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ABSTRACT

We present an array evaluation of standard andiaodard arrays over a
hydrogeological target. We develop the arrays hgdily combining data from the pole-pole (or
2-pole) array. The first test shows that reconstdicesistances for the standard Schlumberger
and dipole-dipole arrays are equivalent or supedahe measured arrays in terms of noise,
especially at large geometric factors. The invenseels for the standard arrays also confirm
what others have presented in terms of targetwabibity, namely the dipole-dipole array has the
highest resolution. In the second test, we recoastandom electrode combinations from the 2-
pole data segregated into inner, outer, and ovarigipoles. The resistance data and inverse
models from these randomized arrays show thoseimitir dipoles to be superior in terms of
noise and resolution and that overlapping dipotesaause model instability and low resolution.
Finally, we use the 2-pole data to create an opé&tharray that maximizes the model resolution
matrix for a given electrode geometry. The optirdiagray produces the highest resolution and
target detail. Thus, the tests demonstrate thé&t dumlity data and high model resolution can be
achieved by acquiring field data from the pole-paiey.

Introduction

There are many examples in the geophysical litezadtielectrical resistivity array
evaluation to determine the best means to imagsubsurface. One of the most comprehensive
was that performed by Dahlin and Zhou (2004), whé€rstandard arrays were compared in a
series of tests using synthetic geological mod&dsh array had different strengths in terms of
resolution, acquisition efficiency, depth of sigpahetration, and signal-to-noise (S/N). Other
examples of array evaluation for both field andtbgtically derived models included Dey et al.
(1975), Saydam and Duckworth (1978), Batayneh (R0Dandansayar and Basokur (2001), and
Seaton and Burbey (2002). Most of the studies caled that the dipole-dipole array has very
high resolution and low S/N, whereas the WennerSeidumberger arrays have a slightly lower
resolution but better signal penetration and nofegacteristics. The pole-pole array also has
high S/N, but is one of the lowest resolving arrays

One means of increasing the utility of the resistimnethod is to combine two or more
arrays together, which may take advantage of pdatideatures of individual arrays, such as high
resolution and high S/N. For example, Kaufmann Quahif (2001) and Zhou et al. (2002)



combined Wenner, Schlumberger, and dipole-dipatgyarto map sinkholes. Again, Dahlin and
Zhou (2004) noted that the imaging quality of someed arrays is similar to the better resolved
individual image and that the data from the lovesotution array provides little to no
improvement. Alternatively, Leontarakis and Apospmulos (2012) used image stacking by
calculating the geometric mean of resistivity framumber of arrays to produce a final model
that appeared to be less prone to artifacts cordpar@dividual and mixed arrays. In all of these
multiple dataset and multiple model approachegyrafecant amount of field and processing time
would be necessary to capture each of the differeays.

Two separate tracks of investigation into the tegig method have almost rendered
issues of resolution, acquisition efficiency, aridl 8bsolete. Firstly, Sri Niwas and Israil (1989),
Xu and Noel (1993), and Lehmann (1995) describegans of selecting a base set of four-pole
electrodes from which other four-pole electrodegean be calculated using superposition. Thus,
by making a relatively small number of strategiaswwements, other desired arrays can simply
be calculated and there would be little need tameanultiple arrays for testing. Blome et al.
(2011) showed the same type of conversion for a hage-pole (i.e., pole-dipole) dataset to
calculate other three-pole combinations. In eacke che noise from the base 3- or 4-pole
combination is additive and Blome’s approach wapgear to be highly advantageous given that
only two combinations are necessary to calculayeotimer combination. Up to six 4-pole
combinations are required to cover the completeld-gataset. Rucker (2012) demonstrated a 2-
pole to 4-pole conversion for long electrode datiagre four calculations are always needed for
any 4-pole combination.

The second track of investigation includes cal@udpthe optimal array based on
maximizing the subsurface resolution as definethbyinverse model resolution matrix. Stummer
et al. (2004) introduced the concept of derivingpptimal array configuration that is
computationally efficient and combines standard raoakstandard electrode combinations. Since
then, a number of researchers have expanded th®dwtdgy by which to search for and
practically use the optimal configuration, inclugliwilkinson et al. (2006), Loke et al. (2010), Al
Hagrey (2012), Wilkinson et al. (2012), and Lokele2014). The resolution from the optimal
arrays is far superior to any standard array (pale-pole, dipole-dipole, pole-dipole,
Schlumberger, or Wenner). In this work we combheetivo tracks of investigation to calculate
the optimal 4-pole array from a measured 2-polas#dt We first compare the acquired pole-pole
data, converted to the standard dipole-dipole adughberger arrays, to the measured standard
arrays over the same target. The comparison isrdstrate the difference in measured and
calculated potentials and resulting target definitand resolution from inverse models of each
array. We then demonstrate the results from otlpmld conversions including a randomized (as
demonstrated in Rucker, 2012) and optimal set.rébelts will demonstrate that superior arrays
for acquisition and modeling can be obtained witleleffort.

Site Description

Electrical resistivity data for multiple arrays weacquired over a series of infiltration
galleries. The galleries, or trenches as they aosvk, were designed to dispose liquid
radiological waste associated with plutonium prdituncat the Hanford site in the mid-1950s.



The series of eight trenches, located to the wiethteoBX tank farm (Fig. 1), received 15X10

of sodium nitrate waste between 1954 and 1955 @rintkier et al. 2002). Several steel cased
wells were installed for geophysical well loggimgdetect neutron and spectral gamma emitting
contaminants. In general, the spectral gamma lggginealed high Cs-137 concentrations in the
top 10 m of soil, and in some cases Co0-60 to degithid m (Rucker et al., 2013). A soil
characterization borehole also revealed significétnate concentrations from depths 17 to 61 m
below ground surface. The sodium nitrate was thgetdor electrical resistivity investigation.

Sediments throughout the Hanford Site are glati@idl as a result of great floods that
swept through the Columbia Basin during the pafid®years. The major formations from
bottom to top include a Pliocene-age Ringold fofaratonsisting of overbank deposits from the
ancestral Columbia River, a Pliocene-age calcii@i@osol Cold Creek unit, and a Pleistocene-
age Hanford formation resulting from the catastiofflood deposits of glacial Lake Missoula
(Gee et al., 2007). The Hanford formation can bthér divided into subunits based on loose
boundaries of coarse and fine grained fractionactBtally, these sediments are relatively
resistive compared to the sodium nitrate wasteetarg

Figure 1. Location of the Hanford Site and resistiity study in central Washington.
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Array Optimization

The definition of optimal electrode configuratiozen be considered from a combination
of important factors such as signal strength, depenetration, the ability to complete
acquisition in a short period of time, and the hdsg capability of the configuration. Much of
the work into developing optimized arrays has eensed on the last item, where electrode
pairs are chosen such that the model resolutitheofubsurface is maximized. For example,
Maurer et al. (2000) demonstrated with a Schlumtresgunding example that a subset of
measurements contribute significantly to resolhtimggeological features of the subsurface while
other measurements contribute very little. Diag@baments of model resolution matrix,
indicated the relative importance of individualalabints. The model resolution matrix is defined
by m" = Rm™® (Menke 1984), where this the estimate of the model resistivities detardiby
the inversion process, and'fhcomprises the unknown true resistivities (Wilkinsai al., 2006).

If each model cell is perfectly resolved then fhis identity matrix. Later, Stummer et al. (2004)
generalized the work of Maurer et al. (2000) byrcleiag for the best subset of configurations
that maximizes the model resolution by startinghwaitbase dipole-dipole array and adding only
those configurations that increase the model réisoluThe added configurations were chosen
from a comprehensive list and new configurationsewested incrementally using a goodness
function (GF) to determine the effect on the resofu Their work showed that non-standard
electrode configurations could be chosen that yreahances the ability of the resistivity
method to resolve important areas of the subsurface

Over the last decade, effort in determining thénogltarray has focused on the
computational difficulty of searching for the subskelectrode configurations that provide the
greatest resolution. Wilkinson et al. (2006) conegathree strategies for finding the optimal set
and determined that the Compare R method is mawgae but computationally slower than the
original or Modified GF search. Based on its parfance, Loke et al. (2010a; b) developed new
algorithms for the Compare R method and used nempatational hardware (the Graphical
Processing Unit, or GPU) to speed the search émtrelde subsets.

In our work, we use the Compare R method for séagdhe best subset of electrode
pairs to increase resolution of the subsurfacer@paally, the Compare R methodology starts
with a base set of electrode combinations. The ragblution of the dipole-dipole array makes it
a good starting point, and the Compare R algoritlses configurations of a unit electrode
spacing for dipole length (i.e., a-spacing) andtliseparations (n-spacing) from 1 to 6. With 78
electrodes used in our study, the base dipole-glipet for the optimal array included 435
combinations. To this base set, new combinatione wdded incrementally. To reduce the
number of possible combinations in which to expltiese exhibiting extremely large geometric
factors and other less stable configurations sadbvarlapping dipoles were excluded. The
examples presented below, using overlapping dipmegrated from randomized combinations,
confirmed the instability observed in other's wéekg., Stummer et al., 2004; Wilkinson et al.
2006). Additionally, electrode combinations thateaot symmetrical about the survey line were
made symmetrical by adding the complement to theratide of the line.



The resolution updating procedure was conductedtitely by adding a small number of
combinations with each trial. In this case, we adoi# to the number of electrode combinations
with each iteration. The model resolution matrixsvtiaen updated and compared to the previous
iteration. Those combinations that increased thelution were kept; those combinations that
worsened the resolution were discarded. The proeadas terminated when the number of
optimal combinations reached 8,000.

Methodology

The following section describes arrays acquiredaiculated from transfer resistance
data for conventional arrays, random arrays, aaafiimized array based on the Compare R
method (Loke et al., 2010).

Conventional Arrays

The survey line for the array conversion demonisinavas placed perpendicular to the
series of BX trenches (Fig. 1). The line was 23With 78 electrodes spaced every 3 m. The
resistivity data were acquired with the SuperSR&y(by AGI, Austin, TX). The complete
dataset with all measured arrays included the Sdbduger array with 1,482 measurements,
dipole-dipole array with 580 measurements, and-pole array with 3,003 measurements. The
remote poles were placed 800m and 1200m away éaraimsmitting and receiving dipoles,
respectively. No reciprocal measurements were takewever, the SuperSting R8 output file
contains a repeat voltage measurement error bastdoomeasurements taken consecutively.
The final voltage is recorded as the average df betasurements and the error is calculated as
the difference between the measurements dividadéogveraged resistance which is then
recorded as a percentage.

A comparison of the raw resistance data are showigi. 2. The data are plotted as a
pseudoplot with distances along the line takemasvarage between the transmitter and receiver
electrode positions for pole-pole and dipole-dipalad as the average of the internal receiver
electrodes for the Schlumberger array. The datataren to segregate naturally by their a-
spacing value, which is the (di)pole distance faegole and dipole-dipole arrays or the distance
between transmitter electrodes for the Schlumbeagay. The signal strength for the pole-pole
array is shown to be significantly higher than difole-dipole and Schlumberger arrays. A
minimum resistance value of 0.25 ohms was obtdioethe pole-pole array relative to 0.0053
ohms for dipole-dipole and 0.0012 ohms for the Geitlerger array. Unexpectedly, the minimum
resistance values for the Schlumberger array averlthan those of the dipole-dipole array.
However, the average resistance for the Schlumbergay is 30% higher than the resistance for
the dipole-dipole array.

The reconstructed 4-pole resistance from measupale2resistance data is calculated by
(Rucker, 2012):

UABMN =U AM ~ U AN~ u v U BN (1)



where subscripts A and B refer to the transmiselentrode pair and M, N refer to the receiving
electrode pair needed for the completion of thestasce (U) measurement. For the error (or
noise) of each data pair, the following relatiopsisi used:

Exemn = Ean + Eant Egy + Egy (2)

Equation (1) was used to calculate the equivalehtutnberger and dipole-dipole arrays
from measured pole-pole data and the results ofdtoailation can be observed in Fig. 2 in direct
comparison to the measured data. The pseudopletchf calculated array are shown to align
well with the measured data and the scatterplatedsured vs. calculated show very little
deviation from a near perfect fit. The measurea @i@m Schlumberger and dipole-dipole arrays
are shown to have some noise, but the calculateewfor those particular pairs appear to be less
noisy due to the higher quality pole-pole data.

The resistance data from the three arrays weretgtvandividually to build a
representation of subsurface resistivity. Therenaaay published articles on electrical resistivity
inversion to which the reader may refer (e.g., Lekal., 2013 and the references therein). To
keep the analysis simple, only the measured date medeled. Given the goodness of fit for the
calculated versus measured data, the inverse mimdefse calculated data would not have shown
much difference relative to the models of the meadata. RES2DINVx64 was used for the
inversion and the three datasets converged totarrean square (RMS) error less than 5% within
four iterations. The pole-pole array converged withRMS of less than 1.5% in four iterations,
thus providing a qualitative noise comparison amitiegthree arrays.

Figs. 3 and 4 show the results of the inverse niegleln Fig. 3, contours of the
logarithmically-transformed resistivity show sinmif@atures among the three arrays. There is a
large low resistivity target between a distanc8@fand 100 m, which is likely the direct result of
nitrate-laden waste disposed in the series of BHdines. Other near surface resistive features can
also be traced within all three models, for exanapla distance of 80 and 180m. Major
differences between the arrays can be seen irehih df investigation, where the pole-pole
images significantly deeper than the other twoyarrand in the shape and amplitude of the low
resistivity target. For ease of plotting, the pptde array has been truncated to a depth of 50m,
but the entire model extended to a depth of 162m.



Figure 2. Pseudoplot of data acquired with a) pol@ole array, b) Schlumberger array, and
¢) dipole-dipole array. For the Schlumberger and diole-dipole array, both measured and
calculated resistances are compared as a pseudopéotd scatterplot.
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Figure 3. Inverse model results using measured dafar a) pole-pole, b) Schlumberger, and
c) dipole-dipole arrays.

Figure 4 shows the model resolution of each afRaypay be viewed as a filter that blurs
the true values of the subsurface resistivitiear(fdter et al., 2004). To ensure a fair comparison
of R between the arrays of our test, the model disatdin and all model constraints were kept
constant. Inverse model grid discretization incthde8m width in the horizontal direction and
variable layering from 1.1 to 8.5m. Constraintduded using the L2 norm, initial model
dampening factor of 0.15, and increasing by a fagtd.1 with depth. When evaluating results,
Fig. 4 shows that the model resolution is highesttie dipole-dipole array and the lowest for the
pole-pole array. For example, the average deptth#0.063 isopleth (or log value of -1.2) is
6.8m, 7.7m, and 8.2m for pole-pole, Schlumberged,dipole-dipole arrays, respectively. Table
1 lists several other statistics for the modelsllww for direct comparison between them. Of the
three standard arrays tested, the dipole-dipoléheabkighest average resolution of 0.111.



Figure 4. Model resolution for a) pole-pole, b) Sdumberger, and c¢) dipole-dipole arrays.

Table 1. Resistivity and resolution statistics frominversion models

Array Resistivity Avg. Resolution| Avg. Depth for resolution
Range (ohm- isopleth = 0.063 (m)
m)

Pole-pole 22.2-2787 0.042 6.8

Schlumberger 13.9-3007 0.096 7.7

Dipole-dipole 8.5-2674 0.111 8.2

Random with inner dipoles| 11.4-5380 0.120 8.8

Random with outer dipoles|  6.6-5859 0.117 9.1

Random with overlapping | 19.6-8563 0.098 8.7

dipoles

Random with all dipoles 12.8-6220 0.107 9.1

Optimum 8.5-5038 0.140 11.2

Random Arrays

The next test was to create a random set of 4guaikefrom the 2-pole data. The
algorithm for the randomized array first creatath&ue list comprising four integers that
incorporated the 78 electrodes. A lookup functizentcombed the 2-pole dataset for the
combinations associated with the random list amcliizted the resistances according to Equation
(1). In addition, the geometric factor (K) was caéted as:

Sdmiminin

-1

3)



where distances between electrodes A, B, M, ancéi wsed in the formulation. According to
Xu and Noel (1993) and Rucker et al. (2011), we ld@xpect the total number of 4-pole
combinations from a 78-electrode dataset to bedess of 4.2x10 In this example we chose to
limit our random set to 5xf@ombinations and positive geometric factors lbas tix16 m.
Furthermore, the random combinations were dividéa inner dipoles, outer dipoles, and
overlapping dipoles. Carpenter and Habberjam (18&@&)red to these combinations as Alpha,
Beta, and Gamma arrangements, respectively. Then®¥emd Schlumberger arrays would be
considered inner dipole arrangements and the ditiplele would be considered an outer dipole
arrangement. Overlapping dipoles are constructed fransmitting electrode pairs straddling or
interleaving the receiving electrodes. Figure Sashthe distribution of these random data as
resistance versus K. The data are shown to almgad fairly narrow band of apparent resistivity
values, especially the inner dipole set of Fig).5(ae data from outer dipoles (Fig. 5(b)) span a
much broader range of geometric factors and thee fdatn overlapping dipoles (Fig. 5(c)) show
fairly noisy resistance values at smaller K.

Figure 5. Resistance versus geometric factor for rlom and optimum 4-pole combinations
calculated form the 2-pole dataset. The random datare segregated by inner, outer, and
overlapping dipoles.



The individual and combined random dipole modelssveeeated using a subset of 4,100
and 5,400 resistance records, extracted for eqahediiataset, respectively. The dataset for each
model was based on those measurements with thet@akulated noise according to Equation
(2). Using superposition, the repeat errors fohexpole combination, as provided from the
instrument data file, were added and an error vaglsethan 1.5% was used as the cut-off in
developing the final model input file. Each datasast inverted using similar parameters and
discretized grid as the standard arrays. The omdg@ion was choosing to invert apparent
resistivity and not logarithm of apparent resigyivor the two examples that included
overlapping dipole data because negative appagsistivities being calculated in the code
cannot be log transformed. The negative apparsrgtraty was likely due to the differences in
the way geometric factor is calculated, which cdwgle become negative in the inversion code.
Each random array converged to an RMS value less5k6 within four iterations.

The contours of resistivity in the random dipoledais (Fig. 6) show a similar low
resistivity target among all models and with thos€ig. 3. The models of overlapping dipoles,
whether alone (Fig. 6(c)) or together with othgralies (Fig. 6(d)) show a dampened target from
the choice of how the apparent resistivity dataenesed. However, the overlapping dipoles show
a deeper investigation depth. The resolution castotiFig. 7 show subtle differences among the
models, but Table 1 shows the inner dipole modeingethe highest average resolution.

Optimized Array

The last test was to create an optimal array camgi4-pole combinations calculated from the
base 2-pole dataset. The Compare R method wadasattulate 8000 optimized pairs using the
dipole-dipole array as the base set. From Equdlipthe resistance was calculated for each
combination of the optimal array and Fig. 5(d) shdhe distribution of resistance data versus
geometric factor after filtering to remove obviaugliers. After filtering, using similar criterissa
established for the randomly generated array,itta dataset for inverse modeling of the
optimized dataset comprised 4820 values.

Figure 8 shows the resistivity and resolution ressidr the optimal array. Again, to ensure
consistency among the models, the same model gddnaerse model parameters were used to
create Fig. 8. The resistivity data show the samerésistivity, high amplitude target at a depth
of 20 m as all other models with slight differengeth respect to shape and extent across the
profile. For example, the isopleth for a log rasist value of 1.7 is shown to have separated at a
distance of 130m. The model resolution is showedigher than all other arrays, with an
average value of 0.14 and the average depth 10.868 isopleth at 11.2m. This depth is 3m
below that of the dipole-dipole array and showspbeer of using an optimized array to resolve
pertinent features of the subsurface.

Figure 6. Inverse model results using randomly gemated dipoles, segregated by a) inner
dipoles, b) outer dipoles, c) overlapping dipolesnd d) all dipoles.



Figure 7. Model resolution from randomly generateddipoles, segregated by a) inner
dipoles, b) outer dipoles, c) overlapping dipolesnd d) all dipoles.



Figure 8. Resistivity and resolution for the optim&array



Conclusions

Evaluating different geometric arrays to maximiaeget recognition is rather popular in
electrical resistivity investigations. Often, cortipg arrays such as the dipole-dipole,
Schlumberger, gradient, and other standard corétgurs are collected simultaneously and
modeled together or separately to compare thetfidul the target’'s dimensions and resistivity
amplitude. To ensure completeness of the studtipteibeological scenarios are usually
surveyed and the best array is chosen based gatteular needs of the geophysicist. In this
work, we also investigate multiple arrays to tésirt ability to recreate a hydrogeological target
developed from disposal of sodium nitrate waste &series of infiltration trenches. However,
we take a slightly different tack by comparing rntanslard arrays reconstructed (i.e., calculated)
from a base set of pole-pole data. The reconstruditiearly combines a series of four 2-pole
arrangements to form any desired 4-pole arrangement

In the first step, we compared the reconstructioresistance data from the standard
arrays of dipole-dipole and Schlumberger to measdega of the same array. The pole-pole array
is known for having a high S/N and the reconstauctising 2-pole data showed to be equivalent
to and in a few cases superior to the measurey ertarms of noise. Inverse models were then



generated for each array to understand the regpbépabilities of the different measurements.
The dipole-dipole array was shown to have the tsghedel resolution based on the statistics
from the resolution matrix compared to the Schlurgbeand pole-pole arrays. As a general
observation, it appears that those arrays witlstizdlowest depth of investigation have higher
average model resolution.

In the next set of tests, we generated random &-g@mhbinations that comprised
approximately a third each of inner dipoles, odlipoles, and overlapping dipoles. These dipoles
are equivalent to the Alpha, Beta, and Gamma aeraegts, respectively. The resistance data
from each type of dipole were plotted against thengetric factor and the inner dipole data was
shown to align along a fairly narrow band of apparesistivity values. The outer and
overlapping dipole data had greater amounts ofenwith a larger spread in apparent resistivity
at larger geometric factors. Inverse models shaWwatthe inner and outer dipoles could
reconstruct the nitrate target with similar resigyiattributes as standard arrays but the model
resolution was slightly higher. The higher resantcould be simply from more resistance data
being used in the random sets. The models usindagang dipoles were slightly unstable and
the model resolution from them was lower than tipelé-dipole array.

Lastly, a 4-pole optimized array was reconstruftech the 2-pole dataset. The
optimization algorithm was based on explicitly imasing the values along the diagonal of the
model resolution matrix using the Compare R metfde method searches for combinations
that increase the resolution and rejects combinatibat decrease the resolution. One constraint
of the search criteria was to not consider oveitapdipoles based on their instability in
modeling. The reconstructed optimized resistanta ware shown to also align along a fairly
narrow band of apparent resistivity values. Théstiety inverse model showed a familiar target
as other arrays with slightly more detail. The madsolution was shown to be higher than all
other arrays, thus demonstrating that very litifereis needed in acquiring a high quality dataset
with low noise and creating a resistivity modeltwét much better resolvability than what is
usually measured. The technique presented heraitdwgeem to be highly advantageous when
considering time lapse resistivity monitoring, wéésw sampling time and high model resolution
are competing factors in the survey design.
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