
ABSTRACT
Shallow groundwater within the Bells Creek

coastal plain is strongly influenced by estuarine
processes, seasonal fluctuations in rainfall, topography,
land-use, and the complex arrangement of sediments in
the subsurface. As there is limited exploitation of shal-
low groundwater in the local area, the processes of salt
water intrusion and fresh water flushing, determined
within this study are relatively “natural”. The estuarine
salinity front migrates inland during dry periods and is
flushed seaward during significant rain events. Fresh
groundwater within unconfined alluvial aquifers in the
west of the plain are hydrologically connected to saline
groundwater of the semi-confined alluvial aquifers
within the east of the plain. It is anticipated that extrac-
tion of these fresh groundwaters beyond sustainable
levels of recharge will lead to intrusion of saline estuary
water.
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INTRODUCTION
Estuarine coastal plains are complicated

hydrogeological systems that are prone to
contamination and misuse of shallow groundwater, as
well as saline intrusion (Harbison and Cox, 2002).
Furthermore, the significant growth of residential,
agricultural and industrial centers along coastlines
strengthens the need for a higher level of
hydrogeological understanding so that future
contamination is curbed.The Bells Creek coastal plain of
southeast Queensland is currently being considered as a
potential site for residential/recreational development.
The owners of a significant parcel of freehold land
(Caloundra Downs) in the central section of the plain,
have commissioned a comprehensive hydrogeological
investigation. As a variety of future land use scenarios is
being considered, a thorough knowledge of the local
surface and groundwater processes is required.
Obviously, the primary issues of concern include: 1)
contamination of the nearby estuary via subsurface

groundwater flow and surface runoff; 2) salt water
intrusion into fresh aquifers; 3) recharge and infiltration
rates through a variety of aquifers and aquitards; 4)
preferential flowpaths for groundwater contaminants
within different aquifer settings, and 5) response of
aquifers and aquitards to particular clima-tic variables,
such as drought and floods.

SETTING
Location and Climate

The Bells Creek coastal plain is located 65 km north
of the city of Brisbane, along the eastern coast of
Australia (figure 1). The plain adjoins the northern
reaches of the Pumicestone Passage, a large back-bar-
rier estuary in the southeast of the state of Queensland.
The subtropical climate of the region typically produces
hot, wet summers (December to March) and cool, dry
winters. Mean annual rainfall is in the order of 1600
mm, although recent years have been much drier, with
1100 mm in 2001, and 750 mm in 2002. The plain is
approximately 100 km2, and is mostly flat lying. The
coastal plain to the east is generally less than 5 masl,
the central alluvial plain is between 10 and 20 masl,
and the undulating bedrock hills immediately to the
west rarely exceed 50 masl.

Pine plantations are the major land use in the
western and central parts of the plain, while estuarine
wetlands consisting of mud flats, salt marshes, man-
groves and sea grass beds are dominant to the east.
Remnant patches of native Melaleuca quinquenervia
and Eucalyptus pilularis occur in freshwater swamps
within the low-lying drainage system.

Geology

The Jurassic bedrock (Landsborough Sandstone) is
an arkose, fluviatile sandstone unit with a total thick-
ness greater than 450 m (Cranfield, 1984). Extensive
weathering has led to the formation of a 10 to 20 m
thick laterite profile at the top of the bedrock. Episodes
of repeated down-cutting into the landscape during sea
level lowstands throughout the Quaternary, have result-
ed in the development of a series of drainage systems
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that generally trend west-east. Logging of drill cuttings
plus radiocarbon dating has shown that during stages
of marine transgression and sea level highstand these
depressions have been subsequently infilled with fine-
to coarse-grained alluvium, as well as finer-grained
swamp and floodplain deposits. Onlapping coastal
deposits dominate the near-shore section of the plain,
and include coarser-grained sediments within buried
beach ridges, estuarine point bars and tidal deltas, as
well as finer-grained estuarine organic-rich silts and
clays.

Surface runoff from this catchment drains into
Pumicestone Passage via three tidal creeks: Lamerough,
Bells, and Halls (figure 1). Microtidal conditions within

the estuary force marine waters to extend about 5km
inland within the creeks (Ezzy et al., 2000). The flat-
lying nature of the plain, coupled with low rainfall, has
induced ephemeral flow conditions in the (fresh water)
central and western reaches of those creeks.

Prior to European settlement the site was a coastal
wallum heathland, distinguishable by waterlogged soils
and the notable occurrence of tannin-stained surface
water features, commonly known as ‘black water’
streams (NSR, 1999). Native bush and heath were
cleared for cattle grazing, and later planted with pines.
These changes, especially the pine forests and the
implementation of forestry infrastructure, have altered
the surface hydrology through construction of drains re-
routing the natural runoff conditions, and altered
evapotranspiration performance compared with native
vegetation.

Hydrogeology

The major aquifers within the coastal plain setting
include unconsolidated sediments of marine and allu-
vial origin, separated from the underlying sandstone
bedrock groundwater by thick layers of low-permeabil-
ity laterite clays (mainly kaolinite and smectite). Within
this overall framework there are numerous separate
water bodies that have limited degrees of interaction.
The major aquitards consist of the majority of the lat-
erite (excluding coarser paleaochannel layers) and vari-
ous clay-rich Quaternary units including estuarine,
floodplain and swamp deposits. Such complex and vari-
able aquifers are typical of these coastal plains around
Moreton Bay (eg Ezzy, 2002; Harbison and Cox, 2002).

The sandstone aquifer is mostly a confined unit,
with thin bedding and abundant fractures providing the
most efficient pathways for groundwater flow.
Groundwater within alluvial deposits is unconfined in
the western and central regions, and semi-confined
towards the east, where it is overlain by Holocene
coastal units, and Late Pleistocene clays. Those sand-
rich alluvial fills are directly recharged by rainfall due to
their surface exposure in many places, as well as being
prone to receiving surface runoff as they typically occur
in lower parts of the landscape. Active recharge in allu-
vial aquifers is further enhanced by the low infiltration
rates afforded by abundant weathered bedrock soils in
higher areas. The unconfined water table along the east
of the plain typically occurs within 1m of the surface,
hosted within marine sands and clays. Additional semi-
confined groundwater bodies occur below areas of
regionally-extensive indurated sand or “coffee rock”
(Cox et al., 2002). Groundwater flowpaths are general-
ly west to east towards the coastline, except for saline
waters that permeate landward from both tidal creeks,
and the estuarine shoreline.
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Figure 1. Location of study area, the Bells Creek plain, in
respect to: A) the east coast of Australia; B) southeast
Queensland and Moreton Bay; and C) the drainage system of
the catchment and proximity to Pumicestone Passsage.
Hydrology



METHODS 
Twenty-one piezometers (50 mm diameter) were

installed throughout the plain, in all of the major
aquifer and aquitard types. Screen lengths were typical-
ly set at 3 m, though in some shallow piezometers,
screens of 1 or 2 m were used. Gravel pack filters were
used directly around the screen interval, with bentonite
mud sealing the remainder of the hole.

Core samples and drill cuttings were individually
collected at 25 cm intervals for laboratory determination
of grainsize, mineralogy, and degree of sorting. Visual
grainsize analysis was calibrated with wet and dry sieving
techniques. Over 50 km of Ground Penetrating Radar
(GPR) profiles were conducted to refine understanding of
aquifer boundaries and general architecture of the
shallow aquifers up to 8 m depth (O’Rourke,2002).Thirty-
five additional drill logs of rotary auger holes were used to
constrain the GPR profiles.

To date, four rounds of groundwater sampling have
been completed, of which 2 rounds were under dry con-
ditions and two following significant rain events. In
addition, standing water level measurements were
made at these and another twelve periods. In situ field
measurements by meter include: 1) physico-chemical
parameters (pH, Eh, conductivity, dissolved oxygen, and
temperature); 2) standing water levels, measured using
an electronic dipmeter; and 3) daily rainfall readings,
obtained from nearby Bureau of Meteorology Stations,
and calibrated with recently installed Nylex 1000 Rain
Gauges (monitored daily by landowner on site). In the
laboratory, major and minor ions were determined
using an Inductively Coupled Plasma – Optical
Emmision Spectrometer (ICP-OES) for cations and an
Ion Chromatograph (IC) for anions. Alkalinity was
determined using a titrimetric method.

All creeks are monitored weekly at designated
monitoring stations covering the whole drainage sys-
tem. Photographs, as well as estimates of flow rate,
stage height, water colour and turbidity are taken at
each site. Physico-chemical readings and water samples
are also collected and analysed every 2 months.

RESULTS AND DISCUSSION
Groundwater Chemistry

The chemical character of groundwater within the
plain is diverse (table 1), reflecting degrees of aquifer
interconnectivity as well as groundwater flowpaths.
Salinity (EC,TDS) is the obvious distinction between most
of the groundwater types, and its variation is a direct
indication of vulnerability to saltwater intrusion. Salinity
levels were highest in groundwater hosted within
Pleistocene swampy clays and estuarine wetlands (8-40
mS/cm) as well as various dune and beach sands (1-10

mS/cm) to the east. Salinity levels were lowest and most
stable in unconfined alluvial (0.2-0.4 mS/cm) and
bedrock (0.1-6 mS/cm) aquifers to the west. Of notable
concern were the higher salinity levels in semi-confined
alluvial groundwaters in the east. For example,
piezometer GB1 is screened within medium- to coarse-
grained alluvial channel sand at a depth of 12-15m
below a thick succession of Holocene dune sands and
assorted fine- to coarse-grained coastal deposits. The
piezometer is located 500m west of the present-day
estuarine shoreline, and within 1000m of two tidal
creeks. Sampling in April 2002 (dry period) versus June
2002 (10 days after a 70mm rain event) registered EC
values of 16.6 and 4.5 mS/cm respectively. The April
measurement clearly indicates that saltwater is readily
intruding into those alluvial deposits in drier periods.
Conversely, the June reading shows that fresh recharge
from the west can efficiently flush out salt water from the
aquifer. The reason for concern is that if the semi-
confined and unconfined alluvial groundwater bodies
are strongly connected, then salt water is only being kept
from intruding further west by differences in hydraulic
head. If significant extraction of unconfined alluvial
groundwater began in the west, then the potential for
saline intrusion is expected to be high.

Except for localized shallow conditions, there are
few instances of groundwater acidity recorded in field
pH measurements. Typically, the pH levels range
between 6 and 7, indicating that either the groundwa-
ter circulation rates are relatively fast, or that a high
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Figure 2. Ternary plot of SiO2, HCO3, and SO4 for all ground-
water samples collected in August 2002. Several trends are evi-
dent: 1) the evolution of alluvial groundwater from west to east,
with relative HCO3 depletion, SiO2 enrichment, and eventually
SO4 enrichment towards the coast; 2) a broad scattering of lat-
erite samples, suggesting low inter-connectivity between sam-
ples; and 3) the evolution of coastal groundwater, losing HCO3
and gaining SO4, associated with proximity to tidal creeks.



level of natural buffering is occurring. Anomalous HCO3
levels in water taken from piezometer H1 (1169 mg/L)
can be explained by dissolution of carbonaceous shell
matter, which is abundant throughout the 7m thick
estuarine clay layer.

More subtle groundwater chemical variations can
be attributed to ion exchange processes associated
with sediment-water interaction. Groundwater hosted
within alluvial aquifers slowly evolves from Na-HCO3,Cl
in the western, unconfined sections to Na-Cl,HCO3 to
Na-Cl to Na-Cl,SO4 in the semi-confined coastal reach-
es. The relative bicarbo-nate enrichment in the west is
attri-buted to riparian humic-rich soils leaching carbon
into the shallow groundwater system. The relative sul-
fate enrichment in the east not only reflects the intru-
sion of saline waters, but also the downward percola-
tion of surface water through marine sulfide deposits
and buried dunes, into the underlying alluvium (figure
2). As groundwater travels further east within alluvial
sediments it also becomes more enriched in SiO2, sug-
gesting longer residence times and interaction with
shallow (<1m) laterite soils. These laterite soils have
been transported to the edges, and in some cases on
top of the alluvial bodies.

The Na,Mg-Cl character of groundwater within the
laterite is common throughout the Pumicestone region
(Ezzy et al., 2002). The relative Mg-enrichment is attrib-
uted to sediment-water interactions between fresh Na-
Cl groundwater and smectite (a common clay phase
within the laterite). Higher levels of Fe (>30 mg/L) are
regularly encountered in those weathered bedrock
groundwaters due to migration through coarser palaeo-
channel sand layers that are rich in secondary hematite-
cement.

Groundwater Behaviour

Trends in standing water levels, obtained from
potentiometric head measurements from April 2002 to
January 2003, indicate large variability in recharge and
infiltration rates within the major aquifers and aquitards.
Weathered bedrock hydrographs display sharp rising
limbs following significant rain events (within 1-2 weeks)
usually returning to initial levels within 30 days (figure 3).
Obviously, slow infiltration rates are responsible for these
sudden 0.5 to 1 m rises in water levels, whereby new
influxes of water cannot be efficiently transmitted.
Ground penetrating radar profiles conducted in June
(immediately following a large rain event) often displayed
bulges in the shallow water table corresponding with
areas of weathered bedrock. However, the overall trends
in those hydrographs are of decline associated with
limited rainfall throughout the year.

Hydrograph trends from alluvial piezometers are
more stable, with slight rises of 3-10 cm directly fol-
lowing rainfall periods (figure 3). Overall, the trends
have remained steady, suggesting that there is limited
leakage from the groundwater within alluvium into the
underlying low-permeability laterite. Notably, all of the
alluvial hydrographs showed strong correlation (with
nearly identical trends) indicating that lateral connectiv-
ity between the alluvial water bodies is extremely high.
Further groundwater chemistry sampling (including sta-
ble isotopes) as well as groundwater modeling will be
utilised to test the degree of connectivity, with particu-
lar attention focused on the interflow between uncon-
fined (western) and semi-confined (eastern) alluvial
groundwater.

Potentiometric heads within the bedrock are stable
throughout the period of measurement, and there
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ID Aquifer Depth EC TDS pH Na K Ca Mg HCO3 Cl SO4
(mS/cm) (mg/L) (mg/L)

B1 B D 0.1 75 7.0 15 0.5 0.2 0.8 5 19 3.4  
B10 A M 0.4 178 6.6 73 0.7 2.6 2.8 106 44 12  
B7 A S 0.3 151 7.2 40 1.0 1.7 3.2 29 47 6.5  
S1 WB D 1.0 504 6.3 139 4.4 7.1 12 39 237 35  
B8 WB M 1.6 643 7.8 158 1.2 21 20 109 184 19  
H1 EC S 19.9 12847 6.2 3490 112 243 533 1169 5961 1256  
H6 D/CS M 1.4 1637 5.7 461 20 72 64 21 913 34  
L1 PSC D 39.7 23461 5.4 6307 131 578 1009 56 13182 1976  

BC1* - Tidal  54.4 32963 5.6 9675 359 361 1154 101 18770 2458  
BC3* - Fresh 0.1 64 6.7 12 2.0 2.4 2.3 16 16 6.0  

ID: * denotes creek sample. Aquifer: B=bedrock, A=alluvial, WB=weathered bedrock, EC=estuarine clay, D/CS=dune & coastal
sand, PSC=Pleistocene swampy clay. Depth: S=shallow (0-6m), M=medium (6-12m), D=deep (12+ m), tidal= tidal reachs of Bells
Creek, fresh= fresh reaches of Bells Creek.

Table 1. Representative chemical analyses of groundwater samples from selected piezometers.



appears to be no correlation with rainfall. Conversely,
water levels within coastal aquifers show an immediate
and marked response to rainfall (typically > 30 cm rise
within a week), as well as gradual decreases (0.1-1.5
m) associated with longer periods (2-4 months) of little
or no rain.

Some of the measured water levels have been
influenced by the impacts of forestry harvesting prac-
tices. In particular, the land around piezometer S1 (situ-
ated on the edge of a recently harvested plot in the cen-
tre of the plain) has been waterlogged on numerous
occasions since the pine trees were removed in early
2002.

Hydrogeological Framework

Shallow groundwater bodies within the plain can
be grouped into different hydrofacies based on general
flowpaths, major and minor ion chemistry, and the
hydrological character of aquifers that they reside with-
in. Figure 4 summarises these hydrogeological units
(each unit is given by its representative chemical char-
acter in bold) on two schematic west-east cross-sec-
tions. A key feature on the sections is the location of the
“salinity divide”. This hypothetical barrier represents
the furthest landward extent that saline water has
intruded during the period of monitoring. The figure
shows that unconfined alluvial groundwater in the west
of the plain remains fresh due to elevated topography

(restricting tidal creeks) and higher hydraulic head than
the saline, semi-confined, alluvial groundwater.
CONCLUSIONS

The major influences on shallow groundwater with-
in this narrow coastal plain are estuarine processes,
rainfall, distribution and connectivity of the moderate to
high permeability aquifers, as well as harvesting of pine
plantations in the west. To date, there is very limited
extraction of shallow groundwater in the region, allow-
ing “natural” rates of saline intrusion to be measured
under high environmental stress periods, such as the
present prolonged dry conditions.

Groundwater chemistry has proven to be a useful
tool to distinguish between the complex and variable
groundwater groups within Quaternary and bedrock
aquifers. The study confirms that a limited fresh
groundwater resource exists within unconfined alluvial
aquifers. To prevent the future encroachment of saline
groundwaters into the central plain, groundwater with-
in the unconfined alluvium needs to be effectively man-
aged, in particular with regard to the rate of extraction.

ACKNOWLEDGEMENTS
The authors are grateful to the Lensworth Group

(particularly Dr Ron Black and Peter Gust) for research
funding and technical support. We thank Paul Keating,
Sarah Cochrane, Scott Oertel, and especially Angela
O’Rourke for field and laboratory assistance.

443

Tim Robert Ezzy & Malcolm Edward Cox

Figure 3. Comparison of three representative hydrographs with daily rainfall totals for the year 2002. Location of piezometers in
figure 1C.
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Figure 4. Schematic cross-sections through the Bells Creek plain, highlighting the sedimentary framework, the major hydrogeo-
logical units, and fresh and saline groundwater pathways (sections marked on figure 1).


