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A resistivity probe is described which can be used to determine pore 

water resistivity 'in-situ' in shallow unconsolidated materials. The 

design of the instrument is discussed, together with a technique 

for interpreting collected data. To illustrate application of the 

probe, observations of the vertical and temporal variations of pore 

water resistivity are presented for a shallow coastal aquifer in 

southern England. 

Introduction 

Detailed field data on the structure of a saline interface are 

required in order to impro.ve understanding of the physical processes 

associated with saline intrusion. Collecting such data is an extremely 

difficult task which has previously been carried out by either surface 

or borehole geophysical techniques. 

Both of these methods have certain basic drawbacks. Surface 

geophysical techniques lack the resolution to define interfaces at 

depth and cannot give information about their detailed structure. A 

completed borehole disturbs the interface so that levels recorded in a 
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borehole do not necessarily reflect those in the original formations. 

Therefore there is a requirement for a new geophysical technique that 

overcomes these problems. This can be accomplished if the drill rod 

and bit are used as part of the geophysical instrument.The physical 

property of the formations which varies with the quality of the pore 

water and can most easily be measured is electrical resistivity. Thus 

we have designed a low-cost resistivity probe that forms part of the 

drill rods of a percussion drill. 

Resistivity Probe 

The resistivity probe, Figure 1, consists of four equally spaced 

electrodes in a configuration similar to that of a Wenner array used in 

surface geophysics. The main differences are that the electrodes are 

rings rather than points, aligned in the vertical plane and totally 

surrounded by the medium being investigated. The four electrode system 

was chosen so that current flow would be limited mainly to the zone 

between the two current electrodes (A and B). This has the advantage 

of limiting the electrical interference from the drive point and 

following drill rods. In addition the electrodes are themselves 

isolated from the interior steel core by an outer plastic casing. 

A principle feature of the resistivity probe is its stepped profile 

which ensures that the electrodes make contact with the formations as 

the probe is driven through them. 

An electrode separation of SO mm was chosen as a compromise between a 

large depth of penetration into the formation, given by a large 

electrode separation, and a fine vertical resolution, given by a small 

electrode separation. With a SO mm electrode separation, calculations 

assuming point electrodes show that 90% of the signal comes from a 

distance of 66 mm from the probe at the electrode array centre. 

A disadvantage of this electrode design is that a complex response is 

generated when the probe passes an interface. This must be remembered 

when interpreting the data. 
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The resistivity probe is driven into the ground using either an Atlas 

Copco Cobra or a Marlow Prospectorpac percussion drill. Percussion 

drilling was chosen as it does not use drilling fluids and so minimises 

contamination of the formation. This limits the technique to 

near-surface, unconsolidated sediments. 

Probe resistance measurements are taken manually, using a Metraterr 

earth tester and these are then converted into apparent resistivities 

according to the following equation. 

electrical resistivity of the formations (solid & fluid) 

inter-electrode spacing 

probe resistance 

Here the assumption is made that because of the probe's geometry and 

axial symmetry it can be treated as having point electrodes. A depth 

interval between readings of SO mm was chosen as a compromise between 

the time taken to carry out a profile and the resolution needed to 

define the vertical structure. 

Interpretation of Probe Results 

There has been considerable research to investigate the electrical 

properties of rocks in the last SO years. The earliest model that 

proved useful was proposed 'by Archie (1942) who found that the ratio 

for the resistivity of the formation to the resistivity of the 

saturating fluids was a constant for a given formation. This was 

termed the formation factor and was in turn a function of the porosity 

of the formation: 
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Figure 1: 
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The Resistivity Probe 

electrical resistivity of the saturating fluids 

formation factor 

fractional porosity 

constant for a formation 

constant for a formation 

Archie's work made the assumption that the rock matrix is an electrical 

insulator. Although this assumption is valid for the major sedimentary 

rock forming minerals, such as quartz and calcite, it is not valid for 

clay minerals. Subsequent research has been directed at describing the 

behaviour of rocks where matrix conduction occurs although Archie's 

formula is used as the basis of all subsequent models. 
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The petroleum industry currently uses models that are based on the 

electrochemistry of clay minerals e.g. Waxman and Smits (1968) and 

Clavier, Coates and Dumanoir (1977). However~ these models require the 

measurements to be made on recovered samples of the formations. This 

is not practical for our field study and so we have resorted to the 

model used by Patnode and Wyllie (1950) 

pr/pf F + A/pf 

where: 

A matrix resistivity 

The matrix resistivity is a term designed to account for the extra 

electrical conduction occurring through conducting minerals. The 

advantage of using this model is that it can be calibrated from field 

data and so it has been more generally accepted by British 

hydrogeophysicists. 

Prior to interpreting the probe data in terms of the Patnode and Wyllie 

model the data is filtered using a 2-point running mean filter applied 

to the logarithm of the resistivity values. This was based on an 

examination of the computed power spectra of several profiles and is 

intended to reduce the effects of the electrode separation and any 

small scale variations. It is necessary to take the logarithms of the 

data as the relationship between porosity and formation resistivity is 

a power one. 

Interpretation of Probe Field Data 

To investigate the probe's performance a series of field trials were 

conducted on a beach near Poole in southern England. The main 

geological features of this site are the presence of Bagshot clay beds 

which are overlain by a layer of various gradings of aeolian sands 

interspersed with clay minerals to a depth of about 7 m. Figure 2(a) 

shows the resistivity profile obtained from driving the probe down 
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through the sandy aquifer into the underlying clay. In order to 

interpret this data using the Patnode and Wyllie model a representation 

of matrix porosity and resistivity with depth is required. In the 

absence of any means of quantifying the variations in porosity with 

depth a constant value of 0.31 was chosen. A simple model of the 

variation of matrix resistivity was obtained from studying lithological 

data collected at the probe site (Figure Z(c)), This showed that there 

were no clay minerals present in the uppermost layer and hence a matrix 

resistivity of infinity is appropriate. Below this there is a layer in 

which the matrix resistivity decreases to a value of 150 ohm-m. This 

value is used until the first clay layer is encountered. From this 

clay layer the matrix resistivity decreases linearly to a value of 3 

ohm-m at the aquifer base. 

Although this model does not account for all lithological variations, 

the variations observed on the resistivity probe data do not correspond 

with the main features on the lithological log. Hence the majority of 

small scale variations in the interpreted fluid conductivity can be 

assumed to be real. 

Clearly, the intepretation is subject to several sources of error. As 

well as the measurement error there are potential errors due to the 

model used being an inadequate description of the formation's true 

electrical properties and the porosity and matrix resistivity values 

selected may have been incorrect. It is difficult to quantify these 

errors. 

Comparison between probe results and conventional borehole 

data 

We have been able to compare directly the position of a saline 

interface in a borehole with that interpreted from resistivity probe 

data. 

Figure 3 is a comparison of conductivity and temperature logs recorded 

in a borehole, the data from a resistivity probing and the lithological 
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(a) Measured formation resistivity (b) Interpreted pore water electrical conductivity (c) Matrix resistivity 

JJSiemena ohm m 
3 160 0> 

Fractlonalporolll!f 0.31 

Figure 2: An example of probe interpretation 

log from a borehole drilled immediately adjacent to the site of the 

resistivity probing. 

The probe data shows little correlation with the lithological log as it 

is dominated by changes in pore water quality. The largest change, 

between 4.15 and 5.28 m depth, is due to the transition zone from 

fresher water above, to highly saline water below. This change is not 
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seen in the fluid conductivity log of the borehole. In this log, the 

transition does not start until a depth of 6.8 m and the conductivity 

is still increasing at the bottom of the screened section. Thus there 

is a difference of 2.65 m between the position of the transition zone 

observed in the borehole and that identified by the resistivity probe 

data. The position of the transition zone in the aquifer seems to be 

accurately described by the temperature log. This shows a rise in 

temperature between 4.15 and 5.28 m depth, the saline transition zone 

interpreted from the resistivity probe data, whilst the temperature is 

steady immediately above and below these depths. Below a depth of 

6.5 m the temperature log shows a rapid increase, coinciding with the 

position of the transition zone in the borehole. 

The position of the bottom of the transition zone in the aquifer 

coincides with the shallowest clay layer, suggesting that this is the 

controlling factor on the position of the saline interface. Once this 

clay layer has been punctured by the borehole, the saline interface 

drops in the borehole to a level controlled either by the position of 

the screen or by the density contrast between the fresh and saline 

water. 

Time varying application of resistivity probe 

The ability of the resistivity probe to provide measurements of 

apparent resistivities at specific locations means that by monitoring 

on a continuous basis it is possible to study the time-varying 

behaviour of resistivity at a particular point. In general, variations 

in the apparent resistivity of a saturated porous rock formation will 

be due to changes in the conductivity of the fluid occupying the pore 

spaces. It follows therefore that the probe can be used to study 

temporal conductivity responses. A particular application of this is 

the salinity changes which occur within a dynamic saline-freshwater 

interface. In the following example the effect of tidal oscillations 

on such an interface are shown. Measurements of hydraulic head and 
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resistivity were taken every 10 minutes at the previously mentioned 

field site using a piezometer and probe located near the top of the 

interface. The general trends were removed from both sets of data 

using a 12 hour filter in order to extract variations due to tidal 

disturbances. A further filter was then applied to the resistivity 

data in order to remove the high frequency noise components which 

were produced by the resistance measuring system. The resulting curves 

are shown superimposed on each other in figure 4. The reason for 
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reversing the resistivity axis is so that increases in salinity are in 

the positive vertical direction. The graph shows that, although the 

absolute resistivity changes are small (of the order of 0.2Qm), there 

is clear response of salinity change due to tidal head oscillations. 

In addition it can be seen that there is a time lag between the two 

curves of about 1! hours corresponding to a phase shift of about n/4 

radians. This agrees with the result expected for salinity changes 

arising from the fluid within the interface being advected back and 

forth due to the oscillating hydraulic head gradients. 

Conclusions 

An instrument which provides 'in-situ' point measurements of apparent 

resistivities of unconsolidated near surface formation has been 

presented. The measurements can be used to determine pore-water 

conductivities using the interpretation technique provided. 

To illustrate application of the probe, observations of the vertical 

and temporal variations of pore water resistivity are presented for a 

shallow coastal aquifer in southern England. 

The applications of the probe described above make it particularly well 

suited to studying in detail the structure and behaviour of saline 

freshwater interfaces in shallow coastal aquifers. Currently an 

experiment is in progress at the test site in southern England which is 

monitoring the behaviour of the interface using an array of resistivity 

probes and piezometers. In particular the dynamic effects of rainfall 

recharge, tidal variations and aquifer pumping are all being studied. 

The object of the work is to use the collected data as a basis for the 

development and calibration of numerical models of saline intrusion. 
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