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Abstract
The intrusion of seawater into the Tertiary karst limestone aquifers in Cape Range was investigated by
comparing meteorological, hydrochemical and hydrogeological data. Major ion data showed the presence
of three major groundwater types; CaMgHCO3, CaMgCl and NaCl. A trend was observed between two end
members, CaMgHCO3 (fresh groundwater) and NaCl (saline groundwater). The intermediate member is the
CaMgCl type. There are significant spatial and temporal variations in the groundwater compositions.
Spatially, the coastal bores intercept groundwater that is highly mixed with NaCl-type groundwater. The
production bores and various monitoring bores at higher elevations show relatively higher HCO3
concentrations with varying amounts of Ca and Mg, depending on the geology of the aquifer. Temporal
variations were investigated by comparing the total dissolved solid contours prior to and post episodic
recharge events. The direction of solute transport changed significantly after the episodic recharge of June
4, 2002, when 305 mm of rain fell in the area within 24 hours. The direction of solute transport agreed
reasonably well with the groundwater flow paths generated using the hydraulic heads from production
bores. Comparison of major ion data between 1997 and 2003 also showed variations in the composition
between the two end members, CaMgHCO3 and NaCl.
Keywords: Karst, hydrochemistry, episodic recharge, hydraulic head, seawater intrusion.

Introduction
Cape Range is located in a remote part of northwestern Australia and stands adjacent to Ningaloo Reef,
a fringing coral reef visited by increasing number of tourists. The main feature of Cape Range is an uplifted
and highly dissected karst hinterland that has been folded into an anticline. Coastal plain sediments flank
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either side of the range with Exmouth Gulf on the eastern side and Ningaloo Reef on the western side. The
region behaves similar to an oceanic, strip-island. The freshwater lens thins toward the coast and overlies
a seawater wedge that extends about 5 km inland from the coastline. The brackish zone is home to some
rare cave dwellers of ecological value. The water supplier for Exmouth is obligated to monitor these
stygofauna for changes in population and groundwater quality.
Groundwater levels are influenced by tides due to the transmissive nature of karst aquifers. On the western
coastal plain, tidal influences are known to extend to at least 1.6 km inland, as observed in Bundera
Sinkhole (Humphreys, 1994).
Cape Range has a semi-arid climate with annual evaporation between 1700-3050 mm and mean annual
rainfall of 300 mm, much of which is derived from episodic recharge. Episodic recharge of the aquifer
occurs from mid-latitude depressions, which cause peak falls between June and August, and also from
tropical cyclones every 3 to 5 years (Collins et al. 1999). The annual average minimum and maximum
temperatures are 17 and 27 °C respectively, the coldest month is July and the hottest is January (when
inland temperatures frequently reach 45 °C). The latest tropical cyclone (Cyclone Vance), a category five
with winds up to 275 km/hr occurred in late March 1999 and caused widespread damage to the town of
Exmouth. The associated storm surge had a magnitude of 3.5 m above sea level adjacent to the town site,
and up to 5 m in the south of the gulf and caused wide spread coastal flooding. Unconfined Tertiary karst
limestone, known as Tulki Limestone overlies non-karstic, marly Mandu Limestone. The height of the water
level is greatest near the centre of the range (8 m AHD), in the Mandu Limestone. The water supply to the
town of Exmouth is derived from highly transmissive Tulki Limestone, situated close to the eastern foothills
of Cape Range, just southeast of the town.

Methods
The main tool of investigation is a combination of analytical hydrochemistry and hydrogeology.
Groundwater from production bores is sampled annually by the Water Corporation of Western Australia
and analyzed for major ions. The most recent hydrochemical data from the production bores (#1/97 to
#16/97), western transect bores (WT bores) and coastal bores (1/96, 1695, CC3, 1HW) were plotted on
Piper diagrams to analyze the spatial variations.

Results
Total dissolved solids
Salinity profile data were contoured in the west to east cross-section of the eastern limb of the Cape Range
anticline (Figure 1). Differences in the thickness of the zone of diffusion were observed between bores 5/96
and 10/96. For example, differences in the thickness between the 600 and the 1000 mg/l TDS isolines
showed that bores nearer the coast have thicker diffusion zones compared to bores further inland.
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Figure 1. West to east TDS cross section comparing the thickness of the diffusion zone
between the 600 and 1000 mg/l TDS isolines.

Figure 2. Salinity profile data showing changes in the 1000 mg/l interface between July, 2000 and April, 2004.
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Figure 3. Hydraulic head and TDS contours prior to and post episodic recharge of June, 2002.
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Fluctuation and reduction in the thickness of the freshwater column were observed in the salinity profile
logs.
Comparisons of the TDS contour maps prior to and after the episodic recharge of June 4, 2002 (305 mm
rainfall in 24 hours) showed significant changes in the distribution of saline groundwater (Figure 3). The
sudden increase in hydraulic heads after episodic recharge is responsible for the easterly movement (i.e.
towards the coast) of saline groundwater in some areas.

Groundwater composition
The Piper diagrams show noticeable differences in groundwater composition between the bores (Figure 4).
Groundwater in production bores is dominantly CaMgHCO3 mixed with NaCl, the upper WT bores (i.e. at
higher elevations) have groundwater composition similar to production bores, but are relatively more Mg
rich. Groundwater in coastal bores is dominantly NaCl with lower Ca and Mg. A hydrochemical diagram
used for classification of natural waters and identification of hydrochemical processes, proposed by Chadha
(1999) was used. Results showed an additional groundwater type, CaMgCl, which is an intermediate
member between the two end members, CaMgHCO3 and NaCl (Figure 5a). The observed trend in the
hydrochemical diagram indicates a seawater mixing line. Groundwater compositions that plot close to the
line are largely controlled by mixing. Groundwater that plots in the CaMgHCO3 type field is sampled in the
southern parts of the borefield and some upland bores (Figure 5b). Groundwater in coastal bores all plots
in the NaCl type field.

Figure 4. Illustrates the main groundwater types. Upper WT bores have relatively more Mg-rich compositions.
Production bores are CaHCO3 to NaCl type. Coastal bores have dominantly NaCl rich compositions.
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Figure 5. Hydrochemical classification of groundwaters (a) differences in compositions between production bores,
upland bores (i.e. WT bores and bore 9/89) and coastal bores and (b) differences in compositions between northern,
mid section and southern parts of the bore field and coastal bores.

The bivariate diagram between Mg and Cl shows a distinct spatial relationship between coastal bores,
inland bores and production bores (Figure 6). The Mg and Cl ratio of coastal bores is similar to that of
seawater, whereas inland bores and production bores have compositions that are different. Groundwater
samples that plot further away from the seawater composition line have compositions that are less mixed
with seawater. In such a case, cation exchange processes such as dissolution and precipitation of carbonate
minerals will control the hydrogeochemistry.
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Figure 6. Mg and Cl bivariate diagram in milliequivalent per litre.

The Ca and Cl bivariate diagram depicts a less similar composition from seawater compared to the Mg and
Cl relationship, suggesting that cation exchange with Ca is more dominant. The coastal bores plot the
closest to the Ca/Cl seawater mixing line, while the production bores plot furthest from the mixing line
(Figure 7).

Figure 7. Ca and Cl bivariate diagram in milliequivalent per litre.

The Na and Cl ratio of groundwater all plot very close to the mixing line and this suggests that Na is mostly
derived from seawater (Figure 8).
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Figure 8. Na and Cl bivariate diagram in milliequivalent per litre.

Groundwater evolution
A change in groundwater compositions was observed in the production bores from 1987 to 2003 (Figure
9a). In Figure 9a, a change from CaMgHCO3 type in 1987 to a NaCl type in 2003 was observed in
groundwater intercepted by bore 5/87. A change from CaMgCl type to NaCl type was observed from bore
2/87. All other bores also showed a shift towards more saline groundwater compositions, except for bore
8/87, where a shift towards a less saline composition was observed. Bores drilled in 1997 also show a
change towards more saline groundwater compositions (Figure 9b).

Discussion
Zone of diffusion
The thickness of the diffusion zone varies depending on the geology, permeability of aquifers and distance
to the coast. The diffusion zone is significantly thicker in bores intercepting the permeable Tulki karst
limestone, which is situated closer to the coast than the inland bores that intercept the less permeable
Mandu limestone.
Seasonal fluctuation and reduction in the freshwater lens could be attributed to variations in rainfall,
groundwater abstraction and tidal influences. Further collection of data is required to quantify the
influence of these factors.

Groundwater flow and solute transport
The movement of saline groundwater shown in the TDS contour maps can be used to show the dominant
groundwater flow paths influencing solute transport in the karst aquifers. The groundwater mound that
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Figure 9. Hydrochemical evolution of groundwaters between (A) 1987 and 2003 for bores drilled in 1987 and
(B) 1997 and 2003 for bores drilled in 1997.

formed in the northern bore field after the episodic recharge in June 2002 was responsible for the transport
of solutes towards the east, northeast and southeast. When the hydraulic heads returned to normal
conditions, it took a very short time (i.e. less than 5 months) for the seawater to encroach, resulting in
significant increases in TDS values. The groundwater mound is a zone where dilution of groundwater was
most effective. It is likely that this is a zone of groundwater recharge. A significant increase in hydraulic
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head is required for efficient solute transport. For this to naturally occur, an episodic recharge event is
needed.

Groundwater composition
The ratios and bulk weight of major ions depicted on bivariate and Piper diagrams respectively were used
to differentiate the three major groundwater aquifers in Cape Range. The upper WT bores, which intercept
marly limestones (Mandu) have lower Ca:Cl ratios than production bores, which intercept karst limestone
(Tulki). The coastal bores are located closer to the coastline. All these bores except for bore 1/96 intercept
Quaternary calcarenites. Bore 1/96 has similar groundwater compositions to bores that intercept
Quaternary calcarenites. This could be due to hydraulic connections between the Quaternary and the
Tertiary aquifer. The hydrochemical diagram proposed by Chadha (1999) most efficiently depicted the
change in groundwater compositions between 1987 and 2003. A shift towards more saline compositions
as shown in most bores indicates that groundwaters in Cape Range are affected by seawater intrusion,
with the exception of bore 8/87, located in the southern parts of the borefield, which shows freshening of
groundwater. This may indicate that bore 8/87 intercepts groundwater that is efficiently recharged.

Impacts on stygofauna habitat
As much of the stygofauna resides in the brackish zone, it is expected that the stygofauna will migrate
inland with the intrusion of seawater. Further investigation of seawater intrusion and monitoring the
population of stygofauna will provide a better understanding in the distribution and behaviour of
stygofauna with changes in its karst ecosystem.

Conclussions
The groundwater compositions depicted in Piper diagrams were important in differentiating the three
aquifers, Tulki Limestone, Mandu Limestone and Quaternary calcarenite. The operation of the bore field has
resulted in a shift towards more saline compositions. The compositions show large temporal and spatial
variations, mostly due to mixing with seawater as the dominant process. Episodic recharge is responsible
for significant decreases in TDS values, particularly in areas where abrupt increases in hydraulic head have
been greatest. This resulted in the movement of saline groundwater towards the coast in easterly,
northeasterly and southeasterly directions. Seawater is again encroached inland in a short time after
hydraulic heads returned to normal levels.
Salinity profile data showed temporal changes and spatial variations in the thickness of the freshwater
lens. Due to the dynamic nature of the freshwater lens, further studies will include investigation of the size
and shape of the freshwater lens in response to high intensity rainfall events.
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