
ABSTRACT
Contaminant remediation and saltwater intrusion

investigations in coastal environments rely heavily on
geophysical techniques such as ground penetrating
radar (GPR) to provide subsurface data, supported by
drilling, to build small-scale, high-resolution contami-
nant transport models. This study focuses on a much
broader scale, utilising over 50 km of 100 Mhz GPR
profiles to discriminate aquifer architecture within an
entire coastal plain composed of tidal wetlands, beach
ridge and beach sand aquifers, landward alluvial chan-
nel aquifers and both outcropping and buried weath-
ered sandstone bedrock. GPR data in combination with
aerial photograph interpretation, drill logs, and physical
and chemical groundwater data have improved hydro-
geological understanding and development of concep-
tual groundwater models.

Key Words: Ground penetrating radar; coastal
plain; aquifer architecture; alluvial; groundwater model-
ing.

INTRODUCTION

Background

Substantial levels of subsurface heterogeneity
associated with coastal sedimentary environments
translate into large uncertainties in groundwater flow.
This can lead to problems in groundwater modeling
where it is crucial to accurately define zones of differing
transmissivities. GPR is being used increasingly in
groundwater investigations as it provides high-resolu-

tion images of the shallow subsurface that allow
aquifer characterisation (Endres et al., 2000). Analysis
of sedimentary units, including significant hetero-
geneities, allows determination of interconnected
aquifer bodies with relatively similar hydraulic proper-
ties that control preferential flow paths (Anderson et
al., 1999; Huggenberger and Aigner, 1999).

GPR is a technique where short pulses of high fre-
quency electromagnetic energy are transmitted into the
ground at regular time or distance intervals, and the
signals that reflect at the interface of beds with differ-
ent electromagnetic properties are recorded (Davis and
Annan, 1989). The technique has displayed potential in
a number of continental and coastal sedimentary envi-
ronments (Grant et al., 1998; van Overmeeren, 1998)
with characteristic reflection patterns identified for sand
dunes (Harari, 1996; Bristow et al., 2000; Neal and
Roberts, 2000), cheniers (Neal et al., 2002), lacustrine
deposits (van Overmeeren, 1998), Holocene floodplains
(Leclerc and Hickin, 1997; Nobes et al., 2001), and
glacio-fluvial sediments (Bridge et al., 1995; Bridge et
al., 1998; Asprion and Aigner, 1999; Beres et al., 1999).

The sedimentary detail required to enable realistic
estimates of contaminant transport ensures that most
groundwater modeling investigations utilise some geo-
physical or geostatistical techniques to alleviate uncer-
tainties associated with lateral and vertical aquifer het-
erogeneity (Carle et al., 1998; Dominic et al., 1998).
This study utilises GPR to overcome hydrofacies com-
plexity, within a broad-scale groundwater modeling
sense, such as characterising and differentiating
between the major coastal deposits, as well as adjacent
(and hydrologically connected) alluvial and bedrock
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aquifers. An excellent example of a large-scale GPR-
assisted groundwater investigation is the flow models
of ice-pushed ridges in the Netherlands (Goes, 2000). In
that study, GPR helped to modify understanding of
flowpaths by giving: 1) a detailed groundwater level
map, 2) a map of relatively major sediment boundaries,
3) a map with indicators for lateral flow barriers, and 4)
a map with anisotropic flow zones (Goes, 2000).

Although not conducted in a coastal terrain the under-
lying principles of that investigation are clearly applica-
ble to coastal sedimentary environments.

Radar interpretations of water table depths and
groundwater flow patterns in a forested region in
Jasper County, Indiana (Doolittle et al., 2000) also
demonstrate the effectiveness of a large-scale GPR-
assisted groundwater flow investigation. In that study,
eight radar surveys of a 32ha site over a two-year peri-
od, (calibrated against 16 monitoring wells) showed the
fluctuations of the water table surface were significant
across a topographically diverse area having intricate
soil patterns (Doolittle et al., 2000).

Purpose of Investigation
Most of the study site is owned by Lensworth

Group Limited, who are conducting a series of technical
and scientific studies on key land use issues (including
water quality, flooding, forestry, and ecologically sus-
tainable development) to enable the formulation of
future land use scenarios for the site. The level of
detailed understanding of shallow groundwater flow
processes required for this investigation is at catch-
ment-scale. The processes that need to be quantified
include: 1) Recharge and infiltration rates through a
variety of aquifers and aquitards, such as alluvial chan-
nels, coastal sand deposits and weathered bedrock
clays; 2) preferential flowpaths for groundwater con-
taminants within different aquifer settings, and; 3)
response of aquifers and aquitards to variable climate
shifts i.e. drought, floods, or combinations of both. The
investigation is constrained by the need to be non-inva-
sive. Because ongoing monitoring and testing of
groundwater is required over the next 2 water years, it
is imperative that subsurface conditions are not dis-
turbed. For this reason trenches and excavations are not
viable, therefore, drill hole data combined with aerial
photograph analysis are the best geological data avail-
able. Once aquifer interconnectivity and hydrological
processes are conceptualised, testing will be conducted
to refine understanding of shallow groundwater flow
(groundwater isotopes, drawdown and slug tests).
Finally groundwater models will be developed to initial-
ly simulate recent conditions and then to forecast
potential future climate and land use scenarios, and
their effect on solute transport systems.

SETTING

Location and Climate
The Bells Creek plain is situated 65km north of

Brisbane (figure 1B), along the eastern coast of
Australia (figure 1A). The plain is adjacent to the north-
ern tidal entrance of Pumicestone Passage estuary,
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Figure 1. Location of study area, the Bells Creek plain, in res-
pect to: A) eastern coast of Australia; B) southeast
Queensland; and C) Pumicestone Passsage.



which is protected from direct ocean swells by an elon-
gate barrier island (Bribie Island). The area is located in
a subtropical region and typically experiences a hot,
wet summer and a cool, drier winter, although recent
drought-like conditions since 2000 have resulted in dry
summer months as well. The site is approximately
100km2, and is predominantly flat-lying. The coastal
plain to the east is generally less than 5 meters ASL, the
central alluvial plain is less than 20 meters ASL, and the
gently undulating bedrock hills to the west reach a
maximum elevation of 55 meters ASL. Surface runoff
from the plain drains into Pumicestone Passage estuary
via Lamerough, Bells and Halls Creeks (figure 1C).
Those creeks are tidal in their eastern reaches and
ephemeral in the (freshwater) central and western
reaches. Pine plantations are the major land use in the
western and central regions, while estuarine wetlands
consisting of mud flats, salt marshes, mangroves and
sea grass beds are dominant to the east. Remnant
patches of native Melaleuca quinquenervia and
Eucalyptus pilularis occur within randomly located
freshwater swamps.

Geology

The Jurassic sandstone bedrock (Landsborough
Sandstone) was deposited as thick fluviatile and swampy
sheets within the Nambour Basin (Willmott and Stevens,
1988; McKellar, 1993). The unit has a total thickness
greater than 450 meters (Cranfield, 1984). It contains a
thick laterite weathering profile in its upper 10 to 20
meters that is composed of bleached clay layers of
kaolinite interspersed with hematite-cemented sand and
ironstone pebbles. Episodes of repeated down-cutting
into the landscape during Lowstand periods throughout
the Quaternary has led to a series of drainage depression
scars that generally trend west-east. Drilling
supplemented with radiocarbon dating has shown that
these depressions have been subsequently infilled with
fine- to coarse-grained alluvium during stages of
transgression and Highstand, as well as finer-grained
swamp and floodplain deposits associated with periods
of glaciation. This has led to the development of
multistory ephemeral ribbon-sand-bodies with very low
width to thickness ratios, similar to Building Block C5
within the Esplugafreda Formation in the Tremp-Graus
Basin in northern Spain (Dreyer, 1993). Onlapping
coastal deposits dominate the eastern coast, 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.

METHODS
A Mala Geoscience RAMAC GPR unit with 100

Mhz antennae was used to acquire data along

profiles. The RAMAC control unit was connected to a
1.06 GHz Toshiba laptop where digital data was
recorded. The GPR profiles were acquired by walking
the unit beside a four-wheel drive with the antennae
orientated perpendicular to the profile direction. The
laptop and control unit were hosted within the vehicle
(allowing all-day acquisition with a continual power
source) and connected via optical cables to the
antennae located 3 m to the side of the vehicle. A
minimum of 2 people were required for the field
survey: one person driving at a speed of 2 km/hr and
supervising the laptop to ensure successful data
acquisition; the other person moving the antennae
carefully along the ground at the same speed and
ensuring the delicate optical cables were lifted over
vegetation and other obstacles.

Data points were triggered at a constant spacing of
0.5 m by a cotton odometer wheel connected to the
control unit. Standard Mala Geoscience RAMAC
Groundvision 1.3.1 software was used to gather and
process data. The length of profiles varied from hun-
dreds of meters to several kilometers in length. GPS
points were collected at the start and end of every pro-
file and at significant landmarks in between.

Over 50 km of 100Mhz GPR profiles were acquired
at 2 separate sites (figure 1C) over a 4 week period. Site
1 is situated within the central alluvial plain between the
north and south arms of Bells Creek. Forestry harvest
plots and recently developed gravel roads, mask most of
the surface geological features on this site. Composite
aerial photographs taken in 1959 (pre-forestry practices)
indicate that the alluvial channels trend broadly west-
east in complex networks of fingering branches that are
approximately 50 to 400 m wide (figure 2). Site 2 is
located in the southeast of the plain approximately 1km
from the present estuarine shoreline.

Two smaller sites, that displayed strong alluvial
channel reflectors, and contained well-cleared sandy
surfaces were selected for grid surveys, to enable a
quasi-three-dimensional understanding of the interac-
tion between alluvial thickness, bedrock morphology
and the continuous water-table surface. Profiles were
spaced 3 m apart, orientated at 90 degrees, and the
GPR data point spacing was set at 0.2 m.

Twenty-three new drill holes, thirty-five previous
drill logs, creek cuttings, bedrock outcrops and interpre-
tation of aerial photographs that pre-date forestry prac-
tices, provided the geological data to correlate the GPR
data against. Additionally, Common Mid-Point (CMP)
surveys were conducted over drill holes to calibrate fre-
quency velocities. Groundwater levels and water chem-
istry data from 19 piezometers and 1 bore were used to
compare and interpret saturated zones within the GPR
profiles.
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Figure 2. 1958 aerial photograph showing a typical section of
the central alluvial plain. An example of a thin alluvial channel
is emphasized (dotted line) for reference, with other clearly
definable channels occurring to the east and north. Vegetated
and lighter coloured areas are coincident with surface exposu-
res of weathered bedrock. Drill hole B8 contained weathered
bedrock at the surface to a depth of 9m. Drill hole B7 contai-
ned 7m of channel sand. Profile 43 is shown in figure 3. (after
DNRME/Sunmap, 1958).

RESULTS
Site 1

Drilling revealed that weathered bedrock clay is the
dominant surface material at this site, with occasional
alluvial channel fills composed of fine to coarse-
grained, unsorted sand. Over 30 north-south and east-
west GPR profiles revealed that the sand- rich alluvial
channels were typically 5 to 8m thick, with widths of
between 50 and 200m, comparing favourably with aer-
ial photographs. Those channels contain relatively con-
tinuous, undulating to chaotic, variably dipping radar
reflection patterns that onlap onto weathered bedrock
reflectors (figure 3). The weathered bedrock reflectors
were mostly flat-lying and commonly limited to 1 to 2
m of radar penetration due to rapid attenuation of the
signal. In areas where coarse-grained palaeo-channel
sand horizons occurred in the upper weathered bedrock
horizon, penetration reached up to 5m and bedding
characteristics and channel morphologies could be
interpreted. The distinctive contrasts in radar penetra-
tion and characteristic reflection patterns between
weathered bedrock clay and thin alluvial channel sand
allowed high-resolution subsurface characterisation to
a depth of 7 or 8m.

The water table was identified clearly in GPR pro-
files throughout the site at a very shallow depth, typi-
cally 1 to 2m below the surface. Piezometer measure-
ments of standing water levels at time of acquisition
confirmed those shallow levels. In areas that contained

weathered bedrock at the surface, there was common-
ly a raised and offset water table reflector. This indicates
the presence of perched water, due to slow infiltration
rates through either the kaolinite-rich clays or hardpans
of hematite-cemented sand layers. At four sites perch-
ing was shown on GPR profiles to rise up to the ground
surface, and at all of those sites water was found to be
ponding at the surface, as well as saturating subsurface
sediments in shallow 0.5m hand-dug trenches.

Forestry practices have induced elevated water lev-
els throughout Site 1 over the past 18 months. From
observation alone it is clear that following clearfall har-
vesting, water levels rise above the surface, and those
waterlogged conditions can persist for 6 months or
more. There was one recently harvested and subse-
quently waterlogged plot on site at the time of GPR sur-
veying. Drilling and GPR interpretation indicate that this
plot is composed of weathered bedrock clays at the sur-
face with minor lenses of coarser, partially cemented,
gravelly-sands occurring between 1 and 3m below the
surface. The widespread elevated water table was
imaged as a perched reflector on top of a deeper and
more regionally flat water table. This implies that the
elevated water levels are isolated within the plot, and
are not influencing the regional water table.

Site 2

Drill holes within this site indicate up to 6m of
marine-derived sediments (including beach, estuarine,
and beach ridge deposits) have been deposited on top
of older alluvial and swamp layers that have accumu-
lated within small palaeo-embayments. Two distinctly
independent bodies of water have been detected at this
site; one in the upper coastal sands; the other in the
underlying alluvial material. Separating these two
aquifers is a 1 to 1.5m thick swampy clay unit. Two
extensive north-south and east-west GPR profiles have
revealed that this clay unit is regionally extensive, flat
lying, and terminates against elevated bedrock ridges
(figure 4). A number of beach ridges running parallel to
the present shoreline were detected at a depth of
between 3 to 6m below the present ground surface.
They are draped on top of the swampy clay unit, possi-
bly as part of an old beach ridge plain or a chenier
plain. They are located slightly west of drill hole H6 (fig-
ure 4), and were not detected until GPR surveying.
Future augering is planned to delineate their lateral
extent as they have the potential to comprise a signifi-
cant amount of aquifer volume, and may effect prefer-
ential flow paths.

Reflectors in the coastal sand (see fig. 4b) dis-
played both discontinuous, dipping character and flat,
moderately continuous character with common occur-
rences of onlap onto underlying sediment sequences.
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Figure 3. (Profile 43) GPR data and radar stratigraphic interpretation of a characteristic alluvial channel fill environment. (a)
100Mhz GPR profile, 500m in length, with drill hole B7 located at 90m. The channel fill is situated proximal to B7 and shows mode-
rately continuous, undulating to chaotic, variably dipping reflectors. (b) The radar stratigraphic interpretation correlates well with
drill hole data, which shows channel sands to a depth of 7m.

Figure 4. (Profile 5) GPR data and radar stratigraphic interpretation of a characteristic transgressive marine environment, with
coastal sands burying older alluvial deposits. (a) 100Mhz GPR profile, with drill hole H6 at 480m. (b) The continuous clay reflector
which passes through H6 at 6m and continues north, is an important hydrogeological boundary that has been identified in a series
of coastal transects.



Small diffractions were regularly seen between continu-
ous reflectors. Beach ridges exhibited hummocky reflec-
tions with associated diffractions off the dipping sur-
faces of the ridges. The internal reflectors appear to dip
shallowly seaward and also curve with the overall ridge
morphology. The beach ridges are located beneath the
coastal sand sequence (which most likely represents
beach sand) suggesting that a slight rise in relative sea
level, followed by a retreat is responsible for this 6m
thick preserved sand-rich sequence. Despite being able
to clearly differentiate between the different types of
coastal sand deposits, it is evident from analysis of
groundwater chemistry and physico-chemical parame-
ters (pH, conductivity, Eh, DO) that they operate as one
aquifer. It is interesting to note, however, that grainsize

and sorting variations between the two sequences will
ensure variable transport rates, although both would be
expected to be in the order of 9 to 15 m/day based on
similar aquifers in a locally analogous setting (Ezzy et
al., 2000).

The water table varies between 1 to 2m below
the surface of the plain depending upon subsurface
distribution of sediments and the antecedent bedrock
morphology. figure 4b shows a 0.5m rise is the water
table directly above an ascendance in the weathered
bedrock surface. Because most of this site is only 2

to 5 m above sea level, and the topography is flat
(reducing runoff velocity), there are also common
occurrences of both freshwater and saltwater
wetlands, particularly in areas that are dominated by
clay-size sediments.

Aquifer Architecture
All unconfined and semi-confined aquifers within

8m of the surface of the plain have been imaged in
terms of relative widths and thicknesses. Narrow, elon-
gate channels of sand-rich alluvium and broad sheets of
well-sorted coastal sand deposits have been imaged in
detail. Subsequently, isopach maps of aquifer thick-
nesses and interconnectivity have been generated (fig-
ure 5).

DISCUSSION
Additionally, local sediment heterogeneities,

including alluvial clay lenses, have been detected and
constrained in terms of their lateral extent, although
their impact on the overall groundwater flow regime is
yet to be tested (and is expected to be negligible).
Regionally significant groundwater flow boundaries,
including weathered bedrock clay and swampy clay
units, have been mapped, and it is expected that they
will have a considerable influence on preferential flow-
paths.
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Figure 5. Isopach map of alluvial aquifer thicknesses, displaying interconnectivity and general groundwater flow direction. Also
labelled are the swampy clay unit and coastal sediments to the east. An aquifer interaction zone is marked (in stipple) which rep-
resents the zone where alluvial-hosted groundwater flows through to the coastal sediments and the risk of saline intrusion is gre-
atest.



By conceptualizing accurate boundary conditions
and internal zones of transmissivity within groundwater
models, it is more likely that the directions of ground-
water flow and ranges of flow velocities calculated
would represent more realistic field conditions.
Furthermore, GPR allows the scale of cell discretisation
to be magnified without effecting  the level of uncer-
tainty. For the Bells Creek plain, cell sizes in the order of
meters to tens of meters can be implemented confi-
dently, as compared with cell sizes of tens to hundreds
of meters pre-GPR analysis.

The continuous water table surface imaged in GPR
profiles enables spatial understanding of abrupt or
gradual rises and falls, as well as the occurrence of
perched water bodies. It also provides an insight into
the relationship of water levels with the subsurface
arrangement of sediments, and topographic variations
(such as hills, dunes or swales). The central alluvial plain
(site 1) and the eastern coastal plain (site 2), have sim-
ilar water table depths of between 1 and 2m below the
ground surface. From borehole data alone, it would
seem that the two settings are highly interactive and
water flows from one to the other, gradually changing
from fresh to saline, depending upon recharge rate and
tidal forcing. Examination of ion ratios of water from
piezometers, coupled with interpreted aquifer architec-
ture and water table behaviour from GPR profiles, sug-
gests that actual interaction is limited to a few narrow
zones (figure 5). The presence of a laterally extensive,
Late Pleistocene swampy clay unit on top of alluvial
aquifers on the eastern margin of the alluvial plain, and
beneath most of the transgressive coastal sediments
covering the eastern shoreline, ensures retarded water
flow between the two major aquifers. This severely
restricts the ability of shallow, brackish to saline coastal
groundwater from contaminating fresh alluvial aquifers
via vertical leakage.

Slow infiltration rates through the weathered
bedrock clays, combined with post-clearfall harvesting
effects have led to a number of perched water tables
within the central alluvial plain. GPR has shown that
these perched water bodies are not having a major
effect on the regional water table. They do, however,
have the potential to effect groundwater transport
models through misleading hydraulic head observations
in a number of misplaced piezometers or bores.
Therefore, it is important to develop an understanding
of the regional water table, and then factor in why iso-
lated zones of perching are occurring.

CONCLUSIONS
GPR has proved to be an extremely useful geo-

physical tool for analysis of a shallow groundwater sys-
tem within the Bells Creek plain. Hydrogeologically sig-

nificant outputs of the investigation included:
1.Highly constrained aquifer architecture for shallow,

elongate alluvial sand bodies, and assorted
arrangements of broader coastal plain deposits.

2.Determination of dominant groundwater flowpaths
for the plain

3.Improved spatial understanding of infiltration
processes throughout a number of mixed soil types
on the plain, as well as various behavioural aspects
of water table perching

4.Understanding of regional water table
5.Development of a hydrogeologically-acceptable con-

ceptual framework for finite difference groundwa-
ter modeling
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