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Summary
Under ideal conditions, resistivity measurements should be fully repeatable and able to
monitor time varying changes. However, data acquisition system mislocations as well
as borehole deviation effects can raise signification errors that are problematic in
imaging and monitoring target structures. Such errors can be potentially accounted for
by obtaining correct geometry factors. A resistivity profiling survey was conducted
under a lake and the importance of geometry factors in apparent resistivity is
investigated by comparing results with and without taking deviation effect into account.
Introduction
For near surface Earth materials within lithostatic pressure, bulk resistivity is not only controlled by
conductive materials, but largely influenced by porosity, permittivity, fracturing and fluid content (Ward,
1990). In general, porosity, permittivity and fracturing would increase the rock’s resistivity. Fluid induced
into these open spaces, however, may further complicate the situation by either increasing (oil) or
decreasing (water) the bulk resistivity. Therefore, changes in bulk resistivity can be used as a good
indicator of changes in stress and structures. Over the last century, surface resistivity surveys have
been well utilized. Nevertheless, electrodes planted on the surface can be heavily influenced by
weather, temperature, and water saturation changes over time. Consequently, the data can be easily
contaminated by noise and thus unreliable for long term monitoring. In recent years, borehole resistivity
has gained more favour for better depth of investigation, sense of target geometry and repeatability as
conditions down a borehole are much more stable than that of on the surface (Daniels and Dyck, 1984,
Shima, 1992, Zhou and Greenhalgh, 2000). As a result, in addition to mineral exploration, borehole
resistivity methods, both single borehole profiling and cross borehole electrical resistivity tomography
(ERT) have been used extensively in environmental and geotechnical monitoring (LaBrecque et. al.,
1996, Muller, et. al., 2010, Nimmer, et. al., 2007, Ward, 1990).
Although the capability of resistivity methods in dealing with exploration and monitoring problems has
been demonstrated, previous studies generally assume the boreholes are drilled near vertically and in
the same plane for cross borehole ERT. However, for practical reasons, boreholes are usually not
drilled vertically and different boreholes have different azimuths (for example inclined and horizontal
drilling). Oldenborger et. al., 2005 have demonstrated that electrode mislocations could result in
systematic errors well above typical data noise level. It is also shown in Yi et al., 2009 that borehole
deviation effect may cause significant artifacts in inversion results. Therefore, assuming vertical
boreholes rather than the actual inclined configurations could raise errors that are problematic in
resolving high resolution structures and monitoring long term time-varying changes. We propose that,
for near surface borehole resistivity surveys, accurate array locations and correct geometry factors
should be obtained to account for borehole deviation effect and for accurate imaging or monitoring.
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Method
For resistivity surveys in near-surface boreholes (both single borehole profiling and cross borehole
ERT), we are dealing with a transition from half-space to full-space scenarios. On the surface of a
homogeneous half-space, all injected currents are restricted to flow into the Earth. With depth, it transits
into to full-space case where injected currents are free to flow in all directions (Figure 1). As a result, a
geometry factor for full-space case is essentially twice the half-space case.

Figure 1. Schematic plot of surface and borehole electrode layout for either imaging or monitoring.
Black solid circles represent surface and borehole electrodes.
In measuring bulk resistivity, a pair of current electrodes is used to inject current into surrounding
materials. The resulting potential difference
at another pair of electrodes is measured (Figure 2(a)).
Electrode array pairs are moved along the borehole(s) for profiling and ERT. The apparent resistivity
can be calculated from
(1)
where

is geometry factor for a certain electrodes array configuration.

For an electrode array AB-MN along a near-surface borehole (Figure 2(a)), electrical images A’ and B’
are induced with equal current strength at equal distances to the air-Earth interface above the Earth
(Van and Cook, 1966). Both electrical images will also results in potentials at M and N. Then the
potential difference between M and N
(2)
and apparent resistivity can be calculated from equation 1 with geometry factor
(3)
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Figure 2(a), (left) Electrodes array AB-MN and induced images. Current is injected at A (positive) and
sink at B (negative). A’, B’ are induced electrical images. Overall potential difference between M and N
is measured. (b). (right) Schematic plot of near surface boreholes at different dip angles. Black solid
circles represent borehole electrodes.
To examine the deviation effect in geometry factors, we define a normalized geometry factor by dividing
geometry factor ( ) along boreholes at various dip angles by full-space and vertical cases ( ).
(4)
For boreholes with different dip angles as depicted in Figure 2(b), geometry factors normalized by fullspace and vertical cases for Schlumberger array are depicted in Figure 3 and Figure 4, respectively.
Figure 3 shows the transition of geometry factors from half-space (
) to full-space scenario
(
). For shallow dipping boreholes, in particular, the normalized geometry factors show larger
variations and change into full-space case at deeper depth along borehole.
Figure 4 shows that, in general, the normalized geometry factors converges to 1.0 as the electrode
array moves deeper into the borehole and geometry factors along shallow dipping boreholes have
greater variations than those along near vertical boreholes. As the dip angle decreases towards
converges to 1.0 at deeper depth. For the 16m electrode spacing case, at dip angle of 80
horizontal,
degrees, the maximum deviation from vertical is within 1%, which is below data noise level. For a near
horizontal borehole dipping at 10 degrees, on the other hand,
starts from 0.66 at 30 m and the
deviation only gets below noise level after the first 280m. This is mainly because, for a near horizontal
borehole, the induced electrical images along the profile stay to be close to the voltage electrodes and
potentials from these images remain significant to overall potential differences. Therefore, borehole
deviation effect is especially important for shallow dipping boreholes.
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Figure 3. Geometry factors along boreholes dipping at various angles (in degrees) normalized by fullspace cases. The horizontal dotted line is typical data noise level (1%). 0.5 corresponds to half-space
case and 1.0 correspond to full-space case.

Figure 4. Geometry factors along boreholes dipping at various angles (in degrees) normalized by
vertical cases. Electrodes are at 4m (left) and 16m (right) spacing. The horizontal dotted line is typical
data noise level. =1.0 is when the actual geometry factors converges to that of vertical cases.

Examples
In order to evaluate the importance of geometry factors on actual data, a resistivity profiling survey is
conducted under a lake at Deep River, northern Ontario. The borehole cable is laid out at the bottom of
the lake which deviates from horizontal at approximately 10 degrees from the shore to the centre
(Figure 5).There are 24 electrodes at 4m spacing lined up along a borehole cable.

Figure 5. Schematic plot of electrode layout at bottom of the lake.
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Figure 6. Apparent resistivity pseudo-sections in ohm-m (a) assuming the cable is laid out horizontally
(with horizontal geometry factors
); (b) calculated with deviation effect and correct geometry factors
; (c) difference between
and
). (a), (b) are in logarithmic scale while (c) is in linear scale.
Comparing Figure 6 (a) and (b), it is observed that both
and
) show a similar resistivity
variation pattern of the materials getting more conductive with depth. However,
) is generally
smaller than
and shows larger variations. Their difference is about 66% of
), which sits well
above data noise level.

Conclusions
For near surface borehole resistivity surveys, geometry factors transit from half-space to that of fullspace cases as the electrode arrays move from top to bottom of boreholes. Difference in apparent
resistivity calculated with and without correct geometry factors, especially for near horizontal boreholes,
sits well above typical data noise level. Therefore, in a near surface borehole resistivity survey, it is of
great importance to obtain accurate electrode array locations and correct geometry factors in order to
accurately image or monitor target structures,
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