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Abstract
Monitoring leakage of leachate from a land�ll is critical in preventing possible contamination into the
surrounding area. Among geophysical surveys, time-lapse (TL) electrical resistivity tomography (ERT) has
been performed along eleven survey lines at four different time points in a land�ll in Korea. The TL data
sets were interpreted using an in-house 4D inversion algorithm. Changes in 4D inversion results were
analyzed in order to detect leachate-contaminant region. Since a rainy season started during obtaining TL
ERT data sets, effects of precipitation on TL ERT data are also analyzed. Changes in electrical resistivity
(ER) showed that precipitation increases ER of contaminant zones. As hydrogeochemical data are helpful
to interpret ERT inversion, we also classi�ed soil textures from particle size analysis on soil samples
obtained from observation wells in the survey site. The information of soil structure as well as the results
of 4D inversion offered appropriate interpretation of preferential �ow path.

Highlights
4D inversion was applied to time-lapse ERT data obtained in a leachate-leaked site.

The time-lapse ERT data were masked due to precipitation.

Time-lapse 2D inversion cannot unmask the effects of precipitation on ERT data.

4D inversion showed precipitation increases electrical resistivities of contaminated zones.

4D inversion properly detects leachate-contaminated zones despite precipitation.

1. Introduction
Monitoring of pollution and treatment of various environmental pollution problems is important. In
particular, the environment around the land�ll site can be polluted by leaking the leachate from the land�ll
waste generated by living and industrial activities. Therefore, pollution of soil and groundwater must be
prevented by monitoring the land�ll and surrounding region. Monitoring spatial and temporal changes in
soil can provide with continuous follow-up of physical and chemical properties, which needs to manage
subsurface environments (Samouëlian et al., 2005). Among several monitoring methods, geophysical
methods have been applied to detecting soil and groundwater contamination (Ahmed and Sulaiman,
2001; Atekwana and Atekwana, 2010; Genelle et al., 2012; Giampaolo et al., 2014; Bichet et al., 2016; Yu et
al., 2019) by investigating physical properties of soil.

Pollution caused by leachate of land�lls accompanies chemical changes in both soil and underground
water. The leachate is usually conductive due to high ion concentration from waste land�lls. Among
different electrical exploration methods, electrical resistivity tomography (ERT) has been the most widely
used to detect pollutants (Clément et al., 2011; Dumont et al., 2016; De Donno and Cardarelli, 2017;
Maurya et al., 2017; Helene et al., 2020). In addition, induced polarization (IP) and self-potential (SP)
methods were also relevant to detecting the contamination (Naudet et al., 2003; Garcia-Artigas et al.,
2020). The IP method is affected by ion concentration and SP is generated by redox potential in the
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process of biodegradation. Above methods offer complementary interpretation using same exploration
system.

Time-dependent interpretation of dissolved pollutants is important in dealing with leachate monitoring
since the behavior of leachate follows the �ow of the groundwater and changes spatially and temporally
(Radulescu et al., 2007). In order to interpret the distribution of leachate, preferential �ow path can be
analyzed through time-lapse ERT (Meyerhoff et al., 2012 and 2014). When conducting ERT alone without
any other surveys, consideration on electrical structure of background is effective for the analysis on
changes in electrical resistivity (ER) due to contamination. (Grellier et al., 2008; Robinson et al., 2020) In
addition, seasonal variation such as rainfall can cause expansion of source of pollution as well as
changes in the natural �ow of groundwater (Gazoty et al., 2012), and thus affects ERT data spatially and
temporally due to the changes in underground water content (Zhou et al., 2001).

In the interpretation of TL 3D ERT data, 4D inversion of the data has an advantage in detecting
continuous change in ER of subsurface with time variance (e.g., Kim et al., 2009, Karaoulis et al., 2011).
TL 3D ERT has been applied to contamination �elds like nuclear waste and nitrate plume sites (e.g.,
Rucker et al., 2011; Robinson et al., 2019). In land�ll sites, interpretation of TL ERT data has been carried
out to determine the behavior of leachate at each time step through 3D or 2D inversion (Ogilvy et al.,
2002; Tsourlos et al., 2003; Grellier et al., 2008; Genelle et al., 2012; Park et al., 2016).

This study targets a household land�ll in Geumsan in South Korea, which is a relatively smaller county
land�ll than a large city and had been buried in early 1990 (Ko, 2006). The original facilities were
unsanitary since no barrier walls were constructed to prevent leakage, and thus became illegal after the
enactment of land�ll-related law in early 1992. To bury waste in the site after the enactment, two sanitary
facilities were constructed near the illegal ones. In Geumsan land�ll, geophysical surveys such as
magnetic and electromagnetic (EM) surveys as well as ERT (Son et al., 2005; Park et al., 2016) were
conducted together with hydrochemical analysis on groundwater samples (Cheon et al., 2007; Oh et al.,
2008). Even though Park et al. (2016) preliminary interpreted TL ERT data set to monitor leaked leachate,
the interpretation is based on conventional independent 2D over 3D inversion, and further did not
consider the effects of precipitation. Note rainy season started during the TL ERT. In order to properly
interpret the TL ERT data sets, we make 4D inversion of the TL data sets to monitor leachate-
contaminated zones using an in-house 4D inversion algorithm, and analyze the effect of precipitation on
ER of the zones. Further, we make analysis on distribution of soil textures of the site based on previously
obtained data to interpret preferential �uid pathway.

2. Ert Forward Modeling And 4d Inversion
The ERT problem is generally described by the governing Poisson’s equation (Dey and Morrison, 1979):

1

−∇ ∙ [σ (x, y, z) ∇φ (x, y, z)] = Iδ(x − xs, y − ys, z − zs)
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,

where  is electrical conductivity (EC), I is the amount of injected current, and  is the location
of a current source. For the modeling of ERT data, Eq. (1) is numerically solved using an in-house
modeling algorithm. In solving the above equation, we used the �nite element method (FEM) using
hexahedral elements with a mixed boundary condition (Dey and Morrison, 1979). The �nal system of
linear equations is solved a matrix solver based on an incomplete Cholesky conjugate gradient method
(Oguni, 1990).

The TL inversion recovers a several different time-point models considering time constraints (Kim et al.,
2009). When surveys are performed at nt different time points, the data set (D) can be de�ned as

2

where di is a data vector obtained at i-th time point. When space-time model (M) is de�ned as

3

where mi is a model at i-th time point, 4D inversion minimizes an objective function:

4

where  is a space-time model at i-th iteration,  is a data mis�t vector,  is a sensitivity matrix, 
is a spatial smoothness matrix,  is a temporal smoothness matrix, and  and  are Lagrangian
multipliers for C and T, respectively. Following Kim et al. (2009), we de�ned T as a �rst-order differential
operator:

5
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where I is an identity matrix. For the �eld data that we cannot know where the anomalous zones are, the
strategy of active time constraints (ATC) by Karaoulis et al. (2011) is adopted to automatically determine
the values of each component of  according to the degrees of changes with time in material properties.
By iteratively solving a corresponding observation equation that is equivalent to minimizing the objective
function (Kim et al., 2009), we can obtain an appropriate �nal model m,

6
.

Each component of Γ is automatically determined by active time constraint (ATC) (Kim et al., 2019;
Karaoulis et al., 2011), while λ by active constraint balancing (Yi et al., 2003). ER ratio from the inverse
results, which can be calculated as follow:

7

,where  is the bulk resistivity of the media, can be effectively used to analyze changes in ER. Recovered
resistivity data (nt) was divided by recovered one of previous time (nt-1).

3. Survey Description And Previous Studies In Geumsan Land�ll
(South Korea)
Geumsan land�ll lies in the middle of an agricultural region in Geumsan-gun, Chungcheongnam-do,
about 170 km southeast of Seoul, South Korea. The land�ll has old and new sanitary land�ll cells in a
valley, along which groundwater is known to �ow. There are also two illegal unsanitary land�ll cells near
Geumsan land�ll (Fig. 1(a)). Leakage of leachate estimated to start near the leachate sump from the
hydrogeochemical assessment (Oh et al., 2006). Many observation wells were drilled to obtain
groundwater and soil samples in October 2005 after geophysical survey in the south region of Geumsan
land�ll (Ko, 2006; Cheon et al., 2007; Oh et al., 2008).

3.1 Geology
Geumsan-gun is geologically in the center of the Ogcheon metamorphic Belt, which runs southwest to
northeast in the southern part of the Korean Peninsula (Fig. 1(b)). The belt had been formed between the
Neoproterozoic and Paleozoic eras (Kwon, 2008), and was intruded during the Jurassic and Cretaceous
periods of the Mesozoic Era (Chin et al., 1995). Thus, the geology of Geumsan is composed of
Precambrian biotite gneiss, the age unknown Ogcheon group, Jurassic biotite granite, and Cretaceous
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sedimentary formations, being overlaid by Quaternary alluvial deposits (NGII, 2017). The surface of the
Geumsan area is covered with alluvial deposits and upper Jurassic igneous rocks, speci�cally biotite
granite (Fig. 1(c)).

The strata of survey area largely divided into cover layer, sedimentary layer (~ 5 m), weathered layer (5 ~ 
15 m) and bedrock. The granite bedrock is overlain by weathered granite soils at a depth of 15 m, through
which leachate can �ow easily; note that sandy soil is more permeable than the other soils originated
from gneiss and limestone. The upper 20 cm thick clay-silt cover layer was formed to be used as
agricultural purpose (Oh et al., 2008).

3.2 Hydro-geochemical characteristics

3.2.1 water quality analysis
Leachate leakage due to unsanitary land�lls and the effect of the groundwater system were investigated
through hydrochemical characterization of leachate and surrounding groundwater. In each observation
wells, groundwater samples were obtained up to a depth of about 10 m to measure dissolved oxygen
(DO) and ECs of groundwater. In this �eld, leachate-contaminated groundwater contains large amounts
of sodium (Na), potassium (K), chlorine (Cl), and bicarbonate (HCO3), whose concentrations are 3.6 to 4.8
times higher than those of the background groundwater (Oh et al., 2008). This is attributed to
biodegradation of high organic matter of household waste; increase in microbial activity lowered the
values of DO, oxidation-reduction potential (Eh) and NO3 in contaminated groundwater, causing a
reduction environment as well as an increase in EC (Table.1) (Oh et al., 2008).

Table.1 The hydrogeochemical characteristics of background and contaminated groundwater and
leachate in the study area from the laboratory measurements (modi�ed from Oh et al. (2008))

          (Average value)

  Na
(mg/L)

K
(mg/L)

Cl
(mg/L)

HCO3
(mg/L)

DO
(mg/L)

EC (

)

Background
groundwater

13.2 1.8 22.5 65 4.7 244

Contaminated
groundwater

48.2 8.6 114.9 233 2.2 805

Leachate 179.2 129.1 249.1 1502 1.9 3387

Data obtained in borehole KB04, which is in the northernmost part of the survey area (Fig. 2(a)), have low
EC of about 200 S/cm and a high DO of about 7 to 8 mg/L (Figs. 3(a) and (b)), implying the borehole
was little affected by leachate. Being compared to the data of borehole KB04, boreholes of KB03, KB05,
KB06, and KB08 were analyzed to be affected by leachate with different degrees of contamination from

μS/cm

μ
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borehole to borehole. Speci�cally, boreholes KB03 and KB06 have DO less than 2 mg/L (Fig. 3(a)) and EC
equal to or more than 600 S/cm (Fig. 3(b)), showing the two boreholes are in the most leachate-
contaminated area and with enough biodegradation. From depths of 4 to 11 m in borehole KB06, EC was
equal to or more than 700 S/cm being the highest among all the boreholes, while DO was the lowest;
except borehole KB06, little change in data with depth was observed.

3.2.2 Soil sampling and analysis
Soil samples were also collected with intervals of from 0.5-2 m up to depths of less than 4.5 m in
boreholes, which have proper conditions for coring in the sedimentary layer. Soil samples were analyzed
according to the grain size and classi�ed to percentage contents of clay, silt, and sand (Table 2). Topsoil,
which is mostly agricultural soil, has a high ratio of silt over 50% above a depth of 3 m; the ratio
decreases sharply with depth. As the silt and clay content decreased from the shallow to the deep, the
sand content gradually became dominant.

μ

μ
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Table 2
Results of the particle size analysis on soil samples acquired

within a region where ERT has been conducted (Fig. 1(a)).
Borehole # Depth (m) clay (%) silt (%) sand (%)

KB03 1.5 1.00 53.70 45.30

2.76 1.35 49.47 49.18

3 0.19 14.40 85.41

3.2 0.00 10.93 89.07

KB05 0.81 0.70 43.69 55.61

1.5 1.29 56.85 41.87

3 2.10 71.03 26.87

4 0.19 23.42 76.39

4.15 0.29 34.34 65.37

KB06 1.5 0.99 48.76 50.25

2.6 1.50 48.90 49.60

3 1.10 38.00 60.90

3.8 1.20 26.90 71.90

KB07 0.99 1.00 53.90 45.10

1.5 1.30 55.60 43.10

2.07 2.20 65.50 32.30

2.31 1.60 56.20 42.20

2.42 1.20 44.10 54.70

2.8 0.60 32.47 66.93

3 1.56 42.03 56.40

3.7 0.46 18.45 81.10

KB08 0.94 1.10 58.70 40.20

1.5 1.70 50.75 47.55

2.25 1.40 42.20 56.40

4.5 0.80 27.05 72.16

4. Time-lapse Electrical Resistivity Tomography (Ert)
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4.1 TL ERT
TL surveys were performed along 11 survey lines (Fig. 2(a)) at four different time points of June 7th,
June 24th, July 20th, and August 4th in the year of 2005 to investigate the degree of pollution by
leachate. Each of the survey lines has 21 stainless electrodes with a spacing of 2 m (Ko et al., 2006; Park
et al., 2006; Park et al., 2016). The array type was dipole-dipole array, which has good horizontal
resolution and n-spacing is 13. Pro�les 1 ~ 8 are in the direction of north-north-east being 4 m away from
each other, while Pro�les 9 ~ 11 south-south-west (perpendicular to the Pro�les of 1 ~ 8) 10 m away
(Fig. 2(a)); the surveys were made using AGI SuperSting R8/IP.

Since rainy season generally starts between June and July in Korea, the rainy season started during the
TL surveys after the 2nd survey (June 24th ); the former two surveys were conducted before the rainy
season, while the others were during the rainy season (Fig. 4(a)). According to Korea meteorological
administration (KMA), cumulative rainfall amounts are 79.5 mm between 1st and 2nd surveys while
415.5 and 215 mm between 2nd and 3rd, and 3rd and 4th, respectively.

4.2 groundwater level and EC during TL surveys
We measured during the TL surveys not only groundwater levels but also ECs of groundwater using EC
meters in each of the boreholes (KB03, KB05, KB06, KB07 and KB08) (Fig. 4(b) and (c)) (Ko 2006; Park et
al., 2006; Park et al., 2016). ECs were measured near the surface when the �rst, third, and fourth surveys
were performed. Measured data can show the effect of the precipitation during the rainy season and
degree of contamination. First, the groundwater level, which had been around 3.5 m before the rainy
season, increased by about 1.5 m due to the precipitation (Fig. 4(b)). It means water saturation near
surface increases, which affect the EC near surface. Before the 2nd survey, rainfall of about 70 mm was
recorded, but 2nd survey was conducted after su�cient time elapsed after the on-off rainfall.
Groundwater level hardly changed between 1st and 2nd survey, so rain effect is considered from the 3rd
survey.

The average of the EC data on the 1st survey (June 7th ) is 680.3 S/cm (843.7, 483.9, 867.4, 556.3 and
650.5 S/cm for KB03, KB05, KB06, KB07 and KB08, respectively) and each EC data per boreholes is
highest compared with the others measured during the rainy season (July 20th and August 4th ), except
for KB05. Also, the measured ECs in the survey area are higher compared with the background EC (about
216 S/cm) in KB04 in the hydrogeochemical analysis results. During the TL surveys, ECs of
groundwater decreased in most of the boreholes (Fig. 4(c)). This is attributed to the fact that rainwater
reduced the concentration of leachate in the contaminated groundwater and diffuse leachate-
contaminated �uid; note that rainwater is less conductive than the groundwater, and thus than leachate-
contaminated groundwater.

Especially, the decreases in EC in boreholes of KB03 and KB06, where highest EC values over 800 S/cm
were measured as same as the hydrogeochemical results, were the most profound (approximately 360
and 450 S/cm, respectively) when being compared with those in the other boreholes. During the rainy

μ

μ

μ

μ

μ
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season, the decreases in EC were larger in the more contaminated boreholes than the others, while the
differences between ECs of each borehole reduced. As the difference in EC between boreholes decrease,
the EC in the KB05 (June 7th ) increased 53.7 S/cm after rainfall (July 20th ), which can be interpreted
as the leachate diffused from a borehole with a strong in�uence of leachate to a borehole with a
relatively small in�uence of leachate.

5. 4d Interpretation Of Ert Data
Before conducting inversion, data processing was also conducted by erasing data in consideration of
drop of the potential for each source. We conducted TL ERT inversions using 4 monitoring data set at
once. Temporally continuous data sets are inverted in consideration of the time constraint so that they
can be continuously changed spatially. We made TL interpretation by conducting 4D inversion using the
whole data. The results of 4D inversion were delineated focusing on the change in ER in the
contaminated area and by precipitation with consideration of the borehole data.

5.1 4D inversion of TL ERT data
4D inversion of the whole ERT data along each survey line (Fig. 1(a)) was performed to interpret changes
in ER and analyzed with consideration of the borehole data. The number of iterations is set �ve, and
RMSE started at 31% in the initial model and changed to 15, 14, 15, 16 and 12% respectively for each
iteration. The �nal RMSE is 12%. An initial model was set by applying one ER value, calculated by
averaging the acquired ER data sets, to all calculation areas.

In the results of 4D inversion (Fig. 5), conductive zones are continuously distributed from northeast to
south of the survey area within a depth of 5 m. Conductive zones appear over a wider area near surface
in the 3rd and 4th recovered ER distributions, which are acquired after rainy season started. Rain
increases near-surface saturation, resulting in widening low ER zone than before rainfall (Appendix A).
Since the conductive anomalies can also appear in conductive subsurface medium and region with high
water content as well as contaminant zone, factors in�uencing geophysical characteristics in the survey
site and changes in ER in the anomaly zone should be considered.

The contaminated area is more effectively analyzed by looking at the change in ER at the site where the
pollutant such as leachate leaks. Even though changes in ER due to leachate and precipitation are hardly
observable in the recovered images of ER from each data set, the changes are clear in the ratio of
recovered resistivities at each time step (Eq. (7)). The ratios of resistivities should be interpreted
distinguishing before and after rain in consideration of the characteristics of rain and leachate. In the
ratios (Fig. 6), ER changes up to a depth of about 10 m can be observed, and the change in ER appeared
to be signi�cantly different before and after rain.

The decrease in the ratio of ER is mainly caused by leachate when considering the fact that both 1st and
2nd data sets were little affected by rainfall. Major decrease in ER, where the ratio was less than 0.9,
prevails in the region containing the KB03 and KB06 (Fig. 6(a)). In contrast to the area of ER reduction

μ
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before rainfall, increases in ER was observed in almost the same areas after rainy season started
(Fig. 6(b)). The areas with an increase in ER can be interpreted as leachate-contaminated regions since
the replacement of leachate-rich �uid with groundwater can increase ER; note groundwater has a higher
resistivity than the leachate-rich �uid (Appendix A).

In ratios at 4th time point to 3rd point (Fig. 6(e)), the leachate-contaminated regions, which had
experienced an increase in ER after the rainfall (Fig. 6(d)), show notable decreases in ER. Given that it had
rained heavily until the day before the exploration, the conductive region can be interpreted to preferential
�ow path, where groundwater and leachate can �ow easily. As a result, we can conclude that a decrease
in ER before the rainy season indicates contamination of leachate, while an increase in ER in the
contaminated regions right after the rainfall implies heavy contamination.

5.2 Interpreting preferential �uid-�ow path based on soil
texture
In the inversion results, contaminant region is interpreted as the region containing KB03 and KB06. we
interpreted soil textures in the survey area using the USDA method based on the results of particle size
analysis (Ko, 2006) (Table. 2). The soil roughly consists of four different types of soil: silt loam, sandy
loam, loamy sand, and sand (Table. 2, Fig. 7). Sand content is highest at over 85% from 3 m depth in the
KB03, which can be classi�ed to sand. KB03 is only borehole containing sand. In addition, soil in the
KB06 within 3 m depth is classi�ed as sandy loam, and the sand content is relatively high near the
surface compared to other boreholes. This explains why the two boreholes of KB03 and KB06 are the
most contaminated when considering that groundwater �ows easily through the sand. Thus, analysis of
soil texture structure of survey site offers complementary information to interpret geophysical inverse
results and needed to interpret preferential �ow paths, where contaminants can also follow.

5.2 Analysis on the effects of precipitation
Since ERT data are affected by subsurface environmental change, consideration of other information
such as hydrogeochemical data plays an important role to interpret recovered ER data properly. In order to
the effects of rainfall and leachate, data in the contaminated and non-contaminated area were compared.
First, KB06 showed the highest EC distribution in hydrogeochemical analysis (Fig. 3) and is a
contaminant observation well in which the EC measured during exploration decreased the most on the
last day of exploration compared to before rainfall (Fig. 4(c)). In contrast, KB08 is that showed the most
similar EC distribution to the background water quality in hydrogeochemical analysis (Fig. 3) as well as
relatively less changes EC during the survey (Fig. 4(c)).

In addition, changes of recovered ER located in the KB06 with high EC and KB08 with low EC were
analyzed during the survey period (Fig. 8). ERs at 2 m and 4 m near the surface were compared since
rainfall affects generally near-surface resistivity. The groundwater levels in the KB06 and KB08 during the
survey were 3.5 ~ 3 m before rainfall and 1 ~ 1.5 m after rainfall. In KB08, which was judged to have little
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effect of pollution, the effect of decreasing ER was evident at a depth of 2 m, where the increase in water
saturation was most affected by rainfall. This is a typical ER change during rainfall in the near surface. At
4 m, where the increase in water saturation due to rainfall is expected to be relatively lower, a relatively
smaller decrease was observed (−21%) compared to 2 m depth (−41%). On the other hand, ER at 2 m
depth increased with 8% ratio and ER at 4 m increased by approximately 55% in the contaminated KB06.
The ERs in the contaminant and non-contaminant zone showed signi�cantly different changes before
and after rainfall.

5.3 Comparison between 4D and TL 2D inversion
TL 2D inversions along each survey line were also performed to compare with results of 4D inversion.
ERT data sets at 4 different time points along each survey line are inverted using a TL 2D inversion
algorithm, which is a DC 2D Pro program developed by Kim (2009). Each TL inversion per pro�le was set
to terminate its iterative process when root mean square error (RMSE) reduces below a predetermined
level or reaches a max iteration number of 6. Due to the presence of a shallow pool near Line 1 of the
survey area (Fig. 2(b)), RMSEs of ERT data along survey lines (Pro�les 1, 9, 10 and 11) near the pool,
which are 3.87, 2.47, 2.2, and 2.57% respectively, are relatively higher than ones of other pro�les less than
1.5%. Sections of inversion results before and after rainy season representatively are shown (Jun. 24 and
Aug. 4) (Fig. 9), and the ratio of ER changes in whole time series are interpreted (Fig. 10).

In the ratios of recovered ERs before the rainy season (Fig. 10), ratios of recovered ERs at 2nd time point
(June 24) to those at 1st (June 7) (Fig. 10(a)) show decreases in ER at the topsoil layer. Both time points
are little affected by the rainfall and thus groundwater levels had been stable being greater than 3 m
approximately (Fig. 4(b)). Similar to the results of 4D inversion, the decreases in ER can be interpreted as
the in�uence of leachate.

In the meantime, up to 38% decreases in ER in the Pro�le 8 was observed in ratios of ER at 3rd time point
after rainfall (June 24) to 2nd point before (July 20) (Fig. 10(b)), since the groundwater level increased by
more than 1 m due to a large amount of precipitation. The precipitation masked the effects of leachate in
the whole survey area in case of 2D inversion, by increasing water content in the vadose zone near
surface. Ratios at 4th time points to 3rd point (Fig. 10(c)) show a decrease in ER in the whole vadose
zone along every survey line, even though decrease ratios are small compared to the previous ratios
(Fig. 10(b)). Although 3rd ERT was carried out in several days after it rains, 4th ERT had a large amount
of rain of 80 mm until the day before, which make reduction of ER near surface compared to inversion
results of 3rd survey.

4D inversion results (Fig. 6) showed increases in ER at by rainfall between 2nd and 3rd time points, which
were not observed in TL 2D results. As a result, 4D inversion was able to properly interpret the spatial �ow
of leachate or groundwater across survey lines. 4D inversion only using data sets after rainy season is
di�cult to distinguish contaminant region, because rain affect entire survey region and make resistivity
similar over survey area. At least 2 data sets before rainy season were recommended to use to interpret
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contaminant region more clearly by comparing increased ER of polluted area after rainfall with decreased
ER of polluted area without rainfall. TL 2D inversion showed the change in ER by the rise of groundwater
level clearly appeared. 3D anomalies are more smeared in 2D inversion than 3D inversion due to the basic
assumption of 2D inversion assuming no changes in the strike direction.

6. Conclusions
4D inversion were performed for TL ER data obtained in the Geumsan land�ll site, which had been
contaminated with leaked leachate. The TL data were masked due to precipitation. TL 2D inversion
cannot unmask the effects of precipitation on ERT data. 4D inversion results can detect preferential �ow
paths from the changes in ER: the decreases in ER due to the leachate and the increases in ER of the
contaminated area after the rainfall of the target area, which was approved by comparison of changes on
recovered ERs in the most and little contaminant regions. Soil texture analysis based on particle size,
which was made to identify a preferential �uid path for the leachate, supported leachate distribution of
4D inversion results. TL ERT can effectively monitor changes in contaminant plume through 4D inversion
even when rain falls during the TL surveys.
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Figures

Figure 1
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(a) Location and topographic map of Geumsan land�ll (dotted lines) drawn following Oh et al. (2008).
The land�ll contained not only unsanitary land�ll cells but also sanitary land�ll cells. TL survey area is
the area of the black solid square box near the old sanitary land�ll. Purple dots are locations of boreholes
for groundwater and soil sampling. (b) Geological map in the southern part of the Korean Peninsula
(modi�ed from NGII (2017)), and (c) detailed geological distribution about the survey area (modi�ed from
MGEO (2020)), where it is based on granite.

Figure 2

(a) Survey area of ERT and the locations of boreholes (KB03-08) for groundwater and soil samplings. (b)
A photograph of the survey area, �lled with water near the surface to the east of the survey area.

Figure 3
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Hydrogeochemical analysis using groundwater samples in the borehole. (a) EC and (b) DO of
groundwater, which had been obtained from boreholes KB04, KB03, KB05, KB06, and KB08, respectively,
after the TL surveys in the target area. KB04, which was not contaminated by leachate is used as
comparison data for the other borehole data. KB06 is in the most leachate contaminated.

Figure 4

(a) The amounts of precipitation in each day during the resistivity monitoring surveys; rainy season
started at the end of June of 2008 after the second ERT survey (Jun. 24th) (from Korea Meteorological
Administration). (b) Changes in groundwater level measured at boreholes in Fig. 1(b) during the TL ERT
surveys. (c) Changes in ECs of groundwater at each borehole during the survey (before and during
rainfall), measured by using EC meters.
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Figure 5

The results of 4D inversion: (a) Jun. 7, (b) Jun. 24, (c) Jul. 20 and (d) Aug. 4.
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Figure 6

Resistivity ratios between two-time-point sets of 4D inversion results about four-time-point sets: (a) June
7 and June 24, (b) June 24 and July 20 are 3D images of resistivity ratio, (c) June 7 and June 24, (d)
June 24 and July 20 and (e) July 20 and August 4 are 2D images near KB06 (Pro�le 5).
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Figure 7

Distribution of soil texture obtained from the particle size analysis on soil samples acquired within a
region where ERT has been conducted.
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Figure 8

Changes over time of recovered data at depths of 2 and 4 m in the locations of 2 observation wells, KB06
and KB08. KB06 is an observation well with a large EC due to contamination, and KB08 is with a small
effect of contamination.
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Figure 9

Results of TL 2D inversion of ERT data sets along each survey line in Fig 1(b), which were obtained at (a)
June 24 (before rainy season started) and (b) August 4 (after rainy season started). (c) Results of TL 2D
inversion in Pro�le 4 for Jun. 24 and Aug. 4; resistivity near surface decreased and low resistivity zone
expanded in the right-hand side of the inversion section.

Figure 10

Resistivity ratios between two-time-point sets of recovered ER data obtained from TL 2D inversion of ERT
data sets (Fig. 5) along survey lines (Pro�le 2, 4, 6 and 8): (a) June 24 to June 7, (b) July 20 to June 24,
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(c) August 4 to July 20 and (d) August 4 to June 24, respectively. (a), (b), (c) are ratios of recovered ER
divided by previous time-point ER and (d) is ratio of the initial time to the last time ER.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

AppendixA.docx

https://assets.researchsquare.com/files/rs-2019740/v1/19309ca394e8a771790bf58d.docx

