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Abstract: An improvement of geoelectrical resistivity interpretation has been done through this research. Up to now,
the geoelectrical resistivity data was interpreted qualitatively especially in the case of the aquifer intruded by seawater,
and the percentage of seawater mixture content in the aquifer cannot be predicted. In this research, a valuable approach
was used in the prediction of percentage seawater mixture in the shallow aquifer that is intruded by seawater. The study
was conducted in the coastal area which is mainly covered by peat soil. The research employed the direct soil resistivity
measurement and the ground surface resistivity survey. Geoelectrical resistivity with the Wenner configuration was used
for both measurements. The soil character and the fluid content in the soil were measured to obtain their correlation
to the direct soil resistivity value. The results show that resistivity value is about 2-5 ohm.m for 50% seawater content
mixture in aquifer and it increase to be 5-10 ohm.m for 25% seawater mix to freshwater in the aquifer. The increasing
seawater content in the pore soil caused the decreases in resistivity value drastically. The percentage of seawater mixture
in the fluid pore soil has been successfully predicted through the geoelectrical resistivity measurement on the surface.
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INTRODUCTION

The main groundwater problem faced in coastal areas
is the occurrence of seawater intrusion into groundwater
aquifers. This problem has increased to the point where it
is difficult to find fresh groundwater for drinking and for
daily needs (Panthi et al., 2022). In addition, the problem
will also escalate to the sustainability of the ecosystem in
the area (Basack et al., 2022). The occurrence of seawater
intrusion towards land may be caused by overexploitation of
groundwater (Alfarrah & Walraevens, 2018; Erostate ef al.,
2020; Armanuos et al., 2022) so that the hydrostatic pressure
of the aquifer will decrease drastically. This will cause the
entry of seawater into the groundwater aquifer (Prusty &
Farooq, 2020). Apart from that, the presence of seawater in
the aquifer can also be caused by the trapping of seawater
during the sedimentation process in the past geological
time interval (Baharuddin ef al., 2013). Larsen et al. (2017)
reported that the salinity of groundwater is influenced by
the presence of Holocene seawater trapped in the aquifer.

In order to monitor seawater intrusion, several
methods have been reported. Martinez-Pérez et al.
(2022) monitored the saltwater intrusion in the aquifer
using integrated approach including the use of physical
and chemical water analysis. The geophysics method
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assisted in identifying alternating of silt layers and their
continuity (Kumar ef al., 2022). The use of geoelectrical
resistivity survey is also common in the exploration of
seawater intrusion (Islami & Irianti, 2021). In addition,
hydraulics tests can be used to check the tidal response
(Crestani et al., 2022).

The use of the geoelectrical resistivity method has also
been successfully used to map shallow aquifers in the coastal
area (Thapa et al., 2019; Azizah et al.,2019). Abdulameer et
al. (2018) reported that the geoelectrical resistivity method
has been successful in mapping the possibility of seawater
intrusion in southern Iraq. In general, research results that
have been published to this day state that geoelectrical
resistivity has been able to show the presence of brackish
water and saltwater in the aquifer. However, there are no
research results using geoelectrical resistivity that provide
direct information on the prediction of the percentage
content of seawater mixed with fresh water in the aquifer
that is intruded by seawater. In this study, a correlation
approach was used to determine the possible percentage
of the presence of seawater mixed with fresh water in the
aquifer. Thus, it is possible that the percentage of seawater
mixed with fresh water can be predicted directly using the
geoelectrical resistivity method.
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STUDY AREA

This research is a case study conducted in the coastal
area around Dumai City, Indonesia. The locations chosen
for field data collection were in several randomly selected
sites in peat areas and also non-peat areas around the city
of Dumai. Dumai is located in the coastal area which
is directly adjacent to the Rupat Strait which is part of
the Malacca Strait. It is precisely located in the Central
Sumatra Basin where almost thirty percent of the land
surface is covered by peat soil. The thickness of the
peat soil in the Sumatran basin varies from about half
a meter to about 7 m. The aquifer system in the Dumai
area consisted of alternating of sand layer form the near
surface to about 200 m depth (Anda et al., 2021). In
the area around the Dumai, peat soils dominate in the
coastal areas, especially in the eastern part of the Dumai
up to about a few kilometers to the south of the Dumai
city. However, in some places in the Southwest, the soil
surface is dominated by clastic sediments. Figure 1 is
a map of the research area. On this map, the elevation
contours are presented with colored line. The white line
is the resistivity survey line, while the yellow box is the
location of the soil sampling, and the turquoise circle is
the water sample location.

METHODOLOGY
In this study, several procedures were carried out to
acquire the final target. The research was commenced
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from soil characterization, followed by sea-fresh water
chemical analysis, resistivity measurement of seawater
mixed with freshwater variations, measurement of soil
resistivity saturated with various mixtures of sea-fresh
water, and finally, measurements of geoelectrical resistivity
and percentage of seawater in the intruded aquifer were
conducted in the field.

Soil characterization

Soil samples were taken from a number of locations
as shown in Figure 1. For each location, two packets of
weight about 1 kg of soil samples were taken. All soil
samples were measured with standard method (Teixeira
& Martins, 2003). The first package was used to find
the grain size of the soil that was referred to Hamlin
(1991). They consist of clay, fine sand, medium sand,
coarse sand, and gravel. The second portion of the soil
was used for the purposes of measuring soil resistivity
data which was saturated with a mixture of seawater and
freshwater later on.

Water sample analysis

All water samples were analyzed using standard
methods (Clesceri et al., 1999). A number of three water
samples with 500 ml each have been collected using water
mineral bottle to analyze their in situ physical character
analysis such as temperature, conductivity, total dissolved
solids, pH, and conductivity. Besides, the water samples were
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Figure 1: Map of the study area. The white line is the location of the geoelectrical resistivity
survey. The yellow is the location of soil sample. The turquoise circle is the location of the

water sample.

4 Bulletin of the Geological Society of Malaysia, Volume 75, May 2023



A VALUABLE APPROACH IN A QUANTITATIVE SEAWATER INTRUSION INTERPRETATION

analyzed using Ion Chromatography (IC) and Inductively
Coupled Plasma (ICP) to obtain their major anion and
cation content such as CI, SO,, K, Ca, Mg, and Na. These
chemical water sample data will be used to calibrate the
geoelectrical resistivity survey later on.

Sea-fresh water chemical analysis

The seawater and sea-fresh water mixture were
measured to obtain their major chemical content. The
freshwater sample was obtained from the existing well
which was located about 15 km from the beach line. The
well is elevated 16 m above mean sea level while it's
depth is 12 m from the ground surface. This well was
chosen because it should be impossible to be intruded
by seawater. In the laboratory, the analysis of sea-fresh
water mixture with 0%, 5%, 10%, 25%, 50%, 75%, and
100% of seawater content was measured for their major
chemical content.

Direct resistivity measurement of soil saturated
with sea-fresh water mixture

The soil samples were saturated with the sea-fresh
water mixture. The direct resistivity measurements were
carried out in the laboratory on the entire saturated soil
samples using the Wenner configuration with 0.05 m
electrode spacing. These resistivity values obtained from
the measurements were used as a reference in interpreting
the geoelectrical resistivity data later so that the percentage
of seawater content mixed with freshwater in the aquifer
can be predicted through interpretation of geoelectrical
resistivity survey data.

Geological and resistivity calibration

A new well was drilled to obtain the real geological
data in the research area. These well data were used as
calibration between geological and resistivity data. The
well location was chosen in the community area. The soil
samples were collected at every meter during the drilling
process. The soil samples obtained from this well were also
used to measure the resistivity value of soil saturated with
sea-fresh water mixture.

Geoelectrical resistivity survey

In the field, 1D and 2D geoelectrical resistivity surveys
were conducted using the Wenner configuration due to it
give more signal strength (Telford et al., 1990) and less time
for data acquisition (Loke, 2013). The homemade resistivity
meter equipment was used with a maximum output current
and voltage of 1 Ampere and 1000 Volt DC. Geoelectrical
resistivity surveys were carried out at several sites. It started
at about 300 m from the coastline to 10 km landwards.
Thus, changes in the subsurface resistivity character can
be clearly observed later. Both the 1D and 2D geoelectrical
resistivity data were processed using Res1D and Res2DInv
software by Loke (Loke et al., 1996; Loke, 2001; Loke,
2013), respectively. The geoelectrical resistivity data were
then interpreted based on direct soil measurements of data of
the saturated sea-fresh water mixture. Thus, the percentage
of seawater content in the aquifer can be known through
resistivity measurements on the surface.

RESULTS AND DISCUSSION

Soil grain size sample

The grain size distributions of the soil samples obtained
from the study area are given in Table 1. The grain size
data in the table is from the soil of clastic sediment samples
only. For tpeat, particle size measurements were not carried
out. In the table, it can be observed that no gravel was
found in the soil sample. Soil samples for SO1 to S04 were
dominated by silt and clay which were taken from a depth
of 1 m. While samples S05 and S06 are dominated by
fine sand and medium-size sand taken from the new wells
drilled in this study.

Chemical content of seawater freshwater
mixtures

Table 2 shows the main chemical content of seawater
mixtures. In the table, the standard chemical content of
seawater was placed in the last row of the table. These values
were obtained from Hounslow (1995). Cl is the highest
concentration in each of the water samples, followed by
sodium and SO,. In a water sample of 5% seawater mixture
(ALOS), the Cl concentration is detected as much as 498

Table 1: Grain size of the soil in the selected locations of the study area.

Silt and

Medium Coarse

Sa;g)le IS):ng)llmg Clay FmeoSand Sand Sand Gl;avel
pth(m) 7 (%) %) %) (%)
S01 1 94.7 23 3.0 0.0 0
S02 1 94.7 2.3 29 0.0 0
S03 1 96.0 1.0 2.9 0.1 0
S04 1 91.5 1.0 7.1 0.4 0
S05 16 0.4 52.0 40.2 7.4 0
S06 20 0.3 16.5 59.7 233 0

Bulletin of the Geological Society of Malaysia, Volume 75, May 2023 5



NUR ISLAMI, MITRI IRIANTI, AZHAR AZHAR, MUHAMMAD NASIR, MUHAMMAD NOR, FAKHRUDDIN FAKHRUDDIN, DEDI IRAWAN

Table 2: Chemical analysis of water sample. The water sample is varied with the seawater content. The standard value
of seawater content derived from Hounslow (1995) is placed at the last row of the table.

Sample ID Seawater Cl SO, K Ca Mg Na
P (%) (mg/L) (mg/L)  (mgL) (mgL) (mg/lL) (mgL)
ALO00 0 11 5 2.3 11.3 0.7 2.3
ALOS 5 498 79 29.0 25.2 50.2 Sat
ALI10 10 1185 162 57.9 37.6 87.6 Sat
AL25 25 4057 227 115.5 88.4 264.3 2487.1
ALS50 50 7444 868 192.2 186.5 654.4 4882.3
AL75 75 10616 1184 298.4 284.3 995.9 7944.0
AL100 100 16712 1938 378.3 398.8 1272.0 10687.5
Hounslow Seawater 19000 2700 390 410 1350 10500
1400
_ 18000 V= 160.5x-2772 @ b y=13.2x-239
S 15000 || 3 R?=0989 1200 1 R¥=0997
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Figure 2: Water chemical content varies with the percentage of seawater, (a). Cl and 192 SO,, (b). Ca
and Mg (c). K and Na.
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mg/L. Whilst the concentration of Cl is 16712 mg/L in the
seawater (AL100). Figure 2 is the scatter plot of data in
Table 2 that shows a correlation between the percentages
of seawater content and the chemical content. It is obvious
that the CI concentration upsurges linearly in line when the
percentage of seawater content increase (AL00-AL100). The
other major seawater chemical components (SO,, K, Ca, Mg
and Na) too have the same linear trend with the Cl. All the
chemical concentrations have a high correlation (R? value)
with a value near 1. This suggests that the measurement
of the chemical and the trend of seawater percentage are
precise and accurate.

Resistivity and soil property correlation

Direct resistivity measurements on soils saturated
with seawater and a combination of a mixture of seawater
and freshwater can be seen in Table 3. Whilst, Figure 3
is the data in Table 3 plotted using bar chart (Figure 3A).
In Figure 3A it can be seen that the resistivity of the soil
which is only saturated with freshwater shows a relatively
high compared to all soil samples. The soils dominated by
sand have relatively high resistivity value compared to soils
dominated by silt and clay. For soils that are dominated by
silt and clay, the amount of resistivity does not show too
much difference. This is because each soil has relatively the

Table 3: Direct resistivity measurement of the seawater variation saturated soil.

Sea-

water So1 St. S02 St. S03 St. S04 St. S05 St. S06 St. Peat St.
(%) (ohm.m) dev (ohm.m) dev (ohm.m) dev (ohm.m) dev (ohm.m) dev (ohm.m) dev (ohm.m) dev
0 49.2 0.5 47.1 0.4 444 0.3 45.7 0.4 108.6  0.02 1134 0.04 136.1 2.3
5 11.8 0.28 11.5 0.02 109  0.02 11.1 0.02 199  0.01 20.0  0.01 22.4 0.8
10 6.9 0.03 7.0 0.02 6.7 0.02 6.8 0.02 11.5 0.02 12.1 0.03 129  0.03
25 5.4 0.03 5.1 0.02 4.9 0.02 4.9 0.02 9.1 0.01 9.4 0.08 9.9 0.04
50 29 0.06 25 0.01 2.4 0.01 2.4 0.01 4.8 0.01 49 0.01 5.1 0.06
75 1.3 0.07 1.2 0.02 1.2 0.03 1.2 0.01 2.3 0.01 2.4 0.03 2.6 0.01
100 0.9 0.04 0.8 0.01 0.8 0.01 0.6 0.01 1.7 0.01 1.8 0.03 1.9 0.2
140
I [+]
120
F 00 LEu
é 20 mSs02
E mS03
:% 60 sS04
é 40 W S05
W S06
20 +
m Peat
0
0 5 10 25 50 75 100
Seawater (%)
20000
18000 » E
16000
~ 14000 4 S01
E 12000 4803
.§ 10000 4 S05
2 so00 = 502
® 6000 sS04
4000 |- .ioe Figure 3: Resistivity and percentage of seawater in the
2000 o TR soil sample (Figure 3A). Total anion 227 and resistivity of
0 e ‘ , : : : ‘ saturated soil with different seawater content (Figure 3B).
0 20 40 60 80 100 120 140 In Figure 3B, the 228 resistivity value decreases drastically
Resistivity {ohm.m) when increasing a little bit of seawater content.
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same grain character, except for peat soil, the resistivity of
peat soil containing freshwater has the highest resistivity
value (136 ohm.m) compared to other soils. In the soil
sample filled with a mixture of 25% sea-fresh water, it is
seen that the overall resistivity drops drastically to around
10-22 ohm.m. It is also seen that the peat sample also has the
highest resistivity value (22 ohm.m) as in the soil saturated
with fresh water. This is because the soil has organic content
from trees that have been destroyed.

The same trend of resistivity value is also observed for
50% of the sea-fresh water mixture, as in soil of 25% and
10% seawater content. In general, the resistivity value in
the sample with 50% seawater content is slightly lower than
the previous 25% resistivity. Likewise, it is also observed in
the resistivity value of the sample with a seawater content
of 75% and also 100%.

Figure 3(B) is showing the total anions in the water
sample that is used to saturate the soil sample. It can be
seen that the addition of 5% seawater into freshwater causes
the resistivity value to drop drastically. This is because the
anion content in the water will increase the conductivity
value of a material drastically. Thus the resistivity value
will drop drastically as well. However, the decrease in the
resistivity value is not linear but is exponential until the
seawater content becomes 100%.

Calibration and geoelectrical resistivity survey

To calibrate the interpretation of 1D and 2D geoelectrical
resistivity data against geological data, a new well was
drilled near the housing of one of the residents, and the
well can be used by the community in the future for daily
uses. Figure 4 is the drilling process and also the lithology
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Figure 5: 2D Geoelectrical resistivity model.
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log obtained from the collection of soil samples during the
drilling process. During drilling, soil samples were collected
and observed for every 1 m. In this well, from the surface
to a depth of 90 cm is embankment soil, then peat soil with
dark brown color was found to a depth of 5 m. After that,
clay soil with a dark gray color was found to a depth of
13 m. From a depth of 13 m to 18 m, it is dominated by
fine gray sand then coarse sand to a depth of 24 m. The
depth zone ranging from 13 m to 24 m is the first aquifer
zone that is often used for groundwater extraction by the
community. During the soil collection, at a depth of about
18-24 m, when collecting this coarse-grained sand, the
sand is slightly reddish when it was exposed to the surface
after a few hours. After a layer of coarse sand, followed by
a layer of gray clay from a depth of 24 m to 50 m, there
were several color changes but were not too pronounced.
The last layer is fine gray sand from a depth of 50 to the
end of the maximum depth of the well (60 m).

Figure 5 is a geoelectrical resistivity model that was
carried out at about 100 m next to the new drilled well. It
was conducted exactly at the mark of 84 m on the RS02. In
this model, it can be seen that on the X-axis is the position
of the electrode while on the Y-axis is the depth of the data
inversion model results. The model was generated in the
inversion process using the Res2DInv software. It shows
that the upper surface is dominated by yellow color with
a resistivity value of around 180 ohm.m. This value is
associated with peat in the vadose zone. While at the next
depth of about 5 m to about 12 m, the resistivity value is
dominated by around 70 ohm.m. This value is interpreted as
a clay zone that is dark gray in color. Next, the resistivity
value is around 40 ohm.m (turquoise color). This color
can be observed from a depth of 12 m to about 25 m. This
zone is correlating to an aquifer zone. The aquifer consists
of sand containing freshwater that has been slightly mixed
(less than 5%) of seawater. This interpretation is based
on the data in Table 3 that for sandy soils saturated with
5% seawater, the resistivity value is about 20 ohm.m. In
addition, this interpretation is also supported by the water
chemical data at W2 (Table 4) which is about 100 m from
the line of the geoelectrical resistivity survey. In the table,
the CI content of the groundwater for W2 is 276 mg/l
with the salinity of 0.2%. This value is indicating that the
aquifer contains less than of 5% seawater content mixed
with freshwater.

The geoelectrical model of resistivity RSO1 can be
seen in Figure 5. The geoelectrical resistivity survey of
RSO1 was conducted on the grass field of farm animals
such as cows and goats. The resistivity model shows that
the resistivity value is about 15 ohm.m on the surface. This
value correlates to the wet zone soil contaminated with the
farm animal’s manure. The next layer shows the resistivity
value of about 70 ohm.m correlating to the clay layer. The
shallow aquifer appears from a depth of 7 m downward.
The resistivity value of this layer is less than about 5
ohm.m. The resistivity extraction also gave information at
this zone the lowest resistivity value is 3 ohm.m. Based on
the resistivity value and the data in Table 3, the percentage
of seawater mixed with the freshwater here is about 25%
until 50%. This quantitative interpretation is also supported
by the well WS1 (50 m from the survey line) which the ClI
content of the groundwater is 1798.5 mg/l (Table 4). The
resistivity value of seawater intrusion in the aquifer is also
appeared about 5-10 ohm.m as reported in Sun ef at. (2022)
and Niculescu ef al. (2021).

The results of the 1D modeling of the geoelectrical
resistivity survey data in this study can be seen in Figure
6. In this 1D model, the observed data and calculated data
as well as the resistivity model with depth prediction can
be seen in the given model. The geoelectrical resistivity
model RS06 was deliberately carried out at the same
location as RS02 (2D geoelectrical resistivity data) to view
and calibrate 1D data with 2D data controlled by well
lithology log data. In the RS06 geoelectrical model, it can
be seen that they are 4 layers of resistivity zones. From
the surface to a depth of approximately 5 m, the resistivity
value is around 180 ohm.m. This zone is interpreted as a
vadose zone. The next resistivity layer is a zone that has
a resistivity value of about 110 ohm.m w hich correlates
to the clay zone. Then at a depth of about 11 m to 25 m,
another layer is observed that has a resistivity value of
about 23 ohm.m. This zone is a shallow aquifer zone.
This aquifer zone like RS02 is also confirmed from the
lithology log data of the wells made in this study (Figure
4), which shows that this depth range is dominated by fine
sand and coarse sand. From the results of 1D geoelectrical
resistivity (RS06) and 2D geoelectrical resistivity (RS02)
data which were carried out at the same place, it is seen
that both of them show almost the same resistivity pattern
at a certain depth.

Table 4: Wells physical in-situ data, major anion and cation data.

WellID  pepth pH  Salinity TDS Cl So, K Ca Mg Na Fe

(meter) 0/00 mg/l mg/l mg/l mgl mgl mgl mgl mgl
WSI1 15 7.4 1.1 3260 17985 4702 23 73.6 488 67.4 0.3
WS2 18 6.9 0.2 792 276.9 69.6 1.5 445 21.4 10.2 3.8
WS3 12 6.7 0 163 63.9 12.6 1.3 15.2 32 22.2 0.7
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Figure 6: 1D geoelectrical resistivity model.

The 1D geoelectrical resistivity model for RS03, RS04,
and RS05 can be seen in Figure 6. In RS03 no zone has
a low resistivity value. In this model, a shallow aquifer is
seen at a depth of approximately 11 m until approximately
22 m with a resistivity of about 80 ohm.m. This means
that the shallow aquifer at this location does not indicate
of the presence of seawater. This is also proven by the
groundwater samples in this site (W3) which have 0%
salinity and relatively low Cl (63.9 mg/l). For RS04,
in the aquifer zone, there is also no visible presence of
seawater in the aquifer. This interpretation is based on
the fact that in the aquifer zone, the resistivity value is
about 60 ohm.m, this means that according to Table 3,
the aquifer is filled with freshwater without any mixture
with seawater. While in RS05, the presence of seawater
is around 25% very clearly visible. It can be seen in the
aquifer zone that the resistivity value is about 8§ ohm.m.

10

By knowing the soil character and also the amount of soil
resistivity that is saturated with various types of seawater
mixtures in freshwater, thus a quantitative interpretation
of the percentage of seawater content mixed in the aquifer
can be predicted from geoelectrical resistivity data, both
1D and 2D.

CONCLUSION

This research has successfully shown how to interpret
geoelectrical resistivity data quantitatively, especially in
the coastal area with seawater intrusion problems in the
aquifer. Comprehensive investigations of soil characteristics,
chemical analysis, and direct resistivity measurement have
been done in the Dumai area. The main conclusion can be
stated as the followings:
1. The grain size of the soil is affecting the resistivity

reading of the soil. Increasing the sand content in the
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soil will have a positive correlation with the reading
of soil resistivity value.

2. The geoelectrical resistivity value of the soil saturated
with a different salt-fresh water mixture has a good
correlation with the pore soil content in the aquifer.
Resistivity value decreases drastically with increasing
a little bit of seawater content. The anion content of
the water in the pore soil is the main factor affecting
in the lowering of the resistivity reading of the soil.

3. The decreasing of resistivity value in the soil saturated
by the salt-fresh water mixture shows an exponential
shape as increasing seawater content in the pore soil.
The quantitative interpretation of seawater intrusion in
the aquifer can be done through the resistivity data.

4. The groundwater in the shallow aquifer of the study
area has variation in the percentage of seawater content.
It was found that 50% of saltwater mixed with the
fresh water in the aquifer around 500 m from the
coastal line. Whilst, in the landward of about 5 km
from the coastal line, the saltwater is about 25% in
the aquifer.

5. The limitation of study should be imposed that the
study valid in sand and gravel medium compared to
clay due to soil chargebility.
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