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This study employed the combination of threemethods, namely the Frequency Domain Electromagnetic (FDEM),
Electrical Resistivity Tomography (ERT) and Ground Penetrating Radar (GPR) to evaluate a heavy-metal contam-
inated site for both pre- and post-remediation investigations. The main goals were to verify the position and the
integrity of the underground storage tanks (UST), and to determine the effectiveness of remediation to ensure no
contaminants remained at the site. In general, the GPR survey was effective at locating shallowly buried objects.
However, due to the highly conductive nature of the heavy-metal laden sludge, the GPR signals were attenuated
severely. Thus, the first attempt to use GPR in the pre-remediation investigation did not achieve the desired
results and other methods were deployed. The existence of the UST and the sludge within were confirmed by
ERT and the UST shapewasmapped by FDEM. The principal remediation schemewas soil replacement by replac-
ing the contaminated soil with clean silt. Based on the distinctive property differences of the contaminated soil
and the clean silt, the completion of the remediation was confirmed by the differences between pre-remediation
and post-remediation in GPR, ERT and FDEM results.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

With the enhancement of environmental awareness, Taiwan holds an
increasingly positive attitude for facing soil and groundwater pollution
problems. Taiwan Environmental Protection Administration (TEPA) has
the power to require polluters to remediate contaminated sites. Other-
wise, TEPA can suspend the operation of a plant or debar the transfer of
the land's ownership. Therefore, many private sectors have actively
taken initiatives to conduct contamination investigations and remedia-
tion work. Over the past five years, TEPA has obtainedmany good results
in soil and groundwater pollution investigations by employing geophysi-
cal prospecting techniques. For example, TEPA used Ground Penetrating
Radar (GPR) to reveal buried pipelines that a plating factory illegally
discharging sewage with, Electrical Resistivity Tomography (ERT) to dis-
cover a Non-aqueous phase liquid (NAPL) pool and Frequency Domain
Electromagnetic (FDEM) to define the actual coverage of a landfill.
raduate Institute of Geophysics,
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These three techniques are also listed as being recommended for con-
tamination investigation by TEPA. In addition to using these methods in
pre-remediation investigations, TEPA also expects to promote the appli-
cation of geophysical methods alongside traditional sampling and analy-
sis in post-remediation investigations to assess the effectiveness of
remediation work.

GPR, ERT and FDEM are able to efficiently define the electrical prop-
erties of shallow layers. With applications of geology, geochemistry,
microbiology and sampling and analysis, they are often employed in
soil and groundwater contamination investigations (Atekwana and
Atekwana, 2010). GPR has proven its ability to provide high-resolution
images for strata. Thus, it is useful for investigations in geology, archeol-
ogy and buried structures and pipelines (Al-Nuaimy et al., 2000;
Beauprˆetre et al., 2012; Porsani et al., 2010; Tohge et al., 1998). In envi-
ronmental pollution investigations, GPR can survey the NAPL leakage
distribution (Cassidy, 2007; Greenhouse et al., 1993; Lopes de Castro
and Branco, 2003). Annan (2002) provides a comprehensive review of
the development history and applications of GPR. ERT was mainly
used in geological research in its early stage. The applications of ERT
have since extended to environmental pollution investigations. For ex-
ample, ERT can survey pipeline or tank leak incidents, verify sewage
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http://dx.doi.org/10.1016/j.jappgeo.2015.07.005
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leakage and define the scope and depth of landfills (Ayolabi et al.,
2013; Batayneh, 2005; Dahlin et al., 2002; Godio and Naldi, 2003;
Martı'nez-Paga'n et al., 2010). During or post-remediation work,
ERT can assess or confirm remediation results or indicate locations that
require further improvement (Goes and Meekes, 2004; Halihan et al.,
2005). Electromagnetic methods are often used inmetal mineral surveys.
In 1980s, the one-man portable terrain conductivitymeters (FDEM)were
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Fig. 1. Site description: (A) In 1980s, a waste disposal area was located in the north part of the s
aerial photograph coordinates were redefined as X: 0–275; Y: 0–250 m. (B) In 1990s, the facto
southeast. (C) In 2000s, the site was converted into a green park. In 2010, soil sampling found
unearth at least 2.5m of soil in the north and approximately 0.5m of soil in the southwest; the
the north. (E) Site photos (2012). (F) Photos of soil sampling at the UST locations (2012); the la
The sampling diameter was 6 cm.
developed to map the apparent conductivity in the shallow surface and
provide contour images. By examining the contour images, stratum struc-
tures or buried objects can be studied. Due to its quick and easy operation,
FDEM has shown its usefulness in massive area investigations, such as in
archeological studies (Batmunkh et al., 2004; Conyers et al., 2008) or in
saline intrusion investigations (Holman and Hiscock, 1998). In addition,
in the case of geological disasters, FDEM facilitates search and rescue
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tudy site; in the southeast, therewere two sedimentation tanks of different sizes. All of the
ry closed and the sludge stacking area in the north was leveled. The USTs were left in the
Cr and As contamination at the site, except in the southwest. The remediation plan was to
remediation was based on the geophysical prospecting in the southeast. (D) Red sludge in
yer of red sludge was 0.31.2 m thick; the concrete material was located at a depth of 1.2 m.
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Fig. 2. Pre-remediation of the GPR-1 profile. When the dielectric was set to 40, such as for clay with high conductivity, it can be used as the depth reference.
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operations and can locate vehicles or houses buried under debris to
provide information for excavation and searching priorities (Yu et al.,
2009). If there are NAPL leaks or landfill leachate, FDEM can also depict
the distribution of the pollution (Nobes et al., 2000; Pettersson and
Nobes, 2003).

Each method has its own distinct advantages, limitations, and dimen-
sions in which it is appropriate to use. When one individual method
survey cannot gather sufficient information to construct a holistic picture
of the underground environment, multiple geophysical prospecting
methods are combined. Integrating results of GPR, ERT, FDEM, magnetic
and seismic refraction (SR) can help construct more accurate geological
models (Bowling et al., 2007; Chang et al., 2012). GPR and ERT can gather
sufficient detailed information about shallowly buried objects within
small given areas (Ny'ari and Kanh, 2007; Pringle et al., 2012).
Archeologists often use FDEM and magnetic methods to obtain a general
idea about a massive subsurface range and use GPR and ERT to examine
certain areas for depth (Batmunkh et al., 2004; Orlando, 2013; Tong
et al., 2013). In environmental pollution studies, it is crucial to consider
not only the physical properties of the pollutants but also the chemical
reactions and microorganisms in the strata after the pollutant intrusion
because the reactions will affect the survey results andmislead the inter-
pretation for the underground settings (Atekwana et al., 2000). GPR, ERT
and FDEM are the main methods that are often integrated in investiga-
tions of landfills, leachate and NAPL leakage to compensate one another
in terms of their advantages and limitations. Each mode of combination
endorses one another for each interpretation for the distribution of the
contaminants both horizontally and vertically. The more comprehensive
information an investigation can provide, the more successful the subse-
quent remediation and the contamination risk evaluation can be (Guérin
et al., 2004; Hermozilha et al., 2010; Lago et al., 2009; Soupios et al., 2007;
Vaudelet et al., 2011; Zogala et al., 2009).

This study is based on a case of a heavy-metal contaminated site in a
southern Taiwan metropolitan area (Fig. 1). GPR, ERT and FDEM were
used to verify the integrity of the underground storage tanks (USTs)
and the existence of laden sludge. Due to the lack of records, it could
only be inferred by the aerial photographs that USTs had once been
SE

Bottom Stru

Fig. 3. Post-remediati
located at the site. Because the UST integrity and sludge distribution de-
termined the funds and time for the remediation work, an urgent need
for the remediation team was indicated. Being the most well-known
geophysical prospectingmethod in Taiwan, GPRwas specified in the re-
mediation proposal to locate the UST even though not everyone under-
stands what factors may impact GPR signals. In general, GPR is effective
for investigating shallow-buried objects. However, the GPR signalswere
seriously attenuated when the pre-remediation investigation started
and therefore, failed to collect operational data. Thus, other geophysical
techniques were immediately adopted. When geophysical prospecting
methods were subjoined, the remediation had begun and was ongoing.
The remediation team desired information about the UST integrity as
soon as possible to adjust the subsequent remediation methods and
control the remediation schedule. In short, the geophysicists were not
given much time and space to perform the investigation. The study
site was in an urban area where many environmental interferences
could affect the investigation.With the limited time and space, and con-
sidering the urban environmental interferences and the signal attenua-
tion caused by the sludge, ERT and FDEM were adopted for their
feasibility, mobility and lower sensitivity to environmental interfer-
ences. The geophysicists excluded SR and other EM methods due to
the abovementioned inherited restrictions of temporal, special and en-
vironmental settings. The main pre-remediation investigation goals
were to quickly verify the integrity of UST. The accuracy of the geophys-
ical pre-remediation investigation was confirmed by excavation and
sampling. This case study discussed the possible challenges to apply
GPR, ERT and FDEM at sites where the environmental conditions are
similar to the study site. The key implication was that by applying
the same three methods in the pre- and post-remediation investiga-
tions, the geophysical methods cannot only efficiently obtain the in-
formation about the contaminated site in the pre-remediation
investigation but can also be cost-effectively used to evaluate the ac-
complishment of the remediation in the post-remediation. Further-
more, in light of the discussion in this case study, the application of
geophysical prospecting technology in a contaminated site investi-
gation can be promoted.
NW

cture of UST

on GPR-1 profile.
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Fig. 4. Pre-remediation ERT Profile. Resistivity coordinates on a log scale. (A) ERT-1 result. USTs should still be at the sitewith sludge inside. (B) ERT-2 result. No clear boundary is observed
as the resistivity of the sludge is as low as that of the background stratum.
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2. Site overview

This site was located on an alluvial plain classified as Holocene
alluvium containing clay, silt and sand. Approximately 600 m from the
coastline, the alluvial layer was more than 100 m thick with a clay-
based surface. Therefore, the resistivity of the surface should be low.
The land was approximately 30,000m2wide andmainly used for an in-
dustrial waste dumpsite by an aluminum factory in 1960s. The industri-
al waste was red mud residue produced in the final stage of the
aluminum refining process. During that time, the entire north part of
the site was used to accumulate the red sludge. The main components
of the sludge were Fe2O3 and Al2O3 containing heavy metals, such as
lead, mercury, arsenic, and chromium. That is why the site was consid-
ered to be heavy-metal contaminated. The groundwater table was ap-
proximately 3.6 to 4 m deep, with large-scale flow from the northeast
to the southwest. The groundwater sample presented no contamina-
tion. Thus, this site was only contaminated in soil. There were two dif-
ferent sizes of reinforced concrete USTs in the southeast portion of the
study area. Each UST was divided into two parts by a thin concrete
wall in the center (Fig. 1A). In 1990s, the factory was closed; however,
the USTs were not removed and still contained the waste product (red
sludge) (Fig. 1B). In 2000, the entire site was renovated as a green
park (Fig. 1C). The red sludge and the USTs were completely invisible
in the site photographs taken after 2010 (Fig. 1D and E).

In 2010, TEPA found the presence of heavy metals, including lead,
mercury, arsenic, and chromium, in the soil samples of this site. The con-
centration of arsenic was 109 mg/kg and chromium was 970 mg/kg,
which both exceed Taiwanese regulatory soil standards (i.e., As:
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Fig. 5. Post-remediation ERT profile. Resistivity coordinates are on a log scale. (A) ERT-1 result. T
is gone. (B) ERT-2 result. Resistivity increased significantly after the removal of the shallow su
60 mg/kg, Cr: 250 mg/kg) (the locations for the soil sampling and anal-
ysis results are shown in Fig. 1C). Therefore, TEPA ordered the assess-
ment of the amount of sludge, soil remediation and pollutant removal.
The proposed solution was to unearth all the red sludge and backfill
with clean silt. Based on the aerial photographs and the soil samples,
the red sludge was throughout the north side. Drilling indicated that
the depth of the sludge was approximately 2.5 m. Therefore, a large-
scale excavation and dirt removal were expected, and to totally unearth
the contaminated soil, the excavation depthmust be greater than 2.5 m
until the original clay sediment was reached. The southwest side was
neither part of the manufacturing process zone nor the sludge stacking
area. The samples taken from the southwest part did not present any
significant contamination. To not leave any random contamination,
the remediation team decided to remove the 0.5 m of the topsoil. Be-
cause there were no records for the UST removal, the uncertainty re-
garding the existence of the USTs was problematic. Manual sampling
found red sludge with exceedingly high heavy-metal concentrations at
0.3-1.2 m in the stratum, suggesting where the USTs should be located,
and at 1.2 m deep, a sheet of hard material hindered the manual sam-
pling and concrete debris presented in the samples (Fig. 1 F). Thus,
the remediation team assumed that there was the UST bottom and sup-
posed the presence of UST. However, the sampling was rather limited
representative, and the information yielded was not sufficient to verify
the UST integrity, whereas a geophysical prospecting survey can offer
more comprehensive and in-depth information to facilitate the remedi-
ation and hence, collect sufficient information to confirm whether the
USTs remained intact at the site. If the USTs were still intact with the
sludge secured within them, the pollutants in the southeast should be
Shadow Effect UST Bottom

tition was UST Boundary was
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he result is still visible at the tank bottom, but the low resistivity indicates the sludge inside
rface contaminated soil and by the replacement of the clean and dry silt.
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Fig. 6. Pre-remediation FDEM result. (A) Overlapping the raw data from the probe points
with the aerial photographs from the 2000s. There are 60 data points in the sludge area in
the north, 105 data points in the low-contaminated potential area in the southwest, and
3338 data points in the southeast. (B) Overlapping the contour maps and the aerial
photographs from the 1990s. The pattern of high conductivity is identical to the shape
of the UST structure.
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retained inside the USTs without diffusion. Thus, large-scale excavation
would be rebuffed in the southeast because it would damage the tank
structure and release the sludge. Instead, small-scale excavation of the
sludge within the tank would be performed, and the tank bottom
would be left at the site after removing the contaminated soil. However,
if the tanks were broken, the contaminated soil could have gone deeper
than 1.2 m. If this was true, large instruments would be required to re-
move the tank structure and the depth of the contaminated soil would
require re-assessment. Subsequently, the remediation cost and time
would be significantly greater. In short, effective pre-remediation inves-
tigation is crucial.

3. Methodology

3.1. GPR

GPR measures the electromagnetic wave reflection time (two-way
time, TWT) after emitting high-frequency electromagnetic waves
(1 MHz to 1000 MHz). By transmitting and receiving radio waves, GPR
is used to probe the subsurface. The square root of the dielectric con-
stant of the electromagnetic wave transmission speed and materials
presents an inverse relationship; the electromagnetic wave transmission
varies in phase and amplitude within different materials. Using the
reflected electromagnetic signals expressed in plot images, the internal
structure of the material can be analyzed (Annan et al., 1991; Annan
and Davies, 1976; Davies and Annan, 1989). The GPR instrument in this
study, the SIR-3000 system manufactured by Geophysical Survey Sys-
tems, Inc., had an antenna frequency of 400 MHz. To obtain high-quality
informative data, the survey parameters were set to record one scanning
datum for every 2.5 cmat a speed of approximately 1m/s. Each scan curve
was composed of 512 individual data points. Data processing used Radan
software made by GSSI, and the data processing programs included
Dewow, Deconvolution and Gain.

3.2. ERT

ERT depicts the subsurface stratum structure images by the mea-
sured potential values. That is, ERT utilizes two electrodes, A and B, as
current poles to inject the current into a stratum and two potential
poles, M and N, to measure the potential difference in the stratum.
Currently, automated multi-electrode instruments can quickly perform
inversions onmeasured potential values, presenting themas true resistiv-
ity profiles. By the nature that different materials have different electrical
properties, ERT images can describe the underground environment
(Barker, 1981, 1991, 1992; Dahlin and Zhou, 2004; Griffiths and
Turnbull, 1985; Griffiths et al., 1990; Griffiths and Barker, 1993; Loke,
1994; Loke et al., 2010a, 2010b, 2013; Zhou andDahlin, 2003). TheERT in-
strument in this study was the SuperSting R8 system manufactured by
Advanced Geosciences, Inc. Prior to formal testing, two types of high-
resolution mixed electrode configurations, the Wenner–Schlumberger
array and the dipole-gradient array, were tested at the site. The test
parameters comprised an electrode spacing of 2 m, a maximal injection
current of 500mA, a measurement time of 3.6 s for each datum, 2 poten-
tialmeasurements for each datum, and the average of the 2measurement
results recorded as raw data. In addition, the error rate (%) for the two
measurement results fromeach datumwas calculated. The test results in-
dicated that the error rate of theWenner–Schlumberger array ranged be-
tween 0% and 1.1%. The average error rate for the data was 0.128%. The
error rate for the data with the dipole-gradient array ranged between
0% and 6.9%. The average error rate for the data was 0.237%, indicating
that the amount of data noise with the on-site measurement results of
the dipole-gradient array was slightly greater than that in the results of
the Wenner–Schlumberger array. Therefore, the Wenner–Schlumberger
array was selected as the electrode combination. The resistivity data
were inverted with the EarthImager2-D software. The software employs
finite element forward solutions and an iterative conjugate gradient
inversion scheme, described in more detail by Yang (1999), to estimate
the subsurface resistivity structure.

3.3. FDEM

FDEM produces a primary electromagnetic field at 9.8 kHz, and this
primary field induces a current in the strata; the induced current pro-
duces a secondary electromagnetic field, and on the other end, fixed
to the instrument, is the receiver coil/loop that records the intensity of
the secondary electromagnetic field to determine the conductivity of
thematerials in the stratum. By the phase shift/lag between the primary
magnetic field and the secondary magnetic field, the conductivity of
materials on the ground surface can be calculated. Mathematically, the
secondary magnetic field signals can be divided into signals that are in
phase with the same phase angle as the primary magnetic field and



Fig. 8. Post-remediation FDEM result. (A) Overlapping map of survey points and the
measured data and an aerial photograph taken in 2000s. Amount of Data Points: 7772
Points in the North (sludge dumpsite) and 2350 points in the Southeast (UST Area).
(B) Overlapping the contour map and the aerial photograph from the 1990s. The dotted
line shows the range of the original UST area.
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Fig. 7. Site photograph during UST remediation taken from (150, 70) towards the northeast.
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signals that are out of phase (also called quadrature), which lag the pri-
mary field by 90°; the amplitude of the twomust be equal to the original
wave. When the material conductivity increases, the phase-lag
increases. In short, the in-phase component grows as the quadrature
dwindles. Quadrature component is often converted into apparent con-
ductivity, and when a series of conductivity data is plotted into a con-
tour map, the characteristics of the material in the subsurface can be
depicted (McNeill, 1980, 1990; Mussett and Khan, 2000; Nobe, 1999;
Wightman et al., 2004). The FDEM instrument in this study was the
CMD electromagnetic conductivity meter manufactured by GF Instru-
ments, s.r.o. A 3-m-depth probe was used. The measurement method
involved geophysicists carrying the instrument and walking on the
site in a straight line while continually recording data. The walking
speed was 0.8 m/s, and one data point including the apparent conduc-
tivity and in-phase signals, was recorded every second. The instrument
was linked to a GPS device to confirm real-time recording of the abso-
lute coordinates of each datum. The data processors were Sufer and
ArcGIS of Golden Software, Inc., and Environmental Systems Research
Institute, Inc., respectively.

4. Results

4.1. GPR

The sampling positionswere used as control points for GPR-1 survey
line. Based on the known-information that some suspected concrete
was at the depth of approximately 1.2 m under the sampling points,
there were two assumptions: one was that if strong signal reflections
smoothly continued at the same depth, the USTs would be expected
to be intact at the site; in contrast, if the reflections were intermittent
as the depth varied or there were diffractions from suspected metal
(steel), the bottom of the tank would be presumed to be damaged.
However, the pre-remediation of the GPR-1 survey results, shown in
Fig. 2, failed the two expectations. From 5 ns, the signals attenuated sig-
nificantly, and at 8 ns, hardly any signal reflected. The only signal was a
diffraction, which could be referred by the concrete partition inside of
the UST, at 12 ns at a distance of 10m, but the signal was not able to de-
termine whether the UST bottom was intact. The high conductivity of
the sludge was assumed to be responsible for the severe attenuation.
Because the pre-remediation GPR results failed to realize their intended
purpose, fine-tuning of the remediation plan and employment of other
methods were necessary.

Subsequent investigations confirmed the existence and the integrity
of the USTs. Accordingly, the UST area remediation was to unearth the
sludge in the tanks and destroy the concrete partitions inside of the
USTs and the sidewalls thereof, but leave the tank bottoms where
they were; then, backfill with clean and pollution-free soil taken
from elsewhere. The post-remediation GPR-1 profile, shown in
Fig. 3, displayed strong signal reflections continuing smoothly at
21 ns, where the tank bottoms remained, due to the clean silt re-
placement for the sludge. The post-remediation GPR profiles set
the dielectric to 8 so that the setting could be used as the reference
depth to meet the known-information that the tank bottoms were
located at a depth of 1.2 m. In short, when the subsurface soil that
severely attenuated the GPR signals was replaced, the GPR is capable
of surveying shallowly buried objects.

4.2. ERT

After theGPR pre-remediation investigation, ERTwas chosen hoping
the resistivity profiles could define the UST integrity. The USTs were
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Fig. 9. Post-remediation GPR-2 profile.
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composed of reinforced-concrete, including steel, but the steel was se-
cured by the concrete so that the current could not penetrate. In other
words, if the tank bottoms were intact, continuous high resistivity
would be profiled. On the contrary, if the tank bottoms were gone or
destroyed with the steel uncovered, the current would be able to con-
duct; therefore, the profiles would display inconsistent resistivity of
high and low values. ERT-1 results, shown in Fig. 4A, displayed a contin-
uous relative high resistivity in the strata (green color scale) where the
tank bottoms were suspected to be located. At 27 m near the surface,
there were high-resistivity anomalies that were indicative of the con-
crete partitions in the USTs. The cause of such profiles was believed to
be the same as why the diffraction occurred at 10 m of GPR-1 survey
line. High resistivity valueswere noted because of thewall-like concrete
structure (partition) standing vertically in the ground and because the
partition prevented the current from traveling between the electrodes.
At 2 m and at 51 m, the same high resistivity profiles were presented
and the two locations were presumed to be the UST boundaries. At
the end of the survey line, with a limited amount of data, the high resis-
tivity tomography was not as obvious as what the concrete partitions
presented. Because the rest region near the surface showed low resistivi-
ty, it was presumed that the tanks were still filled with sludge. However,
the depth defined by the low resistivity, whichwas sludge-suspected, dif-
fered from the analysis results obtained from the sampling points. The
lower interface of the tank was somewhat deep. These results were be-
cause the ERT profiles were obtained after inversion, and inevitably, the
resolution resulted with deviations, which hindered the depth of the
tank bottoms depicting. In addition, objects buried underground are con-
sidered to be interferences for ERT. Duringmeasurement, the current can-
not penetrate structures effectively, material reactions in the strata
underneath the structures were difficult to depict. A shadow effect fre-
quently appears during the inversion of this type of measurement data
(Dahlin et al., 2002). Therefore, although ERT can interpret changes in
phenomena and properties within strata, it cannot accurately depict the
geometries of structures. Nevertheless, based on the response of con-
tinuous high resistivity values in ERT, it was determined that the tanks
remained at the site.

ERT-2 investigation at the sludge dumpsite surveyed contaminated
soil resistivity, results shown in Fig. 4B, and learned the thickness of
the sludge was approximately 2.5 m deep according to sampling and
analysis. However, the results showed low resistivity (b10 ohm-m)
Fig. 10. ERT-2 results of the percent difference of resistivity between pre-remediation and p
resistivity represents the scope and depth of the excavation.
throughout the strata, and no clear boundary of the sludge could be
defined; therefore, the thickness of the sludge could not be concluded.
In short, because the resistivity of the stratum constituents was similar
to those of the contaminated soil material, no clear interface could be
observed. Nevertheless, the ERT-2 profiles supported ERT-1 results
that the low resistivity near the surface in Fig. 4B should be caused by
the sludge.

Due to the changes in the site environment after the remediation
work, the post-remediation ERT-1 survey line was shifted slightly to
the northwest by 3 m, whereas the ERT-2 survey line was set in the
same line as the pre-remediation investigation. Post-remediation ERT-
1 profile showed that the resistivity of the materials at shallow surface
increased significantly (Fig. 5A) due to the dry and clean silt replace-
ment. However, a continuous pattern of high resistivity was still in the
strata that indicated the tank bottom existence. Discontinued high
resistivity signals at the distance of 24 m and at 48 m were pre-
sumed to be the inner partitions and the boundaries of the USTs.
During the remediation process, the sidewalls and the partition of the
USTs were destroyed, exposing the steel (see Fig. 7), and discontinuing
the high resistivity pattern.

The low resistivity presented underneath the tank bottom was due
to the structure of the tank bottom that remained intact at the site.
The data gathered underneath the tank bottom showed a shadow effect
generated by the inversion rather than the response of the geological
materials. Post-remediation ERT-2 investigation showed the resistivity
of shallow buried materials that increased significantly and depicted a
clear excavation boundary (Fig. 5B). The low resistivity in the deeper
strata, shown in Fig. 5B, was the same as that gathered from the pre-
remediation survey. The low resistivity should be from the original geo-
logical materials with high conductivity. The interface of high and low
resistivity presented itself at a depth of 2.5 m, which was also the exca-
vation depth in the north. ERT post-remediation investigation indirectly
verified the remediation results. Post-remediation soil sampling and
analysis did not indicate the presence of heavy metals in soil.

4.3. FDEM

If a more comprehensive investigation of structures buried under-
ground had been performed using only ERT method, more survey
lines, time, and human resources would be necessary to confirm the
ost-remediation. Shallow resistivity increased by more than 10-fold. The increase in the



Table 1
Statistics of sludge dumpsite FDEM data.

Sludge dumpsite

Date point Average conductivity Average in-phase

Pre-remediation 60 130.877 mS/m 9.587 ppt
Post-remediation 278 43.957 mS/m 2.909 ppt

Note: Data points analyzed coordinate on aerial photograph at (60, 140), (60, 130), (125,
145), and (125, 155).
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integrity of the UST structure boundaries. Therefore, FDEM was chosen
to complement and work with ERT after the GPR investigation. Testing
was performed on the southwest side, known as low-contaminated po-
tential, and in the north, known as high-contaminated potential where
the sludge had rested. The results shown in Fig. 6A indicated that the
surface conductivity was higher than 100 mS/m in areas where the
sludge was found. In contrast, the surface conductivity was lower than
60 mS/m in areas without sludge. The material of the tank structure
was reinforced concrete. FDEM is sensitive to metal. Therefore, values
of high conductivity in the results determined the area and the integrity
of the USTs. In other words, if the distribution range of the high conduc-
tivity was similar to the area where the USTs were located, the USTs
could be presumed to be in a functional condition at the site; however,
if the range of high conductivitymismatchedwith the range of the USTs
or was greater than the range of USTs, this would indicate that the tanks
were likely damaged. The results obtained from overlapping the con-
ductivity contour map and the aerial photographs taken in 1990s re-
vealed two high conductivity anomalies that were in two different
sized rectangles and virtually identical to the area of USTs (Fig. 6B). As
the two high anomalies clearly depicted the shape of the two different
sized rectangles, FDEM self-confirmed its superiority in identifying the
existence of USTs and revealing the exactness that the sludge was
securely limited within the USTs. The UST excavation, shown in Fig. 7,
indicated no red sludge between the two USTs, which meant there
was no obvious contamination, and for this reason, the conductivity
was rather low. Fig. 7 also indicated the position of the concrete
partitioning. The partition structure not only caused the high resistivity
showed at 27m in ERT-1 pre-remediation investigation but also caused
the discontinued high resistivity signals in ERT-1 post-remediation pro-
file. In fact, the high conductivity detected by FDEM was the integrated
signal reflected by subsurface materials, which could not be related to
the sludge or the tanks. However, the ERT results showed signals of
low resistivity (sludge) andhigh resistivity (UST) in the vertical resistiv-
ity distribution, and the sampling also suggested red sludge with a
thickness of 1.2 m. Therefore, integrating the methods of ERT, FDEM
and sampling, geophysical techniques can indeed achieve themain pur-
pose of the site investigation, and assist remediation teams solving
problems.

A post-remediation FDEM investigation was performed throughout
the site (Fig. 8A), except in a small part in the southwest and the south-
east areas inwhich therewere newly planted artifacts that occupied the
surface. The results showed that the surface area in the north, where the
sludge piled, the conductivity decreased, with no apparent high electri-
cal conductivity, reflecting that the shallow heavy-metal sludge had
been replaced. In the southeast, the UST area, the conductivity declined
slightly. Because the UST bottom structures still remained, the FDEM
Table 2
Statistics of UST FDEM data.

UST area

Date point Average conductivity Average in-phase

Pre-remediation 2638 86.598 mS/m 12.780 ppt
Post-remediation 2350 81.807 mS/m 10.381 ppt

Note: Data points analyzed coordinate on aerial photographs at (150, 45), (140, 100),
(250, 80), and (240, 135).
stillmeasured the reaction of the reinforced structure. Thus, the conduc-
tivity measured was still highly biased. Overlapping the FDEM contour
maps and the 1990s aerial photo (Fig. 8B) showed the pattern of the
UST bottom structure in the southeast. In the north, the conductivity
was lower than 60 mS/m, which was the reaction of the clean and
contamination-free soil. This result also indirectly validated that the re-
mediation work had been completed.

5. Discussion

5.1. GPR

Pre-remediation GPR probe failed to detect the bottom of the UST
structure because the conductivity of the heavy-metal sludge was ex-
cessively high, severely attenuating the GPR signals. The attenuation
of a radar wave (α) is approximately given by the following formula:

a≈1690
σ
ffiffiffiffi

K
p ð1Þ

where σ is the conductivity and K is the dielectric constant. This indi-
cates that as the conductivity of a material increases, the radar wave at-
tenuation grows. This attenuation becomes quicker and more distinct
when the electromagnetic frequencies exceed 100 MHz (Davies and
Annan, 1989), which was reason why the pre-remediation GPR did
not realize the expected results. However, once the heavy-metal sludge
was excavated and replaced with clean soil, the GPR could survey the
signals from the tank bottom. Therefore, the post-remediation GPR indi-
rectly verified the accomplishment of the remediation and can confirm
the depth of excavation. GPR-2 profile was the post-remediation result
of the southwest side (Fig. 9), in which 0.5 m was unearthed and
backfilled. Fig. 9 showed an obvious interface at 10 ns. The continuous
and smooth signals illustrated the interface and indicated the fact that
even though it was not high-contamination-potential, the topsoil had
been replaced by clean silt for 0.5 m depth. Compared with the signals
below 10 ns, the original geological materials were rather weak. The
weak resistivity signals were due to the background conductivity that
was as high as ERT-2 disclosed. Although GPR-2 also showed signal at-
tenuation, compared with pre-remediation GPR-1, the signal attenua-
tion caused by the sludge was more severe.

5.2. ERT

The ERT-2 survey line in the sludge-filled area was controlled at
nearly the same position for pre- and post-remediation investigations.
The material property change could be understood from the percent
difference of resistivity between pre- and post-remediation. Fig. 10
illustrated that the resistivity of the strata shallower than 2.5 m in-
creased by 10 times more while elsewhere remained virtually the
same, indicating that the material properties of the strata that
were shallower than 2.5 m changed. The results demonstrated that
the remediation team excavated the sludge area for more than
2.5 m deep.

5.3. FDEM

Both pre- and post-remediation FDEM surveyed in the north where
the sludge dumpsite and theUST area had located. The statistical results
were shown in Tables 1 and 2 with the coordinates on aerial photo-
graphs. The statistical results, shown in Table 1, illustrated that at the
sludge dumpsite, the average post-remediation conductivity of 278
data points decreased to 43.957 mS/m; the in-phase signal decreased
to 2.909 ppt, suggesting that the surface materials changed, and also
verifies the complement of the remediation work. The statistical results,
shown in Table 2, demonstrated that at the location of the UST, the aver-
age pre-remediation conductivity of 2638 data points was 86.598 mS/m,
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with an in-phase signal of 12.780 ppt. Compared with the average pre-
remediation conductivity in Table 1, the pre-remediation conductivity in
Table 2was lower. The reason for suchnumberswas because of the statis-
tics, shown in Table 2, including the data from the contamination-free
area between the USTs.

In fact, the highest conductivity was obtained in pre-remediation
UST investigation, with no large difference from the post-remediation
UST average conductivity (Table. 2). The average post-remediation
conductivity and in-phase signal were still high, and this was due to
the reinforced concrete structure of UST bottom that remained. In
FDEM surveys, if there is high conductivity material, such as metal, a
great phase lag can cause negative-conductivity. Such an occurrence
occurred in both pre- and post-remediation FDEM surveys; however,
the negative values were less than 0.5% of the total data numbers and
only occurred in UST area. When producing the conductivity contour
maps and determining the overall average conductivity, the negative
values were excluded.

FDEM collects data in grid arrangements that record a reading every
1 m to 2 m to create smooth contour maps and decrease misleading
graphics (Paton, 2002). When the conductivity of the underground
target object is similar to the background conductivity, this arrange-
ment is necessary. Only if an accurate geodetic survey is conducted
can an equidistant grid be applied. However, not all sites are smooth
and even, which eases measurement and positioning, and time may
be insufficient to preprocess measurements at every site and for every
case. Time is a vital factor that determines the investigation method.
In this study, FDEM collected data continuously; therefore, the amount
of data was sufficient. The GPS coordinates of each measurement
point were recorded simultaneously. In a pilot test, a difference of at
least 40 mS/m was verified between the background conductivity and
theprobe targets. Therefore, by overlapping the contourmap onto aerial
photograph (Fig. 6B), the shapes of the USTs were the same as they had
previously been, suggesting that theUSTs remained. In fact, the UST dis-
tribution can be seen by simply overlapping the collected raw data onto
aerial photograph (Fig. 6A). The operating time can be greatly reduced
by omitting precise grid measurements and contour map drawing. In
this case, for instance, all of the FDEM and ERT measurements were
completed within one working day (12 h) and the figures of the results
were immediately created, indicating that the UST remained intact at
the site. Such a simplified procedure can be applied in time-pressing
investigations; for example, assisting in disaster search and rescue. How-
ever, the precondition is that the distinct difference between the back-
ground conductivity and the abnormal conductivity is verified.

6. Conclusion

In this study, multiple geophysical prospecting techniques swiftly,
efficiently and effectively solved the remediation issues and facilitated
the subsequent remediation method design and budget estimation.
Although GPR failed to meet the expectation in the pre-remediation
investigation, ERT and FDEM accomplished the primary objectives of
the UST investigation. Instead of negating the probing capabilities of
GPR, the results indicated that each prospecting technique has its own
advantages and limitations, differing in the strength of the signal reac-
tions produced when the material properties change. Each geophysical
prospecting method has its application under various environmental
conditions. Multiple techniques combined can provide explanations
from different views to complement each other. This is the current
trend of applying geophysical techniques.

In comparison of the pre- and post-remediation investigations,
the results can verify the accomplishment of the remediation. In pre-
remediation investigations, FDEM can define the contaminated range
or the distribution of the buried objects and GPR and ERT can determine
the depth of the distribution of the pollution or the buried objects.
Therefore, associatedwith sample analysis, they can clarify complex en-
vironments. In post-remediation investigations, the same process can
be employed to compare the differences between pre-remediation
and post-remediation and to confirm and evaluate the remediation ef-
fectiveness. Effectively employing geophysical exploration techniques
to investigate contaminated sites and evaluate remediation outcomes
is beneficial in terms of time, cost, and effectiveness. In short, geo-
physical prospecting technology applications have extended from
pre-remediation investigation to post-remediation assessment.
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