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Summary

The effects of geometric errors on crosshole resistivity deganvestigated
using analytical methods. Geometric errors are systeraatic can occur due to
uncertainties in the individual electrode positions, the vertical irspalcetween
electrodes in the same borehole, or the vertical offset betgleetmodes in opposite
boreholes. An estimate of the sensitivity to geometric esra@aiculated for each of
two generic types of four-electrode crosshole configuration: currentftmipotential
difference crosshole (XH) and in-hole (IH). It is found that XH @pmftions are not
particularly sensitive to geometric error unless the borehotesl@sely spaced on the
scale of the vertical separation of the current and potengieretles. But extremely
sensitive IH configurations are shown to exist for any boreholeaepa Therefore
it is recommended that XH configurations be used in preferenié¢ $ohemes. The
effects of geometric error are demonstrated using real X&lfdan a closely spaced
line of boreholes designed to monitor bioremediation of chlorinated rashat an
industrial site. A small fraction of the data had physicallyeahstic apparent
resistivities, which were either negative or unexpectedly laBge by filtering out
configurations with high sensitivities to geometric error,oélthe suspect data were
removed. This filtering also significantly improved the convergendevdem the
predicted and the measured resistivities when the data weréethver addition to
systematic geometric errors, the measured data also eahhijth level of random
noise. Despite this, the resulting inverted images correspond reascloaly with

the known geology and nearby cone penetrometer resistivity profiles.
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1. Introduction

Volumetric imaging of the electrical properties of the subserfay electrical
resistivity tomography (ERT) has been intensively developedo¥er a decade.
Permanently installed electrode arrays can now be used with aatbmalti-channel
data acquisition systems and rapid inversion algorithms to enable 2D or 32pisee-|
imaging of dynamic processes (Verstet@l. 2004; LaBrequet al. 2004; Ogilvyet
al. 2007). As the capabilities of such systems increase, moreoeles can be used
thereby potentially increasing the spatial resolution of thatineg images. However,
the resolution is not only limited by the separation of the mldes, but also by errors
affecting the data (LaBrecquet al. 1996). An often-overlooked source of error in
geoelectrical imaging is uncertainty in the geometry ofatmay, which can include
errors in the position or spacing of the electrodes, or in théveelaffset between
adjacent arrays. However, in the closely related technique ofcateBiectrical
Impedance Tomography (EIT) this problem has been known for seeanal. yrhis is
partly because the EIT electrodes tend to be closely spaced theesize of the body
and the need for high-resolution images (Béitial. 1998). But it is also important
because electrodes attached to certain parts of the bodyh@.ghest) will move
during imaging (Zhang & Patterson 2005). Indeed, recent improvementsdizal
EIT inversion algorithms treat the electrode positions in theesamay as the
impedance distribution; they are unknown model parameters to be detkrinome

the data and the a priori constraints (Soleinedmil. 2006).



In geoelectrical imaging, it is usually reasonable to asghatethe electrode
locations will remain constant over time. But configurations wittals electrode
spacings could be prone to significant errors due to uncertaintiegse tocations.
This could be more of an issue for subsurface than surface electsnuies the
positions of the latter are much easier to check. As the usee@itsile crosshole ERT
imaging is becoming more common in engineering and environmam&dtigations
(Ramirezet al. 1996; Daily & Ramirez 2000; Slater & Binley 2003; Goes & Meekes
2004; LaBrequeet al. 2004; Wilkinsonet al. 2006; Chamber®t al. 2007), the
incidence of data affected by geometric errors is likelyntogase. To our knowledge,
there have only been two detailed studies of the effects oftyhes of error on
resistivity data. Zhou & Dahlin (2003) discuss the effect of sutbrse on the
geometric factors of commonly used 2D surface ERT arraysigUseterogeneous
synthetic forward models, they found that the relative error in thenads apparent
resistivity can be more than double the relative electrode rgpacior for certain
configurations. Oldenborgest al. (2005) studied the effects of electrode mislocation
on synthetic crosshole ERT data for pole-pole and bipole-bipole confansdeither
vertical bipoles of 1 m length, or horizontal bipoles of 6 m length). Thegd that
large errors in resistivity (~50 % for a 10 cm position error)dogkcur depending on
the relative positions and orientation of the bipoles (either horizontaertical).
They also found that the statistical distribution of errors veespticated and multi-
modal and could introduce bias into the measured data sets.

In this paper, we take an approach similar to that of Zhou & Daklie3) to

calculate an estimate of the sensitivity to geometric ef@ny inter-borehole four-



electrode ERT configuration that falls into one of two gengmes. These types
encompass and extend the bipole-bipole configurations studied by Oldendtoader
(2005), and our findings support and complement theirs. Rather than reghating
synthetic modelling, we demonstrate the efficacy of our approach reshgrosshole
ERT data from a “transect borehole array”, a line of sevenlglgpaced boreholes
that has been installed to monitor resistivity changes asdbciatéh the
bioremediation of a contaminated site. Following the suggestion of Oldgiedal.
(2005), we use the estimates of geometric error sensitiviguiprocessing and
inversion procedure to remove highly sensitive measurements frodataeset. We
demonstrate that this removes all the outlying data points withative or
suspiciously large apparent resistivities. After removal of dh#ying data, the
tomographic images from individual panels (pairs of boreholes) andvtiue
transect show significant improvements in the RMS misfits betwiee inverted and

measured data.
2. Electrode array geometric errors

To assess the sensitivity of inter-borehole resistivity meammts to
geometric errors, we categorize the commonly used four-electnedsurements into
two basic types (Bing & Greenhalgh 2000); those for which the cufi@mtand
potential measurements are crosshole (XH, see Figs. 1(a) amd {c)hole (IH, see
Figs. 1(b) and (d)). Of the two types, XH configurations provideatgreimage
resolution in the region between the boreholes, and tend to offer igtial-to-noise

characteristics (Bing & Greenhalgh 2000; Wilkinsenal. 2006; Chambergt al.



2007). For these reasons research into the use of crosshole BRitirgy to favor
XH over IH configurations, e.g. compare Slater & Binley (2003) \&tateret al.
(2002).

Depending on the method of installation of the borehole electrodess @r
the geometry may be general (i.e. all four electrodes henertain positions),
spacing related (e.g. imprecise spacings between electrotles same borehole), or
offset related (e.g. spacings are known to high precision, but gilbsdef arrays in
adjacent boreholes are uncertain). Figure 1 illustrates therajezase, and also the
case of uncertain offsets between adjacent boreholes, whiclsatiecdata that is
presented in this paper. The general case is shown for XH ancddunements in
Figs. 1(a) and 1(b) respectively. The current electrodes @aballand B) are located
at depths: andp, and the potential electrodes (M and N) are at deptisdv. Each
of the four depths is imprecisely known. The effect of errors ireteetrode depths

on the apparent resistivity is calculated from the geometric fEctbhis is given by

K= ! )

where, for exampleray is the distance between A and M. @nd B represent the
locations of the images of the current electrodes A and B iiasggclf the location

of A is (Xa, Ya, Za), then A is at ka, Ya, -Za), assuming that the ground surface is
z= 0. The systematic error Kidue to uncertainty in the depths depends on the partial

derivatives §K/oa), (0K/0p), (0K/or) and OK/ov) where, for example,
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Note that for {K/da), all partial derivatives of distances involving electrode B are
zero and have been left out of Eq. 2. Similar simplifications apply(d&rop),
(GK/ou) and EK/ov). Assuming that the errorsx, Af, Au andAv are independent and
uncorrelated then an estimate of the erroKinAK, is given by Gaussian error
propagation as

AK? = (G—szAaz +(6—KJZA,82 +(6—KJZA,UZ +(0—KJZAV2. (3)

oa s ou ov

In ERT inversion it is usually the relative error in the apparesistivity, p,, that is
used in the merit function to test for convergence. It is also oftencaése that
logarithms of the resistivity data are used to improve the gyabilthe inversion by
transforming the typically large resistivity range to maeér scale. If so, then the
relative error also appears in the data discrepancy vector & @arker 1995) since
Aln(pa) = Apalpa- This ensures that the apparent resistivity data all have egigtht,
whatever their magnitude. For these reasons, relative rathreabisalute errors are
also used throughout this paper. Sipge KV/I, whereV is the measured voltage and
| is the applied current, then the relative error in the appaesmtivity due to a

systematic error iK is

Ap, AK
8P, _ 8K (4)
p. K

Before we consider specific cases, it is worth noting that greceding
analysis is not limited to four-electrode configurations; it ¢enapplied to any

configuration with any number of electrodes providing that their ipasitare

independent. In certain situations, however, the errors in some elepimsd®ns



may be correlated. One such case is where electrodes agetdixa rigid structure
prior to deployment in the borehole. In this case, the errors inethieal electrode
spacings are negligible in comparison with the errors in the déptiaich each
array is installed. Therefore the spacing errors can be nedgjéeaving only errors in
the two independent depths of installation. Since this arrangementsedgo collect
the data that is presented later in this paper, we exatrheesi in detail for a range of
borehole separations and electrode depths in both XH and IH cations: We
assume for now that the electrodes in each hole have the sdial w&paratiora,
and express the other distances in the problem as multipkeg¢set Figs. 1(c) and
1(d)). The inter-borehole separatiordég and the midpoint depths of the electrodes in
the left- and right-hand boreholes are and ca respectively. To illustrate the
dependence oAK/K on borehole separation and midpoint depth, we calculate the

related quantity /K where

o= (% (%)
oy o€

is the estimate of the error Kathat would occur for unit errors jnande, ando /K is
the associated relative error. The reason for assuming constanhceitainties iry
ande is so that we can compare the behaviours of the error estioratifferent
configurations.

The 3D surface plot in Fig. 2(a) showdgor XH configurations as a function
of the borehole separatienand the right-hand borehole midpoint deptBelow this
the 2D plots show the detailed behavioutsddr 6 = 0.5, 0.7 and 1.0. For all the plots

the range of right-hand midpoint depths i &< 15, and the left-hand midpoint
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depth is fixed ay = 10. Figs. 2(b) and 2(c) showKlando /K respectively. Fod < 1,
the vertical spacing between the electrodes in the same d&ake,larger than the
spacing between the boreholés, Figure 2(c) shows that large valuesodK can
occur in this regime. Consequently, large relative changks amd hence ip,, can
occur for small uncertainties in the depths of the arragade). For smallb (< ~0.7),
o /K can be negative and large enough to cause the apparent resstovignge sign.
Although real negative apparent resistivities are unusual, theyocam when large
resistivity contrasts exist in the vicinity of the electrofkese Appendix A). Therefore
the presence of such data can cause inversion algorithms to genessable
solutions with large abrupt changes in resistivity near @éetfocations. However it
is usually the case that> 1, unless the aspect ratio (borehole separation / borehole
depth) is small. Figure 2 shows that XH configurations are nongly affected by
offset errors between adjacent borehole arrays wheh.

For IH configurations Fig. 3 shows (&]o,¢), (b) 1K (d,¢), and (c)a/K (9, ¢)
as surface plots and line plots #= 0.5, 1.0 and 1.5. Note that the ordinate axes of
all plots in Fig. 3 have larger ranges than in Fig. 2. By canivdk the case for the
XH configurations, IK for the IH configurations can change sign for any borehole
separatiory (Fig. 3(b)). Also, for most combinations &fande, the error estimate
(Fig. 3(a)) is typically much larger than for XH configuratiomberefore the estimate
of the relative errore/K shows that, forany borehole separation, there are IH
configurations that are extremely sensitive to small unogieai in array depth.

Depending on the exact details of the actual and assumed locatithvesedéctrodes,
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these configurations could easily return apparent resistivitighstiae incorrect sign
(usually negative).

High sensitivities to geometric error will occur whef is close to a
singularity, or equivalently K/~ 0 (compare Figs. 2(b) and (c), and 3(b) and (c) for
examples). To understand why this is, we consider the extrages gvhere the sign
of the apparent resistivity can change with a small chantgeesidepth of one of the
rigid arrays. In general, if the potential electrode M is closdine current electrode A
than it is to B, and similarly N is closer to B than A, thiea geometric factoK > O.
But if, for example, M moves significantly closer to B than tal#fen the geometric
factor can change sigiK(< 0). If we are sufficiently close to this situation, then a
small uncertainty in the position of M can cause the calculatephitnde (and sign)
of K to be wrong, giving a large error in the apparent resigtiwhich may also
change sign. This explains why the XH configurations are largabffected by
geometric errors; ib > 1 it is not possible for M to be closer to A than it is to B (se
Fig. 1(c)). But for IH configurations, there will always benthinations ofy ande for
which M is closer to A than B and vice versa (see Fig. 1(d))e Nbat these
arguments are rather simplistic since they do not account faffiet of N, nor of
the image charges'Aand B. Nevertheless it is true that, whatever the borehole
separation, there will always be IH configurations that will ieey sensitive to
geometric error, and which should not be used to collect data. AnyoKfbaration
will be safe to use provided that the borehole separation is ldrgerthe vertical

spacing between the current and potential electrodes. For this r&ss recommend
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the use of XH configurations over IH schemes such as skip-1, skip-2kip-n s

(Slateret al, 2002).

3. SABRE test site and data collection

The data set that is analyzed in this paper was collectedtta tegh-density
ERT transect array as part of the SABRE (Source AredBmediation) project.
This project comprises a public / private consortium of twelve peones, two
government agencies, and three research institutions. Its clsatterdetermine if
enhanced anaerobic bioremediation can result in effective and calaletifieatment
of chlorinated solvent Dense Non-Aqueous Phase Liquid (DNAPL) sowas.arhe
SABRE research site is located at an operational industaiat pi the UK, within an
area contaminated with trichloroethene (TCE). The TCE sounoe mmpacts a
shallow unconsolidated aquifer comprising alluvium and river terrace itepos
underlain by mudstones. The water table at the site is betweenah8 €8 m below
ground level. A pilot-scale experimental test cell has beealledtat the SABRE site
to study the combined effects of biostimulation and bioaugmentationhen t
biodegradation of TCE.

It is anticipated that ERT will be sensitive to changes iaugdwater
chemistry associated with the dissolution of DNAPL TCE and bitsakdown
products, dichloroethene, vinyl chloride and chloride. The SABRE tdkthas
therefore been instrumented to monitor the enhanced bioremediation egerim

using ERT imaging as well as conventional groundwater samliagabined ERT
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and multi-level groundwater sampling arrays have been installed cghdber
transects in both the source and plume zones (see Fig. 4). The BRI @nsist of
stainless steel ring electrodes with a vertical separaii 200 mm mounted on a
40 mm diameter plastic tube. The use of ring electrodes can gatsmatic artefacts
when the data is inverted if the inversion code assumes, as ialltyphe case, that
the electrodes are point-like. It is fairly straightforwaodcalculate the difference
between potentials measured from ring and point electrodes (Ridd 1994); the effect on
the various configurations used in this work will be between ~0.5% and ~3.5 %
depending on the vertical electrode separation. This is somewladiersthan the
effects of random noise and geometric uncertainties, which are oeehtgflow. The
arrays were installed in 100 mm diameter holes drilled usingdne percussion
drilling method. It is estimated that this method disturbed and cdsetp#re ground
in a cylindrical region around each borehole with a diameter of ~200Fyure 4
shows a simplified lithostratigraphic section along the source m@msect, the
expected resistivities of each stratum estimated from ypeeobe penetrometer
resistivity profiles, and an indication of the depths below ground Iggd) to the
base of each borehole. The strata interfaces are approximmate they were
interpolated from core logs taken from other boreholes adjacehe tsite; the logs
from the transect boreholes were not used due to slippages in éhearcels. The
locations of the transect boreholes are given in Table 1 (as disténoen borehole
44) together with the surveyed elevation of the ground and the depths toeahlth
array was installed. In each borehole, the top few electrodeswlithimade ground

had very high contact resistances and so were not used forvigsisgasurements.
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The depths of the top functional electrode in each borehole arenalsa &1 Table 1.

All depths were measured to an accuracy of ~1 cm.

Borehole ID| Distance (m)| Surveyed gound Depth to base| Depth of top

elevation (m) | of array (mbgl)| electrode (mbgl|
44 0.00 0.000 6.71+0.01 0.71 +0.01]
45 0.45 0.043 6.31 +0.01 0.71 £0.01
46 0.96 0.055 6.29 £ 0.01 0.69 + 0.01
47 1.48 0.009 6.02 + 0.01 0.62 £ 0.01
48 1.96 0.053 6.11 +0.01 0.91 +0.01
49 2.36 0.041 6.08 £ 0.01 0.88 £ 0.01
50 2.74 0.018 6.38 £ 0.01 0.98 + 0.01

TABLE 1: Locations and depths of borehole arrays.

Apparent resistivity measurements were made on each paneaefadpair of
boreholes) using an AGI SuperSting R8 IP system. This is a 200gWt;akiannel
instrument, which permits the automated acquisition and storage ob @it
simultaneous apparent resistivity measurements for a given pairreht electrodes.
A XH-only measurement scheme was used, which is shown in Fjg.Gi(aent was
passed between electrodes A and B, and potential differenceseasered between
adjacently numbered potential electrodes (i.ePP Ps-P,, ... , R-Ps). A and B
started at the base of each borehole (so there could be a amnifertical offset
between A and B depending on the differing depths to the bases ofljtuerd
holes). The eight potential differences were measured, and thneas Anoved to the
position of B, B to I, P, to P, etc, and the process was repeated. This continued until

the top of the boreholes was reached. At this point, a similar schamased where

the potential differencelselow A and B were measured, with A and B moving back
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down the boreholes. This ensured that each measurement was magleintwic
reciprocal configurations (Parasnis 1988), with the average diwtheneasurements
being taken as the apparent resistivity for that particular gurafiion. The same
measurement scheme was used for each panel, but the total numisarsofements
for each panel was different because differing numbers ofaliest were left unused
at the tops of the boreholes (see Table 1). In total, there were 2@p8Bcal data
pairs for the whole transect array, comprising 419 for panel 1 (bosehdid5), 411
for panel 2 (45-46), 403 for panel 3 (46-47), 387 for panel 4 (47-48), 379 for panel 5
(48-49), and 379 for panel 6 (49-50). The difference between each pairpobcat
measurements was used as an estimate of its random erroght the data in the
inversion. The full data set of 2,378 measurements had a median racgmac of
4.5 %. Note that the error estimated from the reciprocal pairislatae to random
noise in the voltage measurement; it is not affected by geometric errastsse are

systematic in nature (Oldenborgsral. 2005).
4. Data processing and inversion

Despite the fact that only XH measurements were used to tctileadata,
some of the electrode configurations were still highly senstbvgeometric error.
This was due to the narrow aspect ratio of the panels and the presence of large vertic
offsets between some pairs of adjacent boreholes. To reduce ttteoéffeeometric
errors, we calculated the estimated sensitivity of each nexasut to this type of
uncertainty. The geometry of the XH arrays is defined in Fig). 3{bte that the

spacing between the current and potential electrodes can bemtiffeeach hole, and
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that the distances, b, ¢, d, ande are absolute (they are no longer dimensionless

multiples of a common distance). We define

ek 2 O_K 2
=55 ®

such thats/K represents the estimate of the relative errdf if@and hence ip,) per

meter of uncertainty irc and e. By neglecting the topography and its partial
derivatives can be calculated directly from Eqg. 1. Thereforehfmet calculations we
assume a flat surface at the average ground elevation acrasangect. It should
also be noted that, to be strictly correct, the valuesaoide in Eq. 6 should be exact.
The fact that they are uncertain by definition further reirg@srihe point that/K is an
estimate. Nevertheless the following example suggestsstKaprovides a useful
measure for identifying electrode configurations that are prorgetmetric errors.
We calculateds/K for all 2,378 apparent resistivities, and removed any with an
estimated relative error 6fK > 5 mi*. This limit was chosen to reduce the systematic
geometric errors to a level similar to that of the random noisee Sve estimated that
the uncertainty in the array depths was ~1 cm, this limit eqt@atgsometric errors of
~5 %, which is similar to the median level of reciprocal (randerm)r observed in
the data. In total 342 apparent resistivities were removed byptbcess, leaving a
data set comprising 2,036 measurements.

Figure 6(a) shows histograms comparing the distributions of apparent
resistivity data before (black bars) and after (light gbays) the data with high
sensitivities to geometric error were filtered out. Note th& bin widths in the

histogram are not uniform; this is so that we can depict in thee shagram the
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detailed distributions of the data before and after filtering. Irotlggnal data set, the
apparent resistivities occurred in the range -3@Ab<p,< 7,1120m. Since we

expected the actual subsurface resistivities to lie approsiynah the range

50m <p < 100Qm, the presence of negative and large positive apparentvigisisti

makes it likely that some of the measurements were affday geometric errors.
Examining the distribution of the filtered data set strengthersshypothesis. The
range of apparent resistivities after filtering is(lrh <p, < 1420Om, which seems

more physically realistic. It is important to emphasize thate of the data were
removed because of outlying resistivity values; they weterdidl solely on the basis
of the estimated sensitivity to geometric error, using lireé@s by the uncertainty in
the electrode array depths and the degree of contamination by randgenThe fact

that this technique has removed all the suspect data significactigases our
confidence in its use.

As demonstrated in Figs. (2) and (3), the geometric sensitivity efegctrode
configuration depends on the geometric factor and its partialadiees with respect
to the positions of the electrodes. Large geometric sensitioit@s wherkK changes
rapidly with position, which will occur wheK is close to singular. Sind€ will also
be large in the vicinity of a singularity, it is reasonable gk whether filtering by
geometric sensitivity could be replaced with filtering by the geoaietctor, which is
simpler to calculate. Figure 6(b) shows a comparisos/kKfandK for a specific
configuration taken from panel 6 for which the in-hole electrode aBpas are
a=0.8 mb=0.8 m, the borehole separatiordis 0.387 m, and the midpoint depths

arec=1.79 m,e= 1.27 m. This configuration has a sensitivitysék = 9.5 m* and
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geometric factor oi| = 42.5 m. In Fig. 6(b); is varied to demonstrate the behaviour
of s/K andK. Although both are large near the singularity, there is no coedo
mapping between the two parameters, e.g. values/Kf=5 m' occur where
|K|] = 63.8 m on one side of the singularity addH4 25.2 m on the other. To reinforce
this point, we removed 342 measurements with the ladgesbm the full data set to
compare with the results shown Fig. 6(a). Of the 342 measuremardsea by K|
filtering, 71 were different to those removed £ filtering. After K| filtering, the
resulting range of apparent resistivities waf2m <p, < 142Qm, which is not as
realistic as that produced by filtering efK. A final question raised by filtering on
|K] is how to define the cut-off limit? In the above example, we ctosemove the
same number of data as in Fig. 6(a), but without this prior informatieeeims that
any upper limit onK| could only be assigned on an ad-hoc basis. By contrast, limits
on geometric sensitivity can be determined directly from the knoowrfiguration
geometry and estimates of the uncertainty in the electrode positions.

To investigate the benefits of removing the geometrically Beasi
measurements, we inverted data from each individual panel and alsontihéned
data set for the transect comprising all six panels. We useas2DInv software,
with the finite-element method to permit the inclusion of topographygconeplete
Gauss-Newton solver, arib model and data constraints (Loké al, 2003). The
default settings were used for nearly all control parametdrishwvere kept identical
for each inversion. However, the default damping factor wasased by a factor of
two due to the high level of random noise in the data. In addition, theweata

weighted using the difference between reciprocal measureraenés estimate of
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their random error. The systematic geometric errors wewe by filtering out
configurations with high geometric sensitivity, which removed f@fata three of the
panels. The inversions of the original and filtered data sets fge thanels are
compared in Fig. 7. For panel 1 (boreholes 44-45) 33 % of the data wereed: for
panel 5 (boreholes 47-48) 6 % were removed; and for panel 6 (borehdio} 48 %
were removed. Although the same measurement scheme (Figwagised for each
panel, the number of data that were removed from each is diffditestis due to
differences between the depths of the base electrodes in neighbbargtples,
which changes the geometric factors and sensitivities ofldatrode configurations
from one panel to the next. For panels 1 and 6, removing the gematigtsensitive
measurements significantly improved the RMS misfit betwden ihverted and
observed apparent resistivities. For panel 5 there was almost ne&ckéhgr in the
inverted image or in the RMS misfit. But this is consistenthvite estimated
sensitivities of the data to geometric error. The small nurolbettata that were
removed from panel 5 had sensitivity estimates in the range 5'04 m/K <
5.38 m', only just above the selected limit of 5'nBy contrast, the data that were

removed from panels 1 and 6 had sensitivities of 581<ns/K < 1,020 m* and

8.67 m* < s/K < 1,380 nt respectively. Given that the data that were removed from

panel 5 were consistent with the data that remained (since tHe RIfit was
unchanged), whilst the data that were removed from panels 1 and Gaotgence
the RMS misfits significantly decreased), this provides furévdence thas/K is a

useful estimate of the sensitivity to geometric error.
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Having assessed the individual panels, in Fig. 8 we compare theethve
images of the data set before (a) and after (b) fikefor the entire six-panel transect.
Both images exhibit regions of low resistivity within ~0.05 m of heaertical
electrode array, which is consistent with a borehole of 100 mm diarhilétd with
water and poorly consolidated material from collapsed borehole. vizgtsveen the
boreholes, the resistivities are somewhat higher than the expedtext shown in
Fig. 4. This may be due to compaction by the sonic percussiomgintiethod.
Nevertheless, the images do seem to show four distinct layérsotinaspond quite
closely with the lithostratigraphic section in Fig. 4. The inm¥fabetween the strata
are shown by dotted lines overlaid on Fig. 8(a). In both images, theears to be a
fairly low contrast boundary at a depth of ~1.5 m that corresponds vtelthve first
interface. Another more obvious, higher contrast boundary occurs at ~3 ah, i@hi
about 0.1 m - 0.2 m above the second interface. The highest contrast bounstary exi
at ~5.8 m, which probably corresponds to the third interface, althougrsthlsout
0.5m below. We note again however that the lithostratigraphic actsf are
approximate, having been interpolated from boreholes adjacent to theteedtor
clarity we have plotted our observed boundaries on Fig. 8(b) only (dashed lines
although they apply equally well to both images. They partition eaalye into four
regions (I, Il, lll, and IV), and the average resistivitieseach region are shown. It
should be noted that in all four regions the material was hightyrdesd by the
drilling and the installation of the multi-level sampler completioRisere may also
have been localized differences in the vertical distribution of ddaesulting from

the reductive dechlorination process. Both of these considerations mageaet
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correlation between the inverted image and nearby cone penedrorasistivity
profiles unlikely. In region I, the average resistivity is muolvdr than expected
(~20Qm compared to ~10Qm). This is probably because there were several
electrodes in the resistive vadose zone that failed to make go@higatontact and
were not used. Therefore most data in region | were measurée leds resistive
saturated zone of the made ground. For region I, the resisgwignificantly higher
than expected (~3Qm instead of ~%2m), but the exact reasons for this discrepancy
are not clear. In region lll, the average resistivity of €80 is in reasonable
agreement with the expected value of €E@ - 50Qm. At the base of the image
(region 1V), the resistivity is somewhat higher than expe{t&dQm compared to
~10Qm), but the lack of agreement is probably due to low data densdg enly
~10 % of the electrodes were in this region.

The qualitative differences between Figs. 8(a) and 8(b) are ralivésus as
for some of the individual panels. This is because no data were reérnowethree of
the panels (2, 3 and 4). The unchanged data from these panels havaeteéentin
the inverted image in adjacent panels (Maurer & Friedel 2006), wéncts to ensure
consistency of the image across the entire transect. Figurelifas a quantitative
comparison in terms of the logarithm of the ratio of the modedtreities before and
after filtering. This shows that the changes occur predoniyjnempanel 6, and to a
lesser extent in panel 1, which is consistent with the numbersgasurements that
were removed from each. As noted above, the influence of data on agjanelt is
the likely cause of the resistivity changes in panel 2, and abapty largely

responsible for the changes in panel 5, given that the small humdataofemoved
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from this panel had little effect on its individual inverted image (see Fiy. T{lss not
possible to associate specific localised resistivity changds tve removal of
individual measurements, since the data tend to be filtered oubupgithat are
distributed evenly along the vertical extent of each affected panel.sTitiistrated in
Fig. 9(b) which indicates the configurations that were removed frvanel 5. The
reason for the removal of all configurations with a particubeed geometry over a
range of depths is that the geometric factor and its derivatef@snd only weakly on
the depth of the configuration below the surface.

In resistivity inversion, it is normally desirable to use theatdgm of the
apparent resistivity as the data parameter. This transforntgpiically large range of
resistivity values to a linear scale and ensures thatalldata have equal weight
irrespective of their magnitude. But it is worth noting that thedata set, including
measurements with negative apparent resistivities, can be ohwatteut filtering if
a different data parameter is used. Table 2 shows the RM$ ofutdined for the full
and filtered data sets using the resistance, the apparent resistivitye dogarithm of
the apparent resistivity as the data parameters. In eaeh) ttes inversion was
terminated when the relative change in the RMS misfit wa% %. It is clear from
Table 2 that removing geometrically sensitive measuremeiisnisficial whichever
data parameter is used. But the advantage of geometric senditiertpg is that it
will extract a subset of measurements that can be inverted ths@ logarithmic data
parameter. Of the three that were tested, this parametercpthe lowest value of
the RMS misfit in the above example (4.8 %), significantly imprownghe quality

of the fit obtained before filtering. This misfit is consistenthvwhe level of random
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noise in the data, which strongly suggests that the systematic tgeoenors have

been suppressed effectively by this approach.

Data set Resistance Apparent Resistivity Log Apparent Resjstivi
Full 10.3 % 11.1 % -
Filtered 6.9 % 5.7 % 4.8 %

TABLE 2: RM S misfit errorsobtained using the specified data parameters.

6. Conclusions

Since data errors caused by uncertainties in the geometrgrehole ERT
configurations are systematic in nature, they will not direb#yaccounted for by
weighting or filtering based on the reciprocal error. Theretagimportant to obtain
other estimates of their effects on the measured datéha&e shown how to derive
analytical expressions for the sensitivity of such measursme geometric error,
which can be applied to configurations with any number of electifoolespole-pole
upwards. The sensitivity, which is calculated from the geomd#ator for a
homogeneous half-space, is an estimate since the exact geoftée measurement
configuration and the resistivity distribution of the subsurface are unknown.

We have studied the behaviour of the geometric sensitivity forgevieric
four-electrode configurations that are frequently used in borehole ER{current
flow and potential difference in-hole) and XH (current flow and potediféerence
crosshole). Using dimensionless distance units for generality,esults show that
some IH configurations possess high sensitivity to geometric ferrany separation

between the boreholes. By contrast, XH configurations are affext@dnuch lesser
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degree, only exhibiting high sensitivities for small borehole sépaga(typically less
than the vertical spacing of the current and potential electroddse isaime hole).
Since XH configurations also provide superior image resolution and $a@nalse
characteristics, this additional advantage strengthens the foastheir use in
preference to the IH type.

To demonstrate the usefulness of this approach, we applied it t@testime
sensitivities of all the measurement configurations that wexd tes gather test data
from a newly installed transect of closely spaced boreholestrnisect is part of an
ongoing research program to monitor bioremediation of chlorinatackrgsl at a
contaminated industrial site. The electrode arrays were italh rigid plastic
tubing with precise and constant inter-electrode spacings of 20 omewvdr, the
estimated uncertainty in the depths of installation of each araay~1 cm. Although
only XH configurations were used, the small separations betweemaieoles
(~45 cm) caused some configurations to be highly sensitive to geoeretnicUsing
the estimated sensitivity to geometrical error and the umnogrtin the array depth,
we filtered out 14 % of the data that had estimated sysiereatdrs, caused by
uncertain array geometries, X6 %. Without referring to the measured data in any
way, this process removedl the outlying measurements with physically unrealistic
apparent resistivities. This enabled the use of logarithmic datihwends to improve
the stability of the inversions. The results showed a marked impeein
convergence between the inverted and measured data, both for indivdehble

pairs and for the whole transect.
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The calculations involved in estimating the sensitivity of borehold ER
measurements to geometric error are straightforward andi@asylement. It may
be possible to combine the estimates of geometric error witk thmained from the
data for random noise, and subsequently use the combined error to Wweidhta in
the inversion. However, our results show that simply filtering appaesistivity
measurements using this estimate can significantly improvefithgetween the

observed and the inverted data.
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Figure Captions

Figure 1. Geometry of (a) crosshole (XH) and (b) in-hole (IH) arrays for
evaluation of general electrode position errors, and (c) XH andHdrdays for
evaluation of depth offset errors between adjacent boreholes. Curcepotential
electrodes are shown as open and filled circles respectivedtarioes in (c) and (d)

are given as multiples of the vertical electrode separation

Figure 2. Surface and line plots of (a) error estimate (b) inverse of the
geometric factor K, and (c) relative error estimai#K for XH configurations. In all
plots, the left-hand midpoint depth is fixed et 10, and the right-hand midpoint
depth range is 5 ¢ < 15. In the surface plots, the range of borehole separations is 0.5

<0 <6.

Figure 3. Surface and line plots of (a) error estimate (b) inverse of the
geometric factor K, and (c) relative error estimai#K for IH configurations. In all
plots, the left-hand midpoint depth is fixed et 10, and the right-hand midpoint
depth range is 5 ¢ < 15. In the surface plots, the range of borehole separations is 0.5

<0 <6.

Figure4. Plan view of SABRE test cell, showing source and plume zone transect
borehole fences. The lithostratigraphic section shows the expesistlvities of the

four strata and the depths of the seven boreholes on the source zone transect.
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Figureb5. (&) XH multi-channel measurement scheme used to collect ERT da
on each panel. The dashed line joins the current electrodes, the dotigdoln
sequential pairs of potential electrodes. (b) Geometry for ei@uaf depth offset

errors between adjacent boreholes for general XH arrays.

Figure®6. (a) Distribution of apparent resistivities before and afteerfiig out
measurements with high sensitivity to geometric error (black aray dpars
respectively). (b) Comparison of the geometric sensitigtiK and geometric factor
(K) with midpoint depthc for a specific four-electrode configuration. The shaded
region indicates the region for whigK > 5 ni, and the arrow indicates the actual

midpoint depth and sensitivity of the given measurement.

Figure7. Comparison of ERT images before and after filtering for (a) Iphne

(b) panel 5, and (c) panel 6. The RMS misfiEg,{ are given beneath each image.

Figure8. Comparison of ERT images for the entire transect (a) beforgand
after filtering. The RMS misfit K9 and average resistivities for regions I-IV are
given beneath each image. Predicted lithostratigraphic interémeeshown as dotted

lines in (@), observed interfaces are shown as dashed lines in (b).

FigureO. (a) Logarithm ofthe ratio of the model resistivities before and after
filtering. (b) lllustration of the shallowest and deepest camégons that were
removed from panel 5 by geometric sensitivity filtering. The entriand potential

bipoles are shown by red and blue lines respectively. The arrovateslithat all

32



configurations with the same fixed geometry lying betwdwsseé two were also

removed from panel 5.

FigureAl. (a) Geometry of a XH configuration with a large and closertgusar
geometric factor. The subsurface resistivity distribution is ricadly faulted half-

space, with resistivities; andp,. (b) Dependence of apparent resistipiyn p-.
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Appendix A: The reality of negative apparent
resistivities

The apparent resistivity, is often described as a weighted average of the
resistivity distribution through which the current flows, despite féct that this has
long been known to be wrong (Parasnis 1966). More correctly, it can be understood as
the resistivity of a hypothetical homogeneous subsurface thatdwmlt the same
potential difference when using the same current and arrangemelectvbdes. But
in either interpretation, it is very difficult to understand the sptgl meaning of
negative apparent resistivities. In our experience, they anme attéuted to noise, or
to the current or voltage electrodes being accidentally transpg®seid.is not always
the case that a negative apparent resistivity is an indichtandom or systematic
error. There are circumstances under whjigh O is possible, and is a valid
measurement. This was first pointed out by Carpenter & Habbddast) for a
layered earth, by Kumar (1973) for an outcropping vertical dghkel has been
recently rediscovered by Clab al. (2002) and by ourselves.

Let E; be the electric field in the vicinity of the potential electotié and N
in the inhomogeneous half-space in which we are measuring the rapesistivity.
Similarly, letEy, be the electric field in the same region of a homogeneous ha#-spac
with the same electrode configuration. Also, rigt, be the vector from M to N. If
pa< 0 it implies that the component Bf alongr vy points in theopposite directiorio

the same component Bf,. This can happen if the secondary field in the vicinity of M
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and N, which is caused by the inhomogeneous resistivity distributigneager than

the primary field, which is due to the current electrodes @had, 2002). This is not
often the case, but it can happen if the primary field is weak tfiee potential

difference is small, which occurs if the geometric factoclose to singular), and if
there are strong resistivity contrasts near the electrateshét the weak primary
fields are distorted by strong secondary fields).

Since geoelectrical inversion algorithms usually regard theretecpositions
as fixed and accurate, what happens if a geometric errorisagiy changes an
apparent resistivity measurement, or causes it to becomevedyghiji, increases then
the volumetric average concept suggests that localized high comt@sialies will
appear in the resistivity tomogram near the affected electrodeseasing the
apparent resistivity of that particular measurement. Bpj Becomes negative then
this interpretation is not valid. In this case, we must considgortitdem in terms of
strong secondary fields. This also suggests that high contrasake®mm@re likely to
appear near the electrodes. These anomalies would distortinterypfield, and if
strong enough, could cause the predicted apparent resistivitydméetegative and
therefore improve the fit to the observed data that are negative deernetric error.
Figure Al demonstrates a simple example of a real negapparent resistivity
measured using a XH configuration and caused by a resistoityast close to two
of the electrodes. In Fig. Ala, the XH configuration is close to sangahd has a
high geometric factor oK~ 5,700 m. The resistivity distribution is a vertically
faulted half space, withh =p; to the left of the fault, and =p, to the right. The

apparent resistivity for this configuration can be calculaasily by incorporating
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image charges above the surface into the standard solution for theespotential
(Keller & Frischknecht 1966). The variation pf as a function of the resistivity
contrast is shown in Fig. Alb. This demonstrates that the apparestivityscan
change dramatically with the contrast across the fault, andinckeed become
negative. Sincep,>p1 when p, <p;, and pa<pi when p, >p,, there are no
circumstances in this example for whighcan be a weighted averagepafandp,.

This is true whethes, is positive or negative.
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