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Surface Geophysical Exploration: Developing Noninvasive Tools to Image Past Leaks around Hanford's 
Tank Farms 

Abstract 
A characterization program has been developed at Hanford to image past leaks in and around the 
underground storage tank facilities. The program is based on electrical resistivity, a geophysical 
technique that maps the distribution of electrical properties of the subsurface. The method was shown 
to be immediately successful in open areas devoid of underground metallic infrastructure, due to the 
large contrast in material properties between the highly saline waste and the dry sandy host 
environment. The results in these areas, confirmed by a limited number of boreholes, demonstrate a 
tendency for the lateral extent of the underground waste plume to remain within the approximate 
footprint of the disposal facility. 

In infrastructure-rich areas, such as tank farms, the conventional application of electrical resistivity using 
small point-source surface electrodes initially presented a challenge for the resistivity method. The 
method was then adapted to directly use the buried infrastructure as electrodes for both transmission 
of electrical current and measurements of voltage. For example, steel-cased wells that surround the 
tanks were used as long electrodes, which helped to avoid much of the infrastructure problems. 
Overcoming the drawbacks of the long electrode method has been the focus of our work over the past 
seven years. The drawbacks include low vertical resolution and limited lateral coverage. The lateral 
coverage issue has been improved by supplementing the long electrodes with surface electrodes in 
areas devoid of infrastructure. The vertical resolution has been increased by developing borehole 
electrode arrays that can fit within the small-diameter drive casing of a direct push rig. The evolution of 
the program has led to some exceptional advances in the application of geophysical methods, including 
logistical deployment of the technology in hazardous areas, development of parallel processing 
resistivity inversion algorithms, and adapting the processing tools to accommodate electrodes of all 
shapes and locations. The program is accompanied by a full set of quality assurance procedures that 
cover the layout of sensors, measurement strategies, and software enhancements while insuring the 
integrity of stored data. The data have been shown to be useful in identifying previously unknown 
contaminant sources and defining the footprint of precipitation recharge barriers to retard the 
movement of existing contamination. 

Introduction 
Improper waste disposal from the manufacturing, agricultural, and resource extraction industries offer a 
wide range of opportunities for studying environmental and ecological impact from anthropogenic 
activities. In particular, these activities may release significant quantities of contaminants to the air, 
water, and soil that could disrupt natural biological activity such as reproduction (Hornberger et aL, 
2000; Evseeva et aL, 2009) and nutrient uptake (You et aL, 2009; Vanhoudt et aL, 2010). For example, 
Abdol Hamid et aL (2008) describe the soil impacts from water produced from oil and gas extraction, 
where the concentration of inorganic constituents near the disposal site can be 40 to 50 times 
background. Camargo & Alonso (2006) summarize some of the negative physiological effects from 
inorganic, nitrogen-based compounds. Ma et aL (2008) investigate the lasting residual effects of 
polychlorinated hydrocarbons at e-waste recycling facilities. Ahmad & Goni (2010) trace heavy metal 
loading in locally grown vegetables to irrigation with industrial waste water. In each case, whether it's a 
point or non-point source for pollution, reporting the nature and extent from various types of waste 
disposal practices relied on unrestricted access for sampling, thus creating a spatially unbiased view of a 
contaminant's distribution around the study area. 
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Industrialized facilities, such as fuel depots, refineries, and power plants, on the other hand, may have 
physical or administrative access restrict ions that potentially restrict sampling. One of the greatest 
challenges within these sites is associated with infrastructure (buildings, tanks, piping, fences, power 
lines, etc.), which limits the ability to fully characterize the soil and groundwater beneath the areas of 
concern. The infrastructure can be located above or below ground, and is typically metallic and 
pervasive, impeding many invasive techniques that need direct contact with the soil. Access to soil 
beneath a building or suspected leaking storage tank may be very difficult if these facilities are large. 
The Hanford Site, for example, has multiple large underground storage tanks (23 m in diameter) and an 
extensive piping network that make finding adequate sampling locations difficult. Technologies such as 
directional drilling shown in Khaleel et al. (2007) and "direct push" in McKinley et al. (2006) and Urn et 
al. (2010) are used to characterize the site, but locations for placement of boreholes is limited to the few 
open areas without subsurface obstructions. Figure lA shows an example of surface obstructions that 
are encountered at the C tank farm (location of the tank farm is seen in Figure lB) . 
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Figure 1. Layout of the C tank farm in the 200 east area of Hanford. A) Aerial view of the C tank farm 
showing surface obstructions that may prevent effective sampling. B) Location ofthe C tank farm at 
Hanford . C) Schematic of subsurface infrastructure at the C tank farm. A number of planned and 
unplanned releases (UPRs) to the subsurface could be contributing to groundwater contamination. 



Unlike borehole methods, which rely on drilling and sampling within a very localized area, geophysical 
methods have the ability to characterize the subsurface at locations far from the sensor location. The 
trade-off is that many sensors must be deployed around the study area in order to capture the full 
extent of the contamination. Sogade et al. (2006), Cardarelli & Di Filippo (2009), and Rucker et al. 
(2009) all show that the electrical resistivity or induced polarization methods can be used to image a 
broad swath of the ground for contaminant plume mapping. However, hundreds or thousands of 
electrodes may be needed for the measurement campaign. Rucker et al. (2009) list several studies over 
the past 15 years showing how the electrical resistivity method in particular is expanding in scale as both 
acquisition hardware and processing software become more robust. 

Geophysical methods do not require direct contact with a potential source of contamination to be 
effective mapping tools; however, the use of these methods can be hindered in industrialized areas due 
to material property interferences posed by infrastructure. This is especially true for electrical methods, 
where metallic pipes, tanks, and fences have lower resistivity values than the liquid target (Vickery & 
Hobbs, 2002). The material contrasts between the clean soil of high resistivity and contaminated soil of 
moderately low resistivity will be overwhelmed by the extremely low values of the metal. To overcome 
the interference issues posed by the metallic infrastructure, Daily et al. (2004) and Rucker et al. (2010) 
used the infrastructure as electrodes to image waste plumes on the Hanford site, accommodating the 
physical and electrical properties of the infrastructure in the modeling algorithm directly. 

The Hanford site is a highly industrialized nuclear facility with significant vadose zone and groundwater 
contamination (Gee, et aI., 2007). The site is managed by the U.S. Department of Energy (DOE), which 
has recognized the need for a comprehensive strategy to deal with the contamination resulting from 
Cold War-era production of fissile material (National Research Council, 2005). Part of DOE's strategy has 
been to focus on subsurface characterization methods to help define the largest risks at the site 
(National Research Council, 2000). Towards this goal, the DOE has expended significant effort to 
identify novel and inexpensive subsurface characterization solutions. Recently, an innovative 
geophysical characterization program has emerged to help solve complex problems on the Hanford site, 
such as contaminant source identification and plume mapping beneath the underground storage tanks. 
The objectives of this paper are to illustrate the process through which the geophysical characterization 
program was developed and demonstrate the types of problems that the method was meant to solve. 
The paper will also address the hurdles associated with overcoming the complexity of geophysical 
measurements at infrastructure rich facilities. Lastly, the paper will showcase a few examples of how 
the geophysical data were, or are planned to be, implemented to solve some of the site's problems. 

Site Description 
The Hanford Site in southeastern Washington has 177 underground liquid waste storage tanks with 
nearly 21Ox106 L of radioactive legacy waste generated from plutonium production for nuclear weapons. 
Of these, 67 single-shelled tanks (SSTs) are known or suspected as having leaked, possibly releasing an 
estimated 4x106 L of radioactive fluids into the vadose zone (Gephart & Lundgren, 1995). To help 
reduce the risk from the SSTs, the DOE has conducted interim tank stabilization to remove available 
pumpable liquid (Geschke & Milliken, 1995) as well as low volume sluicing and vacuum retrieval of the 
more solidified salt-caked waste (Walker & Cavallaro, 1996). The waste is then transferred to safer 
double-shelled tanks for temporary storage. Eventually all waste will be converted to a solid waste 
form, with the original plans calling for remediation at a waste treatment and immobilization plant 
(WTP). However, newer plans have been reformulated to expedite cleanup by sending low-activity 
waste that would otherwise have gone to the WTP to supplemental treatment possibly by bulk 
vitrification or other means (Brooks et aI., 2006; Nassif et aI., 2008). 
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The SSTs are grouped together in twelve tank farms, which are highly complex industrial areas with 
below ground tanks, piping networks, distribution manifolds and diversion boxes needed to move the 
waste from the generating plant to specific tanks, electricity distribution networks, and other waste 
retrieval infrastructure (Haberman, 1995). As an example, Figure lC shows the complexity of subsurface 
infrastructure within the C tank farm. The C tank farm contains 16 SSTs of various sizes, the largest of 
which are 2xl06 L. The tank farm also has an extensive below-ground piping network, wells, and 
buildings. 

The C tank farm received and transferred waste between several processing plants and other tank 
farms, including the B Plant (approximately 1500 m west), the plutonium-uranium extraction (PUREX) 
plant (900 m south), and U plant (8000 m west). As a result of transferring liquid waste from these 
plants via an intricate pipeline network, a number of discharge and overflow events occurred, where 
waste was introduced to the vadose zone (the water table is approximately 76 m below ground surface). 
Waste discharges at C tank farm include planned releases, where liquid waste was discharged to various 
facilities, such as septic fields and reverse wells. Unplanned releases have also occurred, mostly as a 
result of surface spills or overflow from intertank cascade lines. A few, however, have resulted in 
significant releases, with the largest associated with the transfer of waste near diversion boxes (UPR-81, 
UPR-82 and UPR-86 in the western portion of the site). Estimated losses ranged from 10xl03 to 136x103 

L. UPR-136 is associated with the C-101 tank, which is estimated at approximately 64x103 to 90xl03 L. 

The composition of the waste varies across the site among the various tank farms, as well as among 
individual tanks in a single tank farm, based on the different processes that occurred to chemically strip 
the plutonium from the uranium fuel rods. Both weapons and fuel grade plutonium were produced 
from 1944 to 1990 and five different plants were constructed to facilitate the plutonium production. T 
and B Plant were primarily used through 1956. The REDOX (Reduction-Oxidation) and PUREX (Plutonium 
Uranium Extraction) Plants began operation in the 1950s, possessing both higher efficiency and safer 
extraction technologies (Gephart, 2010). The fifth plant, U Plant, operated between 1952 and 1958 to 
recover uranium from tank waste. In total, Hanford processed nearly 97xl03 metric tons of uranium 
using chemical precipitation and solvent extraction techniques (Gephart, 2010). As a result, the waste 
stored in tanks can be a mixture of highly saline waste with heavy metals and radiological constituents. 
Table 3 of (Zachara et aI., 2007) lists waste products in three tanks across the site, which exhibit 
relatively high molar concentrations of sodium, nitrate, uranium, cesium, strontium, and technetium. 
Electrically, this waste has an extremely high conductivity of about 100x103 uS/cm (or 0.06 ohm-m 
electrical resistivity). When introduced to the ground, the electrical resistivity ofthe waste is several 
orders of magnitude less than the surrounding formation, which tends to be a dry sand to gravelly sand 
with high electrical resistivity (upwards to 1500 ohm-m). Electrical and electromagnetic geophysical 
techniques can take advantage of this contrast in properties to map the extent of discharges to the 
ground. 

Geology 
The Hanford Site lies within the Columbia Plateau, a broad plain situated between the Cascade Range 
and the Rocky Mountains (from west to east, respectively), and is underlain by the Miocene Columbia 
River Basalt Group (CRBG). The portion ofthe Columbia Plateau in northern Oregon and Washington is 
called the Columbia Basin, where the basalt is underlain predominantly by continental sedimentary 
rocks of Tertiary age and overlain by late Tertiary and Quaternary fluvial and glaciofluvial deposits 
(Paillet & Kim, 1987). During the Cenozoic, these strata were folded and faulted to form the current 
landscape. 



Structurally and topographically, the Columbia Basin is a low area surrounded by mountains ranging in 
age from the late Mesozoic to recent. Two fundamental subprovinces comprise the Columbia Basin: the 
Palouse Slope and the Yakima Fold Belt (YFB). The Palouse Slope is an undeformed area overlying the 
old continental craton that dips westward toward the Hanford Site. The YFB is a series of anticlinal 
ridges and synclinal valleys in the western and central parts of the Columbia Basin. 

Sediments of the Ringold Formation, above the CRBG, represents deposits from early stages of the 
Columbia River as it was forced to change course by the growth of the YFB. The Ringold Formation was 
deposited approximately 8.5 million years ago. The first evidence of the present day Columbia River is 
manifest in the extensive gravel and interbedded sand Unit A of the Ringold Formation; the Columbia 
River meandered across the Hanford Site on a gravelly braid plain and widespread paleosol system. 
(Fecht et aL, 1985). 

In the Pasco Basin, the Cold Creek unit records most of the geologic events immediately after the 
formation of the Ringold. During this time the climate became arid and the soil turned to a 
pedogenically altered, carbonate-rich, cemented paleosol (referred to as the lower Cold Creek unit, or 
CCUI, subunit). The Cold Creek unit exists to a greater extent in the 200 West Area than in the 200 East 
Area due to longer exposure of the surface and erosion of the material in the 200 East Area. Minor fine
grained flood deposits from streams originating from the nearby ridges and eolian-based sediments 
were deposited on the paleosol, resulting in a variety of sediments that form the upper subunit of the 
Cold Creek unit (CCu). 

During the Pleistocene, cataclysmic floods inundated the Pasco Basin several times when ice dams failed 
in western Montana (Baker et aL, 1991). The sediment deposited by the cataclysmic flood waters has 
been informally called the Hanford formation because the best exposures and most complete deposits 
are found on the Hanford Site. The gravel-dominated flood facies (DOE, 2002) is generally confined to 
relatively narrow tracts within or near flood channels. The plane-laminated sand facies occurs as a broad 
sheet over most of the central basin. 

Hydrogeology 
The vadose zone is host to the underground storage tanks and related facilities across Hanford. The 
hydrostratigraphy of the vadose zone forms the basis with which to interpret and extrapolate the 
physical and geochemical properties that control the migration contaminants from the past releases in 
the tank farms. Of particular interest are the hydrophysical property contrasts between the coarser
grained and finer-grained facies. The contrast appears to have a strong influence on the distribution of 
leaks, associated with a phenomenon called moisture dependent anisotropy (Yeh et aL, 1985; Ward et 
aL,2006). 

Aquifers at the Hanford Site are divided into 1) confined and 2) supra basalt or unconfined aquifer 
systems. The regional, confined aquifer system occurs within the CRBG and extends from western Idaho 
through eastern Washington and northeastern Oregon (Lindsey, 2009). The unconfined aquifer system 
occurs within fluvial, glaciofluvial, and lacustrine sediments deposited on top of the CRBG. The general 
direction of groundwater flow in the unconfined aquifer is primarily from natural recharge areas on the 
basalt ridges west of the Hanford Site to discharge along the Columbia River. The flow was interrupted 
locally by artificial groundwater mounds that developed in the unconfined aquifer in the 200 Areas due 
to discharge from liquid waste disposal operations (Gray et aL, 1989). Since cessation of the discharges, 
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the water table has declined in the 200 East Area and flow directions are returning to pre-Hanford Site 
directions toward the east. 

Electrical Resistivity Imaging 
Geophysics is a science of measuring physical properties of the earth, with the goal of using those 
properties to help explain a geologically- or hydrologically-related event. Geophysics, for example, can 
be used to remotely observe changes in hydrogeological properties or to extend or "ground truth" 
information about geochemical conditions based on borehole data. Field geophysical surveys are most 
reliable as a first-order target recognition tool. In this mode, sufficient background data are needed to 
distinguish the entirety of the target and confirm the extent of its edges. A target will not be identified if 
the variations in properties of the background material are similar in contrast and scale to those 
associated with the target. Assuming that targets can be identified, the next order of interpretation is 
the relative degree of each target size and intensity. A fair comparison can only be conducted if the 
survey parameters, e.g., sensor placement, density, etc., are consistent across the multiple targets, as 
the sensitivity and resolution of geophysical methods are affected by these parameters. Lastly, if the 
targets can be differentiated, then it may be possible to build field-scale correlations to other 
parameters of interest, such as moisture content, contaminant concentration, or specific geologic strata. 
Regression models can be developed if the correlation is high. The spatial distribution of resistivity can 
then be converted to the unknown hydrogeological parameter. This last mode of analysis is an active 
area of research for a multitude of geophysical techniques (e.g., Moysey & Knight, 2004; Singha & 
Gorelick, 2006). 

Specific to this work describing geophysics on the Hanford site, electrical resistivity is a volumetric 
property that describes the resistance to electrical current flow within a medium (Rucker, et aI., 2011; 
Telford et aI., 1990). Direct electrical current is propagated in rocks and minerals by electronic or 
electrolytic means. Electronic conduction occurs in minerals where free electrons are available, such as 
the electrical current flow through metal. Electrolytic conduction, on the other hand, relies on the 
dissociation of ionic species within a pore space and is more common in the partially saturated sandy, 
silty, and gravelly soils encountered at Hanford. With electrolytic conduction, the movement of 
electrons varies with the mobility, concentration, and the degree of dissociation of the ions. Soil free 
from past discharge activities can be expected to have high resistivity values, given the low natural 
saturation and ionic strength of the porewater. Near contaminant discharge points, the resistivity will 
decrease depending on the transport mechanisms of the various ionic constituents. For example, 
nitrate (an anion) was released in large quantities, up to 22x103 metric tons at the BC Crib sand Trenches 
(BCCT) site, and has a partition coefficient (kd) near zero. The low kd of this anion allows it to migrate 
virtually unimpeded through the vadose zone and nitrate plumes typically show large low resistivity 
Signatures. On the other hand, cesium (a cation and gamma ray emitter) was released in small 
quantities ionically, and has a much higher partition coefficient that causes it to partially sorb onto the 
Hanford sediments (Zachara et aI., 2002; Steefel et aI., 2003). The cesium-based salts, therefore, do not 
have a signature much different than the background in the resistivity data. However, other methods 
such as spectral gamma borehole logging, which are better suited for mapping immobile gamma 
constituents, can complement the resistivity method to form a more complete picture for the 
distribution of contamination across the site. 

Mechanistically, the resistivity method uses electric current (I) that is transmitted into the earth through 
one pair of electrodes (transmitting dipole) that are in contact with the soil. The resultant voltage 
potential (V) is then measured across another pair of electrodes (receiving dipole). Numerous 
electrodes can be deployed along a transect (which may be anywhere from meters to kilometers in 



length), or within a grid, and Figure 2 displays examples of electrode layouts for surveying. Figure 2A 
displays transects with a variety of array types (dipole-dipole, Schlumberger, pole-pole). A complete set 
of measurements is when each electrode (or adjacent electrode pair) has a turn at passing current, 
while all other adjacent electrode pairs are used for voltage measurements. Modern equipment is used 
to automatically switch the transmitting and receiving electrode pairs through a single multi-core cable 
connection. Figure 2B displays a grid of electrodes on the surface and buried within boreholes to any 
depth. The grid array of electrodes provides more data and increased sensitivity of the measurement 
technique, but costs more in terms of equipment and time. Although the figure conceptually shows a 
neat arrangement of rows and columns of electrodes, a true 3D survey can have a completely random 
distribution of electrodes anywhere within the block of earth being imaged. Figure 2B also illustrates 
that a long electrode (e.g. existing steel-cased well) could also be used as an electrode anywhere within 
the grid as long as it is electrically coupled with the earth. (Rucker et aL, 2009) describe in more detail 
the methodology for efficiently conducting a three-dimensional electrical resistivity survey. 

A 
dipole·dipole Scblumbcrgcr polo-pole 

B 

• • • • • 

• = Point electrode 

I = Long electrode 

V = Voltage 

I = Current 

- = Wire connection 
between electrodes 

co = Wire connection to an 
infinite remote electrode 

Figure 2. Layout of electrodes for conducting electrical resistivity characterization. A) Array types for 
acquiring resistivity data along transects. B) A grid of electrodes on the surface and within boreholes 
that can be used to enhance the imaging of a block of earth. Long electrodes from steel-cased wells can 
be used to enhance coverage in infrastructure-rich areas. 

The modern application of the resistivity method uses numerical modeling and inversion theory to 
estimate the electrical resistivity distribution of the subsurface given the known quantities of electrical 
current, measured voltage, and electrode positions. Older methods of processing resistivity data can be 
found in Telford et aL (1990), and significant progress has been made within the past 15 years at 
Hanford and elsewhere. A common resistivity inverse method incorporated in commercially available 
codes is the regularized least squares optimization method (Sasaki, 1989; Loke et aL, 2003). The 
objective function within the optimization aims to minimize the difference between measured and 
modeled voltage potentials (subject to certain constraints) and the optimization is conducted iteratively 
due to the nonlinear nature of the model that describes the potential distribution. The relationship 
between the subsurface resistivity (p) and the measured voltage is given by the following equation 
(from Dey and Morrison, 1979): 
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(1) 

where I is the current applied over an elemental volume U specified at a point (xs, Ys, zs) by the Dirac 
delta function. 

Equation (1) is solved many times over the volume of the earth by iteratively updating the resistivity 
model values using either an the L2-norm smoothness-constrained least squares method, which aims to 
minimize the square of the misfit between the measured and modeled data (de Groot-Hedlin & 
Constable, 1990; Ellis & Oldenburg, 1994): 

(2) 

or the Ll-norm that minimizes the sum of the absolute value of the misfit: 

(3) 

where g is the data misfit vector containing the difference between the measured and modeled data, J is 
the Jacobian matrix of partial derivatives, W is a roughness filter, Rd and Rm are the weighting matrices 

to equate model misfit and model roughness, Mi is the change in model parameters for the ith iteration, 

ri is the model parameters for the previous iteration, and Ai = the damping factor. The same inversion 
procedure is applied for both point and long electrodes (Rucker et aI., 2010). The difference, however, 
is how the electrodes are accommodated in the forward model. 

Applying the Resistivity Method at Hanford 
Mapping Waste Sites with Minima/Infrastructure 
The first large scale resistivity characterization at the Hanford site using modern acquisition and 
processing methods occurred at the BCCT Site in the southern portion of 200 East (see Figure lB for the 
location of BCCT). The site was used to dispose approximately l1sxl06 L of liquid waste with significant 
quantities of nitrate and technetium in a series of open trenches and concrete vaults (known as cribs). 
The resistivity survey is described in more detail in Rucker & Fink (2007) and Rucker et aL (2009), but 
generally covered an area of approximately 54 ha with a series of linear transects of surface-based point 
electrodes. The transects were placed parallel and orthogonal to the trenches and cribs. The survey 
was a good test case for the resistivity method to define the extent of waste migration because the site 
had minimal infrastructure (Rucker, 201Ob). The results showed that the method could identify the 
existence (and absence) of nitrate targets, as long as the data were processed in three dimensions. The 
confirmation was conducted by comparing the resistivity data to the drilling results from four boreholes 
placed at selective locations around the site (Serne et aI., 2009). Additionally, the resistivity method 
showed that the relative target intensities could be differentiated, where waste disposed in long open 
trenches had lower porewater concentrations of nitrate and slightly higher resistivity values than the 
cribs with higher nitrate concentrations and lower resistivity. The limitation was revealed to be in the 
vertical resolution of conducting resistivity surveys strictly from the surface and identifying the bottom 
edge of the very conductive plume. Additionally, the method showed a slight difference of about 3-5 m 
in identifying the top of the plume. The method performed as expected in 1) identifying targets, and 2) 
distinguishing relative intensities of targets across the site. External review of the deployment 
(Geomatrix, 2005) led to further enhancements of the resistivity method for use at Hanford. 



The BCCT was an exceptional case for verifying targets given the relatively high number of borehole 
samples. Due to expense, it is rare for a waste site outside of a tank farm to have more than one 
borehole for detailed laboratory analyses. However, many sites do have groundwater monitoring wells 
that can be used to conduct borehole geophysical logging (gamma, spectral gamma, and neutron). 
More recently, temporary shallow direct push holes have been installed to take a low number of 
samples and conduct additional borehole logging. Such is the case at the BX trenches, on the west side 
of BX tank farm (Figure 3), where a series of eight trenches received 15x106 L of sodium nitrate waste 
between 1954 and 1955 (Lindenmeier et aI., 2002). Three groups of wells were installed at the site, as 
listed in Table 1. Several of the wells were installed specifically for geophysical well logging with spectral 
gamma. In general, the spectral gamma logging revealed high Cs-137 concentrations (upwards to 105 
pCi/g) in the top 10 m of soil, and in some cases Co-60 (usually less than 0.2 pCi/g) to depths of 14 m 
(DOE, 1998). The C3104 borehole also revealed significant nitrate concentrations from depths 17 to 61 
m below ground surface. 
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Figure 3. Three-dimensional electrical resistivity results of the BX trenches. A) site location with 200 
East area of Hanford. B) side view looking east of the electrical resistivity distribution underneath the 
trenches, showing three transparent isopleths of increasing values. C) Overhead view of the resistivity 
distribution, with disposal volumes in parentheses indicated as millions of liters. D) three-dimensional 
isometric view of the resistivity distribution. 

An electrical resistivity survey was conducted over the BX trenches as part of a broader survey to 
characterize the B, BX, and BY tank farms. A set of 15 resistivity transects were run orthogonal and 
parallel to the trenches. The data were acquired with a pole-pole array, with a base electrode 
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separation of 3 m, and nominal line separation of 30 m. A total of 61,200 voltage values were collected 
and the data were inverse modeled with the three-dimensional inversion code Res3DINVx64 (Geotomo 
Software, Malaysia). The results, shown in Figure 3, are presented as a series of expanding transparent 
bodies of increasing resistivity representing 20, 50, and 100ohm-m. The lowest resistivity values are 
beneath the B-37 trench, which received approximately three times the waste volume as any other 
trench. Only one recent borehole sampling event, sufficient for capturing the upper and lower bounds 
of the waste plume, is available for verification of the resistivity results. With this one borehole, 
however, we see that the resistivity distribution of the 100 ohm-m resistivity isopleth approximately 
matches the footprint of the trenches and the deepest extent of the nitrate concentrations of C3104. 
Other ancillary evidence, such as the spatial distribution of disposal volumes, coincides with the spatial 
distribution of the lowest resistivity values. The same results could also be seen for the trenches to the 
west of the T tank farm, presented in Rucker et al. (2010). 

Another way of evaluating the resistivity data is to consider what value does the analysis of these data 
have in reducing the uncertainty in understanding the spread of contamination. As opposed to classical 
statistics of confirming or denying hypotheses (such as whether the resistivity exactly matches borehole 
data), Bayesian methods use the additional information from geophysical characterization to update 
prior knowledge. Many have used the Bayesian framework to reduce the uncertainty across a number 
of sites (e.g., Ezzedine et al. (1999) and Chen et al. (2001)) even in the face of weak relationships 
between the borehole and geophysical data. This weakness is typically a result of a scale mismatch 
between a geophysical value representing a large volume of the earth (lOs of cubic meters) and 
borehole samples representing a small volume (lOs of cubic centimeters), as well as other issues 
discussed in Rucker (2010a) and Singha & Moysey (2006). In the case of the BX trenches, the reSistivity 
information could be used to reduce uncertainty in placing new boreholes for additional 
characterization or help design a remedial strategy. In the latter case, the resistivity data could be used 
to help focus conservative estimates of design parameters, since it is likely that the feature mapped by 
the resistivity technique is focusing on the most conservative tracer (namely nitrate). 

Mapping Complex Waste Sites with Infrastructure 
By the 1970s, the use of electrical resistivity as a mineral prospecting tool had changed to consider many 
different engineering and geologically-based problems. The encroachment of survey lines for these 
applications into settled areas prompted several to consider the effects of existing vertical or horizontal 
conductors (pipes, cables, and wells) on the measured voltage data (e.g., Patella, 1983; Wait, 1978; Wait 
& Umashankar, 1978). Using potential field theory, the solution was reduced to conSidering 
superposition. With superposition, multiple solutions representing the fields from a number of different 
features are added together, such as the primary potentials (Vp) for a background resistivity and 
secondary potential (Vs) for any pipes. For the pole-pole case, the total voltage field (VT) can be 
constructed for a pipe located perpendicular to the survey line at a depth of h, diameter of c, distance 
from current electrode equal to d, and infinitesimal resistivity (Wait & Umashankar, 1978): 

where 

(5) 
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and 

Vs = ~ r P(A) { KO[ A[( x+h)2 +(Y-d)2J 2J+KO [A[( X-h)2 +( Y- d)2J 2J}COSAZdZ 

(6) 

(7) 

In the Equations (5) through (7), Ko is the modified Bessel function of order 0 and x, y, z refer to the 
position of the voltage potential electrode relative to the current electrode. For more complicated cases 
of multiple parallel pipes, the solutions must further consider the effects of each secondary field and the 
interrelationships that the secondary fields have on nearby pipes, as demonstrated by Wait (1978). An 
example is presented in Figure 4A, where two pipes spaced 20 m apart are located 0.5 m below ground 
surface and with a diameter of 0.15 m. The background resistivity is 400 ohm-m (value substituted for p 
in Equation (5)). The data are presented as a pseudosection of the apparent resistivity (resistivity data 
calculated by rearranging Equation (5), assuming that each measurement was conducted in a 
homogeneous earth). Diagonally at approximately 45°, low resistivity "pantlegs" extend below each 
pipe. At the intersection of the pantlegs (at 145 m along the line), the potential fields add constructively 
to form a very low resistivity value at a depth of about 10 m. Any other information, such as an area of 
increased saturation or ionic strength, would likely be hidden in the signature of the pipes without much 
hope of recovery. 
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Figure 4. Examples of metallic infrastructure in electrical resistivity images. A) Analytical model of two 
nearby pipes showing the combined effects (i.e., constructive interference) from the overlapping fields. 
B) Data acquired along line 16E of the T tank farm (see Rucker et aI., 2010) showing similar constructive 
interference effects from pipes, a water table, and a discharge of highly saline waste in a nearby trench. 
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After the successful acquisition of resistivity data at the BCCT, a series of parallel and orthogonal 
resistivity lines were completed over the T tank farm, including placing lines directly through the farm 
and between the tanks. The project was described in Rucker et aL (2010). An example from line 16E of 
that project is presented here as Figure 4B to demonstrate the effects of infrastructure near a tank farm. 
The pipes are identified along the top of the figure. Below the pipes on the south side of the line, the 
resistivity values are very low. In addition to the pipes at the surface, other conductive features deeper 
in the profile, that add constructively to reduce the apparent resistivity of the section, include a water 
table and waste disposed in nearby trenches. Interestingly, some pipes do not appear to affect the data, 
likely due to the lack of coupling with the surrounding formation. 

To overcome the infrastructure issue at the T tank farm, the large number of steel-cased wells were 
used as long electrodes. Most wells were completed in the vadose zone down to about 30 m, but some 
extended to the water table. Additionally, most wells were concentrated in the tank farm, with fewer 
placed along the periphery. Hypothetical modeling suggested that wells could effectively see through 
the infrastructure by distributing some of the electrical current below it (Rucker et aI., 2010). 
Additionally, the measured voltage at the bottom of the well is essentially the same as the top, avoiding 
infrastructure on the receiving end of the resistance measurements. The limitation of the method, 
however, was that 1) vertical resolution is lost because the plume could essentially be anywhere along 
the length of the well and provide the same measurements, and 2) the lateral coverage was limited to 
the placement of the wells. The consequence of low vertical resolution is that the method is difficult to 
validate with field data. The consequence of low lateral coverage is that sufficient background may not 
be acquired to capture the edge of a target. Regardless, the conductive plumes reconstructed by the 
long electrode resistivity method at the T tank farm matched expectations with regards to known 
disposal locations and anticipated plume trajectory. Confirmatory work with the long electrode method 
was also conducted in waste sites outside of the tank farm with three-dimensional surface resistivity; 
those results showed that the long electrode method worked well as a simple target recognition tool 
(Rucker et aI., 2010). 

The C tank farm project was conducted as a test case to overcome resolution limitations from the T tank 
farm project. Lateral coverage was increased by adding surface-based point electrodes along the 
periphery of the farm in areas thought to be unencumbered by infrastructure. Initial modeling using 
electrodes on the surface and few wells in the center of the domain suggested that the surface 
electrodes were as effective as long electrodes. Additionally, the models were able to discriminate 
between shallow and deep targets. Figure SA shows the results of a resistivity model used to image 
either a shallow target located from 10 to 15 m below ground surface with a resistivity of 1 ohm-m 
(background of 100 ohm-m), or a deep target from 60-65 m below ground surface (below the bottom of 
the wells at 44 m). The models are conceptually similar to those presented in (Rucker et aI., 2010). The 
results of the shallow target are shown to have the lowest resistivity signature at the surface. The 
results of the deep target are shown to be at a centralized depth of about 40 m. 

The electrical resistivity survey at the C tank farm included measurements from 69 wells completed in 
the vadose zone, 8 groundwater wells, and 188 surface electrodes placed along four lines on the outside 
of the tank farm fence line. The pole-pole array generated approximately 23,800 data values for 
inclusion in the inverse model. The surface electrodes were decimated to 25% to reduce the model's 
complexity. The results, shown as Figures 5B and 5C, highlight low resistivity areas that are likely 
indicative of high ionic strength porewater. Figure 5B is a contour plot of the uppermost layer of the 
model (at 0.5 m depth) and shows the lowest resistivity coincident with tank C101. Several other 
smaller targets are identified south of C103, west of C107, in and around Cl05, and around UPR-82. The 
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quality of each target is affected by the size, intensity (Le., resistivity contrast relative to background), 
and number of electrodes near the target. A target of lowest quality would be one in which few 
electrodes (either wells or surface electrodes) exist nearby, such as the UPR-82 target. A low quality 
target would warrant further investigation. A high quality target would be one in which several nearby 
electrodes exist and all effectively confirm the presence of the target, such as that beneath C101. 
Intermediate quality targets include south of C103, where two wells define the lowest resistivity portion 
of the target, and several more show a feature extending northward beneath the tank to the north side. 
The target to the west of C107 is also of intermediate quality. 

20 
S 

i 
; "0 . 

eo 

~5(;j;;;:;:m 
(log value = 0.7) , 

'-." .. 
, -... , 

Figure S. Modeling results for the C tank farm using both long electrodes (wells) and point electrodes 
along the periphery of the tank farm. A} Example modeling showing the combination of wells and 
surface electrodes can be used to distinguish deep and shallow targets. B} Overhead plan view of the 
resistivity distribution of the uppermost layer (at 0.5 mI. For feature legend, consult Figure 1. C} 
Isometric 3D view of low resistivity targets, showing an elongated feature from tank Cl0l that may be 
contributing to groundwater contamination. 

A 3D perspective of the most conductive data within the model's domain is provided in Figure 5C. This 
figure provides a view towards the northwest from the southeast and shows two isopleths representing 
5 and 10 ohm-m for the small opaque and large transparent targets, respectively. The feature beneath 
Cl0l appears to extend deeply beneath the tank and spread to the southwest in the direction of 
groundwater flow. The groundwater wells in the southwest portion of the site have seen increased 
nitrate and technetium concentrations over the past several years (Bergeron et aI., 2011). All other 
targets shown in Figure 5B are not apparent in Figure 5C due to the low resistivity values presented in 
Figure 5C. Maximum resistivity values at the targets near Cl03 and C107 are approximately 20 ohm-m. 

A secondary deeper resistivity target can also be seen beneath C108 in the Figure 5C. Interestingly, the 
Cl08 target does not appear to have a similar connection to the surface like that of Cl0l and the origin 



of the anomaly is unknown. The resistivity feature also appears to be located below the depth of local 
dry wells. 

In the time after the C farm project, the size of the resistivity surveys increased based on the 
advancement in both computer hardware and inversion software. For hardware, the internal memory 
increased significantly to allow greater domains to be modeled, and the number of processors increased 
for greater speed. The inversion software was modified to accommodate both aspects of hardware 
changes, including parallel processing capabilities. As a result, B, BX, and BY tank farms were imaged 
together, covering an area of approximately 54 ha with 36 surface lines (totaling approximately 25 line 
kilometers of lineal coverage) and 224 wells. The TX and TV farms were also imaged together with 44 
surface lines and 162 wells over an area of 46 ha. Increasing the areal extent of the survey also allowed 
the first look at the complex dynamics of comingled plumes from inside (due to tank leaks) and outside 
(from direct disposal to trenches and cribs) the tank farm. As such, this capability allowed a more 
holistic assessment not bound by contractor or regulatory constraints. 

The work in and around tank farms also had another change in strategy in that the electrodes were left 
behind for permanent placement (Rucker et aL, 2008). The TX and TV project left approximately 4,500 
electrodes around the site. The advantage of the permanent electrodes is the ability to conduct time 
lapse analysis by reoccupying the stations. These data can then be used to assess new sources to 
groundwater contamination or verification of risk models that predict long-term behavior of known 
plumes. 

Most recently, advancements in vertical resolution of resistivity targets in tank farms have been 
achieved through the use of borehole electrodes. The idea of using borehole electrodes is not new, 
especially at Hanford (e.g., Johnson et aL, 2010), but getting them in a tank farm was seen as a logistical 
challenge due to the expense of drilling. To overcome this, the electrodes are placed at depth through 
the drive casing of the newer direct push rig. Initially, one borehole electrode was placed in each direct 
push hole, as the borehole was decommissioned. Later, designs changed to allow two electrodes to be 
placed in a hole, with one consisting of an electrode at the bottom of the hole, and another lowered to a 
desired depth within the casing. Limitations for additional electrodes were based on the finite internal 
diameter of the drive casing; there was no more room for additional wires and electrodes and still be 
able to decommission the hole appropriately. The solution was to construct a multi-conductor cable 
with steel braid tubing on the outside of the cable to act as the electrode. The maximum diameter of 
the cable was approximately one centimeter and 10 electrodes could be placed within a single hole 
along a single cable. Standard practice at the site is now to place cables at all push hole locations, in 
anticipation of occupying the stations for resistivity measurements in the future. 

A test case for conducting a resistivity survey with many borehole electrodes includes the southwest 
corner of the BY farm (Figure 6A). The BY farm, conSisting of 12 tanks each with a capacity of 3x106 L, 
was built from 1948-1949. The tanks were filled with several types of wastes: metal waste, first-cycle 
decontamination waste, tributyl phosphate waste, and evaporator feed and bottoms waste (Field et aI., 
2011). Over the years, filling and emptying the tanks have resulted in unplanned releases; tank BY103 
was thought to have lost approximately 19x103 L based on uncertainty in manual tape recordings for 
liquid level monitoring. Tank BY107 was also thought to have lost 57x103 L based on liquid level 
monitoring. New evidence by Field et aL (2011) suggests that the use of the monitoring tape may have 
been flawed or that the release observed in nearby geophysical logging wells was actually the result of 
another unplanned release at the surface near BY107 of approximately 87x103 L. Lastly, the potential 
status of BY108 as a leaker is in question due to the different possible sources of contamination, 
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including a leaking tank at BY107, a leak through a valve, or near surface piping. The impacts of the 
releases were first investigated with borehole geophysical logging. Figure 6B shows the interpolated 
distribution of cobolt-60 around the tank farm. Cobalt-60 has a low kd and the contaminant appears to 
have migrated to a depth of about 20 m. 

A dense coverage resistivity survey was conducted over the BY tank farm using a grid of 212 electrodes 
over an area of 78 x 90 m. Additionally, 53 borehole electrodes were placed in seven direct push holes. 
The results of the inverse modeling of the data can be seen in Figures 6C and 6D. The figures show two 
resistivity isopleths of 0.5 and lohm-m. The resistivity target appears to be on the east side of tanks 
BY107 and BY108, coincident with the cobalt plume. However, the resistivity data also mapped a 
feature to the west of these tanks, which is confined on the west by the internal corners of BYll0 and 
BYll1. From a depth perspective, the resistivity target is within the top 18 m, roughly equivalent to the 
cobalt plume shown in Figure 6B. Despite having been conducted from the surface above the 
infrastructure, the method of acquisition seemed to reasonably reconstruct a resistivity anomaly among 
tanks. The upper layers of the model (not shown) had linear features that coincided with known pipe 
locations, but they did not appear to influence the deeper anomalies. 
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Figure 6. Three-dimensional resistivity of the BY tank farm. A) site location relative to the model 
presented in Figure 3. B) Cobalt-60 contours at two depths, derived from spectral gamma borehole 
logging. C) isometric view of the low resistivity plumes in the southwestern portion of BY Farm. D) side 
view from the south showing the vertical distribution of electrical resistivity around the tanks. 
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Program Evolution 
As the use of electrical resistivity was advanced into areas originally considered too complex for the 
technology, changes were made to acquisition methodology, logistics, computer hardware, software, 
and interpretation, that allowed robust images of electrolytic plumes in tank farms to be constructed. 
The evolution of the technology can be seen graphically in Figure 7. The first project conducted at BCCT 
showed that resistivity can be used to identify the extent of past releases at waste sites without 
infrastructure. The next leap came in the use of wells as long electrodes to avoid infrastructure in tank 
farms. By 2006, the method focused on increasing both spatial and temporal resolution; this latter 
aspect is presented in Rucker et al. (2011). 

2004 2005 2006 

P: define contamination P: define contamination in tank farms P: infrastructure 
A: use resistivity 

" 
A: use resistivity 

" 
A: use wells as electrodes 

T: large site coverage , T: logistics of tank farm deployment ~ T: long electrode tomography 
S: BC Cribs S: T tank farm S: T tank farm 
L: processing L: infrastructure L: vertical and lateral 

resolution 

2007 2006 2006 .. 

P: quality assurance P: temporal evolution of waste P: lateral resolution 
A: QA program that conforms +- A: time-lapse tomography ~ A: surface electrodes and wells 

to DOE standards T: 4D long electrode tomography " in tomography 
T: procedures, testing. S: S Farm T: increased coverage 

equipment calibration L: resolution S: C tank farm, U tank farm 
S: B Complex L: processing/vertical resolution 

~ 2007 2007 2008 

P: large site coverage P: vertical resolution from wells P: single depth electrode 
A: increase computing A: borehole electrodes 

f---+ 
A: 2 electrodes in direct push 

capabilities r---. T: installation in drive casing of T: increased coverage of borehole 
T: multi-threaded code direct push electrodes 
S: B. BX. BY farms (B Complex) S: C Farm, B Complex S: C Farm UPR-81 
L: long inversion time L: one electrode. limited coverage L: low density coverage of site 

2010 2009 2009 

P: Limited depth electrodes P: fuzzy pictures from long electrode P: high resolution resistivity in C Farm 
A: developed 10 electrode string 

+-
tomography 

*-
A: 3D electrode grid 

T: greater coverage A: new processing code T: increased coverage of surface 
S: S/SX Farm, BY Farm, T: greater numerical understanding electrodes 

C Farm UPR-82 S: T Farm S: C Farm UPR-81 

P = Problem Statement A = Answer T = Technology Development S = Site L = Limitations 

Figure 7. Evolutionary time scale of the application of resistivity at the Hanford site, showing changes in 
electrode type, computer hardware, software, and quality assurance over time. 

Since 2007, with the further refinement of a quality assurance (QA) program that fully conforms to DOE 
guidance, geophysics is being accepted as a defensible characterization tool for Hanford. Quality 
assurance is an important aspect to programmatic technology development for any government site. To 
this end, many procedures have been developed to ensure that the information prescribing layout of 
sensors, measurement strategies, software enhancements, and storage of data are recoverable. 
Specifically, the collection and analysis of resistivity data are performed under a project-specific QA plan 



that conforms to requirements for nuclear facilities (ASME, 2000) and the DOE order 414.1C Quality 
Assurance (DOE, 2005). Work not covered in the QA plan is consistent with accepted industry standards 
for geophysical methodologies and sound engineering principles. In addition, a project specific software 
management plan was prepared under similar guidelines. 

Since late 2007, the acquisition advancements have been made in terms of getting more point 
electrodes beneath the infrastructure in tank farms. This endeavor initially started as a single electrode 
in a direct push hole but has since evolved to have 10 electrodes in a single hole, with up to seven 
borehole arrays being used in a relatively small area. Recent work has focused on understanding the 
longevity of the materials used for the borehole electrodes and how the installation process can be 
improved to increase the life expectancy of the electrodes. On the software side, a major advancement 
was made in 2009 with the RES3DINVx64 inversion modeling code that has provided higher numerical 
accuracy when using long electrodes. In light of these new software advances, the older data are being 
revisited to update the resistivity models. 

Future Possibilities 
The mapping of contaminant plumes beneath the discharge sites is inherently a hydrogeological 
problem. It seems natural, therefore, to apply joint hydro-geophysical models that aim to correctly 
reconstruct parameters from both hydrogeological and geophysical disciplines. In order for this to 
happen, constitutive relations that tie the electrical resistivity parameter to a hydrological state variable 
(moisture content, ionic strength of porewater, etc.) need to be developed. One simple step towards 
integrating this information is to perform joint laboratory measurements at a very basic level that can 
then be applied toward the overall inversion modeling. This is a difficult proposition given the range of 
resolution and sensitivity of the images derived from the various electrode types. 

Another future prospect is the long-term monitoring of tank farms after closure. The electrodes are 
already in place and time lapse measurements could be taken to ensure the performance of mitigating 
technologies such as surface recharge barriers or grouting of the tanks. The time lapse analysis could 
also be used to track existing plumes to gain a better understanding of the risk they may pose to 
groundwater. Time lapse analysis could also be applied to short-term remediation efforts of plumes 
beneath the cribs and trenches (Wellman et aI., 2011). 

Lastly, several other DOE sites offer suitable environments for geophysical characterization. These sites 
were identified by their similarity to Hanford with regard to the type of liquid waste released to the 
vadose zone and to the quantities released such that they are likely to provide contrasts in electrical 
properties relative to the background. At Los Alamos, the canyons and mesas offer a perfect 
opportunity to help identify the footprint, source, and potential pathways of plumes resulting from 
disposal activities. The subsurface disposal area at the Idaho National Laboratory may also prove to be 
an area suited for geophysical characterization. The Savannah River Site has several aging tank farms 
where resistivity may be applied in tank integrity investigations. 

Conclusions 
Over the past 60 years, the Hanford site has discharged significant quantities of electrolyte enhanced 
waste into the vadose zone. The waste is comprised mostly of nitrate, sulfate, and phosphate ions with 
considerable inventories of radiological and heavy metal constituents. The results of the discharges 
have created large groundwater plumes that may, over the long term, threaten the Columbia River. 
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Understanding and characterizing the sources of these plumes will provide the basis to mitigate against 
future risk through placement of various flow barriers, whether physical (Khaleel et aI., 2007) or 
hydrological (Oostrom et aI., 2009). The waste sites at Hanford, unfortunately, are difficult to 
characterize due to the obstructions posed by different types of infrastructure. Pipelines, tanks, 
buildings, and other large features limit the ability to directly sample the subsurface and some sites may 
not have a suitable conceptual model to explain recent trends in monitored data. Such is the case for 
the C tank farm, where down gradient groundwater wells are seeing a continued increase in nitrate and 
technetium concentrations (Bergeron et aI., 2011). The source of this contamination may be from one 
of the known unplanned release sites near diversion boxes, beneath tanks that have leaked, from 
overlying transfer pipelines, an unrecognized release, or a combination of these elements. Regardless, 
an accepted closure plan for the tank farm partially depends on adequately modeling the releases and 
history-matching observed trends. 

To assist in the effort, an innovative geophysically-based characterization program has been developed 
to map the extent of releases beneath the tank farms. Based on the electrical resistivity method, the 
program has evolved over the past seven years to create robust three-dimensional representations of 
the electrically conductive waste. The evolution has focused on the logistics of deployment in hazardous 
areas, acquisition with different types of electrodes (including point electrodes on the surface and 
within boreholes, as well as long electrodes from steel-cased wells), and inverse modeling with highly 
accurate numerical schemes and multi-threaded algorithms. A few of the projects were showcased 
above to highlight the advancements, understand the limitations, and provide guidance on possible 
future directions of the technology. In particular, the C tank farm indicated a massive low resistivity 
body directly beneath the C101 tank that may be contributing to the observed increases in groundwater 
contamination. In the end the successful mapping of these plumes can be attributed to the program 
management and allowing the science to evolve naturally. 

The next step in the logical progression of the technology would be to move from characterization to 
long-term monitoring, where multiple snapshots collected over time could be compared to baseline 
conditions to assess changes. Given that most tank farms have permanent electrodes installed, 
additional equipment requirements are minimal. Snapshots could be taken at time intervals that 
capture the relevant dynamics of the system, such as once per year for newer leaks or every five years 
for older ones, as well as on demand as site requirements or local information changes. The data could 
then be used to verify compliance issues outlined in the latest consent decree between the DOE, EPA, 
and State of Washington. 

References 
Abdol Hamid, H., Kassim, W., EI Hishir, A., & EI-Jawashi, S. (2008). Risk assessment and remediation 
suggestion of impacted soil by produced water associated with oil production. Environmental 
Monitoring and Assessment, 145,95-102. 

Ahmad, J. U. & Goni, M. (2010). Heavy metal contamination in water, soil, and vegetables of the 
industrial areas in Dhaka, Bangladesh. Environmental Monitoring and Assessment, 166,347-357. 

ASME (2000). Quality Assurance Requirements for Nuclear Facility Applications, NQA-l. American 
Society of Mechanical Engineers. 



Baker, V. R., Bjornstad, B. N., Busacca, A. J., Fecht, K. R., Kiver, E. P., Moody, U. L. et al. (1991). 
Quaternary geology of the Columbia Plateau. Quaternary Nonglacial Geology: Conterminous US The 
geology of North America, 2, 215-250. 

Bergeron, M.P., Connelly, M.P., Stanisich, N., Thorne, D., Tauxe, J., & Black, P. (2011). Technical 
Approach and Scope for Flow and Contaminant Transport Analysis in the Initial Performance Assessment 
of Waste Management Area C, RPP-RPT-48490. Washington River Protection Solutions, LLC. Richland, 
WA. 

Brooks, K., Augspurger, B., Blanchard, D., Cuta, J., Fiskum, S., & Thorson, M. (2006). Hydraulic testing of 
ion exchange resins for cesium removal from Hanford tank waste. Separation Science and Technology, 
41,2391-2408. 

Camargo, J. A. & Alonso, A. (2006). Ecological and toxicological effects of inorganic nitrogen pollution in 
aquatic ecosystems: A global assessment. Environment International, 32, 831-849. 

Cardarelli, E. & Di Filippo, G. (2009). Electrical resistivity and induced polarization tomography in 
identifying the plume of chlorinated hydrocarbons in sedimentary formation: a case study in Rho (Milan, 
Italy). Waste Management & Research, 27, 595. 

Chen, J., Hubbard, S., & Rubin, Y. (2001). Estimating the hydraulic conductivity at the South Oyster Site 
from geophysical tomographic data using Bayesian techniques based on the normal linear regression 
model. Water Resources Research, 37, 1603-1613. 

Daily, W., Ramirez, A., & Binley, A. (2004). Remote monitoring of leaks in storage tanks using electrical 
resistance tomography: application at the Hanford site. Journal of Environmental and Engineering 
Geophysics, 9, 11. 

de Groot-Hedlin, C. D. & Constable, S. C. (1990). Occam's inversion to generate smooth, two
dimensional models from magnetotelluric data. Geophysics, 55, 1613. 
DOE (1998). Vadose Zone Characterization Project at the Hanford Tank Farms: BX Tank Farm Report, 
GJO-98-40-TAR/ GJO-HAN-19. Grand Junction Office, Grand Junction, CO. 

DOE (2002). Standardized stratigraphic nomenclature for Post-Ringold Formation Sediments within the 
Central Pasco Basin. Department of Energy, Richland Operations, Richland, Wa DOE/RL-2002. 

DOE (2005). U.S. Department of Energy Order 414.1C, Quality Assurance. U.S. Department of Energy, 
Washington, D.C. 

Ellis, R. G. & Oldenburg, D. W. (1994). Applied geophysical inversion. Geophysical Journal International, 
116,5-11. 

Evseeva, T., Majstrenko, T., Geras'kin, 5., Brown, J. E., & Belykh, E. (2009). Estimation of ionizing 
radiation impact on natural Vida cracca populations inhabiting areas contaminated with uranium mill 
tailings and radium production wastes. Science of the Total Environment, 407, 5335-5343. 

)1 



Ezzedine, 5., Rubin, Y., & Chen, J. (1999). Bayesian method for hydrogeological site characterization 
using borehole and geophysical survey data: Theory and application to the Lawrence Livermore National 
Laboratory Superfund site. Water Resources Research, 35, 2671-2683. 

Field, J. G., Barton, J.M., Hedel, B. N., Fort, L.A., & Wood, M. (2011). Hanford BY-Farm Leak Assessments 
Report, RPP-RPT-43704. Washington River Protection Services, LLC. Richland, WA. 

Fecht, K. R., Reidel, S. P., & Tallman, A. M. (1985). Paleodrainage of the Columbia River system on the 
Columbia Plateau of Washington State: A summary. Rockwell International Corp., Richland, WA. 

Gee, G. W., Oostrom, M., Freshley, M. D., Rockhold, M. L., & Zachara, J. M. (2007). Hanford site vadose 
zone studies: An overview. Vadose Zone Journal, 6, 899. 

Geschke, G. R., & Milliken, N. J. (1995). Safety Evaluation for the Interim Stabilization of Tank 241-C-103, 
WHC-SD-WM-SARR-034. Westinghouse Hanford Company, Richland, Washington. 

Geomatrix (2005). Evaluation of Geophysical Technologies for Subsurface Characterization, Project 
Number 10960. Geomatrix Consultants, Inc., Denver, CO. 

Gephart, R. E. (2010). A short history of waste management at the Hanford Site. Physics and Chemistry 
of the Earth, Parts A/B/C, 35, 298-306. 

Gephart, R. E. & Lundgren, R. E. (1995). Hanford tank clean up: A guide to understanding the technical 
issues Pacific Northwest National Lab., Richland, WA. 

Gray, R. H., Jaquish, R. E., Mitchell, P. J., & Rickard, W. H. (1989). Environmental monitoring at Hanford, 
Washington, USA: A brief site history and summary of recent results. Environmental Management, 13, 
563-572. 

Haberman, J. H. (1995). Corrosion control for the Hanford site waste transfer system. Materials 
Performance, 34. 

Hornberger, M. I., Luoma, S. N., Cain, D. J., Parchaso, F., Brown, C. L., Bouse, R. M. et al. (2000). Linkage 
of bioaccumulation and biological effects to changes in pollutant loads in south San Francisco Bay. 
Environmental Science and Technology, 34, 2401-2409. 

Johnson, T.C., Versteeg, R.J., Ward, A., Day-Lewis, F.D., & Revil, A. (2010). Improved hydrogeophysical 
characterization and monitoring through parallel modeling and inversion of time-domain resistivity and 
induced-polarization data. Geophysics, 75, WA27-WA41. 

Khaleel, R., White, M. D., Oostrom, M., Wood, M. I., Mann, F. M., & Kristofzski, J. G. (2007). Impact 
assessment of existing vadose zone contamination at the Hanford Site SX tank farm. Vadose Zone 
Journal, 6, 935. 

Lindenmeier, C. W., Serne, R. J., Bjornstad, B. N., Last, G. V., Lanigan, D. c., Lindberg, M. J. et al. (2002). 
Characterization of Vadose Zone Sediment: Borehole C3103 Located in the 216-B-7 A Crib Near the B 
Tank Farm, PNNL-14128. Pacific Northwest National Laboratory, Richland, WA. 

:2...0 



lindsey, K. A. (2009). Geologic Features in the Columbia River Basalt Group (CRBG) Aquifer System that 
Form Vertical Flow Pathways and Subdivide the Regional Groundwater Flow System: Examples from the 
Columbia Basin Ground Water Management Area (GWMA) of South-Central Washington. In. 
Proceedings of the Annual GSA Meeting, Portland, OR. 

Loke, M. H., Acworth, I., & Dahlin, T. (2003). A comparison of smooth and blocky inversion methods in 
2D electrical imaging surveys. Exploration Geophysics, 34, 182-187. 

Ma, J., Kannan, K., Cheng, J., Horii, Y., Wu, 0., & Wang, W. (2008). Concentrations, profiles, and 
estimated human exposures for polychlorinated dibenzo-p-dioxins and dibenzofurans from electronic 
waste recycling facilities and a chemical industrial complex in Eastern China. Environmental Science and 
Technology, 42, 8252-8259. 

McKinley, J. P., Zachara, J. M., liu, C., Heald, S. C., Prenitzer, B. I., & Kempshall, B. W. (2006). Microscale 
controls on the fate of contaminant uranium in the vadose zone, Hanford Site, Washington. Geochimica 
et Cosmochimica Acta, 70,1873-1887. 

Moysey, S. & Knight, R. (2004). Modeling the field-scale relationship between dielectric constant and 
water content in heterogeneous systems. Water Resources Research, 40, W03510. 

Nassif, L., Dumont, G., Alysouri, H., Rousseau, R. W., & Geneisse, D. (2008). Pretreatment of Hanford 
Medium-Curie Wastes by Fractional Crystallization. Environmental science & technology, 42, 4940-4945. 

National Research Council (2000). Research Needs in Subsurface Science: US Department of Energy's 
Environmental Management Science Program. National Academy Press. 

National Research Council (2005). Improving the characterization and treatment of radioactive wastes 
for the Department of Energy's accelerated site cleanup program. National Academies Press. 

Oostrom, M., Wietsma, T. W., Dane, J. H., Truex, M. J., & Ward, A. L. (2009). Desiccation of Unsaturated 
Porous Media: Intermediate-Scale Experiments and Numerical Simulation. Vadose Zone Journal, 8, 643. 

Paillet, F. L. & Kim, K. (1987). Character and distribution of borehole breakouts and their relationship to 
in situ stresses in deep Columbia River basalts. Journal of Geophysical Research, 92, 6223-6234. 

Patella, D. (1983). On the relationship between apparent resistivity functions in the case of complicated 
underground structures. Geophysics, 48,1398-1401. 

Rucker, D. F. (2010a). Moisture estimation within a mine heap: An application of cokriging with assay 
data and electrical resistivity. Geophysics, 75, B11. 

Rucker, D. F. (2010b). The application of magnetic gradiometry and electromagnetic induction at a 
former radioactive waste disposal site. Waste Management & Research, 28, 364. 

Rucker, D. F. & Fink, J. B. (2007). Inorganic plume delineation using surface high-resolution electrical 
resistivity at the BC cribs and trenches site, Hanford. Vadose Zone Journal, 6, 946. 

::2..1 



Rucker, D. F., Glaser, D. R., Osborne, T., & Maehl, W. C. (2009). Electrical resistivity characterization of a 
reclaimed gold mine to delineate acid rock drainage pathways. Mine Water and the Environment, 28, 
146-157. 

Rucker, D. F., Levitt, M. T., & Greenwood, W. J. (2009). Three-dimensional electrical resistivity model of a 
nuclear waste disposal site. Journal of Applied Geophysics, 69,150-164. 

Rucker, D. F., Levitt, M. T., Myers, D. A., & Henderson, C. (2008). Development of an Electrical Resistivity 
Imaging Program for Subsurface Characterization at Hanford. In the Proceedings of the Waste 
Management Conference, WM2008, Tucson, AZ. 

Rucker, D. F., Loke, M. H., Levitt, M. T., & Noonan, G. E. (2010). Electrical-resistivity characterization of 
an industrial site using long electrodes. Geophysics, 75, WA95. 

Rucker, D. F., Noonan, G. E., & Greenwood, W. J. (2011). Electrical resistivity in support of geological 
mapping along the Panama Canal. Engineering Geology, 117, 121-133. 

Sasaki, Y. (1989). Two-dimensional joint inversion of magnetotelluric and dipole-dipole resistivity data. 
Geophysics, 54, 254. 

Serne, R. J., Ward, A. L., Um, W., Bjornstad, B. N., Rucker, D. F., Lanigan, D. C. et al. (2009). Electrical 
Resistivity Correlation to Vadose Zone Sediment and Pore-Water Composition for the BC Cribs and 
Trenches Area, PNNL-17821. Pacific Northwest National Laboratory, Richland, WA. 

Singha, K. & Gorelick, s. M. (2006). Effects of spatially variable resolution on field-scale estimates of 
tracer concentration from electrical inversions using Archie's law. Geophysics, 71, G83. 

Singha, K. & Moysey, s. (2006). Accounting for spatially variable resolution in electrical reSistivity 
tomography through field-scale rock-physics relations. Geophysics, 71, A25. 

Sogade, J. A., Scira-Scappuzzo, F., Vichabian, Y., Shi, W., Rodi, W., Lesmes, D. P. et al. (2006). Induced
polarization detection and mapping of contaminant plumes. Geophysics, 71, B75-B84. 

Steefel, C. I., Carroll,S., Zhao, P., & Roberts, S. (2003). Cesium migration in Hanford sediment: a multisite 
cation exchange model based on laboratory transport experiments. Journal of Contaminant Hydrology, 
67,219-246. 

Telford, W. M., Geldart, L. P., & Sheriff, R. E. (1990). Applied geophysics. Cambridge Univ Press. 

Um, W., Icenhower, J. P., Brown, C. F., Serne, R. J., Wang, Z., Dodge, C. J. et al. (2010). Characterization 
of uranium-contaminated sediments from beneath a nuclear waste storage tank from Hanford, 
Washington: Implications for contaminant transport and fate. Geochimica et Cosmochimica Acta, 74, 
1363-1380. 

Vanhoudt, N., Vandenhove, H., Horemans, N., Wannijn, J., Van Hees, M., Vangronsveld, J. et al. (2010). 
The combined effect of uranium and gamma radiation on biological responses and oxidative stress 
induced in Arabidopsis thaliana. Journal of Environmental Radioactivity, 101, 923-930. 



Vickery, A. C. & Hobbs, B. A. (2002). The effect of subsurface pipes on apparent resistivity 
measurements. Geophysical prospecting, 50,1-13. 

Wait, J. R. (1978). Some Earth Resistivity Problems Involving Buried Cables. Quarterly of the Colorado 
School of Mines 73, 1-21. 

Wait, J. R. & Umashankar, K. R. (1978). Analysis of the earth resistivity response of buried cables. Pure 
and Applied Geophysics, 117, 711-742. 

Walker, I. D. & Cavallaro, J. R. (1996). Failure mode analysis for a hazardous waste clean-up manipulator. 
Reliability Engineering & System Safety, 53, 277-290. 

Ward, A. L., Zhang, Z. F., & Gee, G. W. (2006). Upscaling unsaturated hydraulic parameters for flow 
through heterogeneous anisotropic sediments. Advances in water resources, 29, 268-280. 

Wellman, D.M., Gephart, R.E., Truex, MJ., Triplett, M.B., Freshley, M.D., and Johnson, T.C., 2011. 
Implementation Plan for the Deep Vadose Zone-Applied Field Research Center, PNNl-20209. Pacific 
Northwest National laboratory, Richland, WA. 

Yeh, T. C. J., Gelhar, L. W., & Gutjahr, A. L. (1985). Stochastic analysis of unsaturated flow in 
heterogeneous soils. 3. Observations and applications. Water Resources Research, 21,465-471. 

You, S. J., Tsai, Y. P., & Huang, R. Y. (2009). Effects of heavy metals on the specific ammonia and nitrate 
uptake rates in activated sludge. Environmental Engineering Science, 26, 1207-1215. 

Zachara, J. M., Serne, J., Freshley, M., Mann, F., Anderson, F., Wood, M. et al. (2007). Geochemical 
processes controlling migration of tank wastes in Hanford's vadose zone. Vadose Zone Journal, 6, 985. 

Zachara, J. M., Smith, S. C., liu, C., McKinley, J. P., Serne, R. J., & Gassman, P. L. (2002). Sorption of Cs+ to 
micaceous subsurface sediments from the Hanford site, USA. Geochimica et Cosmochimica Acta, 66, 
193-211. 


