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ABSTRACT

Time-lapse methodology was applied to cross-hole electrical resistivity tomog-
raphy (CHERT) to investigate two groundwater contamination sites. In the first case 
study, resistivity profiles were used to delineate the transport direction and spatial 
distribution of the contaminant, which can serve as a basis for adjusting the remedia-
tion treatment by the remediation team. In the second case study, changes in electri-
cal conductivity were used to evaluate the remediation reagent’s transport direction 
and area of effect, and this was used to indirectly verify the effectiveness of the 
remediation efforts. CHERT equipment was installed simultaneously at the monitor-
ing wells, which enhanced the benefits of the boreholes, enabling them to be even 
more economical. In large-scale groundwater contamination sites or sites with com-
plex hydrogeological environments, application of CHERT techniques can result in 
greater amounts of data, particularly in analyzing localized preferential flow paths. 
This data would be greatly beneficial to the remediation of groundwater contamina-
tion sites and long-term groundwater management.
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1. INTRODUCTION

The first critical issue encountered in treating ground-
water contamination sites is how to delineate the distribution 
of contaminants. Sample analysis is the most direct and ac-
curate method. However, if the site covers an extensive area 
or contains highly heterogeneous geological material, and/
or if the contaminant source is unknown, no number of drill 
sampling points is enough to provide an accurate depiction. 
Another common method is simulation of the transport pro-
cesses of the contaminated liquid using advection-dispersion 
theory. However, if preferential flow paths are present in the 
geological formation, simulated behavior using advection-
dispersion theory may not represent actual behavior (Zheng 
and Gorelick 2003). Simulations of the plume’s density dis-

tribution may underestimate the amount of contaminant that 
reaches the front of the plume, rapidly moving along prefer-
ential flow paths. A similar quandary is encountered during 
remediation of groundwater contamination sites, addressing 
whether the remediation reagent injected into the geologi-
cal formation is transported effectively to a target position. 
Meeting the challenges posed by contaminants in complex 
geological environment and low-permeability strata have 
always been key issues in the remediation of groundwater 
contamination sites (Leeson et al. 2013). Therefore, how to 
depict the transport range of remediation reagents, similar 
to the depiction of contaminant distribution, is an important 
topic. Electrical resistivity tomography (ERT), a technique 
used in geophysical exploration, can be useful in resolving 
the issues encountered in treating groundwater contamina-
tion sites. ERT provides detailed images that can be used to 
deduce geological structure, contaminant distribution, and 
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remediation reagent flow.
The underlying principle of ERT is based on direct 

current resistance. All observed data from the electrical 
potential of subterranean materials under the injection of 
an artificial electrical current are used to form an image of 
the electrical resistivity of the geological formation. This is 
measured by designating two current electrodes, and two 
additional electrodes for to recording the potential differ-
ence in potential electrodes. The use of automated multi-
electrode equipment allows rapid switching of electrode 
positions and distances. Finally, inversion of the data allows 
the resistivity or conductivity results to be depicted as con-
tour maps. Because different materials have different elec-
trical properties and the fluids in the pores of the material 
and the porosity of the material can affect observed resistiv-
ity values (based on Archie’s law), the resistivity image can 
be used to resolve the subterranean environment (Barker 
1981, 1989, 1992; Griffiths and Turnbull 1985; Griffiths 
et al. 1990; Griffiths and Barker 1993; Loke 1994; Zhou 
and Dahlin 2003; Dahlin and Zhou 2004; Loke et al. 2010a, 
b, 2013). With improvements in the equipment and com-
puter technology during the past two decades, ERT surveys 
have become faster and more convenient in terms of field 
investigations and data processing. As ERT has the ability 
to produce high resolution images of formations at shallow 
depths, it is widely used in geology, archaeology, engineer-
ing, and environmental surveys (Bowling et al. 2007; Soup-
ios et al. 2007a; Chang et al. 2012; Lin et al. 2013; Loke et 
al. 2013; Tong et al. 2013). Furthermore, ERT, undertaken 
in environmental contamination research such as investiga-
tions of landfills and groundwater contamination sites, can 
be used to clarify the scope and depth of landfills, investi-
gate spills in contaminated areas, identify possible leakages, 
or assess the spatial distribution of contaminants (Atekwana 
et al. 2000; Halihan et al. 2005; Soupios et al. 2007b; Yang 
et al. 2008; Atekwana and Atekwana 2010; Martínez-Pagán 
et al. 2010; Vaudelet et al. 2011; Ayolabi et al. 2013; Wang 
et al. 2015). More specifically, cross-hole electrical resistiv-
ity tomography (CHERT) involves placing current and po-
tential electrodes in boreholes. Inversion of the data is used 
to produce resistivity images of the geological formations 
between boreholes (Daily and Owen 1991; Shima 1992; 
Bing and Greenhalgh 1997; Zhou 1998; Sugimoto 1999). 
CHERT can be used to collect data from electrodes placed 
in two boreholes, or it can be used in conjunction with elec-
trodes placed at ground surface to collect data between the 
ground surface and boreholes as well as data between bore-
holes (Petersen and al Hagrey 2009). When surface survey is 
not possible because of environmental limitations, CHERT 
is a feasible alternative that can provide a clearer interpre-
tation of the geological data between boreholes (Deceuster 
et al. 2006). CHERT provides higher resolution than sur-
face ERT in investigations of groundwater and groundwa-
ter contamination (Greenhalgh et al. 2000; Wilkinson et al. 

2010). Because the electrodes can be permanently affixed 
in boreholes, CHERT is also an effective long-term moni-
toring system and has been used in recent years to monitor 
CO2 sequestration (Christensen et al. 2006; Al Hagrey 2011; 
Guo et al. 2011; Carrigan et al. 2013).

In this study, two case studies of the application of 
CHERT to contaminated groundwater remediation sites 
were examined. One involves a site where the groundwa-
ter was contaminated with light non-aqueous phase liquids 
(LNAPL). The source of contamination had been identified 
and remediation had begun. The objectives of this study in 
regard to the first site were periodic survey of the diffusion 
and distribution of the contaminants, leading to an indirect 
assessment of remediation efforts to assist with adjustments 
or corrections to the remediation plan. The other case study 
involves a site where the groundwater was contaminated 
with dense non-aqueous phase liquids (DNAPL) and the 
source of contamination had not been identified. The site 
covered an extensive area and the geological conditions 
were complex. As a result, the remediation process en-
countered a bottleneck. The remediation treatment involved 
evaluating the feasibility of a double-packer injection (DPI) 
method in combination with injecting reagents. The objec-
tive of the CHERT survey was to assess the affected area 
and transport time of the injected reagent. In both case stud-
ies, the positions of boreholes used in the CHERT survey 
were determined at the same time as the remediation plan. 
In addition to being used for geophysical surveys and moni-
toring, the boreholes could be used for groundwater sam-
pling and hydraulic testing, reducing the cost and increasing 
the benefits from the boreholes. The equipment used in this 
study was the SuperSting R8 system manufactured by Ad-
vanced Geosciences, Inc. The resistivity data were inverted 
with the AGI EarthImager© 2-D software and EarthImager© 
3-D software (Advanced Geosciences, Inc. 2014), based on 
the finite element method and conjugate gradient inversion 
scheme (Yang 1999).

2. NUMERICAL SIMULATION

In CHERT surveys, the bipole-bipole electrode config-
uration, i.e., placing the two current electrodes in different 
boreholes, results in higher signal-to-noise ratio and higher 
electrical potential readings (Bing and Greenhalgh 2000). 
Placement of the current electrodes at different depths so 
that they are angled and not parallel can also increase ob-
served data values (Goes and Meekes 2004). Based on the 
two studies, when factors such as measurement time and sig-
nal strength are considered, the configuration is designed to 
be employed in this study. The principle of the configuration 
is to locate both current electrodes and potential electrodes 
at various depths in two different wells. Consequently, the 
measured data can be obtained by the two pairs of electrodes 
in parallel and crossover configurations (see Figs. 3a and b  
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in Bing and Greenhalgh 2000). Through the numerical simu-
lation, the configuration can be evaluated and applied in the 
field experiments. Finite element forward modeling with a 
grid of half electrode interval and 1% random noise added in 
to the apparent resistivity, was used in the numerical simu-
lation, and two-dimensional (2D) inversion was performed 
using a smoothness constrained method. The finite element 
method produces more accurate forward modeling solution 
than finite difference method with the same mesh discreti-
zation. Moreover, the finite element method models earth 
topography better. Details of the finite element calculation 
in our numerical simulation are described in Advanced 
Geosciences, Inc. (2014). The ability of ERT to depict the 
spatial distribution of groundwater contaminants or injected 
remediation reagents is predicated on a difference in resis-
tivity between the intrusive materials and the geological 
background. When the resistivity of intrusive materials is 50 
- 200% of the resistivity of the geological setting, the distri-
bution range can be depicted solely by the resistivity image 
(Fig. 1). However, when the resistivity of intrusive materials 
is similar to that of the geological background, causing the 
change in the formation resistivity to be very small, it may 
be more difficult to depict the distribution range solely by 
the resistivity image. In these instances, the time-lapse data 
processing method can assist in resolving the distribution of 
intrusive materials. Time-lapse data processing utilizes basic 
survey data and a base resistivity model. First, a base resis-
tivity dataset is collected, so the base resistivity model of the 
site can be established as a reference model. The monitor 
survey is then repeated during monitoring using the same 
electrode configuration as the one used in the base survey. 
The algorithm does not reverse the monitor dataset separate-
ly but instead reverses the difference between the monitor 
and the underlying dataset. The result is expressed as the 
percentage difference in resistivity or conductivity through a 
contour map between the two parts. If the resistivity of intru-
sive materials is 25 ohm-m (Fig. 2a), and this value is 25% 
higher than the resistivity of the geological background, then 
the resistivity profile of intrusive materials is too similar to 
that of the background, and delineation of the contaminant 
distribution would be difficult (Figs. 2b and c). However, 
the distribution of intrusive materials can be depicted by the 
changes in resistivity (Fig. 2d). One constraint of this mea-
surement method is that the resistivity of the background en-
vironment remains nearly constant. Frequent data collection 
at short interval is best suited to the depiction of changes in 
intrusive subterranean materials.

3. CASE STUDIES
3.1 Case Study 1
3.1.1 Site 1 Background

Site 1 is located in a chemical plant within a large in-

dustrial zone, as shown by the yellow area in Fig. 3 while 
the gray areas depict plants of other companies. The site 
is located on a Holocene alluvium deposit and part of an 
alluvial plain approximately 1600 m from the coast. The al-
luvium deposit was over 100 m thick and composed primar-
ily of clay, occasionally mixed with silt or fine sand. Under 
these geological conditions, the resistivity of the back-
ground geological materials should be low (< 20 ohm-m). 
The groundwater table is found at a depth of approximately 
2 - 3 m and generally flows northeast to southwest. Organic 
solvents, primarily benzene and diesel oil categorized as 
LNAPLs, were detected in the initial sampling of ground-
water between the benzene storage tanks (the orange area 
in Fig. 3) and the processing area (the green area in Fig. 3). 
These contaminants are categorized as LNAPLs. The main 
product of this processing area was benzene, and diesel oil 
was used as an absorbent in the process. A large-scale ex-
amination of the groundwater, once every few years, was 
carried out revealing that the contamination was the result 
of leakage in the pipeline between the processing area and 
the storage tanks, although the time and volume of leakage 
were unknown. The source of contamination is shown by 
the red area in Fig. 3. Because this site is a working fac-
tory, stopping production was not feasible. Thus, when the 
leakage was discovered, large-scale excavation and removal 
were not performed, but rather the pipelines were replaced, 
and then remediation procedures targeting the subterranean 
contamination (e.g., oil skimming, injection of surfactants, 
and pump-and-treat) were initiated. Remediation had been 
underway for a period of time when high concentrations of 
benzene were detected at wells AW-1 and AW-2. These two 
wells were southeast of the assumed source of contamina-
tion. In other words, the LNAPLs were transported against 
the flow of the groundwater. This transport process was 
thought to be caused by pumping or local preferential flow 
paths that resulted in the diffusion of contaminants to the 
southeast. Because the storage tanks that were the source of 
contamination were located near the factory, transport of the 
contaminants beyond the factory borders would negatively 
affect the other companies in addition to causing environ-
mental damage. Thus, remediation efforts were extended 
southward while continuing at the primary source of con-
tamination. At this time, electrodes were placed in the new 
boreholes, designated AE-1 to AE-5, for CHERT surveying 
in addition to sampling and remediation.

Case Study 1 involved deducing the spatial distribution 
of contaminants from the CHERT results at three points in 
time, in conjunction with sample analysis. To establish the 
relative time relationship between each measurement, the 
time at which the first groundwater sampling was performed 
and benzene was detected at AW-1 and AW-2 was desig-
nated as Week 0. Subsequent groundwater samplings took 
place at Week 15, Week 68, and Week 123 (Table 1). The 
three CHERT surveys were performed at Week 12, Week 
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(a) (b) (c) (d)

Fig. 1. Comparison of synthetic resistivity models and inverted models by simulation. The distance between two boreholes is 8.5 m; the depth of 
each borehole is 20 m; 20 electrodes are in each borehole (1 - 20 m depth) with 1-m interval; and the number of data items are 1103. According to the 
configuration, each electrode can be the current electrode or potential electrode. (a) Synthetic resistivity model with contaminant resistivity is twice 
the geological background resistivity. (b) Inverted model with contaminant resistivity is twice the geological background resistivity. (c) Synthetic 
resistivity model with contaminant resistivity is half of the geological background resistivity. (d) Inverted model with contaminant resistivity is half 
of the geological background resistivity.

(a) (b) (c) (d)

Fig. 2. Comparison of synthetic resistivity models and inverted models by simulation with the contaminant and geological background similar elec-
trical resistivity. (a) The resistivity of the contaminant is 25 ohm-m; the resistivity of the geological background is 20 ohm-m. (b) Inverted model of 
the geological background without contaminant. (c) Inverted model with the contaminant. (d) Contour map of change in resistivity using time-lapse 
data processing.
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66, and Week 120. The survey area was 10 m × 4.5 m, and 
the relative locations of the boreholes are shown in Fig. 3. A 
total of 95 CHERT electrodes were placed in 0.5 m intervals 
at depths of 1 - 10 m. Each survey combined eight cross-hole 
data profiles, AE-1 to AE-2, AE-1 to AE-3, AE-1 to AE-4, 
AE-2 to AE-3, AE-2 to AE-5, AE-3 to AE-4, AE-3 to AE-5, 
and AE-4 to AE-5. The total number of data items was 8248, 
inverted with the EarthImager© 3-D software to obtain three-
dimensional (3D) images.

3.1.2 Site 1 Results

Using ERT to survey contaminant distribution re-
quires understanding the electrical resistivity of the back-
ground geological materials and the contaminants. First, an 
ERT survey was conducted on uncontaminated land in the 

northwest sector of the factory (Fig. 4). Because the site’s 
geographical composition was primarily sand and silt and 
the site was close to the coast, ERT results clearly showed 
that the resistivity of an uncontaminated saturated aquifer 
was approximately 12 ohm-m shown in blue in Fig. 4. The 
primary contaminants at the site were benzene and diesel 
oil. The pure phase resistivity of these contaminants is ap-
proximately 1012 - 1013 ohm-m. During the initial recovery 
of LNAPLs, the solvents did not show signs of acidifica-
tion. It can be assumed that the contaminants did not un-
dergo substantial changes in properties, and the resistivities 
of the contaminants were higher than that of the geological 
background.

Remediation measures were taken immediately after 
a high concentration of benzene was detected at AW-1 via 
sample analysis. A surfactant was injected into AW-1, and 

Fig. 3. Schematic diagram of Site 1.

Time Point
Well

First
(Week 0)

Second
(Week 15)

Third
(Week 68)

Fourth
(Week 123)

AW-1 491 23.7 5.04 0.0005

AW-2 25.9 36.8 17.9 12.6

AW-3 -- 1.62 1.04 4.43

AW-4 -- -- -- 2.41

AE-2 -- 3.92 1.13 0.0537

AE-3 -- 7.75 2.18 2.33

AE-5 -- 1.65 0.0041 16.2

Table 1. Benzene concentration at various time points. Samples were col-
lected using bailers at a depth of 4 m. Unit: mg L-1.
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pump-and-treat remediation was initiated. In addition, new 
remediation and monitoring boreholes, designated AE-1 to 
AE-5, were drilled to the southeast for CHERT surveys, re-
mediation procedures, and sampling. At the time of the first 
CHERT survey (Fig. 5), approximately two months of re-
mediation measures had been completed at AW-1. Figure 5a 
shows the relatively low resistivity in the area around AE-1 
(depicted in blue), which was assumed to be the result of 
continuous pump-and-treat remediation near borehole AW-
1. However, the area between AE-1, AE-3, and AE-4 showed 
higher resistivity (> 20 ohm-m; depicted in yellow to red). 
The AE-2 borehole to the south also showed higher resistiv-
ity. The spatial distribution of the contaminants can be in-
ferred from the cross-sectional view of resistivity at a depth 
of 4 m (Fig. 5b). It was speculated that the contaminants had 
begun to migrate to the southeast. Based on the results of the 
CHERT survey, samples taken at the newly-drilled AW-3 
borehole were analyzed. To obtain truer values of ground-
water contaminant concentrations, remediation efforts were 
halted for two weeks prior to sample analysis at the bore-
holes. Results of the second sampling showed that although 
the benzene concentration at AW-1 decreased substantially, 
no improvement was seen at AW-2. At AW-3, AE-2, and 
AE-5, benzene was detected, albeit in low concentrations 
(Table 1, column 3). However, this indicated the spread 
of contaminants outside the boundaries of the factory, and 
results of the sample analysis verified the inferences made 
about contaminant distribution using the CHERT survey.

Remediation continued at the site for one year, and 
then the second CHERT survey was conducted (Fig. 6). 
Figure 6a shows the high resistivity area (depicted in yel-
low) had clearly expanded toward the southeast since the 
first CHERT survey. This result is consistent with the pre-
dictions from the first survey. Figure 6b shows lower re-
sistivity in the areas around the five boreholes. This was 
caused by a year of pump-and-treat remediation at AE-1 to 
AE-5. The resistivity in the areas around AE-2 and AE-3 
was substantially lower in the second survey than in the first 
survey. Although the high resistivity area in the northwest 
sector persisted, overall, the high resistivity demonstrated 
by contaminants showed a decreasing trend. Although the 
contaminants still appeared to be migrating southeast, the 
contamination “seemed” to be confined to expected bound-

aries as a result of remediation efforts and was no longer 
flowing outside the factory boundaries. Pump-and-treat re-
mediation was again halted for two weeks prior to the third 
groundwater sample analysis, which showed that benzene 
concentration decreased in comparison to the second sample 
analysis (Table 1, column 4). Sample analysis and CHERT 
survey results mutually confirmed that the contaminant re-
bound effect was insignificant. Based on these results, the 
remediation team assumed that the spread of contamination 
was effectively under control.

After another year of remediation, the third CHERT 
survey was conducted (Fig. 7). Figure 7a shows a substantial 
increase in the high resistivity area in the southeast sector, 
compared to the second CHERT survey, and the peak resis-
tivity position (depicted in red) had moved from the north-
west sector to the southeast sector. Although Fig. 7b showed 
a relatively low resistivity near the five boreholes, the over-
all resistivity of the CHERT survey area clearly increased, 
particularly in the southeast sector. This indicated that the 
remediation techniques of continuous injection of surfac-
tants and pump-and-treat failed to prevent the diffusion of 
contaminants. Possible reasons for the failure included: (1) 
Remediation of the site was limited by the continued opera-
tion of the large factory, and large-scale excavation of the 
source of contamination was not feasible; (2) Differences 
in permeability in localized areas of fine-grain geological 
materials may have prevented the effective distribution of 
surfactant throughout the entire geological formation; and 
(3) Differences in the hydraulic conductivity of geological 
materials can cause asymmetry in a pump’s radius of influ-
ence, leading to greater difficulty in predicting the transport 
of contaminants. The fourth sample analysis, conducted af-
ter pump-and-treat remediation was halted, showed a sub-
stantial increase in benzene concentrations at AW-3 and 
AE-4 and relatively high benzene concentration at AW-2 
(Table 1, column 5). Based on the CHERT survey results, 
remediation efforts to contain the spread of contaminants 
were suspected to have failed, and contaminants were sus-
pected to have migrated southeast. Thus, it was suggested 
that the remediation team drill a new borehole, designated 
AW-4, southeast of the survey field. Benzene was detected 
in samples from this well. CHERT and sample analysis re-
sults both showed that the contamination at this site had not 

Fig. 4. Background resistivity values of Site 1. The ERT survey employed the Wenner-Schlumberger configuration. Electrode interval was 1 m.
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(a)
(b)

Fig. 5. Results of first CHERT survey (Week 12). (a) 3D fence diagram; (b) cross-sectional view at a depth of 4 m.

(a)
(b)

Fig. 6. Results of second CHERT survey (Week 66). (a) 3D fence diagram; (b) cross-sectional view at a depth of 4 m.

(a)
(b)

Fig. 7. Results of third CHERT survey (Week 120). (a) 3D fence diagram; (b) cross-sectional view at a depth of 4 m.
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been contained as predicted; instead, it had spread outside 
the factory borders. Overall remediation efforts should be 
re-evaluated and more aggressive in the southeast sector.

3.2 Case Study 2
3.2.1 Site 2 Background

Site 2 is located outside a petrochemical industrial 
zone, above the downstream section of a groundwater flow 
(Fig. 8). The industrial zone was established over 40 years 
ago and contains numerous large-scale, continuously oper-
ating chemical plants. In 1996, contaminants such as vinyl 
chloride (VC), 1,1-dichloroethene (1,1 DCE), trichloroeth-
ylene (TCE), tetrachloroethene (PCE), and 1,2-dichloro-
ethane (1,2 DCA) were detected at many of the monitor-
ing wells distributed throughout factories in the industrial 
zone. The various factories with contamination issues be-
gan groundwater remediation treatment at varying times 
(the earliest treatment began over 10 years ago), and reme-
diation efforts continue today. In the past, the waste water 
might have been dumped underground or injected into the 
groundwater because of a lack of environmental awareness 
and knowledge. Furthermore, many factories have changed 
owners or industries, making it impossible to establish the 
exact history or source of contamination. The Environmen-
tal Protection Agency has treated the entire industrial zone 
as one source of contamination (depicted in gray in Fig. 8), 
and the primary goal of remediation has been to prevent the 
diffusion of contamination outside the zone. However, in 
2009, contaminants were detected in the groundwater out-
side the industrial zone in an area that had been developed 
into a residential zone. Because of the dangers to humans 

posed by contaminated water, remediation efforts began in 
2010 in the contaminated area outside the industrial zone; 
however, the efforts yielded lackluster results. Remediation 
efforts at this site face two difficult problems: the contami-
nation has reached a depth of 30 m, and the background 
geological materials make it difficult to predict the direction 
of transport of remediation reagents.

The site is located on a Holocene alluvium deposit 
approximately 50 m thick, and contains gravel, sand, silt, 
and clay. The composition between 1 - 15 m is primarily 
sand and gravel, occasionally mixed with silt. The hydraulic 
conductivity is high and the material is relatively homog-
enous, thus, the transport of reagents could be manipulated 
via conventional remediation techniques such as injection of 
reagents and pump-and-treat. The composition between 16 
- 35 m was primarily sand, silt, and clay with low hydrau-
lic conductivity. The clay constitutes a greater proportion at 
these depths and is unevenly distributed or discontinued. As 
a result, the groundwater flow more complicated. This geo-
logical formation behaves like an aquitard and the transport 
of remediation reagents is difficult to predict or ensure effi-
cient transmission in silt and clay layers. Furthermore, when 
bioremediation reagents are used, they can form a biofilm in 
the area around the remediation borehole over time if they 
are not distributed effectively. When this happens, conven-
tional reagent injection techniques, which rely on gravity, 
will cause the reagent to overflow from the mouth of the 
borehole, and become ineffective as a remediation technique.

Because of this, the remediation team designed a set 
of remediation procedures based on DPI technology and 
the EcoClean reagent, a biostimulation reagent with a Jap-
anese patent from EcoCycle Corporation, in the hopes of  

Fig. 8. Schematic diagram of Site 2.
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resolving this complex groundwater contamination prob-
lem. The primary objective of Case Study 2 was to use 
CHERT surveys to assess the transport pathways and area 
of affect of the reagent, delivered via the DPI method, in a 
geological formation with low permeability. A 12 m × 12 m 
borehole survey field was established in an area known to 
be contaminated outside the industrial zone. In the survey 
field, VC contamination was detected at a depth of 19 - 29 m 
in a sample obtained from the first monitoring well that was 
drilled (BW-2). Subsequently, VC contamination was also 
found at wells BW-1 and BW-3, which were positioned up-
stream and downstream, respectively, of BW-2. Boreholes 
BR-1 to BR-6 were positioned upstream from the three 
monitoring wells for injection of remediation reagents. The 
purpose of this placement was to examine whether pressur-
ized injection of reagents can effectively transport the re-
agents downstream in an aquitard, leading to the ultimate 
goal of VC concentration reduction and remediation of the 
contaminated groundwater. Four CHERT boreholes (desig-
nated BE-1 to BE-4) were positioned surrounding the moni-
toring and injection boreholes. These four boreholes were 
also used for monitoring the groundwater. A total of 80 
CHERT electrodes were placed in 1 m intervals at depths of 
16 - 35 m. Each survey collected four elements of 2D cross-
hole data, including BE-1 to BE-2, BE-2 to BE-3, BE-3 
to BE-4, and BE-1 to BE-4. A total of 1103 individual 2D 
profile data items were inverted with the EarthImager© 2-D 
software to obtain 2D images. The configuration of all bore-
holes is shown in Fig. 8 and the analysis of the geological 

composition is shown in Table 2. Table 3 shows data from 
groundwater sampling at the boreholes at various depths 
prior to remediation. Results showed contamination in the 
aquitard at BE-1 to BE-4, in addition to BW-1 to BW-3.

3.2.2 Site 2 Results

Before the remediation reagent injection, a CHERT 
survey was carried out and the data was used as background 
monitoring values. Reagent injection was performed over a 
period of four days. On the first and second day, the reagent 
was injected into BR-1, BR-2, and BR-3 at depths of 18, 
20, 22, 24, 26, 28, and 30 m. At each depth, 500 L of the 
reagent was injected. Immediately after reagent injection, a 
CHERT survey was performed and four profiles were ob-
tained. On the third and fourth day, the process was repeated 
at boreholes BR-4, BR-5, and BR-6. A CHERT survey to 
obtain four profiles was performed immediately after its 
completion. A last CHERT survey to obtain four profiles 
was performed on the fifth day. The point in time at which 
the reagent injection began at BR-1, BR-2, and BR-3 was 
designated as Hour 0. Thus, the first CHERT survey after 
remediation began was performed at Hour 36; injection of 
agents into BR-4, BR-5, and BR-6 began at Hour 48; the sec-
ond CHERT survey after remediation began was performed 
at Hour 82; and the third CHERT survey after remediation 
began was performed at Hour 96. The electrical conductivity 
of the groundwater in the aquitard prior to reagent injection 
was approximately 1000 - 1500 μS cm-1 and the conductivity 

Depth (m)
Material Particle Size Analysis (%)

Type of Material Hydraulic Conductivity 
(cm s-1)Sand Silt Clay

16 - 18 4 44 52 Silty Clay 3.5 × 10-5

18 - 20 75 20 5 Silty Sand 3.2 × 10-3

20 - 25 98 2 0 Sand 3.3 × 10-2

25 - 26 36 57 7 Sandy Silt 8.4 × 10-5

26 - 30 18 60 22 Clayey Silt 7.7 × 10-5

30 - 34 62 36 2 Silty Sand 3.4 × 10-4

Table 2. Analysis of geological materials at Site 2.

Borehole
Depth (m) BW-1 BW-2 BW-3 BE-1 BE-2 BE-3 BE-4

19 0.319 8.631 0.896 0.112 0.990 0.029 0.515

21 0.376 9.841 0.978 0.100 1.464 0.028 4.443

23 0.521 9.267 3.494 0.245 1.373 0.027 7.571

25 0.570 14.341 2.368 0.319 6.701 0.968 11.366

27 0.470 15.839 5.658 0.331 13.363 0.311 7.436

29 0.510 15.391 6.891 0.337 12.507 0.118 15.170

Table 3. Pre-remediation VC concentrations at Site 2 (mg L-1).



Wang et al.516

of the reagent was 8580 μS cm-1. Thus, conductivity of the 
geological formations after reagent injection was expected 
to increase (resistivity would decrease). These changes in 
electrical properties, detected by ERT, can be used to deduce 
the reagent’s transport pathways and area of effect. After the 
reagent injection processes were completed, water samples 
were obtained from each borehole at various depths to di-
rectly verify results of the remediation efforts.

The eight CHERT survey profiles of background and at 
Hour 36 are shown in Fig. 9. The resistivity profiles showed 
slight changes in the electrical properties of the geological 
formation after reagent injection, such as the slight changes 
near BR-1 to BR-3 as seen in the BE-2 to BE-3 profile. How-
ever, these changes were not significant enough to deduce 
the primary transport path of the reagents. Therefore, time-
lapse method was applied, using changes in conductivity to 
depict electrical property differences after the first reagent 
injection (Fig. 10). Because the electrical conductivity of 
the reagent was substantially higher than that of the original 
groundwater, areas that showed an increase in conductivity 
could be inferred to be the primary transport path of the re-
agent. Results showed that the sand layer at a depth of 20 
- 25 m exhibited the highest increase in conductivity, with 
clear pattern in all four directions after reagents were inject-
ed at BR-1 to BR-3. The BE-1 to BE-4 profile (Fig. 10d), 
which depicts the area furthest downstream, showed a 20% 
increase in conductivity in the sand layer. This indicates that 
DPI of reagents resulted in effective transport of the reagent: 
the reagent travelled at least 10 m in 36 h. In the aquitard, 
the most apparent change was observed in the BE-2 to BE-3 
profile (Fig. 10b). The BR-1 to BR-3 boreholes were located 
approximately 1 m downstream from the area depicted in 
the BE-2 to BE-3 profile. The DPI of reagents caused the 
reagent to travel a distance of 1 m in the aquitard, against 
the groundwater flow. The BE-3 to BE-4 profile showed a 
slight increase in the conductivity of the aquitard. Thus, the 
reagent also traveled northward. In contrast, the conductivity 
of the aquitard showed no substantial changes in the BE-1 
to BE-2 profile. Thus, it could be inferred that within the 
experimental field, conditions to the north were more con-
ducive to reagent transport than were conditions to the south.

After 82 hours, reagent injection was completed at 
boreholes BR-4 to BR-6. Results of the CHERT survey 
showing changes in conductivity relative to background 
values are shown in Fig. 11. Because BR-4 to BR-6 were 
located further downstream, changes in the conductivity of 
the sand stratum were even more apparent. Results at Hour 
82 showed clear increases in conductivity of the aquitard in 
the BE-2 to BE-3 and BE-3 to BE-4 profiles, but changes 
in the conductivity of the aquitard at a depth of 26 - 30 m 
were not apparent in the BE-1 to BE-2 and BE-1 to BE-4 
profiles. Conductivity increased in areas around the BE-1 
to BE-4 boreholes, indicating that the reagent had trav-
eled to these boreholes and showed signs of accumulation. 

The remediation reagent was a milky white bioremediation 
agent. Samples obtained from boreholes BW-1 to BW-3 and 
BE-1 to BE-4 were turbid and had a foul odor. However, the 
water sample from any single borehole contains a mixture 
of water from all depths. Thus, these changes to the water 
samples did not indicate that the reagent was present at all 
depths. Furthermore, reagent transport may not follow ideal, 
straight paths; their transport is primarily decided by prefer-
ential flow paths.

Figure 12 shows the results of CHERT survey conduct-
ed at Hour 96, displaying changes in conductivity relative 
to background values. Figure 12a shows that the BE-1 to 
BE-2 profile depicted a slight increase in the conductivity 
of the aquitard, which indicated that the reagent was effec-
tively transported southward. The only area where conduc-
tivity did not change throughout the experiment is outlined 
in red (at a distance of 6 m and a depth of 28 - 30 m) in the 
BE-1 to BE-4 profile (Fig. 12e). This is the location of BW-
3, and it can be inferred from these results that the reagent 
never reached a depth of 28 - 30 m at BW-3. A possible 
reason is that the geological formation at this location has 
a high proportion of clay and is less permeable. In addi-
tion, this location is 8 m away from the injection boreholes, 
and this distance may not be reachable even by DPI of re-
agent. Table 4 shows the groundwater sample analysis data 
after remediation. Analysis of these results shows that VC 
was not detected at BW-1, which was located closest to the 
injection boreholes. VC concentration at BW-2 decreased 
significantly at all depths. This same trend was seen in BW-
3, but the VC concentration was 5.687 mg L-1 at a depth of  
29 m. This indicates that the reagent did not reach this depth 
and verifies inferences made based on the CHERT survey. 
VC concentration also decreased in BE-1 to BE-4, with the 
highest decrease seen at BE-3. CHERT survey results also 
show that the highest conductivity among BE-1 to BE-4 was 
seen near BE-3, indicating that the reagent had accumulated 
near this borehole. Although VC concentration decreased at 
BE-2, it was still relatively high. A possible reason is that 
BE-2 was located upstream of the injection boreholes. An-
other possible reason is inferred by the CHERT results; that 
the distribution of materials in the aquitard made it more 
likely for the reagent to travel northward. Based on these 
results, future remediation efforts should focus on BE-2 and 
BW-3, especially at the depth of 29 m of BW-3.

4. DISCUSSION

In Case Study 1, CHERT surveys were used to assist 
in deducing the transport direction of the LNAPL, and this 
information could assist the remediation team in making ad-
justments or corrections to the remediation process. At Site 
1, the nature and location of the source of contamination had 
been confirmed, the contaminant was still in the pure phase, 
and the resistivity of the contaminant was substantially  
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(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 9. Result of CHERT surveys. Geological sections based on the borehole observation is added to the left side of the tomography. (a) BE-1 to 
BE-2 background profile. (b) BE-2 to BE-3 background profile. (c) BE-3 to BE-4 background profile. (d) BE-1 to BE-4 background profile. (e) 
BE-1 to BE-2 profile after 36 h. (f) BE-2 to BE-3 profile after 36 h. (g) BE-3 to BE-4 profile after 36 h. (h) BE-1 to BE-4 profile after 36 h.

(a) (b) (c) (d)

Fig. 10. Changes in electrical conductivity 36 h after reagent injection from CHERT surveys. (a) BE-1 to BE-2 profile. (b) BE-2 to BE-3 profile. (c) 
BE-3 to BE-4 profile. (d) BE-1 to BE-4 profile.



Wang et al.518

(a) (b) (c) (d)

Fig. 11. Changes in electrical conductivity 82 h after reagent injection from CHERT surveys. (a) BE-1 to BE-2 profile. (b) BE-2 to BE-3 profile. (c) 
BE-3 to BE-4 profile. (d) BE-1 to BE-4 profile.

(a) (b) (c) (d)

Fig. 12. Changes in electrical conductivity 96 h after reagent injection from CHERT surveys. (a) BE-1 to BE-2 profile. (b) BE-2 to BE-3 profile. (c) 
BE-3 to BE-4 profile. (d) BE-1 to BE-4 profile.

Borehole
Depth (m) BW-1 BW-2 BW-3 BE-1 BE-2 BE-3 BE-4

19 N/D 0.033 0.416 0.007 0.582 N/D 0.061

21 N/D 0.034 0.467 0.025 0.545 N/D 0.176

23 N/D 0.039 0.490 0.053 0.535 0.004 0.269

25 N/D 0.040 0.567 0.061 1.362 0.007 0.421

27 N/D 0.040 0.717 0.066 1.256 0.012 0.028

29 N/D 0.041 5.687 0.067 1.308 0.010 0.036

Table 4. Post-remediation VC concentrations (mg L-1).
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higher than that of the background geological material. 
Thus, resistivity profiles could be used directly to depict 
changes to the contaminant. However, in Case Study 2, the 
resistivity profile could only be used to deduce the distribu-
tion of geological materials and not the distribution of the 
contaminants. This was because contamination at Site 2 had 
begun decades ago, and it was possible that all the ground-
water at the site had been contaminated by the contaminated 
factory waste water. This is also why the groundwater at 
the site showed relatively high conductivity. In addition, 
the main contaminant just outside of the industrial zone was 
VC, and VC is highly soluble in water. This differs from 
the situation at Site 1, where the contaminant was still in 
its pure phase and was not water-soluble. Trace amounts of 
VC in the groundwater would not necessarily cause a sig-
nificant change in the groundwater’s electrical properties. 
Thus, the resistivity profile could not be used to determine 
the extent of contamination in the stratum. In Case Study 2, 
the conductivity of the injected reagent was approximately 
5 - 8 times that of the groundwater, but it was still difficult 
to delineate the spatial distribution of the reagent through 
the resistivity profile alone. This is because the main com-
ponent of the resistivity profile was geological material, 
and even a high conductivity reagent like that injected into 
the layer in this case study was not enough to substantially 
change the distribution of resistivity in the overall setting. 
However, by using a time-lapse data processing method and 
subtracting the values of the background geological mate-
rial, the changes in conductivity could clearly indicate the 
transport and area of effect of the reagent.

The concept of periodic monitoring was applied to 
both case studies. The interval used in Case Study 1 was 
carried out once a year and some groundwater contaminated 
remediations were undertaken. Therefore, it is unable to of-
fer or produce a timely warning when the spread of contam-
inants was discovered. The surveys in Case Study 2 were 
conducted at short intervals, every another day. Thus, minor 
changes could be detected through time-lapse data process-
ing methods to propose suggestions for follow-up remedia-
tion work. Both case studies show that if the CHERT equip-
ment can be installed simultaneously as the monitoring and 
remediation wells, more 2D or 3D data can be obtained 
regarding the contamination site. With short survey inter-
vals, four-dimensional (4D) or even approximate real-time 
data could be obtained. This would also increase the practi-
cal value of the wells. The wells could be used for more 
than obtaining groundwater samples; they could be used 
for geophysical surveys. Particularly in complex contami-
nation sites, the transport of contaminants or remediation 
agents may not align with the general flow of the ground-
water. CHERT surveys can assist in identifying localized 
preferential flow paths. Use of this technique requires an 
understanding of the hydrogeology, contamination history, 
and nature of contamination of the site. Because CHERT 

results are presented as resistivity data, the physical proper-
ties of the target material and any possible reactions with 
the geological material must be examined to determine if 
the material can produce a sufficient difference in electrical 
properties to be discernable in a CHERT survey.

5. CONCLUSION

Examination of these two case studies showed that 
CHERT surveys can be useful in the investigation of ground-
water contamination sites and evaluation of remediation ef-
forts, as well as the determination of the transport direction 
and localized preferential flow paths. If the CHERT equip-
ment is installed when the boreholes are drilled, the bore-
holes can be used for long-term collection of geophysical 
data as well as sampling and remediation. The wells would 
then be more economical from the enhanced benefits. When 
the target material and the background geological material 
are clearly distinct, the resistivity image can delineate the 
transport and spatial distribution of the contaminant. When 
the target material and the background geological material 
are relatively similar, the differences in electrical properties 
can still be used to depict the position of the invasive materi-
als through application of time-lapse methodology. In large-
scale or complex contamination sites, CHERT surveys can 
provide more information than conventional environmental 
engineering methods. Sample analysis results are limited to 
one dimension, but CHERT surveys can provide 2D, 3D, or 
even 4D data. If time-lapse methodology is used to reduce 
the intervals between surveys, the data would be more com-
plete and useful, as the data would approximate real-time 
monitoring. Integration of ERT into the field of environ-
mental engineering can substantially improve the overall ef-
fectiveness of surveying or remediation in the monitoring or 
long-term groundwater management of contamination sites.
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