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Abstract

Direct current resistivity traversing has been used to characterise the nature of the saline interface at Te Horo on the Kapiti

Coast in New Zealand. The results show that the interface in the vicinity of the settlement, which relies on bores for potable

water, has intruded inland 10 m further than in undeveloped areas. Resistivity traversing has been particularly successful in

defining subsurface areas of higher salinity by providing a two-dimensional image of the bulk resistivity structure. The results

of the resistivity surveys are supported by bore water chemistry, which show evidence of saltwater mixing. Bores on beachfront

properties have concentrations of up to 1% seawater. A resistivity formation factor has been derived to allow the pore fluid

resistivity to be estimated for future coastal surveys. The results also illustrate the problems associated with using standard

models to predict the location of the saline interface when small amounts of diffusive mixing occur.

q 2005 Published by Elsevier B.V.

Keywords: Saline intrusion; Resistivity traversing; Earth resistivity; Formation factor; Coastal aquifers
1. Introduction

Eighty percent of New Zealand’s freshwater

resource is underground, and most of this is in

aquifers bounded on one side by the coast. The

population pattern and heavy reliance on agriculture
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and horticulture mean that most groundwater users tap

into coastal aquifers that supply over 50% of New

Zealand’s groundwater (Lincoln Environmental,

2000). In the lower North Island for example, over

12,000 bores tap this water resource to support

communities, commerce, and agriculture (White,

2001). A similar dependence on coastal groundwater

exists in many other countries (IAH, 2003). These

aquifers are, however, extremely vulnerable to

salinisation from saltwater intrusion which is arguably

the most common and widespread contamination

problem in aquifers around the world.

Groundwater is therefore an important resource in

New Zealand. It is used extensively for domestic
Journal of Hydrology xx (2005) 1–12
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water supply with approximately 25% of the country’s

population relying solely on groundwater for potable

water (Davies, 2001). As the majority of New

Zealand’s population lives in coastal areas, and as

the demand for residential property continues to grow,

increasing stress is being placed on coastal aquifers. If

groundwater abstraction exceeds recharge the sustain-

ability of many coastal communities reliant on

groundwater for potable water is at risk from seawater

intrusion. To date, however, there have been no

studies published on the characteristics of the saline

interface along New Zealand coastlines. In this paper

we describe the results of a study of the applicability

of direct current resistivity methods for characterising

the saline interface under typical conditions.

The study area is located on the Kapiti Coast

approximately 65 km north of Wellington (Fig. 1).

During summer both the surface and groundwater

resources of this area are already stressed, and the

situation is likely to worsen with ongoing develop-

ment. This is because properties outside urban areas

do not have a reticulated water supply and are usually

reliant on bores for potable water. The Te Horo Beach

settlement, typical of the Kapiti Coast, is becoming a

popular location for holiday houses and ’lifestyle
Fig. 1. Location of the study area in the lower part of the North Island o
blocks’, and an increasing number of bores therefore

tap the coastal aquifer.
2. Aquifer stratigraphy and hydraulic properties

The unconfined aquifer at Te Horo has an area of

w22 km2. It is bounded to the north by alluvial

terraces formed by the Otaki River, and to the east by

a 6500-year old marine escarpment. The aquifer lies

beneath what is commonly referred to as the

‘Holocene coastal plain’ which consists of an inter-

fingered alluvial and marine terrace surface which

dips gently (2–38) to the west. The surface is overlain

by a sequence of sand dunes, within which four phases

of activity are apparent. Dune relief becomes

progressively lower, and dune extent smaller and

less significant, towards the coast (Fig. 1).

The aquifer is composed of a wedge of unconso-

lidated postglacial Holocene sediments derived from

Mesozoic greywacke basement rocks (Heron and van

Dissen, 1992). The sediments thicken towards the

coast to reach a maximum thickness of w25 m

(Fig. 2). The upper half of the stratigraphic

assemblage is composed of fluvial or deltaic gravels,
f New Zealand. Line AB marks the cross-section shown in Fig. 2.



Fig. 2. Stratigraphic cross-section at Te Horo Beach. Solid lines indicate the locations and depths of boreholes from which the cross-section has

been constructed.
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and marine sands deposited on a prograding coastline.

These are overlain by sand dunes and interdune

swamp deposits. The lower units are fluvial or deltaic

gravels, and marine sands deposited during the last

postglacial marine transgression. The base of the

aquifer is distinguished by a prominent clay and peat

layer, up to 1 m thick, which pinches out to the west.

Below this are older, mostly poorly sorted fluvial

outwash fans deposited during successive glacial-

interglacial events during the Quaternary (Fleming,

1972; Brown, 2003). Bore logs show that near the

coast the aquifer is composed of homogeneous water

bearing sands; with occasional gravel, wood, and

pumice, to a depth of over 20 m. The nature of the

depositional environment means that the sands

contain no clay (Fig. 3). The marine sand units,

which form the host medium for the saline interface

on the Kapiti Coast, extend w40–100 m inland.

Te Horo has a mild and sub-humid climate.

Sunshine hours range from 1850 to 2050 per year,

and mean monthly temperatures vary from 11.7 to

20 8C. The prevailing wind comes from the west to

northwest, with south to southwest being the next

most prevalent direction. Because of this the Tararua

Range to the east creates orographic rain in inland

areas. Rainfall isohyets therefore follow the coast-

line, with the major variation being in a west–east
direction (Wellington Regional Council, 1994).

Mean monthly and annual rainfalls at Te Horo are

low (Table 1). Data from the Puruaha rain gauge,

located 100 m southwest of Te Horo Beach Road and

30 m from the coast, over 7 years indicate a mean

annual rainfall of only 371 mm. Rainfall is evenly

spread throughout the year with only slightly less

during summer (January–March). While pan evapor-

ation data are not available for Te Horo they were

recorded at Levin (35 km to the north) and

Paraparaumu (20 km to the south) over the same

period as rainfall. Data for Te Horo are estimated as

the mean of the other two stations since it lies

midway between these two stations and there is little

north–south variation (Table 1). Although pan

evaporation rates over-estimate actual evapotran-

spiration losses these data indicate a water stressed

area with little potential for rainfall recharge of the

aquifer. The majority of recharge occurs via

infiltration from local rivers, and rainfall recharge

through the Hautere terrace located in the higher

rainfall area to the east.

The hydraulic conductivity of the marine sands has

been estimated from slug tests as 2.5 m/day (Wilson,

2003). However, analysis of driller’s pumping tests

suggests that there is considerable variability in the

hydraulic conductivity within the sand unit. The mean



Fig. 3. Bore logs showing that the aquifer is composed of homogeneous water bearing sand to a depth of over 20 m. The locations of the bores

are shown in Fig. 5.
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hydraulic gradient has been estimated at 0.006G
0.004. These data give a mean aquifer flow velocity of

0.015G0.010 m/day (Wilson, 2003).

The stratigraphy, climate, hydrology, hydrogeol-

ogy, and land use of the area mean that the

configuration and dynamics of the aquifer at Te

Horo are relatively simple. The lack of intensive water

extraction also means that it is likely that the aquifer is

in equilibrium. These factors make the use of

resistivity and general interpretative models very

effective in investigating the saline interface in this

study area.
Table 1

Average monthly rainfall, pan evaporation, and therefore effective precipit

Jan Feb Mar Apr May Jun

Rainfall (mm)

Mean 19 25 24 27 31 34

Min 6 9 12 10 8 17

Max 37 46 33 53 48 54

Evaporation (mm)

Levin 115 92 84 57 47 36

Paraparaumu 127 106 99 66 59 45

Mean (Te Horo) 121 99 92 62 53 41

Effective pre-

cipitation (mm)

K102 K74 K68 K35 K22 K7
3. Dc resistivity techniques

Direct current (dc) resistivity is one of a number of

geophysical techniques commonly used to measure

the bulk resistivity of the ground. Within an aquifer

the bulk resistivity obeys an empirical law first

proposed by Archie (1942). This relationship may

be expressed as,

rZ a4KmSKn
rf

where f is the porosity of the rock formation, S is the

degree of saturation, a, m and n are constants that
ation data for Te Horo Beach for the period 01/01/1995–31/10/2002

Jul Aug Sep Oct Nov Dec Total

35 31 29 48 35 33 371

11 19 9 18 9 18 146

65 47 38 110 52 53 636

40 47 57 71 90 102 838

47 56 66 87 111 124 993

44 51 62 79 101 113 916

K9 K20 K33 K31 K66 K80 K545
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depend upon the formation, and rf is the resistivity of

the pore fluid. Archie’s Law shows therefore that the

bulk resistivity r of a water bearing formation

containing no clay, such as in the current study,

depends crucially on the resistivity of the pore fluid rf.

This is because the resistivity of the fluid is generally

much lower than that of the solid grains in the matrix.

Since, ‘matrix conduction’ is negligible, the electric

current passes almost entirely through the fluid phase.

For this reason resistivity methods are valuable to

many hydrological situations. Measurements obtained

from dc methods have previously been employed in a

number of groundwater studies (e.g. Aaltonen and

Olofsson, 2002; Albouy et al., 2001; Broadbent and

Callander, 1991; Devi et al., 2001; Ebraheem et al.,

1997; Karlik and Kaya, 2001; Sandberg et al., 2002).

The most frequently used technique has been vertical

electric sounding (VES). In VES an electric current (I)

is introduced into the ground through two outer

electrodes and the resulting potential difference (DV)
is measured between two inner electrodes. An

apparent resistivity, calculated from I, DV and the

electrode geometry, represents the average resistivity

of the ground down to the median depth of current

penetration. By increasing the distance between the

outer electrodes current can be made to penetrate

deeper into the ground. A sequence of measurements

made with increasing current electrode separation can

therefore be modelled in terms of the variation of bulk

resistivity with depth.
1806040200

x

–60

–40

–20

0

a(
m

)

A

V

1 2     3 4

A

Fig. 4. Geometry of a dc resistivity traverse using 41 electrodes at 5 m sepa

the inferred locations at which measurements are made as described in the

electrodes.
An alternative technique is that of resistivity

traversing. This technique uses a large number of

electrodes arranged in a line with a common basic

spacing, a (Fig. 4). In the simplest geometry (that of a

Wenner array) current is injected into, and taken from,

the ground through electrodes 1 and 4. The potential

difference is measured between electrodes 2 and 3

(Fig. 4). The resulting value of apparent resistivity

may be associated with a location below the midpoint

of the four electrodes (e.g. A for electrodes 1–4). By

selecting different combinations of electrodes, and

using multiples of the base electrode separation (i.e.

increasing the separation of the current electrodes and

therefore the depth of current penetration), a cone of

measurements is obtained. This is generally plotted as

a pseudosection in which the vertical axis is related to

the electrode spacing. The data may also be modelled

two-dimensionally (Loke and Barker, 1996; Loke,

2000) to give an image of the lateral and vertical

variations in resistivity. Additional lateral coverage

may be obtained by moving the entire electrode array.
4. Vertical electrical soundings

Reconnaissance VES surveys to locate the extent

of the saline interface were performed using the

Schlumberger array geometry (e.g. Lowrie, 1997).

Individual soundings were made with electrodes

aligned parallel to the beach so that collectively the
00 120 140 160 180 200

(m)

rations. Electrode locations are marked by the arrows. Crosses mark

text. A marks the measurement location derived using the first four
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soundings would show the variation of resistivity with

distance from the coast. The locations of soundings

are shown in Fig. 5. Soundings SA-SE were carried

out atw25 m intervals from the mean high tide mark.

Other soundings (S1–S5) were made to both check for

the reliability of the structure derived from the

resistivity traverses discussed below, and to determine

the structure further inland than the extent of the

traverses.

Fig. 6 shows the result of a single VES carried out

at a distance of w65 m above the mean high tide

(MHT) mark. The measured apparent resistivity data

are shown as squares while the smooth curve through

the data represents the derived layered model. The

model is composed of a series of layers of constant

resistivity. Thus, the data in this case can be modelled
Fig. 5. Location of dc resistivity traverses T1, T2 and T3. C, D, M, S

and Sp mark the locations of bore holes used for water quality

analyses, and estimation of the formation factor. The bore logs

shown in Fig. 3 are marked as B1–B3, while the location of

resistivity soundings are prefixed ‘S’.

1  10 100AB/2 [m]

1

10

Model 
Resistivity Thickness Depth

[ohm·m] [m] [m]
1128 1.2
105 .38 1.2
76 12 1.6
97  14

Fig. 6. Schlumberger dc resistivity sounding from Te Horo beach.

Measured data are shown by the squares, the smooth line through

the data points shows the calculated response from the inferred

resistivity structure.
by a surface layer of 1128 Um, underlain by

successive layers of 105, 76 and 97 Um at depths of

1.2, 1.6 and 14 m, respectively. These results are

typical of all surveys conducted inland of the

interpreted saline interface. Comparison of the
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resistivity model with the bore logs (Fig. 3) suggests

that the boundary between the high resistivity surface

layer and the underlying less resistive layers is

associated with the water table rather than marking

any litho logical boundary. Only minor variations in

resistivity occur beneath the water table. These earth-

resistivities of 80–120 Um are consistent with the

expected value for sands saturated with freshwater

(e.g. White, 1985). Results for surveys conducted

within 50 m of MHT returned lower resistivities

(w50 Um or less) indicating increased salinity.

However, although the VES measurements show a

variation in bulk resistivity with distance from the

coast that may be related to the degree of saline

mixing, they do not give a detailed picture of either

the location or structure of the saline interface.
Fig. 7. Pseudosections of apparent resistivity measured for the three trav
5. Resistivity traverses

Having located the approximate positionof the saline

interface, resistivity traversing was used to refine its

location, and shape, along three profiles. Three traverses

perpendicular to the beach were chosen, at Te Horo

Beach settlement (T3), approximately2 kmto thenorth-

east (T2), andhalfwaybetween these two(T1)(Fig.5).A

basic electrode spacing of 5 m was used, with a

maximum electrode separation of 35 or 40 m.Measure-

ments weremade using anABEMSAS 300C resistivity

meter in association with a manual electrode switching

systemconstructedatVictoriaUniversityofWellington.

AlongT1andT2thetraversesextendedfromthebeachto

w180 m inland. At T3, within the settlement, restricted

access meant that the traverse could only be extended
erses T1, T2 and T3. Mean High Tide (MHT) is at 0 m horizontal.
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150 m inland.Thedata obtained from these traverses are

shown in Fig. 7 as pseudosections of log10(ra). The

vertical scale represents the electrode spacing used in

each set of measurements and the horizontal scale is in

terms of the distance of the centre point of each

measurement frommean high tide (MHT) at 0 m.

Each traverse shows a zone of lower apparent

resistivity up to w50 m inland from the mean high

tide mark. Beneath traverse T3, through Te Horo

beach settlement, this zone is observed at a shallower

depth (narrower electrode spacing) than beneath

either traverse T1 or T2. Inland from this region,

which is inferred to result from the interaction

between saline and fresh water at the saline interface,

the apparent resistivity pseudosections are uniform.

This suggests that away from the coast the bulk

resistivity structure is essentially one-dimensional. On

traverse T2 high apparent resistivity values are
Fig. 8. Inferred two-dimensional resistivity structure beneath the three trav
observed at the south-eastern end of the profile. This

section, however, was measured during very dry

conditions and electrode contact at the surface was in

places poor. This resulted in some extremely high

apparent resistivity values for electrode spacings (a)

less than approximately 10 m.

The pseudosections shown in Fig. 7 give a general

indication of the variation of bulk resistivity beneath

each traverse. A two-dimensional model of the actual

variation in bulk resistivity can be obtained by

performing numerical inversion of the data. The

results of such inversions for dc resistivity data, as for

other potential field geophysical methods, are how-

ever, non-unique. For this reason, and to test the

robustness of the results, multiple inversions were

performed with slightly different initial parameters

using both finite difference and finite element

techniques of numerical modelling. Fig. 8 shows
erses T1, T2 and T3. Mean High Tide (MHT) is at 0 m horizontal.
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the derived two-dimensional models of the bulk

resistivity beneath each of the 3 traverses. On each

traverse the fit of the derived model to the actual

measured data is good. For traverses T1 and T3

overall rms misfits of 4.8 and 5.5% were obtained.

The higher rms misfit of 10.9% for traverse T2 reflects

the difficulty of modelling the very high apparent

resistivity values, measured at small a, discussed

above.

Unlike discrete vertical electrical soundings, the

models presented in Fig. 8 give a continuous spatial

image of both lateral and vertical variations in bulk

resistivity. Given the uniformity of lithology along the

coast as is clearly illustrated by the bore logs shown in

Fig. 3, it is assumed that differences between the

resistivity models arise from variations in pore fluid

resistivity. These variations may be related to the

saltwater–freshwater interface. The saline interface is

most easily studied by following the zone of low

resistivity inland from the MHT. Resistivity values

less than 5 Um are assumed to represent sand

saturated with seawater. The choice of this value of

bulk resistivity as a first approximation for defining

the saline interface, and the comparison of the

interface with classical predictive models such as

the Ghyben-Herzberg relation and the Glover (1964)

solution are discussed later.

The zone of highest salinity extends furthest inland

along traverse T3. This suggests that the saline

interface has encroached most at Te Horo Beach

settlement as a result of greater pumping for domestic

water supply. However, the variation of the interface

position on each traverse needs to be treated with

caution as it may also reflect tidal effects. The effect of

the tide is to move the zone of highest resistivity

laterally relative to the high tide mark. This can be

seen in traverse T2, which shows the 5 Um contour

w7 m seaward of the high tide. On traverses T1 and

T3 the 5 Um contour is located inland of the high tide

mark. To avoid the possibility of mistaking tidal

fluctuations for saline intrusion, it is more useful to

compare the extent of the low resistivity region rather

than just its position. This is similar to studying the

dispersion of the interface, which will increase if the

freshwater hydraulic head or groundwater flow

velocity is reduced by pumping. Each profile shows

a distinct ‘toe’ of low resistivity. This ‘toe’ is enclosed

by the 32 Um contour and is seen to extend to a depth
of 12–15 m. This contour extends significantly further

inland on T3, w30 m inland of MHT. There is

therefore increased saline dispersion beneath traverse

T3. This supports the observation above, that the

interface has encroached inland at Te Horo Beach

settlement by approximately 10 m.

Areas shown on the profiles with a resistivity

higher than w56 Um indicate material saturated with

freshwater. The resistivity of such material is typically

80–120 Um when measured using a Schlumberger

VES. Freshwater has a resistivity of 50–100 Um
(White, 1985), so even areas with a resistivity less

than 56 Um may represent some degree of saline

mixing with freshwater. Extensive areas with bulk

resistivity less than 56 Um occur on all three

traverses. This area is shallowest on traverse T3

measured at Te Horo Beach settlement. This is

consistent with the observation that there is an

increase in saline dispersion in this area. The

discontinuous nature of the 56 Um contour in profiles

T1 and T2 may represent pockets of fossil seawater, or

zones of higher salinity caused by periodic downward

flushing of salt spray from the surface. Alternatively,

this low resistivity away from the coast may be

derived from high solute concentrations associated

with mineral dissolution.

Comparison of the models shown in Fig. 8 and the

layered models derived from the Schlumberger

soundings (e.g. Fig. 6) shows that there is good

agreement between the two types of measurements.

Apparent differences arise due to the fact that the two-

dimensional models of Fig. 8 represent resistivity as

varying smoothly rather than being discontinuous

across sharp boundaries.

Support for the hypothesis that saline intrusion has

occurred beneath Te Horo Beach is provided by

geochemical data from boreholes. Measurements of

ClK ion concentrations from boreholes C and S in

Fig. 5 over a 4 year period (Wilson, 2003) show that

average concentrations 75 m from MHT on T3 are 3

times higher than they are 500 m inland. A tripling of

ClK concentration above background levels indicates

1% mixing of seawater (Jones et al., 1999). Peak ClK

concentrations of 250 mg/L are only just below the

maximum level permitted under the New Zealand

Drinking Water Standards. Saline intrusion into

groundwater also leads to CaCC ion enrichment in

the fluid phase (Custodio et al., 1987). Measurements



Table 2

Measured bore hole fluid resistivities, estimated bulk resistivities,

and assessed formation factor

Borehole rf (Um) Estimated r

(Um)

F

C 14.1 40 2.8

M 19.4 50 2.6

Sp 21.7 60 2.8

S 36.4 100 2.7

D 38.5 110 2.9
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from borehole C also show a clear enhancement of

CaCC/ClK ratios close to the MHT mark.

Comparison of the geochemical data with the bulk

resistivity measurements suggest that zones of fresh

groundwater, with bulk resistivity from 80 to 120 Um,

have concentrations of 50 mg/L ClK, 30 mg/L NaC

and total dissolved solids (TDS) of 200 mg/L. In

contrast, areas affected by saline intrusion have a bulk

resistivity of less than 50 Um and concentrations in

excess of 100 mg/L ClK, 60 mg/L NaC and 350 mg/L

TDS.
6. Discussion

The formation factor for an aquifer may be defined

from Archie’s Law, on the assumption that at

saturation S is 1, as

F Z
r

rf
Z a4Km

This describes, for an aquifer within a homo-

geneous geological unit, the ratio between the bulk

resistivity and the fluid resistivity. Bore log obser-

vations of the marine sand unit that hosts the seawater

interface at Te Horo indicate that this unit is

composed entirely of homogeneous sand, with small

amounts of gravel, wood, and pumice. The only clays

in the study area form the lower boundary of the

aquifer and are therefore below the zone of interest

(Wilson, 2003). The formation factor of the marine

sand unit can therefore be estimated. The formation

factor is a powerful tool in future resistivity surveys in

this area as it allows pore-fluid resistivity to be

calculated directly from bulk earth resistivity

measurements. The relationship can also be used to

convert earth resistivity contours into fluid conduc-

tivity or TDS contours.

Five boreholes have records of groundwater

conductivity that can be used to calculate the

formation factor. The bulk resistivity for two of

these bores is well constrained by their location on the

resistivity profiles (Fig. 1). The bulk resistivity of the

other three bores has been estimated from Schlum-

berger VES conducted nearby. Bulk resistivity values

are in fact remarkably homogeneous over a consider-

able depth range (e.g. the 12 m thickness of 76 Um in

the model shown in Fig. 6). Variations in resistivity
with depth below the water table in the two-

dimensional models arise largely from the smooth

representation of sharp boundaries. The results

(Table 2) give a formation factor of 2.8G0.2. The

small uncertainty ensures confidence in the relation-

ship between pore-fluid and bulk resistivity within the

marine sand unit. This relationship may be useful for

future studies of saline intrusion on the Kapiti Coast

where the aquifer is contained within the same marine

sands. In such cases this estimate of the formation

factor will allow resistivity surveys to provide a good

first approximation of pore-fluid resistivity.

The estimated hydraulic conductivity and hydrau-

lic gradient for the aquifer (Wilson, 2003) can be used

to predict the location of the saline interface using

standard approaches such as the Ghyben-Herzberg

relation and the Glover (1964) model. The location of

the interface predicted by these models assumes a

sharp density boundary between freshwater and

seawater. In reality diffusive mixing means that the

saline boundary is likely to be distributed, with a

gradient in density across it rather than a sharp

transition. Where, there has been no saline intrusion

the density gradient between fresh and salt water is

likely to be steep, and occur over only a few metres.

To allow comparison with the resistivity models it is

necessary to choose a value of resistivity to represent

the boundary. Seawater has a resistivity of approxi-

mately 0.3 Um. Fresh groundwater typically has

resistivities at least a hundred times higher than this

value. One option for a resistivity marker to define the

location of a sharp saline interface would therefore be

an average fluid resistivity of approximately 3 Um, or

a bulk resistivity (allowing for the formation factor) of

5–10 Um. However, as saline intrusion occurs the

appropriateness of standard models of the interface

becomes much more uncertain. The geochemical data
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Fig. 9. Calculated location of the saline interface using the Glover

(1964) model for three different hydraulic gradients. Also shown

(thick lines) are the locations of the 32 Um contour beneath the

three resistivity traverses.
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suggest that, in the present case at least, bulk

resistivities of less than 50 Um, represent about 1%

of saline mixing. This may be an early indicator of the

onset of saline intrusion. In such circumstances,

the position of the 5 Um contour as an indicator of

the saline interface is much less important.

The problem discussed above is illustrated in

Fig. 9. This shows the location of the saline interface

predicted by the Glover (1964) model for three values

of the hydraulic gradient, and an assumed hydraulic

conductivity of 2.5 m/day. Also shown in Fig. 9 are

the positions of the 32 Um contour, representing

approximately 1–2% of saline mixing, for the three

resistivity traverses. Although not explicit in Fig. 9,

5 m inland from MHT the 5 Um contour for traverses

T1 and T3 closely parallels the predicted saline

interface for a hydraulic gradient of 0.002. This value

for the hydraulic gradient is, however, solely based on

the slope of the surface topography. For traverse T2

the 5 Um contour is much closer to the interface

predicted using a hydraulic gradient of 0.01, derived

from the slope of the base of the unconfined aquifer.

Resistivity traversing data can therefore be used to

detect the sharp gradient in bulk resistivity associated

with the saline interface. The technique is also

effective in tracking saline mixing occurring well

inland of the predicted interface.
7. Summary and conclusions

Measurement and inversion of three direct current

resistivity traverses at Te Horo have allowed the

detection of the saltwater/freshwater interface.

Beneath a traverse through Te Horo Beach settlement,

where there is significant groundwater abstraction,
there is clear evidence of saline intrusion. To the

north, where development is limited, any intrusion is

minor.

These results show clearly the potential of

resistivity traversing in mapping and understanding

the structure and evolution of the saline interface in

coastal aquifers. Although VES data may resolve the

one-dimensional resistivity structure beneath a sound-

ing location, any two-dimensional interpretation of

the data requires interpolation between discrete

measurements. In contrast, resistivity traversing data

provide a continuous two-dimensional image of both

lateral and vertical variations in resistivity. The

significant contrast in the electrical resistivities of

saline and fresh water allows direct imaging of a sharp

saline interface (inferred here as following the 5 Um
contour).Diffusive mixing involving as little as 1%

seawater can be tracked by the significant reduction in

bulk resistivity of the groundwater. Within a given

aquifer fluid resistivity values from even a small

number of boreholes allows the measured bulk

resistivity values to be converted into fluid resistiv-

ities. The formation factor defined in this way can then

be used to interprete resistivity data from a much

wider area.
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