
AUTOMATIC MONITORING OP RADIAL INJECTION TRACER TESTS 
USING A NOVEL MULTI-ELECTRODE RESISTIVITY SYSTEM.

R S Ward. M A Sen, G M Williams and P D Jackson, 
British Geological Survey, Keyworth, Nottingham, UK.

ABSTRACT
A radial injection tracer test has been carried out in an 
unconfined fluvial sand and gravel aquifer underlain by low 
permeability clay. Sodium chloride has been used as an 
electrolyte tracer and breakthrough has been monitored using a 
newly developed automatic resistivity system (RESCAN) 
incorporating six fully penetrating resistivity probes each 
having 80 electrodes spaced at 5cm intervals along their 
length. Each electrode is individually addressable under 
computer control to either carry current or measure potential. 
Any four electrodes can be selected in the traditional Wenner 
configuration to measure formation resistivity. Rapid 
measurement of changes in resistivity allows a very detailed 
picture of tracer migration to be obtained. The resistivity 
probes were plaçe at 1 and 2m radii from the central fully 
screened tracer injection well along three limbs at 120°. 
Resistivity measurements were compared with adjacent multi
level samplers. A 8 x 8m grid of 140 surface electrodes centred 
on the central well was also installed.
The resistivity profiles measured prior to tracer injection 
were used to infer lithology, particularly layering. Detailed 
breakthrough curves were obtained at 77 positions along each of 
the six probes and compared with adjacent multi-level sampler 
breakthrough curves. The results showed that the aquifer was 
extremely heterogeneous even on this small scale. Because the 
system operates automatically without the need to extract and 
analyse large numbers of water samples, it opens up the 
possibility of carrying out lots of small scale injection tests 
within a larger domain likely to be invaded by a tracer (or 
pollution) plume. Such detailed information for determining 
aquifer properties can provide the data set necessary for 
characterisation of the aquifer to predict dispersion 
parameters appropriate to the large scale.

PREFACE.
This paper describes a novel solute/pollution monitoring 
technique which has been developed as part of an ongoing 
research project. This project is aimed at evaluating aquifer 
heterogeneity (or the spatial variability in aquifer transport



parameters) in order to develop appropriate models for 
predicting the long term movement and behaviour of a 
tracer/pollution plume within an aquifer. Heterogeneity and 
how it is treated in models is a fundamental problem for 
whatever type of flow system is being studied.
Spatial variability in aquifer transport parameters will be 
principally determined by undertaking a number of small scale 
radial injection tracer tests within the domain likely to be 
invaded by a pollution plume (or to be used for a large scale 
tracer test). For these tests a computer-controlled multi
electrode resistivity system (RESCAN) has been developed. The 
system involves taking very few water samples and so avoids the 
high cost and problems of manually extracting and analysing 
large numbers of groundwater samples.
The results from the small scale tracer tests will then be used 
for developing the deterministic and stochastic models capable 
of predicting large scale, long term movement (Williams et al, 
1988). Ultimately the validity of each of the models will be 
tested by undertaking a large scale natural gradient tracer 
test.
Apart from the technical benefits of applying novel field and 
modelling approaches to the fundamental problem of 
heterogeneity, it is believed that this project will provide a 
unique demonstration of the ability to characterise and 
accurately model tracer migration through a natural system and 
thereby improve public confidence in waste repository safety 
assessments.

RESISTIVITY.
The measurement of electrical resistivity forms a well tried 
and tested geophysical survey technique which has been applied 
in numerous geological contexts (Zohdy et al, 1984). The 
ability of rocks to conduct an electrical current is dependent 
primarily on the amount, salinity and distribution of water 
within the rock. Saturated rocks have lower resistivities than 
unsaturated rocks. The higher the porosity of the rock, and the 
higher the electrical conductivity of the porewater then the 
lower is the resistivity. The presence of clays and conductive 
minerals also reduces the resistivity of the rock.
There are several ways of measuring the electrical conductivity 
of rocks but perhaps the simplest method is to pass a current 
between two electrodes placed on the ground surface and measure 
the potential across two additional electrodes placed between 
them. By increasing the spacing between the electrodes the 
depth of the measurement increases. In conventional geophysical 
surveys electrodes placed in the ground are connected manually 
or by mechanical switches to the current source and the voltage



measurement device, which is slow and laborious.
A computer-controlled multi-electrode resistivity system 
(RESCAN) has been developed by the British Geological Survey to 
exploit the benefits of making large numbers of measurement.s 
automatically (Jackson, 1989). Although several potential 
applications of the system have been identified, its use in 
monitoring the movement of an electrolyte tracer within an 
unconsolidated aquifer was the original purpose for its 
development.
In RESCAN, each electrode can be electronically selected and 
controlled by software either to pass current or measure 
potential. Thousands of electrodes can be attached to the 
system, giving unprecedented data density and target 
resolution. Electrodes can take the form of 2-D surface arrays 
or may be incorporated into long plastic covered probes with 
many electrodes along their length, installed in the ground. 
Such 3-D arrays can be used to determine ground resistivity in 
exceptional detail. Accuracy is achieved by iterative 
measurement which is continued until errors are maintained 
within a statistically pre-defined range. This allows various 
physical properties of the medium to be directly determined.
Because resistivity is a function of the electrical 
conductivity of the porewater ^nd of the aquifer matrix, when 
conduction through the porewater is very much greater than 
through the matrix (i.e. at high chloride concentrations in the 
porewater) the resistivity is inversely proportional to the 
chloride content.

OUTLINE OF THE RESCAN SYSTEM.
The architecture of the system is shown schematically in 
Figure 1 where the commercially available computer and 
expansion hardware are interfaced to the resistance measuring 
module and the R-BUS interface to the electrodes. The cable 
modules are shown with an electronic selector associated with 
each electrode. A novelty of the system lies in the ability to 
add more cable modules to the R-BUS interface enabling any of 
the electrodes to be connected to the four electrical 
resistivity functions (two current and two potential). The 
total number of electrodes which could be accommodated is 
potentially limitless.
The prototype modules consist of 200 electrodes, a ten way 
connecting cable and selecting circuitry near each electrode. 
This approach reduces the number of connecting wires and allows 
complete functional control of each electrode such that they 
may be used to carry current or detect potential difference. 
If required the limit of 200 electrodes per module can be 
increased to 4000 by moving from 8 bit to 16 bit logic,



without changing the multi-way cable.

electrode 2 ' electrode 200 

electrode 2 electrode 200

electronic 
selector board

electrode 2 electrode 200

Figure 1. Computer-controlled multi-electrode resistivity system architecture.

The electrode selector contains only a few components and can 
be mounted in a relatively small package. A production system 
would have 'electronically active1 electrodes which could be 
distributed over a large area. The selector circuits could be 
re-packaged using standard production techniques so that they 
could be placed in close proximity to the electrodes. The 
exact location of these circuits would depend on each 
application. For example, a shallow narrow diameter multi
electrode probe might have the selectors at the well-head since 
the internal diameter of the probe could accommodate the wire 
to each electrode. A deep probe would have the selectors 
distributed down hole next to each electrode to avoid limiting 
the number of electrodes to the number of wires that could be 
fitted inside a given probe diameter.
A computer rather than a microprocessor, has been chosen as 
programmable controller to allow the system to be easily 
tailored to the survey requirements, in addition to being more 
cost effective for the present research stage. High quality 
analogue and digital interface expansion systems are available
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world-wide and have been added as parts of this modular system. 
Control is via FORTRAN, ensuring the software has a common 
language for both acquisition and data processing. This allows 
the bulk of the software to be machine independent with only a 
very small number of low level machine dependent sub-routines, 
so that the system can be easily transferred to other computing 
systems. The architecture of the software has been designed to 
complement the hardware and overall system features.
The use of only a small number of programs will facilitate 
future development. The individual program units contain 
layered subroutines in a structure that limits non-FORTRAN 
routines to one call only. It is the aim of this approach to 
allow easy conversion to new generation hardware and graphics 
systems as it is developed.
In summary, the advantages of RESCAN are:-

• The ability to accommodate any number of electrodes.
• The ability to select electrodes and pass current in 

any direction, by means of software.
• The speed of measurement.
• The accuracy of measurement.
• The compatibility of the data storage architecture 

with existing graphics displays/processing systems.
• A wide number of applications using different probe 

designs.

TRACER TESTS USING RESCAN.
In order to fully demonstrate the resistivity technique in 
radial injection tests the results from a small scale field 
experiment employing the described technology are presented. 
Considerable information about the local geology was already 
known from previous boreholes drilled in the area and this was 
confirmed during installation of the borehole array used for 
the test. The broad lithology of the site is given in Table 1. 
The transition between the different lithologies is often 
gradual and narrow sandy bands or lenses are often present in 
the main sand/gravel part of the aquifer. The clay material at 
the base of the gravels is the Cretaceous Lower Greensand which 
is an effective aquiclude.
Preliminary hydraulic testing of the array undertaken to 
investigate the average aquifer properties (Ward et al, 1990) 
gave average hydraulic conductivities over the site ranging 
from 46-146m/day. The considerable variation is almost 
certainly due to heterogeneity. Specific yield values (0.001-
0.005) were low for an unconfined aquifer suggesting that 
leakage and/or delayed yield may be occurring. This was also 
suggested by the shapes of the time-drawdown curves.



Table 1. Lithological sequence at the instrumental array.

Lithology Elevation (mAOD) Depth (mbgl) Thickness (m)

Topsoil 48.37 - 47.22 0.00 - 1.15 1.15
Silt/Sand 47.22 - 46.89 1.15 - 1.48 0.33
Sand/Gravel 46.89 - 42.67 1.48 - 5.70 4.22
Clayt 42.67 - 5.70- -

t Lower Greensand

ARRAY INSTRUMENTATION AND INSTALLATION.

The instrument array for the tracer test consisted of the 
following components (Wealthall et al, 1990);
1. A central 6" diameter fully-screened injection/recharge 

well.
2. 6 resistivity probes installed at 1 and 2m radii from the 

central well along three limbs with a 120° angle between 
each limb.

3 6 multi-level samplers positioned adjacent to each of the
resistivity probes, 30 cm away but at the same radii.

4. 6 fully-screened piezometers, 3 at 1.5 m radius and 3 at 
3 . 0 m .

5. A surface array of 140 electrodes.
The central well was installed using standard percussion 
drilling techniques and consisted of a 6" diameter casing with 
4.2m of fully-penetrating plastic well screen incorporating a 
250|lm filter.
The resistivity probes were constructed from steel tubing 
(inner wall), PVC water pipe (outer wall insulation) and 
conventional 42mm drill rods (extension and installation). 80 
insulated 5mm diameter brass electrodes were then inserted into 
80 pre-drilled holes spaced every 5cm along the length of the 
probe and glued into place so that they were flush with the 
outer wall surface. This followed the connection of each one to 
one wire of four 20-way cables running down the centre of the 
probe. After completion, the centre of the probe was filled 
with a suitable epoxy resin to stop infiltration of fluid once 
in the ground. The probes were then extended and installed to a 
predetermined depth by driving them directly into the formation 
using the hydraulic head-feed of a lorry-mounted drill rig.
The remaining instrumentation; multi-level samplers and 
piezometers were constructed from PVC piping. Installation was



by insertion down the inside of high frequency percussion 
installed 54mm casing rods terminating in a disposable well 
point. Once in place the casing was withdrawn. Two of the 
multi-level samplers (101 and 201) also had a series of 
thermocouples installed for in situ temperature measurement.
The choice of installation techniques for the instrumentation 
was based on the need to keep the aquifer disturbance to a 
minimum especially for the resistivity probes where a good 
contact between electrodes and the formation was paramount. The 
materials selected ensured that there were no man-made 
conductive metal components within the aquifer which could 
interfere with the resistivity measurements.
A plan of the completed instrument array is shown in Figure 2 
with details of the borehole and probe completions in Table 2.

The surface array of electrodes consisted of an 8 x 8m grid of 
1m spaced potential electrodes with a smaller 4 x 4m grid of 
0.5m spaced electrodes in the middle of the larger grid. In 
total 136 potential measuring electrodes were installed. The 
electrodes, which were mild steel stakes 0.5m long were 
hammered into the ground to a depth of 25-30cm.
Selectable current electrodes were positioned adjacent to the 4 
sides of the grid at 10m and 30m distances from the grid 
centre. Of the two sets of 4 current electrodes, any two could 
be selected and a current passed in one direction across the 
array for instance north-south or east-west.

Figure 2. Borehole and instrument array layout.



Table 2. Instrument and borehole completions.

Instrument Description Top electrode Top sampler port
no position (mAOD) position (mAOD)

00 INJ - -

101 MLS - 46.00
102 RP 46.47 -

103 MLS - 45.94
104 RP 46.41 -

105 MLS - 45.96
106 RP 46.44 -

151 FPS - -

152 FPS - -

153 FPS - -

201 MLS - 45.93
202 RP 46.42 -

203 MLS - 45.94
204 RP 46.41
205 MLS - 45.92
206 RP 46.39 -

301 FPS » «

302 FPS
303 FPS - -

INJ - Central injection well 
MLS - Multi-level sampler (17 ports at 20cm intervals) 
RP- Resistivity probe (80 electrodes with 5 cm spacing) 
FPS- Fully penetrating screen piezometer

EXPERIMENTAL PROCEDURE.
The tracer chosen for injection into the central well of the 
array was chloride because of its electrolyte properties and 
its relatively conservative nature.
After steady-state recharge conditions had been established by 
injecting water at flow rate of 4.51/min, a step pulse of 
55Q0ppm chloride was injected over the whole depth of the 
injection well at the same rate, Figure 3. The total volume of 
tracer injected was 10.0m3 taking approximately 37 hours to 
complete. After the chloride pulse, injection of water was 
restarted and continued until the end of the experiment. The 
artificially maintainéd heads were sufficiently large to 
obscure any natural hydraulic gradient. [The volume of chloride 
was adequate to saturate the whole thickness of aquifer with 
5500ppm chloride to a radius of 2.0m assuming an homogeneous 
aquifer with a porosity Of 0.3].
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Figure 3. Chloride tracer injection pulse.

The array of resistivity probes and RESCAN system were used for 
rapid and frequent monitoring of formation resistivity during 
the experiment with the inner ring of probes interrogated most 
frequently at the start (c. every 15 minutes) . The frequency 
and measurement position were automatically controlled by the 
computer control files which could be rapidly edited and 
changed to suit the experimental conditions at any particular 
time. For instance, once the tracer had been detected at probe 
number 102 on the inner ring, the frequency of measurement at 
probe 202 could be increased in anticipation of the tracer's 
arrival at this second location. The measurement configuration 
used was a Wenner configuration where 4 adjacent electrodes are 
selected. The two outer ones are the current emitting 
electrodes and the inner two potential measuring (multi-level 
sampling mode). Each of the six probes' 80 electrodes (spaced 
every 5cm) allow 77 measurement positions. The time taken to 
interrogate all six probes (462 measurements) is only 15 
minutes. Thereby large amounts of detailed data hitherto not 
practically possible can be obtained.
In addition, water samples were taken from the multi-level 
samplers to allow comparison of the new measurement method with 
a more traditional method. The number of samples taken and 
their volume was kept to a minimum in order to minimise 
disturbance of the induced flow regime. The water samples taken 
using a vacuum manifold sampling system (Hitchman, 1988) were 
analysed immediately for electrical conductivity.

RESULTS
The 6 probes give the equivalent of very closely spaced multi
level sampler type measurements. In contrast, the surface
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electrodes measure the resistivity over large volumes of 
aquifer. If the results of the two approaches are combined, a 
3-D picture of the tracer plume's migration may be obtained 
over the whole study area. At this time, the surface array 
results have not been interpreted and so cannot be included 
here.
Background Resistivity profiles.
The detailed background resistivity profiles for each of the 
six probes and the background porewater resistivities from each 
of the probes' adjacent multi-level samplers are shown in 
Figure 4. In addition, the horizons at which tracer 
breakthrough occurred during the tracer test are also shown.
The aquifer resistivity profiles show considerable variation 
compared to the pore water profiles. This indicates that any 
variations are as a result of lithological variation within the 
aquifer and not as a result of variation in salinity of the 
groundwater. Low resistivity zones therefore represent layers 
which have high porosity and/or high electrically conductive 
mineral (clay) content and high resistivity zones the opposite.
Similarities exist between all of the profiles apart from that 
for probe 102. These observed variations all occur within the 
saturated main sand/gravel part of the aquifer and so most 
likely represent changes in porosity resulting from variations 
in particle size distribution within the aquifer, however some 
contribution from conductive minerals cannot be dismissed. 
Therefore the low resistivity zones are probably layers 
containing predominantly silt and the high resistivity zones 
coarse gravels. The most obvious similarities between the 
profiles is the resistivity trough above about 3.0 m bgl and 
the peak at about 3.8-4.0 m bgl. Below these there is another 
peak on some of the profiles (202/106/206) whereas the others 
remain fairly constant (204/104).
The reasons for the differences observed at probe 102 are 
difficult to explain because of its relatively central position 
within the array; possible explanations however include 
variations in lithology at this location or disturbance 
surrounding the probe produced during its installation.
The tracer breakthrough horizons indicated in Figure 4 appear 
to be generally coincident with the horizons which have 
relatively high resistivity, thereby indicating zones with high 
hydraulic conductivities hence coarse gravels. The high 
resistivity horizons do not all however transmit tracer, e.g. 
Probe 202 at 5.0m bgl. This may be because of discontinuity of 
the conductive layers between the injection point and the probe 
in what is obviously an extremely heterogeneous formation.
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Tracer test results.
The equivalent pore water conductivities/chloride 
concentrations were calculated from the measured formation 
resistivities by using the set of background resistivity 
measurements and water samples taken prior to tracer injection.
The water sample conductivities were measured at the surface
and temperature corrected to 9°C {the average groundwater 
temperature). From the background measurements, a formation 
factor for each measurement position down the probe was 
calculated using the formula,

Resistivity of the formation Formation Factor ■ ■ —  ...... — —  — .- ■ ■■ ■Resistivity of the pore water

The pore water conductivities during the test were then 
calculated by dividing the measured formation resistivities by 
these formation factors. This assumes that the resistivity of 
the rock matrix is much larger than that of the pore water.
When this is not the case, i.e where there are silty layers
(low resistivity) the calculated values are likely to be 
underestimates, however the formation resistivities at the 
horizons of tracer breakthrough are all much higher than their 
corresponding pore water resistivities. It was originally 
intended to re-calculate the formation factors from 
measurements taken when the peak of the tracer pulse was 
passing the probe and the difference between rock matrix 
resistivity and pore water resistivity would have been even 
greater. However, the aquifer heterogeneity was so great that 
the tracer breakthrough was very different at almost all of the 
adjacent multi-level sampler positions 30cm away from the 
resistivity probes.
The measurements from the surface array of electrodes are 
currently being modelled geophysically in order to deduce the 
areal spread of the tracer along with depth information so that 
a 3-D picture of aquifer heterogeneity may be developed.
Figures 5-7 show contour plots of chloride concentration versus 
time and depth fqr each of the six probes. The data has been 
smoothed to a certain extent and so does not show the full 
detail, but it indicates the depths where breakthrough occurred 
for each probe. The differences even between probes along the 
same limb (i.e. 102 and 202) are quite obvious. The horizons of 
major breakthrough are different and also the number of major 
breakthrough zones. This indicates a considerable change in 
aquifer structure on a small scale which will make constructing 
a consistent aquifer model a difficult task. It can also be 
seen that probes 102 and 202 were not pushed in deep enough to 
intercept all the tracer; the depth of the Greensand basement
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is therefore quite variable on this scale as well.
As there are up to 77 breakthrough curves for each probe it is 
not possible to show them all here individually but Figure 8 
shows some typical examples. The unprecedented number of points 
on each gives great detail of the shapes which vary from a near 
square pulse to a double peak breakthrough. Figure 9 compares 
some of the resistivity probe curves with those obtained from 
the adjacent multi-level water sampler position. The top graph 
of Figure 9 (Probe 102, Depth 5.57m) shows one of the few cases 
where the two curves occur in the same place although the 
magnitude of each are different. This may be because of an 
incorrect estimation of the formation factor described earlier. 
The other two graphs, however show large disagreement between 
the two curves demonstrating the larce amount of heterogeneity 
even on the scale of the 30cm separating the multi-level 
samplers from the probes. The comparison also indicates how 
easy it is to obtain a complete breakthrough curve with the 
RESCAN system, whereas the collection and processing of a much 
smaller number of water samples required a large amount of 
tedious work.

CONCLUSIONS.
The viability of RESCAN, a novel tracer/contaminant monitoring 
device designed by the British Geological Survey, has been 
demonstrated. Its operation uses the well known geophysical 
electrical surveying technique of resistivity measurement and 
its novelty lies in the fact that it is much faster and more 
accurate than existing tools and is extremely versatile. 
Development of the.system for use in radial injection tracer 
tests has also identified numerous other potential 
applications. Operation of RESCAN additionally requires much 
less manpower than standard monitoring techniques.
The results from the radial injection tracer test described 
show that the aquifer has a high degree of heterogeneity which 
would almost certainly have been underestimated by a 
conventional monitoring system. In addition, once the results 
from the surface electrode array have been interpreted, an 
unprecedented 3-D picture of the tracer plume will be obtained.
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