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ABSTRACT

In this study, the self-potential (SP) method was used for the continuous moni-
toring of naturally occurring electric potential differences at a soil and groundwater 
contamination site in Southern Taiwan from August to October 2015. At this field 
site, we set two perpendicular survey lines with 25 potential electrodes for daily 
measurements. The hourly SP medians of each day were averaged for the inversion 
of the 85-m long north-south (line I) and 35-m-long west-east (line II) SP tomogra-
phies (SPTs). The results are as follows: First, the regional groundwater flow direc-
tion was found to be in the north-northeast direction according to the distribution of 
electric potentials in the SPTs. The rainfall effects and consequent SP response were 
analyzed, which revealed enhanced regional positive and negative potentials in the 
SPTs, with a strength of up to -100 mV. In addition, effects of remediation reagent 
injection were monitored from 13 to 18 October; the results showed increased local 
potential in the two SPTs. Finally, we assessed the movement of the isopotential lines 
within a specific distance and determined the apparent velocity of groundwater to be 
3.24 ± 0.38 and 0.57 ± 0.08 m day-1 through the dissipation of rainfall effects and lo-
cal potential increases because of the injection.
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1. INTRODUCTION

Geotechnical investigations conducted at a soil and 
groundwater contamination site include drilling, sampling, 
and chemical analysis. However, the subsequent designing 
and planning of environmental remediation engenders prob-
lems because of high operating costs and time-consuming 
protocols. Therefore, completely examining a contami-
nated area and evaluating the contamination spread rate are  
difficult.

In recent years, geophysical exploration technology 
has been gradually applied in the investigation and monitor-
ing of soil and groundwater contamination because of its 
low cost, high monitoring efficiency, and complete scope of 

contamination distribution (Atekwana and Atekwana 2010). 
This technology includes the ground-penetrating radar tech-
nique (Benson et al. 1997; Sauck et al. 1998; Annan 2005), 
electrical resistivity tomography (Binley and Kemna 2005; 
Wang et al. 2015), electromagnetic induction (Everett and 
Meju 2005), induced polarization (Slater and Lesmes 2002; 
Sogade et al. 2006), and the self-potential (SP) method (Re-
vil et al. 2006), which can detect the physical characteristics 
of several substances tens of meters deep.

The SP method adopted in this study has been wide-
ly applied in geophysical exploration. In particular, novel 
breakthroughs have been made through its application in 
hydrogeological areas in the past two decades. These ap-
plications include slope stability research (Mauritsch et al. 
2000; Lapenna et al. 2003; Colangelo et al. 2006), dam col-
lapse mechanism analysis (Al-Saigh et al. 1994; Trique et al. 
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1999; Sheffer and Howie 2001, 2003; Bolève et al. 2011), 
geothermal fluid movements in volcanic sites (Tanaka 1993; 
Hashimoto and Tanaka 1995; Patella 1997), and groundwa-
ter level variation (Fournier 1989; Birch 1993) and contami-
nation analyses (Baker and Cull 2004; Naudet et al. 2004; 
Arora et al. 2007; Martínez-Pagán et al. 2010).

In this study, the SP in a soil and groundwater contami-
nation site in Southern Taiwan was continuously monitored 
to analyze rainfall effects and the response of a reagent in-
jection. We analyzed the rainfall effects in SP signals by 
eliminating the electric potential trend as previous published 
methods from Naudet et al. (2003) and Jardani et al. (2009). 
Besides, with the inversion program SP2DINV developed 
by Soueid Ahmed et al. (2013), we obtained the daily SP 
tomographies (SPTs) and observed the enhanced regional 
electric potentials during the reagent injection. In the last, we 
evaluated the apparent velocity of groundwater through the 
dissipation of rainfall effects and local potential increases.

2. METHODOLOGY
2.1 Principles of the Self-Potential Method

The SP method is a type of passive geophysical tech-
nology for geoelectrical exploration. It investigates the pres-
ence of groundwater, natural gas, petroleum, and mineral 
deposits by measuring variations in the SP field. The field 
has two sources: geomagnetic disturbance and the electri-
cal field response to the local electrochemical reactions. 
The field response comprises the streaming (electrokinetic), 
mineral, thermoelectric, and membrane (diffusion) poten-
tials (Corwin and Hoover 1979). In the absence of the min-
eral potential (several hundreds millivolt), SP is typically 
considered the streaming potential (less than 100 mV) be-
cause the SP generated by the thermoelectric and membrane 
potentials is comparatively low (less than 10 mV) (Perrier 
et al. 1999; Jouniaux et al. 2000; Milsom 2007; Atekwana 
and Atekwana 2010).

The streaming potential arises from the difference in 
the fluid pressure, as follows (Bolève et al. 2009):

V C PD D=  (1)

where V is the streaming potential (V), P is the groundwa-
ter pressure (Pa), and C is the coupling coefficient (V/Pa). 
The streaming potential exists on the prerequisite that fluids 
must be present in the region to form the solid-fluid inter-
face, generating the electrical double layer.

The electrical double layer is a structure observed at 
the microscopic scale, and it is an electrical charge distri-
bution on the ore-fluid interface (solid-fluid interface). Ore 
surfaces typically have a layer of negative electrical charg-
es, known as the inner stern layer (ISL). To compensate for 
the unbalanced electrical charges in this region, the nega-

tive electrical charges on the mineral surface attract positive 
electrical charges from the pore water. The ISL and first lay-
er of positive electrical charges on the outer side (the outer 
stern layer, OSL) are collectively called stern layers (SLs). 
SLs are electrical formations on the solid surface with the 
highest Coulomb force and cannot be easily separated by 
external shear forces.

Further outside the OSL is the diffuse layer, which is 
considered the solid-fluid interface. The first layer in the 
diffuse has very high Coulomb force; however, the positive 
electrical charges typically outnumber the negative charges. 
At the interface between the end of this layer and the next 
layer is the shear plane. It can be interpreted as a plane that 
can be sheared open, indicating that the electrical charges 
outside this plane can be disturbed and separated by external 
shear forces (Glover and Jackson 2010).

2.2 Field Site and Self-Potential Configuration

The study site was contaminated with organochlorides, 
such as trichloroethylene and tetrachloroethylene, and their 
degradation products, 1, 2-dichloroethane, cis-1, 2-dichlo-
roethane, and vinyl chloride. The site was composed of ho-
locene paleochannel alluvium, including gravel, sand, silty 
sand, and mud. In addition, it had interbedded sandstone 
and shale. The drilled soil samples revealed backfilled soil 
3 m below the surface, a 4-m-thick layer of silty clay, a 7-m-
thick layer of fine sand, and a 6-m-thick layer of silty clay 
successively downward. The groundwater level had a mean 
depth of approximately 2 m with NNE flow direction. The 
groundwater flow rates and directions were measured from 
several wells with heat-pulse flowmeter. There is a heater in 
the center of flowmeter with surrounding temperature sen-
sors. When the groundwater flows through the flowmeter, 
the temperature difference in different direction will be used 
to determine the flow rate and direction at different depths. 
The results will be shown in the section 4 below.

The SP survey lines were arranged to the north of the 
contaminated site. And the SP data were measured with car-
bon rod electrodes, which were buried with bentonite to de-
crease contact resistances. An 85-m-long survey line (line I) 
was set in north-south orientation, with an electrode interval 
of 5 m and 18 potential electrodes. A 35-m-long survey line 
(line II) was set in west-east orientation, with an electrode 
interval of 5 m and 8 potential electrodes. The intersection 
electrode of survey lines I and II was considered the com-
mon reference electrode. Therefore, 25 potential electrodes 
were continuously monitoring the naturally occurring elec-
tric potential differences with 24 receiving channels at a 
sampling rate of 25 Hz (Fig. 1).

2.3 Data Processing

The continuous raw SP data at a sampling rate of 25 Hz 
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are shown in Fig. 2a. SP comprises signals from natural and 
artificial fields. The data quality determines the stability in 
SPTs. Because there are many high frequency signals in the 
raw data, we calculate the hourly median data as marked in 
blue stars, and average the hourly median data to get daily 
average data as marked in orange stars. We could observe 
the quartile of the hourly median data every day is approxi-
mately 0 - 3 mV. It means the general data quality is stable. 
After data preprocessing to all receiving channels, the daily 
spatial SP distribution in line I is shown in Fig. 2b. There-
fore, the daily spatial SP data recorded from August to Oc-
tober were used for SPTs inversion with the SP2DINV pro-
gram (Soueid Ahmed et al. 2013) to obtain the underground 
distribution of electric potentials and in survey lines I and II.

The field equation to solve for the electrical problem in 
SP2DINV program is expressed by

( )V Js: :d d dv =  (2)

where v  is the electrical conductivity (Ohm-m), and Js is 
the streaming current density (A m-2). Equation (2) is solved 
with the following boundary conditions:

V at0 DC=  (3)

V atn J 0s N: dv C- - =6 @  (4)

where n is the unit vector normal to the boundary NC . 
Through the inversion of SP signals, we predicted the so-
lution Js from the daily spatial SP data, and obtained the 
underground distribution of electric potentials by forward 
modeling (Soueid Ahmed et al. 2013).

In the inverse modeling, the objective function TU  can 
be reformulated in the standard form

VGm m mT
obs

2

2 2
0 2mU = - + -  (5)

where G is the kernel matrix corresponding to the self-po-
tential, m is the current density model, and λ is a regulariza-
tion parameter under the constraint that 0 < λ < ∞. The value 
of the regularization parameter balances the data misfit term 
and the regularizer. In absence of a prior model (m0 = 0), the 
solution of the problem corresponding to the minimum of 
the cost function C is given by Hansen (1998) as

( ) ( )G G I G Vm T T obs2 1m m= + -6 @X  (6)

To reduce the computation time, the SP2DINV used 
a singular value decomposition method, which consists of 
rewriting the solution under the following form:

( ) u V vm
i

i

i

i
T obs

i2 2

2

m
v m
v

v= +c mX  (7)

Fig. 1. Soil and groundwater contamination site in Southern Taiwan and self-potential configuration. Operational iron factories were present at both 
eastern and western sides of the SP survey lines; 20 m away from survey line I is a 50-cm-deep west-east ditch. The regional groundwater flow 
direction was primarily in NNE orientation. The flow rate and direction were measured with several wells, as indicated by yellow stars. The reagent 
injection area is located approximately at x = 42 m of line I and at x = 52 - 67 m of line II, as indicated by purple rectangles. And the injection depth 
is from 2 to 17 m, with the injection periods from 13 to 18 October. CRE means the common reference electrode with potential electrode number 
P09. The colorbar indicates the SP values on 15 September.
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, ( , )minu v Q N MG i i i
T

i
Q
1 v= ==/  (8)

where ui and vi denote the left and right singular vectors, 
σi are singular values which are positive and appear in de-
creasing order (Soueid Ahmed et al. 2013).

In the calculation, we developed a triangular mesh by 
using COMSOL Multiphysics (Comsol 2007, http://www.
comsol.com/). The left, right, and lower boundaries were set 
as the Dirichlet boundary. As shown in Eq. (3), it assumed 
the electric potential at infinite distance was zero. And the 
upper boundary was set as the Neumann boundary. As shown 
in Eq. (4), there were no currents normal to the interface be-
tween soil and air. In the SP inverse modeling, several stud-
ies used the ERT as background resistivity, several studies 
used the mean value as background resistivity (Bolève et al. 
2009; Martínez-Pagán et al. 2010). In this study, the electri-
cal resistivity was set as a mean value (20 Ohm-m) to focus 
on the influence of remediation reagents on SP signals. The 
root-mean-square error was used for assessing the data fit 
quality, and it is defined as follows:

RMSE N
d d( ) ( )pre i mes ii

N 2
1=

-= 6 @/
 (9)

where dpre(i) is the SP voltage calculated through inversion, 
dmes(i) is the observed SP value, and N is the total number of 
measurements.

Figure 3 shows the sensitivity of survey lines I and II. 
The sensitivity S in this study is defined as follows:

logS N
d

,
( )

x z
sl ii

N

10

2
1= =c m/

 (10)

where dsl(i) is the surface SP generated by the current sourc-
es of different grids in the model. A grid with a sensitivity 
higher than 0 indicates that the SP source in this region can 
produce signals higher than 1 mV (log101 = 0) upon surface 
observation. Because the quartile of the hourly median data 
every day is approximately 0 - 3 mV (Fig. 2a), the follow-
ing SPTs are shown within the black frame as the reliable 
region (Fig. 3).

3. RESULTS
3.1 Groundwater Flow Direction

The spatial SP values on 15 September were shown 
in different colors as Fig. 1. The trend of the SP values in 
survey line I revealed that the electric potential in the north 
is higher than that in the south. However, the trend of the SP 
values in survey line II was unclear. It might imply that the 
primary groundwater flow direction is from south to north 
based on the mechanism of streaming potential. After SPTs 
inversion, negative and positive electric potential regions 
were observed to the south and north of survey line I within 

(a)

(b)

Fig. 2. Data preprocessing and spatial SP data used for SPTs inversion. (a) The blue stars are the hourly median data calculated from the raw data of 
potential electrodes P01 - P09, which P09 is CRE. The orange stars are the daily average data calculated from hourly median data. And the quartile 
of the hourly median data every day are noted below the horizontal lines. (b) The measured data are same as the daily average data in (a) with P01 at 
x = 7 m, P02 at x = 12 m, and so on. The Interpolated data are interpolated from the measured data with an electrode interval of 1 m by using cubic 
spline interpolation. And the inverted data are the inversion results from SP2DINV program (Soueid Ahmed et al. 2013).

http://www.comsol.com/
http://www.comsol.com/
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a depth of 30 m, and to the east and west of survey line II 
within a depth of 20 m (Fig. 4). Although there are some 
regional electric potential anomaly within a depth of 3 m, 
even at a depth of 7 m at x = 30 m of survey line I and at a 
depth of 7 m at x = 65 - 70 m of survey line II, we attribute 
these anomalies to the backfilled soil 3 m below the surface. 
Although artificial objects may cause strong electric poten-
tial anomalies in SPTs, the background electric potential 
field still reveals the signals from natural.

The electric potential intensity slightly fluctuated in the 
SPTs from August to October 2015, it merely represented 
the variation in the electric potentials arising from ground-
water pressure variations, as shown in Eq. (1). According 
to the mechanism of streaming potential, groundwater flow 
pulls the positive electrical charges on the outer side of the 
shear plane away from the inner side of the shear plane by 
the shear forces. Consequently, the aforementioned mech-
anism results in negative and positive electric potentials 
upstream (southern side) and downstream (northern side), 
respectively. This phenomenon is typically applied to de-
termine the direction of the groundwater flow (Jardani et 
al. 2006; Martínez-Pagán et al. 2010). Therefore, according 
to the SPTs from August to October, the groundwater was 
inferred to flow from south to north.

For survey line II, the negative electric potential region 
was in the west, and the positive electric potential region was 

in the east, within a depth of 20 m. According to streaming 
potential theory, the groundwater was inferred to flow from 
west to east, and it was weaker than the SPTs of survey line I 
(Fig. 4). Considering the distribution of the electric potentials 
and its variations in the survey lines, the groundwater flow 
was inferred to be in the north-northeast direction, which is 
consistent with the local groundwater flow direction from 
well measurements as shown in the section 4 below.

3.2 Rainfall Effects on Self-Potential

Rainfall events considerably affect SP, and the effect 
can remain for as long as 1 week. Figure 5 shows the tem-
porary bias of SP caused by rainfall events on 22 October. 
Although the rain started from 20th to 23rd, the water took 
some days to infiltrate into the aquifer, thus it showed time 
lag between rainfall and duration of rainfall effects in SP. 
As shown in Eq. (1), the streaming potential arises from the 
groundwater pressure. The SP variation from rainfall didn’t 
directly result from raindrops. Indirectly, the rainfall would 
recharge the groundwater, and enhance the groundwater 
pressure. Through the mechanism of streaming potential, 
the SP changed. Once the groundwater was recovered to the 
original pressure, the SP was recovered to the background 
electric potential.

SP comprises the rainfall-induced and background 

(a)

(b)

Fig. 3. Sensitivity of survey lines I and II. (a) The black arrows show the potential electrodes (P01 - P18) from x = 7 m to x = 92 m of survey line I; 
the red arrow shows the CRE P09. (b) The black arrows show the potential electrodes from x = 42 m to x = 77 m (P19 - P25) of survey line II; the 
red arrow shows the CRE P09 at x = 47 m. The region with sensitivity > 0 indicates that the SP source of this region can produce signals higher than 
1 mV (log101 = 0) upon surface observation. The colorbar indicates sensitivity S in Eq. (10).
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(a)

(b)

(c)

(d)

Fig. 4. Self-potential tomography of survey lines I and II on 15 August and 15 September. (a) (b) The SPTs of survey line I show negative and 
positive electric potentials to the south and north, respectively, hence determining the northward groundwater flow. (c) (d) The SPTs of survey 
line II show negative and positive electric potentials to the west and east, respectively, hence determining the eastern groundwater flow. The figure 
only displays the direction of current sources higher than 0.05 mA m-2; the electric potential value is indicated in a logarithmic scale, wherein the 
electric potential with an absolute value lower than 1 mV is indicated as 0. The SPT colorbar is indicated in a logarithmic scale (10 mV will show 
1 in colorbar because log1010 = 1).
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electric potential fields. Through removing the trend in 
hourly median data, we could derive the SP values influ-
enced by the rainfall. Therefore, the theoretical values of SP 
not subject to rainfall effects was obtained by interpolating 
a cubic smoothing spline into the SP of 22 - 30 October. 
And the rainfall response values of SP was acquired by de-
ducting the theoretical values from the theoretical values  
(Fig. 5), which were then used in the inversion of SPTs to 
show rainfall effects (Fig. 6).

The SPTs of survey line I on 22, 26, and 29 October 
showed that the negative electric potential at the upstream 
(southern side) started increasing gradually on a rainy day, 
and we referred to Phase B: the period of a sharp change 
in rainfall-induced SP (Fig. 6a). Thereafter, a positive elec-
tric potential region gradually appeared at the downstream 
(northern side) on 26 October. At this moment, the negative 
electric potential intensity had already increased to -100 mV 
at the upstream, and we referred to Phase C: the early phase 
for the recovery of the SP field (Fig. 6b). On 29 October, 
the negative and positive electric potential regions at the up-
stream and downstream, respectively, gradually weakened, 
and we called Phase C’: the later phase for the recovery of 
the SP field (Fig. 6c). A similar rainfall-induced process can 
be also observed in survey line II (Figs. 6d, e, and f).

The rainfall effects on the two survey lines revealed a 
negative electric potential at the upstream in Phase B. The 
rainfall effects on Phase C showed gradual increases in the 
negative electric potential, and the positive electric potential 
region appeared at the downstream. Upon entry into Phase 

C’, both positive and negative electric potentials weakened 
and disappeared. Moreover, in the SPTs of survey line II, 
the rainfall effects on Phase C ended earlier on 26 October 
(Fig. 6f). In addition, the increase in the electric potential in-
tensity in survey line II was weaker than that in survey line 
I. Regarding the rainfall-induced SP variations, we actu-
ally observed the same evolution in the SPTs of continuous 
rainfall and sunny days in late August and early Septem-
ber, respectively. This phenomenon may be related to either 
the infiltration process and rainfall dissipation (Revil et al. 
2002) or local groundwater pressure variation (Fagerlund 
and Heinson 2003).

3.3 Monitoring of Reagents Injection

A reagent was injected nearby the crossing of the two 
survey lines from 13 to 18 October (Fig. 1). The reagent is 
composed of EcoClean-E® and EcoClean-B® from EcoCy-
cle Corporation. It has poor fluidity so that it can stay in the 
stratum for an extended period. When the pollutants came in 
contact with the groundwater, they were blocked by the re-
agent, preventing pollutants’ further diffusion downstream.

After eliminating the rainfall effects in observed val-
ues to get theoretical values as demonstrated in Fig. 5. The 
daily SPTs and SPT variations in survey line I from inver-
sion of theoretical values are shown in Fig. 7. The daily 
SPTs and its variations show that a point-shaped potential 
increase gradually occurred at a depth of 5 - 17 m at x = 40 
m after 13 October, and its strength was as high as 35 mV  

Fig. 5. Observed values, theoretical values, and rainfall response values of self-potential (SP) field in P03 - P09. The observed values were the hourly 
median data (green dots) with same calculation process in Fig. 2a. The theoretical values not subject to rainfall effects were the fitted data (orange 
line) obtained by interpolating cubic smoothing spline into the SP field of Phases B and C using daily average data for fitting (orange stars). The 
rainfall response values of SP field (purple dots) was acquired by deducting the theoretical values from the theoretical values. The daily average fit-
ted data (yellow stars) and daily average SP data of rainfall effects (green stars) were used as theoretical values and rainfall response values for SPTs 
inversion. Phase A is the background SP field period before rainfall; Phase B is the period of a sharp change in the SP field arising from rainfall; 
Phase C and C’ is the recovery period of the SP field; Phase D is the phase for the recovery of the background SP field.
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 6. Self-potential tomographies of rainfall effects in survey lines I and II. The SPTs of survey lines I and II acquired through the inversion of 
the rainfall response values (daily average SP data of rainfall effects) from Fig. 5 in the SP field. (a) (d) Phase B is the period of a sharp change in 
the SP field arising from rainfall when the upstream negative electric potential region strengthens; (b) (e) Phase C is the early phase of the SP field 
recovery when the upstream and downstream negative electric potentials continued strengthening; (c) (f) Phase C’ is the later phase of the SP field 
recovery when the upstream and downstream negative electric potentials gradually weakened. The SPT colorbar is indicated in a logarithmic scale 
(10 mV will show 1 in colorbar because log1010 = 1).
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 7. Daily self-potential tomographies (SPTs) and SPT variations in survey line I on 13, 17, and 28 October. A reagent was injected from 13 to 
18 October; the rainfall effects on 22 October are shown in Fig. 5 and were corrected. The theoretical values (daily average fitted data) was used 
for the inversion of SP for continuing the monitoring of the SPTs after reagent injection. (a), (b), and (c) are the SPTs on different dates; (d), (e), 
and (f) are the SPT variations calculated by setting the SPT on 12 October as the reference. The black circle indicates the point-shaped potential 
increase arising from reagent injection. The SPT colorbar is indicated in a logarithmic scale (10 mV will show 1 in colorbar because log1010 = 1).
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(Figs. 7d, e, and f). The local potential increase in the SPTs 
of survey line I was nearly coincident with the area of the re-
agent injection, where is located approximately at x = 42 m  
of line I with the injection depth is from 2 to 17 m. More-
over, with the imaginary boundary being at x = 40 m, the 
negative potential region in the south gradually weakened 
and moved toward the south; the positive potential region 
in the north also weakened gradually and moved toward the 
north (Figs. 7a, b, and c).

The daily SPTs and SPT variations in survey line II 
were similar to those in survey line I on 13, 17, and 23 Oc-
tober. The daily SPT variations in Figs. 8d, e, and f show 
the potential increased below a depth of 2 - 15 m at x =  
52 - 67 m from 13 to 23 October. The rectangular potential 
rise, as indicated in Figs. 7d, e, and f, was as high as 10 mV. 
The local potential increase in the SPTs of survey line II was 
also nearly coincident with the area of the reagent injection, 
where is located approximately at x = 52 - 67 m of line II 
with the injection depth is from 2 to 17 m.

Because survey line I was perpendicular to the reagent 
injection region, and the injection was located in the middle 
of survey line I, the SPTs were primarily characterized by a 
point-shaped potential increase, with weakening and move-
ment of the electric potential. By contrast, as survey line 
II was arranged parallel to the reagent injection region, a 
rectangular potential increase was observed within the area 
of the reagent injection in the SPTs. We thus suggest that 
continuous monitoring of SP can be used as an evaluation 
tool for the reagent effectiveness.

4. DISCUSSION

During dissipation of the rainfall effects in SP in early 
September, the intensity of potentials to the upstream and 
downstream gradually weakened (Figs. 9a, b, and c). There-
fore, according to the apparent velocity evaluation method 
adopted in the sandbox saline injection experiment per-
formed by Martínez-Pagán et al. (2010) and the dam leak-
age survey conducted by Bolève et al. (2011), the time inter-
val for the zero potential boundary to pass two fixed points 
within a specific distance was adopted to evaluate the appar-
ent velocity of groundwater in this study. Figure 9d shows 
the variations in the electric potential at a depth of 25 m at x 
= 60 m (Point A) and 100 m (Point B) in the SPTs of survey 
line I. The time interval for the passage of the zero electric 
potential boundary was approximately 12.36 ± 1.65 days. 
The calculation yielded an apparent velocity of groundwater 
of approximately 3.24 ± 0.38 m day-1.

In addition to the use of rainfall dissipation to evaluate 
the apparent velocity of groundwater, this study detected a 
continuous potential increase in the injection region during 
reagent injection on 13 October. The time interval for the 
isopotential line to pass two fixed points within a specific 
distance was again adopted to evaluate the apparent hydrau-

lic conductivity in the local region in this study. As shown 
in Fig. 10, the time interval for the potential at a depth of  
9 m at x = 40 m (Point A) to increase to that at a depth of 9 m 
at x = 43 m (Point B) on 12 October was approximately 5.92 
± 0.90 days. The apparent velocity of groundwater was ap-
proximately 0.57 ± 0.08 m day-1, which is quite well within 
the range of the flow rate and direction measurements on 
the contamination site and more closely coincident with the 
measurements than the value evaluated from the dissipation 
of rainfall effects (Fig. 11).

Equation (1) shows that variations in the streaming 
potential and groundwater pressure are correlated. When 
the groundwater flow pressure increases, the positive and 
negative charges on both sides of the shear plane are more 
distinctively separated, thus enhancing the positive and 
negative potentials of SP. Variations in groundwater pres-
sure and streaming potential can be physically connected 
through the streaming potential coupling coefficient. There-
fore, the apparent hydraulic conductivity evaluated through 
the movement of the isopotential line does not directly in-
dicate the water permeability of soil. A future research goal 
must be to determine how to increase the streaming poten-
tial through groundwater pressure variations or reagent dif-
fusion and connect these two physical values by using an 
appropriate streaming potential coupling coefficient.

5. CONCLUSION

In this study, the SPTs were continuously monitored to 
analyze the reagent injection and rainfall effects on the soil 
and groundwater contamination site. First, the groundwater 
flow direction in this region was reliably analyzed to be in 
the north-northeast direction. Second, 1-week-long rainfall 
yielded a period of a sharp change and the period of recov-
ery, with an intensity of -100 mV. Third, after eliminating 
the rainfall effects from the SP data, we observed that the 
reagent injection from 3 to 18 October resulted in the local 
potential increase. In survey line I, a point-shaped potential 
increase was observed at a depth of 5 - 17 m at x = 40 m. By 
contrast, in survey line II, a rectangular potential increase 
was observed at a depth of 2 - 15 m from x = 52 - 67 m. 
Finally, the apparent velocity of groundwater subject to the 
dissipation of rainfall effect was 3.24 ± 0.38 m day-1 and that 
subject to the reagent injection was 0.57 ± 0.08 m day-1. Both 
evaluations from the dissipation of the rainfall effects and 
reagent injection were consistently within the range of the 
flow rate and direction measurements in monitored wells.

The SP method facilitates the real-time monitoring of 
electric potential fields. Through long-term and stable SPTs, 
we can not only determine the flow direction of groundwa-
ter, but also monitor the variation in electric substances such 
as reagents. SPTs are highly useful for monitoring soil and 
groundwater contamination sites in the future. Moreover, the 
equipment used in the SP method is advantageous because 
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 8. Daily self-potential tomographies (SPTs) and SPT variations in survey line II on 13, 17, and 28. A reagent was injected from 13 to 18 Oc-
tober; the rainfall effects on 22 October are shown in Fig. 5 and were corrected. The theoretical values (daily average fitted data) was used for the 
inversion of SP for continuing the monitoring of SPTs after the reagent injection. (a), (b), and (c) are the SPTs on different dates; (d), (e), and (f) are 
the SPT variations calculated by setting the SPT on 12 October as the base reference. The black block indicates the rectangular potential increase 
arising from reagent injection. The SPT colorbar is indicated in a logarithmic scale (10 mV will show 1 in colorbar because log1010 = 1).
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(a)

(b)

(c)

(d)

Fig. 9. Variation in the electric potential at a depth of 25 m at x = 60 m (Point A) and 100 m (Point B) in the self-potential tomographies (SPTs) of 
survey line I from 3 to 30 September. The upper and lower limits of error at Points A and B are the potential differences at a horizontal distance of 
2.5 m. As shown in (a), (b), and (c), the upstream negative potential and downstream positive potential continued weakening during the continuous 
sunny days in early September. According to the time interval for the zero potential boundary to pass through the depth of 25 m at x = 60 m (Point 
A) and 100 m (Point B), the apparent velocity of groundwater was 3.24 ± 0.38 m day-1.
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Fig. 10. Variations in the Electric potential at a Depth of 8 m at x = 40 m (Point A) and 43 m (Point B) in the self-potential tomographies (SPTs) 
of survey line I from 3 to 31 October. The upper and lower limits of error at Points A and B are the potential differences at a horizontal distance 
of 1 m. Figure 7 shows that the electric potential increased continuously in the injection region when the reagent injection started on 13 October. 
According to the measured time interval for the potential of Point A to increase to the potential of Point B on 12 October, the apparent velocity of 
groundwater was 0.57 ± 0.08 m day-1.

Fig. 11. Flow rate and direction measurements. The groundwater flow rates and directions were measured from wells indicated in Fig. 1. Hetero-
geneous strata have highly different hydraulic conductivity because the contamination site is composed of paleochannel alluvium. The rose figure 
shows that the direction at the maximum flow rate is in the NNE direction. The apparent velocity of groundwater subject to the dissipation of rainfall 
effects and reagent diffusion were within the range of the flow rate measurements at different depths.
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of easy and economical deployment as well as continuous 
data. Establishing a system connecting SP and the ground-
water transmission process deserves long-term commitment.
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