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ABSTRACT

An electrical-resistivity survey was completed at the T
tank farm at the Hanford nuclear site in Washington State,
U.S.A. The purpose of the survey was to define the lateral ex-
tent of waste plumes in the vadose zone in and around the
tank farm. The T tank farm consists of single-shell tanks that
historically have leaked and many liquid-waste-disposal fa-
cilities that provide a good target for resistivity mapping.
Given that the site is highly industrialized with near-surface
metallic infrastructure that potentially could mask any inter-
pretable waste plume, it was necessary to use the many wells
around the site as long electrodes. To accommodate the long
electrodes and to simulate the effects of a linear conductor,
the resistivity inversion code was modified to assign low-re-
sistivity values to the well’s location. The forward model
within the resistivity code was benchmarked for accuracy
against an analytic solution, and the inverse model was tested
for its ability to recreate images of a hypothetical target. The
results of the tank-farm field survey showed large, low-resis-
tivity targets beneath the disposal areas that coincided with
the conceptual hydrogeologic models developed regarding
the releases. Additionally, in areas of minimal infrastructure,
the long-electrode method matched the lateral footprint of a
3D surface-resistivity survey with reasonable fidelity. Based
on these results, the long-electrode resistivity method may
provide a new strategy for environmental characterization at
highly industrialized sites, provided a sufficient number and
density of wells exist.

INTRODUCTION

The DC electrical-resistivity-characterization �ERC� method is
n excellent tool for spatially defining highly saline pore water
Bevc and Morrison, 1991; LaBrecque et al., 2004; Singha and
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orelick, 2005, 2006; Cassiani et al., 2006� and brackish groundwa-
er �Nowroozi et al., 1999; Choudhury et al., 2001; Bauer et al.,
006; Pidlisecky et al., 2006; Koukadaki et al., 2007; Swarzenski et
l., 2007�. ERC is applied by placing small metallic electrodes on the
urface or within boreholes, passing current on one pair of elec-
rodes, measuring the resulting voltage potential �usually as transfer
esistance� in another pair of electrodes, and inverting the data to
uild an image of the subsurface based on contrasts in electrical
roperties. ERC has been used extensively to map the subsurface of
he Hanford nuclear site in eastern Washington, U.S.A. �e.g., Rucker
nd Fink, 2007; Rucker et al., 2009�, where more than 454 million li-
ers �120 million gal� of liquid waste composed of a concentrated
lectrolytic solution were discharged directly into the ground begin-
ing in the mid-1940s �Gephart, 2003; Gee et al., 2007�. Some of this
iquid waste exceeded 5 mol / liter nitrate and 19 mol / liter sodium
Zachara et al., 2007�. Rucker et al. �2009� report porewater conduc-
ivities above 180 mS /cm as a result of direct disposal.

Because of the high cost of drilling boreholes for placing vertical
lectrode arrays and conducting borehole-to-borehole ERC, resis-
ivity is primarily applied at Hanford on the surface along parallel
nd orthogonal 2D lines �e.g., Rucker et al., 2005�.Although the raw
esistivity data are acquired in two dimensions, a 3D electrical-resis-
ivity model can be constructed by properly georeferencing the elec-
rode coordinates. Several isolated liquid-waste discharge sites have
een characterized with 3D ERC in this manner �e.g., Rucker et al.,
009�. The discharge sites are often located adjacent to groupings of
arge underground, concrete-supported metal storage tanks, famil-
arly called tank farms �Zachara et al., 2007�. The T tank farm is sur-
ounded by several liquid-waste discharge sites, including unlined
ribs �concrete vaults with open bottoms� and trenches �long ditch-
s�. The tank farm was constructed between 1943 and 1944, and the
anks were filled to capacity soon after completion. The limited tank
torage capacity forced liquid waste from the tank farm to be dis-
harged to the surrounding areas into the cribs and trenches. Most of
he cribs and all of the trenches received waste directly from the
anks as overflow �Waite, 1991�.

Although ERC of the waste sites on the periphery of the tank
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WA96 Rucker et al.
arms has been successful, imaging unplanned releases of tank waste
nside the tank farm is a much more difficult problem �Rucker et al.,
006�. The waste-transfer pipelines, tanks, fences, and other metal-
ic objects buried just under the surface cause the electric current to
onverge toward these more electrically conductive features, poten-
ially making any surface-resistivity measurements uninterpretable
Vickery and Hobbs, 2002; Rucker, 2010�. The near-surface infra-
tructure limits the electric current from flowing deeply into regions
f the vadose zone where a waste plume would reside. To overcome
he electrical interference from the infrastructure, current sources
nd voltage measurements should be placed far from the metal —
deally, below the buried tanks. Unfortunately, drilling inside a tank
arm to place vertical electrode arrays is risky. Dome-load restric-
ions on the aging tanks and the waste-transfer pipelines limit where
oreholes can be placed.

A trade-off between access to the deep vadose zone and minimal
isk and expense is to use existing steel-cased wells as linear current-
ource and voltage-receiver electrodes. The waste-management area
round the T tank farm has more than 100 wells completed in the va-
ose zone or used for groundwater monitoring that could be utilized
s a well-to-well �WTW� resistivity imaging method. The term
TW imaging is not to be confused with crosswell imaging, which

mplements a set of vertically nested point electrodes. Ramirez et al.
1996� and Daily et al. �2004a� discuss the potential of linear sourc-
s, which they call long electrodes, to image waste plumes beneath
anford’s tank farms. Their experiments focus on a simulated tank

eak within a three-quarters scaled mock tank environment using
orehole-to-borehole ERC. The individual electrodes within the
oreholes are fused together �i.e., wires from electrodes are connect-
d� to form a metal casing analog. Daily et al. �2004b� also demon-
trate the use of long-electrode ERC for reservoir characterization;
amirez et al. �2003� discuss its use for monitoring carbon seques-

ration.
Motivated by previous work, we applied the linear source-and-re-

eiver long-electrode array at the T tank farm to characterize the
lumes below waste sites on the periphery of the farm as well as un-
ntentional leaks from tanks inside the site. The field experiment de-
cribed herein used actual steel well casings placed around the waste
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igure 1. Location of the Hanford site, Washington, U.S.A.
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ources. The linear sources and receivers of the WTW resistivity ex-
eriment are accommodated in the numerical resistivity model by
ssigning very conductive cells to the well’s location. An example is
hown, comparing the analytic solution for a linear current source
nd point-receiver electrode on the surface �no known analytic solu-
ion exists for WTW geometry�. Furthermore, hypothetical exam-
les are presented to demonstrate the potential advantage of WTW
eometry. Lastly, the inverse model results from WTW are com-
ared to the results of traditional surface electrode arrays collected in
arallel and orthogonal directions over waste sites where metallic in-
rastructure is minimal.

RESEARCH SITE

The T tank farm is in the northern portion of the 200 West area of
he Hanford site near the T plant �Figure 1�. The tank farm consists of
welve 100-series tanks ��2000 m3�, four 200-series tanks
�200 m3�, waste-transfer lines, and tank ancillary equipment. Fig-
re 2 shows the distribution of facilities at the tank farm. The 100-se-
ies tanks are 23 m across, 9 m tall, and approximately 2.2 m from
he surface of the ground down to the top of the tank. They are en-
ased in a 0.3-m-thick concrete shell that was coated with asphalt to
educe corrosion of the tanks and to seal them from the surrounding
oil. The four 200-series tanks are 6.1 m across and approximately
m tall. As noted in Figure 2, seven of the 100-series single-shell

anks �SSTs� in the tank farm are designated as assumed or con-
rmed leakers �Hanlon, 2005�, with the largest leak from tank T-106
n the west side of the farm. The 200-series tanks are thought to be of
igher integrity.

The results of field investigation and historical characterization
ctivities have been used to develop a conceptual model for the na-
ure and extent of contamination in the vadose zone beneath the T
ank farm. Myers �2005� identifies two major contamination zones
n the tank farm. The first zone, near tanks T-106 and T-103, results
rom the combined effects of an estimated 435,000-liter leak from
ank T-106 and an 11,400-liter transfer line leak from tank T-103.
he contaminant plume from these sources is estimated to be ap-
roximately 76 m in diameter, centered near the southeast quadrant
f tank T-106 and extending to approximately 27–30 m below
round surface.

Historical process records indicate that waste losses from tank
-101, the second contamination zone, were the result of overfilling
he tank by as much as 38,000 liters in 1969. Based on historical data
nd spectral gamma-ray logging, the contaminant plume from the
ank leak extends to approximately 36.6 m below ground surface
nd has migrated in a southerly direction. Groundwater-monitoring
ata collected around the tank farm indicate that some contamina-
ion has reached the unconfined aquifer at a depth of approximately
0 m.

Several recent drilling and sampling activities within the tank
arm have further characterized inorganic contamination in the va-
ose zone. These include boreholes C4104 and C4105 near tank
-106 and well W11-39, outside the fence surrounding the farm
Figure 3�. In general, sulfate and nitrate concentrations are highest
lose to the tanks and the liquid-waste disposal areas. For example, a
pike of nitrate was measured 33–36 m below ground surface �20 m
elow the bottom of tank T-106�.

To the west and northeast of the tank farm, several waste sites re-
eived large quantities of electrolytic liquid waste as direct disposal
o the ground. Most of the liquid was received on the west side of the
SEG license or copyright; see Terms of Use at http://segdl.org/
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Resistivity with long electrodes WA97
arm by the T-7 crib, which was used from 1948 to 1955. Figure 2
hows the disposal volumes for all of the waste facilities. The waste
as delivered to the vadose zone at T-7 by a distributed piping sys-

em that created a large leach field. The waste was primarily com-
osed of nitrate with a concentration of 0.98 mol / liter. The T-32 crib
eceived about one-third of the waste volume of crib T-7, but the ni-
rate concentration was higher at 1.38 mol / liter. The concentration
f the nitrate disposed in the northeastern trenches �T-14 through
-17� was approximately 1.72 mol / liter.

eologic description
The Hanford site is located within the Pasco basin of the Colum-

ia Plateau in southeastern Washington State. The plateau is a broad
lain underlain by a thick sequence of basalt flows �the Columbia
iver Basalt Group� more than 3000 m thick �Paillet and Kim,
987�. The basalt flows have been folded and faulted, creating broad
tructural and topographic basins.
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igure 2. The T tank-farm layout. The tanks are identified as compete
ith the amount of waste received.Across section through the farm f

ludes surface lines and steel wells used in a long-electrode, well-to-w
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Sediments underlying the Hanford site are glaciofluvial as a result
f great floods that swept through the Columbia basin during the past
5,000 years �Gee et al., 2007�. Figure 3 shows a cross section from
series of borehole logs and describes stratigraphic sequences taken

rom west to east through the T tank farm �cross section identified in
igure 2�. The major formations, from top to bottom, include the
anford Formation, the Cold Creek unit, and the Ringold Forma-

ion. Within the tank farm’s boundaries, a reworked gravelly sand
ackfill from the excavation was placed around the buried tanks. Mi-
or stratigraphic units have also been identified locally within the
andy Hanford Formation; they depend on the amount of gravel
resent with no clear identifying markers �Last et al., 2007�. Inter-
edded layers of silt are also encountered and are typically laterally
iscontinuous. The Cold Creek unit, below the Hanford Formation,
s comprised mainly of a silt over a calcium carbonate-rich caliche.
he Ringold Formation is a sedimentary sequence of fluviolacus-
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WA98 Rucker et al.
rine clay, silt, sand, and granule-to-cobble gravel deposited by the
ncestral Columbia River and its tributaries �Oostrum et al., 2007�.

ydrogeologic description

Moisture in the vadose zone is typically concentrated along high-
ontrast bed interfaces as well as on finer-grained, relatively imper-
eable layers within the Hanford Formation and Cold Creek unit
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igure 3. Cross section through the T tank farm, showing generalize
ogs are also shown for boreholes C4104, C4105, and W11-39. Figur
rs �2005�.
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igure 4. �a� Discretized earth for inversion and �b� overhead view of
eshing, showing the relationship between nodes, mesh lines, and

locks. For the inversion code, the inverse mesh is separate from the
orward mesh when using the long-electrode module.
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DePaolo et al., 2004�. Figure 3 shows moisture-profile data from
everal boreholes across the site. The data were derived from core
amples that were oven dried to obtain gravimetric moisture content.
oreholes C4104 and C4105 were drilled through the plume result-

ng from the large T-106 tank leak. Borehole W11-39 was drilled to
he east of the tank farm in an area thought to be undisturbed and free
rom contamination. The moisture data show a relatively low water
ontent in the Hanford Formation except along thin strands of the

finer-grained layers. The Cold Creek unit is
marked in these profiles by an increase in mois-
ture.

THEORY

The modern application of ERC uses numeri-
cal modeling and inversion theory to estimate the
electrical-resistivity distribution of the subsur-
face from the acquired data set. Inverse modeling
is necessary because measuring the resistivity is
not a direct process. The acquired data set only
contains positions of the electrodes and the mea-
sured potential normalized to the injected current.
However, the potential values are a result of the
spatial-resistivity distribution, allowing them to

e used indirectly to back-calculate with an inversion algorithm —
n estimate of the true resistivity that gives rise to those potential
easurements.
Acommon resistivity inversion method used in commercial codes

s the regularized least-squares optimization method �Sasaki, 1989;
oke et al., 2003�. The objective function aims to minimize the dif-

erence between measured and modeled potentials or apparent resis-
ivities �subject to certain constraints�; the optimization is conducted
teratively as a result of the nonlinear nature of the model that de-
cribes the potential distribution. The relationship between the sub-
urface conductivity � and the measured potential � is given by
Dey and Morrison, 1979�

�� · �� �x,y,z����x,y,z��

�� I

U
�� �x�xs�� �y�ys�� �z�zs�, �1�

here I is the current applied over an elemental volume U specified
t a point �xs, ys, zs� by the Dirac delta function. Common methods of
olving equation 1 include the finite-difference method �Dey and

orrison, 1979�, the finite-element method �Sasaki, 1989; Green-
algh et al., 2009�, the analytical-element method �Furman et al.,
002�, and the finite-volume approach �Pidlisecky et al., 2007�. We
sed the finite-difference method in our research.

Regardless of the numerical method, a mesh is created whereby
he subsurface is discretized into blocks and nodes. Equation 1 is
olved for � at every node with the appropriate boundary conditions.
dditional requirements of the numerical model include explicitly

ssigning every block a resistivity value and every node a current
ource �if any�. Figure 4a shows a typical mesh for a 3D volume that
as been discretized into rectangular blocks over several layers. Fig-
re 4b shows a more detailed overhead view of the relationship be-
ween the mesh lines �in the x- and y-directions�, model blocks, and
odes. The potentials are calculated at the nodes located at the inter-
ections of the mesh lines, but the resistivity is assigned for the block
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Resistivity with long electrodes WA99
ound by the mesh lines. Numerical methods work such that finer �or
maller� mesh sizes with more nodes give rise to more accurate solu-
ions; the trade-off is solution efficiency and computer memory re-
uirements.

Accommodating long electrodes in commercial resistivity model-
ng codes can be accomplished easily by taking advantage of the ex-
sting code structure. Although, formally, the long electrodes act as
inear sources and receivers, they can be modeled with a point source
n the surface and by assigning to the long electrode’s position a se-
ies of very conductive cells — say, 0.01 ohm-m to simulate a metal-
ic well. The current source is located at a node, and the adjacent four
ells are assigned the low-resistivity values �Figure 4b�. The high
ontrast between the well’s resistivity and that of the surrounding
edium can cause adverse effects in the numerical model such as ac-

uracy and stability. To reduce this problem, the forward-model
esh is discretized more finely relative to the inverse-model mesh so

hat a more gradual transition of electrical resistivity occurs between
he well and the host medium.

An example of the capability of the resistivity code is demonstrat-
d by placing a single long electrode in a 100-ohm-m background.
he numerical results of transfer resistance using the finite-differ-
nce method are compared to an analytic solution of an infinite con-
uctor of infinitesimal diameter �from Johnston et al., 1987; Warrick
nd Rojano, 1999�:

R�
V

I
�

�

4�b
ln� �r2�b2�0.5�b

�r2�b2�0.5�b
	, �2�

here � is the resistivity of the background, b is the length of the
ong electrode �or well� extending from the surface of the earth, and r
s the distance between the center of the well and the potential mea-
urement location. Equation 2 can revert to the solution of a purely
omogeneous half-space for b→0. For the numerical modeling, the
ength of the long electrode was simulated as 44 m. The transfer-re-
istance results in Figure 5 show that the resistivities of 0.01–
.001 ohm-m assigned to the long electrode produce the most accu-
ate results. Specifically for this example, the resistivity of
.006 ohm-m is the most accurate, with a difference of less than 4%
rom the analytical values for the entire distance of 1–50 m away
rom the well. The differences are likely partially from the assump-
ions of the infinite conductor and infinitesimal diameter for the ana-
ytical solution compared to the finite conductor and diameter for the
umerical models.

Interestingly, the numerical results with the lowest resistivity of
.0001 ohm-m are very inaccurate. We suspect that the contrast be-
ween the 0.0001- and the 100-ohm-m backgrounds �a resistivity
ontrast of 1:1,000,000� is so large that the numerical method breaks
own, either from numerical round-off errors or the poor assumption
f linear variation of the potential within each finite-difference cell.

The inversion of long-electrode data is similar to that presented in
oke and Dahlin �2002� and Loke et al. �2003�, with the �2-norm,
moothness-constrained least-squares method that aims to minimize
he square of the misfit between the measured and modeled data �de-
root-Hedlin and Constable, 1990; Ellis and Oldenburg, 1994�:

�Ji
TJi��iW

TW��ri�Ji
Tgi��iW

TWri�1. �3�

r the �1-norm may minimize the sum of the absolute value of the
isfit:
Downloaded 30 Sep 2010 to 64.119.41.154. Redistribution subject to 
�Ji
TRdJi��iW

TRmW��ri�Ji
TRdgi��iW

TRmWri�1,

�4�

here g is the data-misfit vector containing the difference between
he measured and modeled data, J is the Jacobian matrix of partial
erivatives, W is the roughness filter, Rd and Rm are weighting matri-
es to equate model misfit and model roughness, �ri is the change in
odel parameters for the ith iteration, ri is the model parameters for

he previous iteration i, and �i is the damping factor.
The logarithms of the model resistivity and measured apparent-

esistivity values are used as the model parameters and data, respec-
ively, in equations 3 and 4. The long-electrode module implemented
n the Res3DInv x64 v3.01.24 3D resistivity inversion program
Geotomo Software, 2009� allows the wells to be located at an arbi-
rary grid point, separate from the discretization used for the inver-
ion-model blocks �Figure 4b�. The arbitrary grid modification sim-
lifies the problem by eliminating the need to calculate the resistivity
n a many small blocks. The following section demonstrates the in-
ersion with long-electrode data, using the �1-norm of equation 4.

EXAMPLE MODELS

As an example of the WTW inversion method and the advantage
f using wells as electrodes in infrastructure-rich areas, consider the
ollowing scenario. A simple target is placed in a 100-ohm-m back-
round. The target is 1 ohm-m and lies 10–15 m below ground sur-
ace. The larger domain is 60�60 m and the target is 15�15 m,
laced slightly off center. The pole-pole array is used for all simula-
ions.

The results of first running the forward simulation to obtain the
otential measurements and then inverting the potentials to calculate
he resistivity distribution is illustrated in Figure 6. Figure 6a shows
he inversion results for surface electrodes only. The surface elec-
rodes are evenly spaced 5 m apart over the entire domain for a total
f 36 electrodes and 630 measured potential values. In the figure, the
igher-resistivity values are peeled away to reveal the lowest values,
hich range from 50 to 80 ohm-m. These values were chosen so the

ootprint of the inverted target matches the footprint of the original
arget. For reference, a transparent horizontal color-contoured layer
s placed at a depth of 12 m, through the center of the original target.
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igure 5. Numerical model results of a finite conductor of finite
ength and finite diameter compared to the analytic solution of an in-
nite conductor of infinitesimal diameter.
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he inverted target matches the footprint of the original target quite
ell with some vertical smearing, which is common with this type of

econstruction.
Figure 6b shows the inversion results from a similar circumstance

ut using 20 long electrodes and no surface electrodes. The parame-
ers of the long electrodes are the same as in Figure 5. The density of
ong electrodes �200 m2/electrode� for the model are meant to repli-
ate that of inside the T tank farm �188 m2/well�; the electrode ar-
angement places two electrodes through the target. The inversion
esults show a high propensity for the long-electrode technique to

110

100

90

80

70

60

50

Resistivity
(ohm-m)

0

25

50
60

0

12

25

50

60

25

50

Easting (m)

N
orthing

(m
)

D
epth

(m
)

Opaque = 50-80 ohm-m

200

180

160

140

120

100

80

60

Resistivity
(ohm-m)

0

25

50
60

0

12

25

50

60

25

50

Easting (m)

N
orthing

(m
)

D
epth

(m
)

Opaque = 60-87 ohm-m

Orig
Lon

a)

b)

igure 6. Example models showing the resistivity inversion results fo
ong electrodes with simple target, �c� surface electrodes with simple
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eplicate the target but with an elevated resistivity distribution com-
ared to Figure 6a.Additionally, the vertical distribution of the target
s funnel shaped, with most of the low-resistivity values at the sur-
ace. We surmise that the finite conductivity value used for the long
lectrode concentrates much of the current density nearer the sur-
ace. This fact will likely reduce vertical resolution when using the
ong-electrode technique in the field.

Figure 6c and d repeats the previous two models with the excep-
ion of a 0.25-m-thick high-conductivity layer �0.01 ohm-m� at a
epth of 1 m. The conductive layer is meant to replicate specifically
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Resistivity with long electrodes WA101
he near-surface piping network, and the tanks are not accommodat-
d in these example models. It is debatable whether the tanks, en-
ased in concrete and asphalt, are actually electrically conductive or
esistive features. Furthermore, the simulated infrastructure is
lightly higher in resistivity than the well to replicate the fact that the
iping would never actually touch a well. The inversion with surface
lectrodes shows a thin, low-resistivity layer that obliterates the tar-
et below it, making the original target indistinguishable. Although
nly the lowest resistivity values are shown in Figure 6c, a cycling
hrough the complete set of data fails to reveal any information about
he original target’s whereabouts. The use of long electrodes in Fig-
re 6d overcomes the conductive surface layer and makes a good at-
empt to reproduce the lateral position of the target. The long-elec-
rode results with a surface layer lower the overall resistivity values
f the target and background compared to Figure 6a and b.

Therefore, limitations can be expected with the long-electrode
echnique when applying petrophysical models for estimations of

oisture content or salt concentration because the resistivity of the
nverted target will depend on the amount of infrastructure and num-
er of wells. The long-electrode method should be applied more as a
arget-recognition technique.

ACQUISITION METHODOLOGY
AT THE TANK FARM

We now demonstrate two methods of ERC deployment tested at
he T tank farm, using field data acquired at Hanford. The first meth-
d involves surface electrodes placed along linear transects to obtain
rofiles of the subsurface. The lines are placed in parallel and orthog-
nal directions. The second method uses steel wells as long elec-
rodes distributed unevenly around the tank farm, with wells acting
s transmitters and receivers. A SuperSting® R8 �Advanced Geo-
ciences, Inc.� resistivity meter collects the data; the system is capa-
le of measuring the voltage of eight pairs of electrodes simulta-
eously.

The pole-pole array is used for both methods of deployment, with
he receiver remote located 1300 m northwest of the northern por-
ion of the tank farm fence and the transmitter remote located
900 m to the northeast. A pole-pole array is chosen for the surface
ines, based on its ability to resolve deeper targets with shorter lines
ompared to other array types. Additionally, the pole-pole electrode
rrangement is chosen for the long electrodes based on the manage-
ble number of possible measurements compared to pole-bipole and
ipole-bipole arrangements.

urface ERC

Data acquisition for the surface ERC commenced on 10 June 2005
nd was completed on 27 July 2005.Atotal of 27 transects were used
o cover the tank farm and the surrounding cribs and trenches, with
0 lines running east-west �0N–9N� and 17 lines running north-
outh �0E–16E�. The parallel lines were spaced roughly 15 or 30 m
part, depending on spatial distribution of waste sites and tanks. In
eneral, lines running through the farm were placed so they did not
o directly over a tank. Outside the farm, lines were placed to go over
nd between liquid-waste-disposal sites. Figure 2 shows the layout
f the surface-resistivity survey, which summed to 12 line-km over a
3-ha area. The individual lines were composed of an initial 155-
lectrode setup with an intraline electrode spacing of 3 m. This set-
p, stretching 465 m, had a maximum A-spacing �distance between
Downloaded 30 Sep 2010 to 64.119.41.154. Redistribution subject to 
ransmitting and receiving electrode� of 360 m. The roll-along tech-
ique was then used to extend the line to more than 680 m in some
ases. The roll-along advanced the resistivity line 72 electrodes per
ove.
The individual line lengths ranged from 283 m �for 7N–9N� to

86 m �for 6N�. Raw data acquisition averaged nine data points per
eter of line acquisition.After removing noise spikes, the remaining

ata count for all lines was approximately 103,000.

ell-to-well ERC

Data acquisition for the WTW ERC was performed between 20
anuary 2006 and 25 January 2006. Figure 2 shows the distribution
f wells used for the WTW survey. The steel wells included 93 that
ere completed in the vadose zone �	70 m long� and 17 completed

o groundwater �up to 93 m long�. Most wells are within the tank-
arm fence and are arranged around each tank. These wells are used
or periodic borehole geophysical logging, including neutron probe
nd spectral gamma ray, to detect potential leaks from the aging
anks �Henwood and McCain, 2006�.

The wells typically range from 10 to 20 cm in diameter, and most
if not all� were drilled with a cable-tool rig. Of the 11,990 possible
ombinations of transfer-resistance measurements �including recip-
ocals� on the 110 wells with the pole-pole array, 10,635 were re-
ained after the first rejection criteria by the resistivity meter; rejec-
ion is based on high repeat errors. The remaining data are presented
n Figure 7 as transfer resistance �in ohms� versus distance between
ell pairs. The slope of the trend line through the data is �0.78,
hich is close to that of point electrodes on the surface over a homo-
eneous earth �which is �1�.

RESULTS

urface ERC

The data obtained with the surface electrodes were processed in
wo and three dimensions. The 2D profiles were inverted using the

ethodology according to Loke and Barker �1996� and Loke et al.
2003�. Figure 8 shows two example profiles that run over the liquid-
aste disposal sites on the periphery of the tank farm or were collect-

d through the tank farm �lines 3E and 1N, respectively�. For line 3E
f Figure 8a, the inversion starts with a homogeneous resistivity dis-
ribution equivalent to the average apparent resistivity and com-
letes in three iterations to a final rms error of 4.61%. The low num-
er of iterations and low rms error indicate low noise in the data set.
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igure 7. Well-to-well data collected with the pole-pole array at the
tank farm, with transfer resistance versus distance between well

airs.
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WA102 Rucker et al.
he line shows several low-resistivity targets that correspond to the
ocation of waste sites. The feature beneath the T-7 leach field, in par-
icular, shows a low-resistivity plume developed from the historical
isposal activities. The approximate location of the water table is
lso shown at a depth of 70 m and indicates contamination has possi-
ly reached the groundwater. Nearby groundwater monitoring wells
ave measured nitrate and other contaminants �Myers, 2005�.

The inversion results of line 1N in Figure 8b show a wide range of
esistivity values �six orders of magnitude�. The most conductive
eatures are found in areas adjacent to and east of the tanks, where a
arge piping network, distribution boxes, and manifold system were
uried to effectively distribute the waste from the chemical process-
ng plant to the tanks. The inversion statistics are telling as well, with
final rms of 21.5% after six iterations. The line is highly noisy, and

he low-resistivity features may actually be the result of subsurface
nfrastructure, not tank leaks. The results are typical of those that run
hrough the tank farm and are considered uninterpretable, based on
he potential interference with metal.

Given that the west side of the tank farm is relatively free from
etal, a 3D inversion was completed for the entire west side using

ata up to �and including� line 3E. Figure 9 shows the inversion re-
ults as a horizontal slice of color contours 30 m below the ground
urface. The inversion was completed in five iterations to a final rms
f 8.51%. The data show a low-resistivity target concentrated direct-
y below the T-32 and T-7 cribs. The low-resistivity values extend
estward to include the area beneath most of the distribution piping,

rom T-7 and northward to the west of T-5. From a hydrogeologic
erspective, the location and lateral extent fits with expectations,
iven the amount of waste disposed in the region.

ell-to-well ERC

The apparent resistivity data from wells in the tank farm were
sed as input for the inversion model; the calculated resistivity dis-
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igure 8. Example 2D lines at the tank farm. �a� Line 3E in the wes
laced directly through the infrastructure-rich tank farm.
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ribution is displayed in Figure 10. The WTW results use the same
olor contouring as Figures 8 and 9 for direct comparison with sur-
ace ERC, and the WTW data are shown as a horizontal depth slice at
.4 m. The apparent resistivity was calculated assuming the geomet-
ic factor from surface electrodes with poles at infinity.Although this
s known to be an incorrect formulation, its choice is inconsequential
o the model results because any geometric factor would be a con-
tant throughout the inverse procedure.

Other input to the inversion code included explicitly defining the
osition, length, and diameter of almost every well. Some wells in
he tank farm were eliminated from the inversion because of their
lose proximity to other wells or were out of bounds for a reasonable
odel domain, leaving 87 of the original 110 wells and 6522 mea-

ured data values. The position and length were easily determined
rom historical records, and the diameter for all wells was given a
alue of 0.1 m. An arbitrary mesh for inversion was established on a
-m grid to create 70,308 inverse model blocks. We used an arrange-
ent whereby each inverse model block was covered by four mesh

ines in the x- and y-directions, resulting in a forward mesh com-
osed of 2,466,750 blocks. In the vertical direction, a finer mesh
pacing was used near the surface, with an increasingly coarser mesh
or each deeper layer.

The WTW ERC data show several low-resistivity targets around
nown disposal areas. The most significant target is found in the
outhwest corner of the grid around cribs T-5, T-7, and T-32. Given
he large volume of disposal, this target matches hydrogeologic ex-
ectations. The exact shape and position of the large target, however,
re likely influenced by the distribution and density of the elec-
rodes. When comparing WTW to the 3D surface ERC, we see the
ow-resistivity plume extending beneath the leach field in both mod-
ls.

Another significant target is found at the southeast corner of tank
-106, which matches the conceptual model discussed in Myers
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Resistivity with long electrodes WA103
2005�. In general, this target is elongated from the northwest corner
f T-106 �and directly south of T-103� to the northwest corner of
-111. Other targets in the tank farm include a low-resistivity feature
outh of T-101 that also matches the conceptual hydrogeologic mod-
ls. A target that may be unsubstantiated is north of the tank-farm
ence, associated with a single well. The region north of the tanks has
ew wells, and the final resistivity distribution in this area must be
iewed with this fact in mind. Similarly, the outer periphery of the
arger model domain, especially the northeast corner, has no wells,

aking the calculated resistivity values highly suspect.

4.0
3.6
3.2
2.8
2.4
2.0
1.6
1.2
0.8
0.4
0.0

Log resistivity
(ohm-m)

Resistivity line

Underground storage
tanks

Fenced boundary for
T tank farm

Legend

T-5

T-7

T-32

T-36

Model domain

Waste site

Scale (m)

1500 25 50 75 100 125

igure 9. The 3D electrical-resistivity inversion results for the west-
rn region of the tank farm.
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igure 10. Well-to-well electrical-resistivity inversion results for the
ank farm.
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CONCLUSION

An ERC study was completed using point electrodes on the sur-
ace of the earth and steel wells extending below the surface as long
lectrodes. The study included �1� comparisons of the numerical so-
ution to an analytical solution with a single transmitting long elec-
rode and receiving point electrodes on the surface, �2� hypothetical
nverse-modeling examples with a simple target, and �3� field data
ollected at the T tank farm in the 200 West area of the Hanford site.
umerically, the finite-difference method was used in the resistivity
odel to simulate the transfer resistance acquired from long elec-

rodes. Long electrodes were explicitly accommodated in the model
y assigning low-resistivity values to the model blocks representing
he electrode’s location.

The analytical solution used to validate the potential field from a
ransmitting long electrode in the numerical model was derived
ased on an infinite conductor of infinitesimal diameter. Although
hese assumptions are not accommodated in the numerical model,
he comparison showed that the numerical model could be fairly ac-
urate when using a well resistivity value of 0.006 ohm-m in a 100
ohm-m background. The difference between the two solutions was
ess than 4% up to 50 m away from the well, with an average of
.75% difference over the model domain.

The hypothetical modeling examples were designed to test the
trength of a long-electrode survey where a near-surface metallic in-
rastructure potentially could mask any subsurface contaminant
lume using a surface array. The modeling first compared the results
f a survey using only surface point electrodes to a survey using only
ong electrodes for a simple target buried 10–15 m below the
round surface in an otherwise homogeneous background. The sur-
ace-electrode array recreated, with higher fidelity, the original tar-
et location than the long-electrode array, suggesting that the sur-
ace-electrode array is preferable in this situation. The results of the
ong-electrode array did, however, locate the target in the x-y-plane,
ut the depth information was lost.

The second hypothetical model placed a thin, conductive layer
bove the simple target and just below the surface to replicate metal-
ic infrastructure, such as a piping network. The same electrode set-
p for point and long electrodes was used as in the first example. The
esults showed that the target estimated with the surface-electrode
rray could not be differentiated from the conductive near-surface
ayer; the near-surface layer appeared to obliterate information be-
ow it. The results of the long-electrode array recreated with reason-
ble accuracy the location of the simple target. The near-surface lay-
r reduced the overall range of resistivity values estimated by the
ong-electrode array compared to the situation of no near-surface
ayer, but the target was in the correct location.

The resistivity field campaign at the T tank farm included surface
lectrodes and wells, with the objective to compare the results of the
urface array to that of the WTW array in areas of no infrastructure.
he western area of the tank farm received more than 140
106 liters of liquid electrolytic waste �mostly sodium nitrate� in

everal waste disposal facilities, and surface and long-electrode sur-
eys identified a large, low-resistivity target beneath these facilities.
he shape of the target is different in the two surveys, likely because
f the well coverage and density in the area. Based on the similarities
f the two surveys outside the tank farm, we reasoned that the loca-
ion of targets inside the tank farm could be estimated with the WTW
echnique. Conceptual models and known information about histori-
al leaks from tanks placed a plume to the southwest of tank T-106.
SEG license or copyright; see Terms of Use at http://segdl.org/
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WA104 Rucker et al.
he WTW results showed a large resistivity low in the area that ex-
ended to the southernmost row of tanks. Other smaller targets were
lso identified that appeared to correlate with suspected tank releas-
s. Based on these results, the WTW resistivity method provides a
ossible new strategy of environmental characterization at highly
ndustrialized sites, provided a sufficient number and density of
ells exist.
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