in salinity of groundwater samples collected from the existing
groundwater monitoring network across the island. The reasons for the spatial variability in
groundwater salinity are not entirely clear and the location of the freshwater/saltwater interface
unknown.
2. Identify inter-aquifer leakage
It is unclear if there is upward leakage of the more saline aquifer into the overlaying fresher aquifer
as a result of the increased groundwater pumping. Recent drilling (late 2013) identified that there is
interconnection between the more saline aquifer beneath the fresher shallower aquifer and that
over pumping of the fresh aquifer could result in saltwater migration inland and/or contamination
by the more saline aquifer below. The extent and thickness of the fresh groundwater lens is
unknown which is critical to the town’s water supply.
3. Estimate groundwater recharge
Effective groundwater recharge of the freshwater lens takes place during the wet season between
November and April with very little occurring during the dry season. Despite the high annual rainfall
(1090 mm) there is uncertainty as to what proportion recharges the shallow aquifer and what is lost
to evapotranspiration and lateral flow to the coast. The quantity and quality of the available
groundwater on the island, particularly with the forecast population growth is critical to the longterm sustainability of the community and the water resource.

Geophysical Need
A majority of the remote aboriginal communities in the northern territory, Australia are reliant on
groundwater, a finite and limited resource. On small islands, fresh groundwater exists as lensshaped water bodies which are at risk of intruding seawater and contamination from pollution
[Falkland, 1991]. With increasing population demand on the water supply, sea level rise and climate
change, and risks of contamination, water security and sustainability of the groundwater resources is
of great concern to the community. Non-obtrusive hydrogeophysical techniques can provide
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valuable knowledge and insight into understanding the dynamics of the resource and assist the
community and water resource managers to develop the most appropriate sustainable water
resource management policies.

Field Studies
The field study was undertaken on Milingimbi Island (16 km2) which is part of the Crocodile Island
group located in the far north of the Northern Territory in the Arafura Sea, Australia, 450 km east of
Darwin (Figure 1). It is a low-lying plateau and its highest elevation is around 16 m above mean sea
level in the central part of the island. The higher parts of the island are surrounded by saline mud
flats. The plateau slopes northward with a dip angle of 2 degrees reflecting the regional basin
geology. The island is situated in the dry tropics and receives the majority of its annual rainfall during
the wet season between November and April. The current conceptual hydrogeological model is
based largely on the initial studies of Yin Foo [1982] and has recently been refined with more
geological information from a drilling program in 2013 [Woodgate, 2014]. There are three main
aquifers separated by two aquitards (Figure 2): an upper near-surface aquifer (sandy clay, clay,
claystone and laterite, average thickness 10 m; too small and shallow to exploit), a first aquitard
consisting of fine sand, sandstone, and clay (average thickness 10 m), a central aquifer consisting of
sand, gravel and sandstone (current community water supply, average thickness 8 m), a second
aquitard of clay and siltstone (average thickness 6 m), and a deep aquifer of fractured siltstone,
chert, and siltstone (average thickness 13 m). The 5 aquifers/aquitards are spatially variable in depth
and thickness; they often vary from less than 1 m up to 40 m thickness and vary as well in degree of
weathering.
The current knowledge is that the areal extent of the central and deep aquifers is limited to the
central portion of the island. The two underlying aquifers are recharged by infiltration of highly
variable seasonal rainfall through the overlying shallow aquifer [URS corp, 2011].
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Figure 1. Location map of Milingimbi Island in the Arafura Sea, 450 km east of Darwin, Australia. Groundwater wells and
geophysical survey lines are also shown.
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Figure 2. (a) Simplified hydrogeological cross section of Milingimbi Island, south to north, and (b) west to east [After
Woodgate, 2014]
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Methods
This study used a number of geophysical and hydrogeological techniques to investigate the coastal
fractured rock aquifer system on Milingimbi Island. Three main survey lines across the island (Figure
1) were selected for near surface geophysical measurements after discussion with the traditional
owners about the local hydrological knowledge and sites that were not accessible for cultural
reasons. A number of groundwater monitoring wells were chosen for groundwater sampling and for
the downhole geophysical surveys based on earlier reports that contained drillers logs, well
construction information and analyses [Houthuysen, 2013; Woodgate, 2014].
Electrical resistivity (IRIS Switch Pro 96) and electromagnetic induction (Zonge NanoTEM, Geonics
EM-34 and GF CMD Explorer) instruments were used to determine the extent of the freshwater lens,
as well as the location of the freshwater-saltwater interface across the island.
Borehole logging (Mount Sopris gamma and EM probes) was undertaken on groundwater monitoring
wells in order to characterise the lithology and to provide calibration targets for the near surface
geophysical surveys.
Environmental tracers were used to understand the mixing dynamics between the different waters,
geochemical processes and the apparent groundwater age. Groundwater samples were analysed for
a suite of environmental tracers and included major ions, stable isotopes of water,
chlorofluorocarbons (CFCs) and tritium. Rock samples from drill core material that was retrieved
during the 2013 drilling program were analysed for water content and pore water chloride using
standard laboratory techniques [Rayment and Higginson, 1992].

Photo 1. Crocodile Island Ranger Fabian (left) and Power and Water graduate student Cameron (right) conducting an EM34
survey across the island and marking locations with GPS unit.
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Photo 2. Conducting a downhole geophysical survey (natural gamma and EM) on an existing monitoring well on the island.

Photo 3. Crocodile Island Ranger Jarrod about to start an EM survey using the CMD explorer connected to handheld GPS
continually tracking.

Photo 4. Kevin (CSIRO) conducting a TEM sounding using the Zonge NanoTEM in the central part of the island.
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Photo 5. Eddie (Flinders University) and Cameron (Power and Water) conducting an electrical resistivity survey using an Iris
SwitchPro -96.

Photo 6. Vincent (Flinders University) sampling CFCs from one of the monitoring bores on the northern side of the island.
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Interpretation of Data
The following section discusses the results and interpretation of the near surface geophysical
surveys and groundwater sampling that was undertaken during the major fieldtrip campaign in
October 2014

Near surface geophysics
The interpolation of the EM34 data (over 450 measurements across the island in horizontal dipole
mode, 20m coil separation, i.e. an effective depth range of approximately 15 meters) shows the
extent of the shallow part of the freshwater lens (Figure 3). There are a number of locations where
the aquifer and current boreholes may be at greater risk of saltwater intrusion, particularly on the
seaward side to the east. Results from the CMD Explorer were not entirely conclusive due to the
limited effective penetration depth of about 6 metres which was typically above the watertable in
most locations across the island.

Figure 3. Soil conductivity map showing the extent of the freshwater lens in the middle of the island (interpolation based on
the Geonics EM34 probe in horizontal dipole mode, 20 m coil separation).
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The inversion model results of the NanoTEM surveys across the island (Figure 4) shows the spatial
extent of the freshwater lens down to approximately 40 meters depth. The more conductive feature
visible close to the surface is an artefact of some human made structures (including disposed metal
debris- 44 gallon drums) at these particular locations. The north-south transect shows the
freshwater lens extending deeper near the middle of the island and this is consistent with the drillers
logs taken during the drilling investigation on the island in 2013 which indicated that the upper fresh
sandstone aquifer extends in a narrow plume near the central part of the island (Woodgate, 2014).
(A)

(B)

Figure 4. NanoTEM survey lines. (a) west to east transect, and (b) north to south transect. The black lines are the
approximate locations of the groundwater monitoring wells completed in 2013.

An electrical resistivity and electromagnetic survey were conducted to examine one of the
groundwater discharge zones as identified by the local rangers (Figure 5). Both methods showed
more conductive (less resistive) water intruding beneath the freshwater lens near the island margin,
but also partially above the freshwater, which could be due to the influence of period flooding of the
discharge zone during king tides.
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(A)

(B)

Figure 5. (a) Electrical resistivity and (b) nanoTEM transects of known groundwater discharge zone on the northern side of
the island.

Water level and tidal monitoring
The influence of the ocean on the groundwater aquifer system is also evident in the continuous
groundwater level time series data, clearly showing the tidal signal in many of the monitoring wells
(Figure 6). These three groundwater wells are located in the middle of the island adjacent the main
production bore. The influence of the production bore is seen in groundwater well RN38463 which is
completed within the freshwater lens to a similar depth (screen interval 26-29 metres below
ground). The daily pumping schedule causes a one metre response in the water level of RN38643
and there also appears to be a slight decline in the water level over the period of monitoring shown
from October 2014 to December 2014. Groundwater well RN38461 is located in the deeper aquifer
drilled down to 123 metres depth, whilst RN38464 is completed within the aquifer underlying the
freshwater lens with a screen interval of 55-58 metres below ground. These two wells show a strong
tidal signal and there is a greater amplitude in the deeper well than the shallower one.

11

An important finding from the continuous water level monitoring and water quality data was
providing correct interpretations of the hydraulic gradient between aquifers as it depends on the
density of the water within the well. The vertical gradient between the two monitoring wells
RN38463 (shallow) and RN38464 (middle) in Figure 6 shows a reversal in the gradient after the major
rains in January 2015 from upwards to downwards. Correcting the measured hydraulic head to an
effective freshwater head, however, indicates that the vertical gradient between these two wells is
still in an upwards direction. The measured hydraulic head in well RN38461 (deepest) is below the
head values of the other two observation wells, however, it has a salinity similar to seawater
(electrical conductivity value of 51,570 micro Siemens/cm) which when the measured hydraulic head
is converted to an effective freshwater head the data shows a strong upwards vertical gradient from
the deeper more saline system. This poses a risk of the freshwater lens becoming salinized by the
underlying more saline aquifers if there is inter-aquifer leakage which may be further enhance by
over-extraction of the freshwater lens.
The water level data also showed that a daily water level measurement only captures the broad
seasonal trends, and misses the higher frequency effects of pumping and the tidal influence.
Without at least 30 minute sample intervals of water level monitoring, there is a real risk of not
observing the effects of intruding saline water or over extraction of the resource by pumping.

Figure 6. Water level data from nested groundwater monitoring wells constructed in the middle of the island near the main
production bore. Rainfall data from the local weather station is also shown.
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Measured water levels show that groundwater recharge to the aquifer during two recent cyclone
events can be more than a metre within a 24 hour period and indicates rapid recharge processes and
that it is observed in all aquifers although dampened with depth (Figure 7). The Milingimbi
community suffered severe storm and weather damage during these two events in early 2015,
fortunately no one was injured.

Figure 7. Image taken from the Bureau of Meteorology website of cyclone Lam that hit Milingimbi Island in February 2015.
Cyclone Nathan also hit the island shortly after in March 2015.

Water chemistry
Soil porewater chloride analyses from the drill core and groundwater samples from the multi-nested
piezometers completed at the same location confirmed that the freshwater lens extends to about
40-50 metres depth below land surface (Figure 8). The soil porewater profile also revealed a steady
increasing salinity trend beneath the lens to 110 metres depth towards the concentration of
seawater (~19,000 mg/L).

Figure 8. Soil porewater chloride concentrations analysed on core samples collected from a cored drillhole on the northern
side of the island (RN38462). Also shown is the chloride analysis of the groundwater samples collected from the nested
piezometers completed in the cored drillhole.
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The plot of deuterium versus oxygen-18 of the water samples collected from the local billabong,
ocean and the groundwater monitoring wells on Milingimbi Island show the mixing between the
different aquifers and the processes of evaporation (Figure 9). The two deeper wells (RN38462 and
RN38461) have more enriched isotopic signatures suggesting a different source or mix of water
whilst the billabong has a strongly evaporated groundwater signature. The shallow desalinisation
bore (RN38238) near the main township of the island showed mixing of fresh groundwater and
ocean water.

Figure 9. Stable isotopes of water (deuterium versus oxygen-18) of the surface and groundwater samples collected on
Milingimbi Island.

Environmental tracers such as chlorofluorocarbons (CFCs) can be used to determine the apparent
age of the groundwater and provide information on groundwater flow processes and recharge
dynamics, including depth of circulation, vertical connectivity and effective recharge.
CFCs are stable organic compounds that were first manufactured in the 1930s and are solely from
anthropogenic sources. Concentrations of CFCs in water vary as a function of the atmospheric partial
pressures of CFC’s and their solubility, which is a function of salinity and temperature and can be
used to determine apparent groundwater age. CFCs can be measured in groundwater that has been
recharged since about 1940 or in a mixture of 1940 water and older waters and have been used as
age indicators for groundwater studies since about 1979 [Szabo et al., 1996].
Vertical profiles of apparent groundwater age have been used successfully to estimate rates of
vertical groundwater flow in sedimentary aquifers [Cook and Bohlke, 1999]. Assuming that sampling
takes place near the watertable, then the vertical water velocity will be constant with depth and the
horizontal component of groundwater flow will be relatively small, such that the recharge rate (R)
may be approximated by:
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R=

zθ
t

where z is the depth below the water table, θ is the porosity of the aquifer medium and t is
the groundwater age.
The CFC-12 concentrations of the groundwater samples collected from the monitoring wells on
Milingimbi Island are shown in Figure 10. Groundwater recharge estimates based on CFC-12 ranged
from 25 to 150mm/yr. In comparison, recharge estimates using the chloride mass balance approach
[Eriksson and Khunakasem, 1969] suggest recharge rates of 10 to 160 mm/yr.

Figure 10. Modelled groundwater recharge rates using the CFC-12 data.

The Human Element
The outcomes of this project provide a significant benefit to the local Milingimbi community and the
water resource managers by contributing to an improved groundwater conceptual model of the
island. The new knowledge gained delivers greater certainty of the spatial extent and thickness of
the freshwater lens and the threats of saltwater intrusion. This information will also be invaluable in
the development of a numerical groundwater model of the island and contribute to better decisions
to sustaining a reliable water supply to a growing community.
This project established the seed for a future Australian Research Council linkage project in 2016 to
investigate strategies for sustainable water management in remote areas using a community-led
approach, bringing together researchers, resource managers, local residents and other stakeholders.
It will investigate how to incorporate indigenous knowledge and cultural values about water into the
resource assessment process and water management plans. The project outcomes will contribute to
solving water supply problems in remote communities in Australia, and overseas.
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Photo 7. Field team about to depart after the October 2014 trip to Milingimbi Island. Will, Kevin, Cameron, Vincent, Eddie
and Okke (left to right).

Student and community involvement
As part of the project two Flinders University undergraduate students were involved in the fieldwork
and data collection as well as graduate students from the Power and Water Corporation in Darwin.
Fifteen Crocodile Island Rangers who reside on Milingimbi Island were involved in the use and
application of geophysical and hydrogeological techniques during the fieldwork campaigns and the
workshops and are involved in ongoing water level and tidal monitoring. The relationships that the
project team developed over the course of the project with the students, local community and the
rangers on the island were a real highlight of the project. The sharing of local and scientific
knowledge, teaching and traversing some of the cultural barriers was a fantastic experience.
Conducting “hands-on” scientific measurements using a range of hydrogeophysical instruments
provided some great educational opportunities for the rangers and other students involved in the
project. We were fortunate to leave the sand tank (a scale model which shows the principles of
groundwater flow) in the hands of the rangers to demonstrate their new gained knowledge at the
local Milingimbi Island work fair (Photo 8).
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Photo 8. Crocodile Island Rangers at the Milingimbi Island work fair. Sand tank demonstration on left hand side of stall.

Lessons Learned
There were many lessons learned over the course of this project which involved working in a very
remote location of Australia and where one experiences “island time”. A real benefit to the smooth
operation of the project was the good working relationship that the Power and Water Corporation
has established with the local community, particularly, community engagement programs around
energy and water use. This relationship was a real asset at the start of the project when we
established the first meetings with the traditional indigenous owners of the land to discuss where
and where we could not go on the island to conduct field surveys, and who to speak to in the
community to get the “thumbs up”. Having this good working relationship was paramount
throughout the project and it has opened up other project opportunities with different groups in the
community for the future.
A critical element in working in remote locations with bulky and expensive scientific equipment is
that it makes it to the destination (and insure its travel) and operates when required. Unfortunately,
some of the equipment was not insured during use and transit to interstate locations and one of the
borehole geophysical probes was lost by the freight company and has not appeared again since
($25,000 probe).
Given the time, logistics and cost constraints of the project, most of the field work was done in one
large intensive field campaign which meant that it was challenging to carry out the tasks and make a
workable meeting schedule with the different groups in the community. In many remote aboriginal
communities there is any number of government agencies, universities or researchers undertaking a
very broad variety of projects and services so it does require considerable effort and consultation so
as not be overlooked and considered just another fly in fly out service provider. Added benefit would
have been gained in capturing the extremes in the climate regime between the dry and wet season.
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Conclusions
This study has highlighted the benefits of using multiple geophysical and hydrogeological techniques
to investigate saltwater intrusion and groundwater dynamics beneath a small fractured rock island
and provides valuable information about the resource to the local community and water managers.
The NanoTEM provided a rapid assessment of the extent of the freshwater lens and also produced
good vertical depth penetration which was a limiting factor with the EM34. The water chemistry and
apparent age of the groundwater samples provided evidence of inter-aquifer leakage between the
aquifers and an estimate of groundwater recharge to the freshwater lens. The information gathered
from this project will aid in the development of a numerical groundwater model of the island and
contribute to better decisions to sustain a secure and reliable water supply to a growing community
for the future years to come.
Involvement of the Crocodile Islands Rangers in the project increased the knowledge of the local
hydrology of the project scientists and at the same time, the results of the investigation increased
their knowledge of the local aquifers beneath their feet and the water supply system. This has
resulted in an ongoing collaboration in which the rangers maintain one of the tidal water level
loggers that will support the groundwater investigation but also aid the rangers in collecting data
that support their other activities and caring for country.

Conferences, Communication and media releases
There were a number of opportunities to present and share the outcomes of the project at national
and international conferences, community workshops and also published in the local media. Below is
a list of conferences, workshops and media releases that were done during the project.
•

•
•
•
•
•
•
•
•

Flinders University media release, 11 April 2014, “Flinders leads water security study on
remote island - See more at: http://blogs.flinders.edu.au/flindersnews/2014/04/11/flinders-leads-water-security-study-on-remoteisland/#sthash.ZEVcVaoW.dpuf”
Milingimbi Island Crocodile Island Rangers workshop October 2014, Milingimbi Island,
Northern Territory
Arafuru Times, Nhulunbuy, Northern Territory newspaper article, 25 March 2015
“Millingimbi Water supply challenge investigated”
OzWater15 Conference 12-14 May 2015, Adelaide, Australia
Milingimbi Crocodile Island Rangers Workshop 24 June 2015, Milingimbi Island, NT
East Arnhem Land Council Local Authority Workshop 25 June 2015, Milingimbi Island, NT
Power and Water Milingimbi water research and modelling workshop, 22-23 June 2015,
Darwin, Australia
Society of Exploration Geophysics International Exposition and 85th Annual Meeting, 18-23
October 2015, New Orleans, Louisiana
Australian Groundwater Conference 3-5 November 2015, Canberra, Australia
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Photos
The following is a selection of photos from the field work and workshops that were run as part of the
project.
Project workshop with the Crocodile Island Rangers, October 2014
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Photo 9. Milingimbi barge landing.

Photo 10. The old WW2 airstrip where the vegetation and termite mounds are gradually taking over.

Photo 11. First project workshop with the Crocodile Island Rangers at the Ranger headquarters, Milingimbi Island.
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Photo 12. Eddie explaining the concepts of saltwater intrusion during the first workshop.

Photo 13. Vincent explaining the water levels in the different aquifers on the island during the first workshop.
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Project field trip campaign, October 2014

Photo 14. (left) Field vehicle fully loaded for another hot and long day, (right) Jo and Will conducting CMD survey.

Photo 15. Vincent and Eddie setting up equipment at monitoring wells to run downhole geophysics and groundwater
sampling.

Photo 16. The tidal flats that are inundated during King tides.
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Photo 17. (left) Old windmill pumping one of the shallow wells, and (right) Will lowering the borehole probe down the well.

Photo 18. (left) Eddie collecting a groundwater sample from one of the main production bores, (middle) downhole temp, pH
and EC sonde, (right) Cameron and Fabian taking an EM34 measurement.
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Borehole and DEM survey, December 2014

Photo 19. Fabian surveying the height of one of the monitoring bores using a differential RTK GPS

Photo 20. Conducting elevation survey using an RTK differential GPS unit attached to quad bike to survey the island.

Photo 21. RTK differential GPS unit attached to quad bike to survey the island.
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June 2015 workshop photos- geophysics, sand tank

Photo 22. Eddie discussing the outcomes of fieldwork at workshop in June 2015

Photo 23. Eddie presenting the near surface geophysical results at workshop in June 2015.

Photo 24. Using a sank tank model to demonstrate the risk of saltwater intrusion.
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Photo 25. Using a sank tank model to demonstrate the risk of saltwater intrusion.

Photo 26. Deploying tidal data logger in crocodile infested waterway on the southern side of the island.
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