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Tidal influences on the saline interface of a shallow unconfined aquifer have been investigated by using
both dc resistivity traversing and cross-borehole resistivity tomography (CRT). Variations in bulk resistiv-
ity structure obtained through resistivity traversing provide a clear general picture of the structure of the
saline interface and its mixing zone. On all three resistivity traverses there are also indications that a
small degree of mixing of saline and fresh water is occurring ahead of the main saline boundary. For
one of the traverses much more detail of variations in resistivity structure is provided by CRT utilising
three 10 m long electrode strings installed at 10 m separation. CRT images of the saline mixing zone
do not reveal any significant difference between low and high tide for tidal ranges of about 2 m, but
for a tidal range of approximately twice this clearly show effects due to both increased wave run-up
and tidal head. Correlation of the bulk resistivity with fluid resistivity values measured in parallel bores
suggests that although there is no apparent widening of the mixing zone during the tidal cycle significant
variations in salinity do occur which can be envisaged in terms of the horizontal movement of near ver-
tical salinity contours.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Coastal aquifers form major sources of water throughout the
world (International Association of Hydrologists, 2003). For exam-
ple, in New Zealand they supply over 50% of all groundwater
(White, 2001). Such resources are extremely vulnerable to salinisa-
tion from saltwater intrusion. Nevertheless, despite the critical role
played by coastal aquifers as global groundwater resources, the
nature and dynamics of the saline interface are not well under-
stood. In coastal aquifers the position of the saline interface repre-
sents an equilibrium between freshwater and seawater
potentiometric heads. The saline interface is not a sharp boundary
and is fixed in neither time nor space. It is best considered as a
zone of mixing which varies in response to anything that changes
the difference between freshwater and seawater heads. This may
include tidal action as well as variations in groundwater flow, in-
creased groundwater extraction, and, potentially, changes in sea
level. Although little is known about sea level rise as a potential
cause of saline intrusion, the focus of research in this area is start-
ing to shift because of a wider acceptance of climate change, and
the potential for sea level rise. However, to predict the conse-
ll rights reserved.
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quences of any rise in sea level, the controls on, and dynamics of,
the saline interface under natural conditions must first be
understood.

Sea water, with a resistivity �0.3 Xm, of is one of the most elec-
trically conductive substances found naturally at the earth’s sur-
face. In comparison fresh water has a resistivity of �10–100 Xm.
The change from fresh to saline water can therefore be readily
determined using electrical resistivity techniques. Indeed, the clear
contrast between the bulk resistivity of sand saturated with fresh
or saline water makes the use of electrical techniques an obvious
choice for studying the saline interface (Acworth and Dasey,
2003). Many examples exist of studies where electrical measure-
ments have been employed in such investigations. These include
the use of dc resistivity soundings (e.g. Ebraheem et al., 1997; Cho-
udhury et al., 2001), resistivity traversing (e.g. Wilson et al., 2006;
Batayneh, 2006; Koukadaki et al., 2007), and electromagnetic mea-
surements (e.g. Goldman et al., 1991; Albouy et al., 2001; Duque
et al., 2008).

In this paper we report the results of a study which uses both
resistivity traversing and the less commonly employed cross-bore-
hole resistivity tomography (CRT) to investigate the location of and
dynamics of the saline interface in an unconfined coastal aquifer.
CRT (Daniels, 1977; Shima, 1992) utilises measurements made be-
tween strings of electrodes in boreholes to derive detailed models
of the electrical resistivity structure between the boreholes. CRT
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has been used in several studies aimed at measuring and monitor-
ing subsurface flow (e.g. Slater et al., 2000; Looms et al., 2008) and
in a previous study of the salinity structure beneath a beach-face
(Turner and Acworth, 2004). A closely related technique, that of
borehole to surface resistivity measurements, has also been used
by Bauer et al. (2006) in a deltaic environment. In studies of the
saline interface CRT holds the promise of being able to provide
more detailed images of the resistivity structure than can be ob-
tained from surface resistivity measurements which suffer a loss
of resolution with depth. Time lapse measurements may also en-
able temporal variations of the saline interface to be observed
and lead to an improved understanding of the diffusive processes
taking place at the boundary. Temporal variations of interest in-
clude not only those due to wave and tidal action but, ultimately,
those that may possibly arise from sea level changes.

The present study therefore aims to assess the ability of a com-
bination of surface and cross-borehole resistivity measurements to
address four fundamental issues: (1) to locate the seaward bound-
ary of a shallow unconfined aquifer; (2) to determine the character
and dynamics of the saline interface; (3) to examine the response
of the saline interface to tidal fluctuations and other stimuli; and
(4) to analyse the potential for landward movement of the saline
interface as a result of any sea level rise.

2. Location and hydrogeology of the study area

The study area, the Kapiti Coast in the south-west of the lower
North Island of New Zealand (Fig. 1), lies on the narrow (approxi-
mately 10 km wide) coastal plain to the north-west of the Tararua
Ranges. The mean annual rainfall (1035 mm at Paraparaumu)
Fig. 1. The Kapiti Coast, North Island of New Zealand, showing main rivers/watercourses
shows a marked decrease from south-east to north-west, as well
as a degree of seasonality. The driest month (February) has about
50 mm of rainfall compared to over 100 mm per month in June
and July. The Kapiti Coast is one of the fastest growing areas of
New Zealand in terms of population and development and this
has created an increasing demand for water resources and led to
a growing number of water resource management issues resulting
from a combination of the local scarcity of water suitable for hu-
man consumption, variability in rainfall from year to year, growing
population, and high per capita water usage.

Until recently, the Waikanae River (Fig. 1) was the only source
of potable water. Although the river flows 365 days per year, the
substantially reduced flow during a prolonged dry period during
the summer of 2002–2003 led to the imposition of severe water
restrictions. To supplement water supplies during dry periods, in
2004 the local council (Kapiti Coast District Council – KCDC) in-
stalled a borefield to draw water from deep (60–80 m) aquifers.
In addition to these deep bores, there are between 3000 and
4000 shallow bores in the area, most of which are less than 6 m
deep and are used for garden irrigation. The amount of groundwa-
ter they use is unknown (Wellington Regional Council, 2000; URS,
2004a) but has been estimated as peaking during the summer
months at approximately 5–6000 m3/day (Jones and Gyopari
2005). Cumulatively, these abstractions from the groundwater sys-
tem have the potential to effect the dynamic equilibrium that de-
fines the location and structure of the saline interface. The study
area therefore represents an excellent example of coastal aquifers
which are being placed under increasing demand.

Under the surface of the coastal plain lie three known aquifers
(Wellington Regional Council, 1994) contained within six strati-
and locations mentioned in the text. Shading shows land over 100 m above sea level.
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graphic units (URS, 2003). The six units all have a similar sequence,
are up to 20 m thick and, as do similar units on the west coast of
the North Island of New Zealand, reflect a Milankovitch-frequency
sedimentary cycle of 100,000 years. The stratigraphic units are not
horizontal but dip towards the coast. Groundwater flows through
each of the six units, with the preferential flow path being towards
the northwest through layers of gravel and sand. Although layers of
silt and clay within the units generally restrict large vertical move-
ment of water, URS (2003) suggested that there is an upward
hydraulic gradient from the deeper aquifers to the shallower units
in coastal areas, and a downward gradient in the inland areas. The
upward gradient is demonstrated by a head difference of 600 mm
between a deep (74 m) and a shallow well (21 m) at a location on
the north bank of the Waikanae River some 1 km from the coast. It
is also made evident by the emergence of springs that maintain
flow in the Waimea Stream (Fig. 2). The downward gradient is
apparent where the Waikanae River loses between 300 and
350 l/s (Welch, 2004; Harkness, 2004; Jones and Gyopari, 2005)
to the groundwater system over a 2 km stretch of the river some
3–4 km inland from the river mouth. Groundwater salinity gener-
ally decreases with distance from the coast. Moreover, at deeper
levels (P40 m) the iron and manganese content tends to be higher
indicating that the deeper water is older than the shallow water.

The shallow aquifer system consists of the upper two strati-
graphic units and is unconfined in westward-thickening, fine
sand-rich sediment. It is generally about 20 m thick, but thickens
to almost 30 m at the present coastline. The shallow system is prin-
cipally recharged by rainfall (approximately 65%, Jones and Gyo-
pari (2005)) and, in the eastern part of the coastal plain, by
leakage through the bed of the Waikanae River. Other sources of
recharge include lateral inflow from older terrace sediments to
the east, and, close to the coast, upward leakage from deeper aqui-
fers. Water levels in the shallow unconfined aquifer system are
monitored by the Wellington Regional Council and show a sea-
sonal variation of up to 1.5 m. Large increases in groundwater level
measured by electronic data loggers collate strongly with signifi-
cant rainfall events, indicating that the shallow aquifers respond
quickly to rainfall recharge (Jones and Gyopari, 2005). Stratigraphic
cross sections presented by Osborne (2006), combined with the
Fig. 2. Waikanae and Paraparaumu Beach area on the Kapiti Coast showing
bore log for a deep well located on the northern side of the Waik-
anae River mouth indicate that the sediment at the coastline is pre-
dominantly sand to at least 15 m depth. This was deposited during
the marine transgression at the end of the last glacial and the fol-
lowing coastal progradation, as well as during intermediate stages
of low activity. This group of sediments starts at the base of a post-
glacial sea cliff (Fig. 2) and thickens towards the coast. The saline
interface of the shallow aquifer system lies within this coastal
wedge of sand deposits.

Until recently research focussing on the groundwater of the Ka-
piti Coast, and in particular the Waikanae Groundwater Zone, cov-
ering the region within approx 3 km of the coast from Raumati to
Peka Peka (Fig. 1), has primarily been to provide an overview of the
hydrology and hydrogeology of the area (Johannesson and Rapley,
1961; Reynolds, 1992; Wellington Regional Council, 1992, 1994).
Large scale investigations associated with the establishment of
the new borefield were completed in 2003 and 2004 (URS, 2003,
2004a, 2004b). Jones and Gyopari (2005) investigated the shallow
groundwater system, with an emphasis on the sustainability of the
water resource and developed a numerical groundwater model to
specifically assess the impact of extractions on the Waikanae River
and wetlands. Cozens (2003) and Ingham et al. (2006) reported the
use of electrical resistivity methods to conclude that the Waikanae
River and shallow groundwater system were hydraulically con-
nected and that there was limited saline intrusion into the system.
Bore monitoring and concurrent stream gaugings were carried out
by Welch (2004). Ruehe (2004) used a water balance model to
determine groundwater recharge from precipitation, while Os-
borne (2006) characterised the movement of groundwater and its
relationship with the Waikanae River.

Previous research into the saline interface further north on the
Kapiti Coast has been reported by Wilson (2003) and Wilson et al.
(2006), who used resistivity traversing to map the extent of saline
intrusion in the unconfined aquifer beneath Te Horo Beach town-
ship (Fig. 1). However, notwithstanding the limited study by Co-
zens (2003), using similar techniques, there has been no such
study of the saline interface in the Paraparaumu/Waikanae area
which, because of the large number of bores, is potentially threa-
tened by the possibility of saline intrusion.
geomorphic features and the locations of the three resistivity traverses.
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3. Resistivity traverses

To locate the saline interface of the unconfined shallow aquifer,
three resistivity traverses were measured on Paraparaumu Beach to
the south of the Waikanae River mouth (Fig. 2). The traverses were
measured in the manner described by Wilson et al. (2006) and Ing-
ham et al. (2006) using an ABEM SAS 300C resistivity meter and a
manual electrode switching system. Measurements were made
using the Wenner array with equally spaced electrodes at a mini-
mum spacing of 5 m, and a maximum spacing of either 55 or
60 m. Traverse 1 was approximately 400 m south of the Waikanae
River mouth and just over 160 m in length. Traverses 2 and 3 were
400 m and 800 m south of Traverse 1 and of lengths 150 and 200 m
respectively. The slope of the beach averages 2� and continues into
the sea at this rate for at least 300 m, however at their south-east
end all three traverses passed up and over coastal dunes of approx-
imately 4 m in height. On all three traverses topography was mea-
sured using a Sokkia Electronic Distance Meter (EDM) and was
subsequently taken into account when modelling the resistivity
data. The data from each traverse were inverted using the Res2dinv
software based on the smoothness-constrained least-squares
method of de Groot-Hedlin and Constable (1990) and Sasaki (1992).

The resulting two-dimensional resistivity model for Traverse 1
is shown in Fig. 3a and fits the data with a root mean square
(rms) error of 2.9%. The derived model clearly shows that a signif-
icant resistivity boundary occurs just inland (SE) of the maximum
high tide mark, close to the base of the dunes. Over a distance of
about 10 m the resistivity rises by a factor of 10. The shape of this
transition zone is very similar to that of the sharp saline boundary
given by simple theoretical models such as the Ghyben–Herzberg
model which predict that under hydrostatic conditions the depth
of the saline boundary at any point is approximately 40 times
the freshwater head. Beneath the beach a resistivity of less than
about 3 Xm persists to about 20 m depth – comparable to the ex-
pected thickness of the unconfined aquifer.

Measurements on Traverse 1 were initially made at low tide.
Measurements were subsequently repeated at high tide. The de-
rived resistivity model from the high tide data showed no signifi-
cant difference from that shown in Fig. 3a, indicating that either
the saline interface at this location is unaffected by tidal fluctua-
tions or any effects are too small to be resolved at this scale. As a
result measurements on both Traverses 2 and 3 were made only
at low tide. Derived resistivity models for these traverses are
shown in Fig. 3b and c respectively and have rms errors of 1.9
and 3.3% respectively.

It is apparent from the models shown in Fig. 3 that there are
both similarities and significant differences in the resistivity struc-
ture beneath the 3 traverses. In general the following observations
can be made:

(i) A transition zone (3.2–32 Xm, shown in green colours in
Fig. 3) from low resistivity to high resistivity occurs close
to the base of the coastal dunes on all three traverses.

(ii) Resistivity values beneath the coastal dunes are generally
indicative of either dry or fresh water saturated sand. How-
ever, on each of the three traverses there are indications
(resistivity in the range of 30–50 Xm) that penetration or
mixing of saline water has occurred to at least some degree.
These values are less than the 50–100 Xm quoted for fresh-
water in a similar geological environment by Wilson et al.
(2006), citing White (1985). Such values were argued by
Wilson et al. (2006) to be typical of 1–2% of saline mixing.

(iii) With increasing distance from the Waikanae River mouth
there is a distinct decrease in the thickness of the near-sur-
face very low resistivity zone (<3 Xm) beneath the beach.
(iv) The observed deeper resistivity of �10 Xm beneath Traverse
1 is replaced beneath Traverse 2 by a tongue of higher resis-
tivity (10–30 Xm) extending seaward from beneath the
dunes. Beneath Traverse 3 the deeper resistivity is higher
still (30–50 Xm). These values are all lower than would be
expected for fresh water saturated sands. For Traverses 2
and 3 any detail in the resistivity structure at depths in the
range 5–15 m is largely obscured by the smooth contours
associated with the rise in resistivity with depth.

Morrow (2007) investigated various possibilities to explain the
change in resistivity structure from north to south along the beach
(from Traverse 1 to 3), including possible changes in lithology and
water extraction. Although borehole logs suggest that minor
changes in lithology do occur, these do not correlate with the sys-
tematic changes in resistivity structure that are observed and are
not, therefore, considered to be of significance. Similarly, differ-
ences in groundwater extraction from north to south are unlikely
to be significant. It was concluded that the most likely cause of
the change in geo-electric structure is the effect of the Waikanae
Estuary (Fig. 2). Resistivity results obtained across the estuary by
Morrow (2007), confirmed the earlier finding by Cozens (2003)
that the sand beneath the estuary is saturated with saline water
and has a resistivity of less than 2 Xm down to nearly 20 m depth
with resistivity remaining less than 10 Xm to 30 m depth. This is
similar to the resistivity structure observed below Traverse 1,
and Morrow (2007) concluded that the gradual thinning of the very
low resistivity surface layer southwards from Traverse 1 to Tra-
verse 3 most probably reflects the change from conditions domi-
nated by the influence of the estuary to conditions representative
of the equilibrium of the saline interface with groundwater flow
unaffected by the Waikanae River. Traverse 3, as the farthest from
the estuary, was therefore selected for more detailed study.

4. Cross-borehole resistivity tomography

Three 10 m long vertical strings of electrodes, referred to as A–C
were installed, as indicated in Fig. 3c, so as to straddle the inferred
saline interface or mixing zone on Traverse 3 (Morrow, 2007). Each
electrode string consisted of multicore cable with takeouts from
separate internal wires at 1 m intervals. The takeout wires were
terminated with spade terminals which were bolted to the actual
electrodes made of marine grade stainless steel discs, 5 cm in
diameter and 0.5 cm thick. The boreholes were drilled used a
Kubota tractor-mounted drill rig, and initially cased with 80 mm
internal diameter steel pipe. With the pipe in place an electrode
string was lowered into the hole after which the casing was re-
moved. Each hole was then filled, and left to stabilise and equili-
brate for a week before any measurements were taken.

The electrode strings were installed 10 m apart in a straight line
from the base of the coastal dunes to the top of the mean inter-ti-
dal swash zone. The vertical separation of electrodes on each string
was 1 m, with the upper electrode in each of Strings A and C 1.3 m
below ground level, and that in String B at a depth of 1.7 m. Three
monitoring boreholes which were used for measurement of water
conductivity and water level were also installed, 2 m to the north
of each of the electrode strings. The locations of the electrode
strings and the vertical separation of the electrodes were chosen
so as to give better resolution of the dynamics of the saline inter-
face than could be achieved with the resistivity traverses. The only
previously reported such measurements on a beach-face, those of
Turner and Acworth (2004), utilized four electrode strings each
horizontally separated by 5 m, and of 3 m in length.

Cross-borehole resistivity measurements, again using an ABEM
resistivity meter and manual electrode switching system, were
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Fig. 3. 2-D resistivity models derived for the 3 resistivity traverses. Distances and depths are both in m. A, B and C on Traverse 3 show the locations of the three borehole
electrode strings.

Table 1
Summary of cross-borehole resistivity measurements made on Paraparaumu Beach.

Date Between
electrode
strings

Low or
high tide

Period of
measurements

Time
of tide

Amplitude
of tide

15.3.07 C & B Low 12:10–15:50 13:30 1.7
15.3.07 C & B High 18:00–21:00 19:39 1.7
16.3.07 B & A High 07:30–10:10 08:10 2.1
16.3.07 B & A Low 13:15–15:30 14:28 2.2
20.3.07 C & B High 09:05–11:45 10:08 3.8
20.3.07 C & B Low 15:00–17:15 16:27 3.8
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made between different combinations of the electrode strings at
various times during the tidal cycle. In all cases the bipole–bipole
configuration was used i.e. current was injected into, and removed
from, the subsurface through electrodes in different boreholes,
with the potential difference also being measured between elec-
trodes in different boreholes. Although this configuration has
potentially lower resolution than the dipole–dipole configuration
(in which both current electrodes are in one borehole and both po-
tential electrodes in another) it gives superior signal strength. This
was regarded as important in a low resistivity environment in
which potential differences were likely to be small.

A summary of the CRT measurements is given in Table 1. Each
sequence of measurements took between 2 and 3 h to complete,
timed to cover the tidal maximum or minimum. Each data set
was inverted using Res2dinv, with differences in the surface eleva-
tion of the electrode strings included. Data from the low and high
tidal cycles on 15 and 16 March 2007 were subsequently combined
to derive resistivity models covering all three electrode strings. On
both of these days the tidal range was similar (1.7 m compared to
2.1 m) and inversions of the combined datasets show little differ-
ence from those of the individual days. The resistivity structure
thus derived for low tide, covering all three electrode strings, is
shown in Fig. 4a. The structure derived from the data measured
at high tide is shown in Fig. 4b.

The two resistivity structures shown in Fig. 4a and b are
remarkably similar and contain no significant differences. This is
perhaps not surprising as, for the tidal range sampled by these
data, high tide barely reached electrode string C, the farthest down
the beach. Nevertheless, the results show the detail of the resistiv-
ity structure to be considerably more complex than can be inferred



Fig. 4. 2-D models of resistivity structure derived from cross-borehole resistivity measurements on Traverse 3. (a) Model derived from measurements made over low tides on
15/16 March 2007 when the tidal range was �2 m. (b) Model derived from measurements made over high tides on the same days. (c) Model derived from measurements
made over low tide on 20 March 2007 when the tidal range of 3.8 m. (d) Model derived from measurements made over high tide on the same date. Horizontal distances are in
m from the W end of Traverse 3 corresponding to the scale shown in Fig. 3.

74 F.J. Morrow et al. / Journal of Hydrology 389 (2010) 69–77
from the traversing results. Although the very low surface resistiv-
ity extends inland to approximately 100 m on the horizontal scale,
comparable with the extent of this zone indicated by Traverse 3
(Fig. 3c), the thickness of the zone is much better resolved by the
borehole data, as approximately 2 m. A similar horizontal layering
and thickness of low resistivity on a beach face was also observed
by Turner and Acworth (2004). Beneath this very low resistivity
zone, a tongue of lower resistivity (�10 Xm) extends down to a
depth of nearly 9 m, just inland of electrode string C. There is no
indication of this feature in the resistivity model derived for Tra-
verse 3. It is also clear from the borehole results that slightly high-
er, but still low, near-surface resistivity of around 10 Xm extends
almost as far inland as the base of the dunes, with a resistivity of
less than 30 Xm penetrating to �9 m depth close to electrode
string A. Around borehole B, below 2–3 m depth, higher resistivity
of the order of 50–100 Xm is observed. Overall the cross-borehole
results suggest that the model derived from the resistivity traverse,
including for example the region of resistivity of order 30 Xm seen
inland of electrode string A in Fig. 3c, is in fact a significantly
smoothed version of a much more varied and complex resistivity
structure associated with the mixing zone of the saline interface.

Although it can be inferred that the resistivity structures shown
in Fig. 4a and b cover the actual mixing zone, any effects due to ti-
dal action are not apparent in these results. Consequently, as the
resistivity models were derived from measurements taken over a
relatively small tidal range, measurements between electrode
strings B and C were repeated over a tidal cycle with a much great-
er range. Strings B and C were chosen because, as the two arrays
furthest down the beach, it was assumed that any tidal influence
would be greater in this area. A set of measurements were made
during a tidal cycle with a range of 3.8 m on 20 March 2007. This
range is just less than the maximum experienced at Paraparaumu
Beach and during this particular tidal cycle, low tide went out fur-
ther than on any other occasion when measurements were taken.
During high tide the wave run-up went 3 m past electrode string
B. The effect of this larger tidal range on the resistivity structure
between strings B and C is shown in Fig. 4c and d. The basic geo-
electric model for the area between electrode strings C and B at
low tide during this large tidal cycle is similar to that shown in
Fig. 4a and b with a layer of very low resistivity occurring within
the top 2 m, and a region of resistivity of �10 Xm penetrating to
a depth of 8 m. However, there are now significant differences be-
tween the model derived from the low tide data and that derived
from the measurements made at high tide. During high tide the
low resistivity region deepens and expands considerably to be-
come the dominant feature of the resistivity model. Variations in
the location of regions of higher resistivity also testify to significant
movement of water beneath the swash zone both vertically and
horizontally, leading to the mixing of pockets of more or less saline
water. This suggests that the area of mixing is in fact affected by
the tidal variation, and also possibly through wave run-up as saline
water infiltrates through the sand to greater depth, presumably
taking paths dictated by minor variations in porosity and
permeability.
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Fig. 5. Measurements of fluid resistivity as a function of depth in the three monitoring bores adjacent to electrode strings A–C. Circles/squares represent measurements made
at high tide, crosses are measurements made at low tide. (a) Measurements made over the period 15–16 March 2007 over a tidal range of �2 m. (b) Measurements made on
20 March 2007 over a tidal range of 3.8 m.
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5. Fluid conductivity

A better understanding of the resistivity models shown in
Figs. 3c and 4 can be obtained by considering fluid conductivity
measurements made in conjunction with the cross-borehole mea-
surements. Measurements of the conductivity of the pore fluid
were made in the parallel monitoring bores. A conductivity (resis-
tivity) profile was created by lowering a conductivity probe down a
bore and taking conductivity measurements at 25 cm intervals un-
til the bottom of the bore was reached. The meter was held at each
successive depth for two minutes to obtain a stable reading. With a
sample interval of 15 s, this allowed eight measurements to be ta-
ken at each depth increment. The average and standard deviations
of each set of 8 readings for the tidal cycles corresponding to the
resistivity models in Fig. 4 are shown in Fig. 5. As for the cross-
borehole resistivity data, measurements were made covering both
low and high tides.

It is clear that there is a significant variation in fluid resistivity
over the 20 m range of the beach that is covered by the three bore-
holes. Borehole C, the closest to the sea, shows extremely low fluid
resistivity, of �0.5 Xm, throughout the entire depth range. This is
about twice the expected resistivity of seawater and indicates that
borehole C can be inferred to be very close to the seaward bound-
ary of the mixing zone. This inference is supported by the lack of
variation in fluid resistivity between high and low tides. From
the resistivity model of Figs. 3c it is impossible to deduce the bulk
resistivity close to the location of borehole (electrode string) C be-
neath the near-surface low resistivity zone, as at the appropriate
depths the model is dominated by the smooth contour variation
from 3 to �50 Xm. The cross-borehole resistivity models (Fig. 4),
however, suggest that the bulk resistivity at depths down to at
least 8 m, just inland from borehole C, is about 10 Xm. This in-
crease in resistivity beneath the near-surface layer, while the ob-
served fluid resistivity is constant, is most likely the result of a
reduction in porosity resulting from increased compaction with
depth. It should also be noted that the somewhat higher values
immediately adjacent to the electrode string are unrepresentative
due to the disturbance caused by installation of the electrode
strings – a feature also noted by Turner and Acworth (2004).

In borehole B, there is an offset in fluid resistivity values mea-
sured over low tide on 15/03/07 compared to the other measure-
ments. There is also considerable variation in the observed fluid
resistivity in the upper 4 m of the borehole. The offset may result
from significant rainfall, which had occurred over the few days
prior to measurements being taken, leading to a dilution of salinity.
This then increased to more normal levels through subsequent ti-
dal cycles. Coupled with this, the variations in the upper part of
the borehole may also reflect the effect of tidal run-up percolating
downwards. Apart from these shallow variations, the resistivity is
again essentially constant over the entire depth range with an
average value of about 8 Xm. The observed fluid resistivity in bore-
hole A is �16 Xm and, below 3 m in depth again shows no varia-
tion between high and low tides. Variations in the upper 3 m
between measurements at high and low tides probably reflect
the effects of wave run-up.

Fluid conductivity measurements made in borehole B over the
larger tidal cycle corresponding to the resistivity models shown
in Fig. 4c and d are shown in Fig. 5b. Although, in the near-surface,
variations in fluid resistivity with depth are still apparent, the most
significant feature is that the deeper, essentially constant, fluid
resistivity is around 2 Xm – only 25% of the value observed in
borehole B for the previous measurements.
6. Discussion

In relation to the first objective of this study, as has been dem-
onstrated in previous studies, resistivity traversing has proved to
be a useful technique for locating the saline interface. The results
show that the location and apparent shape of the saline interface
on Paraparaumu Beach changes with distance from the Waikanae
River and estuary. The major differences in the derived resistivity
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structures (Fig. 3) show a significant increase in resistivity below
about 15–20 m depth, with distance south of the estuary. This
can be interpreted in terms of an increased thickness of the coastal
wedge of sand close to the river mouth, which thins to the south.
Thus, at a distance of only 400 m south of the river mouth (Tra-
verse 1), the most significant variation in resistivity is that which
occurs at the base of the coastal sand dunes. This has a shape which
reflects the classic shape of a saline interface predicted by the Ghy-
ben–Herzberg relationship. Beneath Traverse 2, 400 m further
south of the river mouth, higher resistivity (10–30 Xm) exists be-
neath the swash zone and is presumably related to a thinning of
the sand wedge. In association with this the horizontal variation
in resistivity at the base of the dunes is less marked. A further
400 m south (Traverse 3), the resistivity beneath the swash zone
rises to 30–50 Xm at 20 m depth, but resolution is lost due to
the accumulation of contours. However, a horizontal variation in
resistivity still occurs at the base of the dunes in the upper 20 m.

Wilson et al. (2006) used resistivity traversing to examine the
saline interface on Te Horo beach, some 15 km to the north
(Fig. 1), and concluded from the shape of the interface that, as a re-
sult of local groundwater extraction, saline intrusion had pene-
trated some 30 m towards the township. No such dramatic
inference can be drawn from the resistivity traversing models de-
rived for the present study. Nevertheless there are indications from
all three traverses that, in the upper 20 m, some saline mixing is
taking place beneath the coastal dunes ahead of the main transi-
tion zone from salt to fresh water. On all three traverses this takes
the form of an area of resistivity of around 30–50 Xm.

The results of the CRT yield a much more detailed picture of the
saline interface beneath Traverse 3. The surface low resistivity re-
gion, also observed by Turner and Acworth (2004), is seen to be
confined to the upper 2–3 m and is underlain by a region of much
more variable resistivity which is related to the zone of mixing of
saline and fresh water. This is emphasised by more detailed con-
sideration of the observed fluid resistivity. Fluid resistivity is di-
rectly related on a log–log scale to the concentration of dissolved
salts in the fluid. It is therefore possible, to a reasonable approxi-
mation, to express
logðqf Þ ¼ A� logðSÞ
where qf is fluid resistivity, S is the concentration of dissolved salts,
and A is a constant. Thus a factor of 10 change in concentration re-
duces the fluid resistivity by a factor of 10. As the measured fluid
resistivity in borehole C (0.5 Xm) is about twice that of pure seawa-
ter (0.25 Xm) it implies that at the location of borehole C there is
approximately 50% mixing of fresh and saline water. Similarly in
borehole A the observed fluid resistivity of 16 Xm suggests a 1–
2% mixing of saline water with fresh water. For such a degree of
mixing the observed bulk resistivity of around 30–50 Xm seen in
both Figs. 3c and 4 is consistent with that seen for a similar degree
of mixing inferred by Wilson et al. (2006).

The ratio of bulk resistivity to fluid resistivity is referred to as
the formation factor. At Te Horo, some 15 km to the north
(Fig. 1) and in a broadly similar hydrogeological environment, Wil-
son et al. (2006) estimated the formation factor for the unconfined
aquifer to be 2.6–2.9. Assuming that this value also applies to this
study, the observed fluid resistivities in boreholes B and A imply
bulk resistivities of approximately 25 and 50 Xm respectively. Ob-
served bulk resistivities in both Figs. 3c and 4 are in general agree-
ment with these values. Similarly the observed fluid resistivity of
0.5 Xm in borehole C predicts a bulk resistivity of �1.5 Xm, which
is in agreement with the observed value in the upper 2–3 m of
Figs. 3c and 4. Below these depths, as indicated earlier, correlation
of the predicted value with the observed value is difficult because
of the steep gradient in the contours in Fig. 3c and localised effects
adjacent to the actual borehole in Fig. 4.

The invariance over the tidal cycle of the fluid resistivity values
measured below about 3 m depth in boreholes A and C suggests
that these boreholes lie close to the margins of the main mixing
zone which marks the saline interface. This implies that borehole
B is positioned more or less in the middle of the mixing zone as
was initially inferred from Fig. 3c. Thus the variations in both the
fluid resistivity in borehole B, and the CRT images can be assumed
to be the result of the dynamic processes occurring in the mixing
zone.

Previous work on the response of the saline interface to tidal
fluctuations (Inouchi et al., 1990; Ataie-Ashtiani et al., 1999; Wang
and Tsay, 2001; Turner and Acworth, 2004; Cartwright et al., 2004;
Kim et al., 2006; Acworth et al., 2007) has suggested that tides are
observed to have three main possible effects on the saline inter-
face: cause seawater to intrude inland as the hydraulic head rises
and falls with the tide (Osborne, 2006); widen the zone of disper-
sion of saline water (Ataie-Ashtiani et al., 1999); and cause seawa-
ter to infiltrate directly from wave run-up (Turner and Acworth,
2004). The latter effect, which is intensified if the slope of the
beach is flatter (Ataie-Ashtiani et al., 1999), is a likely contributor
to the difference in resistivity structure between high and low tides
seen in Fig. 4c and d, and the shallow variations in fluid resistivity
observed in both boreholes A and B in Fig. 5. However, the deeper
variations in fluid resistivity in borehole B suggest that the rising
and falling tidal head also influences the mixing zone. In particular,
the observation that higher fluid resistivity, following significant
rainfall, is initially reduced by subsequent tidal action, and subse-
quently reduced further as the tidal range increases, suggests sig-
nificant temporal variations in salinity occur within the mixing
zone. These can be envisaged as a horizontal movement of near
vertical salinity contours in response to, first, increased flow of
fresh water towards the coast following rainfall, and, subsequently,
landward movement of saline fluid into the mixing zone due to ti-
dal variations in sea level. Assuming a linear horizontal variation in
salinity between boreholes B and C, when the fluid resistivity is
�10 Xm in borehole B a salinity corresponding to a resistivity of
2 Xm occurs at about 97 m on the horizontal scale shown in
Fig. 4. The occurrence of a fluid resistivity of 2 Xm in borehole B
during high spring tides therefore suggests a horizontal movement
of at least 7–8 m of fluid within the mixing zone and a variation in
the degree of mixing at borehole B from 2–3% sea water to �13%.
The horizontal range is consistent with the observed changes in
bulk resistivity over a horizontal scale of about 5 m seen in
Fig. 4c and d. The absence of more significant differences between
the CRT models may well relate to fact that the length of time (2–
4 h) required to collect the necessary data is a significant fraction
of the tidal cycle (Table 1).

It appears therefore that the dynamics of the saline interface are
influenced by both seawater infiltration from wave run-up and
changes in tidal level. Turner and Acworth (2004) pointed out that
changes in the saline interface were more noticeable when moving
from neap to spring tides, or during a major storm event when
wave run-up was greater. The observed difference between resis-
tivity images taken over different tidal ranges supports this asser-
tion. In contrast, the constancy of the fluid resistivity below 3 m
depth in boreholes A and C suggests that there is no observable
widening of the mixing zone in response to the tidal cycle.

These observations are highly relevant to the potential response
of the saline interface to climate change and any consequent in-
crease in sea level. Notwithstanding the inability in this study to
resolve movement of the mixing zone as a whole during the tidal
cycle, an increase in sea level will clearly lead to the establishment
of a new dynamic equilibrium in which the mixing zone moves fur-
ther inland. The first indications of such movement may well be
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the result of penetration of wave run-up allowing penetration of
saline water into the region beneath a new swash zone established
further inland. Climatic changes that may lead to reduced freshwa-
ter discharge into the sea will exacerbate such changes. To address
the extent to which this may occur in specific situations, future
work should consider monitoring changes in the saline interface
and mixing zone between wet and dry times of the year when
there are significant changes in both abstraction and recharge of
the aquifer.

Although it concentrates on a specific unconfined coastal aqui-
fer in New Zealand the study demonstrates techniques and fea-
tures which will be applicable to similar aquifers elsewhere. The
ability of resistivity traversing to image the saline interface has
been demonstrated previously. However, it is now clearly shown
that CRT has the potential to yield much higher resolution images
of this zone as well as to provide information on the mixing of sal-
ine and fresh water, particularly if sufficient hydrological data are
available to allow comparative quantitative hydrogeological mod-
elling of the saline interface.
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