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 Various environmental problems exist in the northern coast area of 
Semarang, Indonesia, including land subsidence, tidal flooding, 
increased chloride content in several monitoring wells, and salinity in 
resident wells. These issues indicate a decrease in groundwater quality 
caused by seawater intrusion. Sanitary and health issues have a 
significant impact on many environmental issues, including decreased 
soil fertility and building damage. The problem of seawater intrusion 
can be identified by the geoelectric resistivity method (multi-electrode 
dipole-dipole configuration). The aim of this research is to detect the 
presence of seawater intrusion in groundwater zones and determine 
the extent of its distribution to the mainland. Data collection was 
carried out along the western canal flood. The data obtained 
distribution of subsurface apparent resistivity values. Interpretation 
of the 2D cross-sectional model identified as a seawater intrusion zone 
with low resistivity (𝜌 < 3 Ω m) ranging from 0-2.600 m. Thick in the 
northward with a depth of 30-60 m and becomes thin in the south at 
2.600 m. At a trajectory 2.600-7.000 m low resistivity is still found in 
a local spot. The result of the 2D cross-section model inversion shows 
very good result. Predicted data is quite close to the observed data 
shown by an average small RMS 2.37% - 4.11%. And shown by a fast 
convergence curve. The coastal area of Semarang is also found to be 
made up of five layers: alluvial soft clay, silt clay, sandy clay, granule 
sand, and coarse sand. These results fit with the well log data around 
the research area. Estimates of the distribution of seawater intrusion 
in more detail to the mainland need to be further investigated using 
other geophysical methods and testing of monitoring wells or resident 
wells around the research area for more accurate results. 

 

 

 

  Copyright (c) 2025 by Author(s), This work is licensed under a Creative 
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Introduction  

Semarang is Central Java's capital city and the center of an industrial district on the north 
shore of the Java Sea (Figure 1a). It has 373.7 km2 area with 1.815.729 populations in June 
2018 (Population and Civil Registration Agency of Semarang). The enormous population 
and industrial expansion in Semarang causes the demand of ground water to continue to 
increase [1]. The need for ground water of Semarang residents reaches 170 thousand m3 
per day or around 61.7 million m3 per year (Municipal Waterworks Semarang, 2010). Most 
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of this are resolved by taking groundwater through pumping in free aquifers and 
depressed aquifers [2]. Large-scale exploitation of groundwater can disrupt 
hydrogeological balance, especially in areas close to the coast [3]. The discharge of aquifers 
owing to groundwater absorption can cause the passage of sea water into the mainland, 
resulting in seawater intrusion [4] (Figure 1b). 

Sea water intrusion leads in a decrease the quality of ground water [5], which has a wide-
ranging influence on many elements of life, including health issues, reduced soil fertility, 
construction damage, and so on [6]. Indications of the occur sea water intrusion in 
Semarang can be seen from several environmental problems [7] that have arisen over the 
past few years such as tidal flooding, land subsidence, sea level rise, resident wells and 
observation wells that become brackish or salty, and an increase in the level of chloride in 
some monitoring wells [8].  

 

 

(a) (b) 

Figure 1. Research location map (Semarang) (a), and sea water intrusion mechanism (b) 

The geology of the northern Semarang is dominated by quarter-age alluvial deposits [9] 
(Figure 2). Alluvium deposits of beaches, rivers, and lakes are found along the Semarang 
coast, according to the geological map [10]. The clay, silt, and sand combinations that make 
up these coastal alluvium deposits [11] and characterized by the repetition of silt clay which 
are quite dominant with fine to coarse sand inserts [12]. With several estuaries and streams, 
the coastal alluvium region is quite low, resembling a basin, and the water will rise in the 
event of a tide [13]. Seawater flows easily inland due to the lithology of alluvium deposits, 
which range from gravel to clay [14]. 

 

Figure 2. Geological map of Semarang [15]. 
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Based on these problems, it is necessary to conduct research on the extent of the distribution 
of sea water intrusion in the coastal of Semarang. The study was conducted with a multi-
electrode dipole-dipole configuration type resistivity method.  

Experimental Method 

There are 3 stages of processing, the first is GPS data processing serves for the analysis of 
the measurement trajectory location. The second step is a terrain data processing to provide 
topographic factors in processed data. And the third is geoelectric data processing to obtain 
2D of subsurface images [16]. 

One of the most popular geophysical exploration techniques for a variety of geophysical 
investigations is geoelectric [17]. The resistivity geoelectric method is one type of 
geoelectric approach. Many different geophysical surveys employ the resistivity 
geoelectric approach because it is inexpensive and produces reliable findings [18]. It 
operates according to the electrical characteristics of the rocks that comprise the crust of 
the earth. By measuring the soil's surface, the resistivity geoelectric survey seeks to 
ascertain the distribution of subsurface resistance. The idea is to provide an electric current 
to the earth and then use two potential electrodes to monitor the potential changes (Figure 
3).  

 

Figure 3. The basic principle of resistivity geoelectric method 

The dipole-dipole configuration is commonly used in geoelectric resistivity surveys. 
Dipole-dipole is one of the configurations in geoelectric resistivity that is commonly used 
in geophysical exploration. Combining profiling and sounding techniques, so this 
configuration has good sensitivity for vertical and horizontal [19]. Configuring dipole-
dipole multi-electrode has advantages in terms of measurement time efficiency and 
obtained more data. Maintain the same distance between the current and potential 
electrodes as "n," and the same distance between the electrodes as "a" (Figure 4). To enhance 
the depth of study, the 'n' factor rises from 1 to roughly 6 while the 'a' size remains constant 
[20]. The relationship between potential difference and resistivity can be expressed in the 
following equation: 
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Figure 4. Dipole-dipole multielectrode configuration with 8 channel receiver electrodes [21]. 

Using the geoelectrical super sting model R8 / IP-56, geoelectric data is acquired (Figure 

5a). Data acquisition along the western canal flooding by Geotechnology Research Centre 
Team, The Indonesian Academy of Sciences (LIPI). Data acquisition consists of 11 lines 
with 8 tracks with 25 m electrode spacing and 3 tracks with 10 m electrode spacing (Figure 

5b). The selection of different electrode spacings was intended to obtain different depths 
penetration. The farther away from the shoreline the depth of seawater intrusion is also 
shallower. 

  
(a) (b) 

Figure 5. Geoelectrical supersting model R8 / IP-56 (a), and trajectories map (b) 

Lines 1-4 consist of 56 electrodes in 1350 m length, lines 5-8 consist of 28 electrodes in 75 m 
length, and lines 9-11 consist of 28 electrodes in 270 m length. This trajectory is continuous 
and has a total length of 7 km. Furthermore, for the processing and interpretation, several 
interconnected trajectories are combined into one large trajectory, so that the results of 5 
combined trajectories are obtained (Table 1). Trajectory A is a combination of lines 1-3, 
trajectory B represents line 4, trajectory C is a combination of lines 5-7, trajectory D 
represents line 8, and trajectory E is a combination of lines 9-11. The track has a direction 
perpendicular to the coastline to find out how far the distribution of seawater intrusion to 
the mainland. 

Information on the distribution of subsurface physical attributes is obtained by the 
inversion process, a field data processing method that makes use of statistical and 
mathematical solutions [22]. Estimating the physical properties of the unknown rock is the 
aim of the inversion procedure. Curve fitting between the field data and the mathematical 
model may be used to analyze the field data during the inversion process [23]. In general, 
the inversion problem can be expressed by the equation: 
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𝑑 = 𝐹 (𝑚) + 𝑒         (3) 

Where d is the data vector, m is the model parameter vector, e is the error vector, and F is 
the forward modeling function. In this research, the inversion method is used Non-Linear 
Conjugate Gradient (NLCG). The NLCG method is used to minimize the objective function 
which is defined as follows [24]: 

(𝑚) = (𝑑 − 𝐹(𝑚))
𝑇

𝑉−1(𝑑 − 𝐹(𝑚)) +  𝑚𝑇 𝐿𝑇𝐿𝑚
∆𝑉

𝐼
   (4) 

Where  is the regulation parameter in the form of a positive number, V is the matrix that 
regulates the variation of the error e, and L is the operator matrix. The NLCG algorithm 
uses the Polak-Ribiere NLCG variation to eliminate the equation of the objective function. 

The search for a model for NLCG is determined by determining the objective function 
minimization variable which is given the initial model  𝑚0, so that the model equation can 
be expressed to: 

𝑚𝑙+1 = 𝑚𝑙 + 𝛼𝑙𝑝𝑙        (5) 

With 𝑚𝑙+1 it is a new model from the initial modeling which has been added with a system 
that can speed up the inversion process or referred to as a preconditioner [25]. 

 
Table 1. Acquisition data line characteristic 

No. 
Line 

number 
Electrode-spacing-length Trajectory 

    

1. 
1 
2 
3 

25 m electrode spacing, 56 electrodes in 1350 m length Trajectory A 

 
2. 

 
4 

 
25 m electrode spacing, 56 electrodes in 1350 m length 

 
Trajectory B 

 
3. 

 
5 
6 
7 

 
25 m electrode spacing, 28 electrodes in 75 m length 

 
Trajectory C 

 
4. 

 
8 

 
25 m electrode spacing, 28 electrodes in 75 m length 

 
Trajectory D 

 
5. 

 
9 

10 
11 

 
10 m electrode spacing, 28 electrodes in 270 m length 

 
Trajectory E 

Results And Discussion  

The result of the 2D cross-section model inversion for each trajectory shows a very good 
result. Predicted data is quite close to measured data shown by small RMS and also a fast 
convergence curve.  Figure 6 shows a cross plot of measured vs predicted apparent 
resistivity for trajectory A with an RMS is 3.81 % and Figure 7 shows the convergence curve 
of resistivity inversion at 8th iterations for trajectory A. Whereas, the measured and 
calculated apparent resistivity pseudo section for trajectory A shown in Figure 8. For 
trajectory B RMS is 2.64% and convergence at 4th iterations, for trajectory C RMS is 2.42 % 
and convergence at 5th iterations, for trajectory D RMS is 4.11 % and convergence at 7th 
iterations, and for trajectory E RMS is 2.37% and convergence at 5th iterations. 
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Figure 6. Cross plot of measured vs predicted apparent resistivity 

 

 

Figure 7. Convergence curve of resistivity inversion 
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Figure 8. Measured and calculated apparent resistivity pseudo section 

The subsurface resistivity value distribution for trajectory A is displayed in Figure 9. The 
very low resistivity value 𝜌 ≤ 3 Ωm is evenly distributed at the top from points 0 to 2.600 
m with a depth of 30-60 m, estimated as a soft clay layer. The soft clay layer has very small 
granules and an impermeable layer, so the fluid will be retained and trapped in this layer. 
It is suspected that the fluid that fills this layer is seawater.  

 

Figure 9. 2D cross-section model inversion for trajectory A 

Figure 10 and Figure 11 show the distribution of subsurface resistivity values for trajectory 
B and trajectory C. The very low resistivity value 𝜌 ≤ 3 Ωm at 2.600-7.000 m is still found in 
a local spot. This layer is estimated as a soft clay layer with very small granules and 
impermeable suspected thought to contain seawater. The result of the 2D cross-section 
model inversion shows very good result. Predicted data quite close with observed data 
shown by average small RMS 2.42% - 2.64%. And shown by a fast convergence curve. 

 

Figure 10. 2D cross-section model inversion for trajectory B 
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Figure 11. 2D cross-section model inversion for trajectory C 

Figure 12 shows the distribution of subsurface resistivity values for trajectory D. The very 
low resistivity value ρ ≤ 3 Ωm is still found in a few local spots although very rare and 
shallow. Due to having furthest from the coastline. The result of the 2D cross-section model 
inversion for trajectory D shows very good result. Predicted data quite close with observed 
data shown by a small RMS 4.11%. And shown by a fast convergence curve at 7th iterations.  

 

Figure 12. 2D cross-section model inversion for trajectory D 

Figure 13 shows the distribution of subsurface resistivity values for trajectory E. The very 
low resistivity value 𝜌 ≤ 3 Ωm is evenly distributed at the top with a depth of 30 m 
estimated as a soft clay layer suspected thought to contain seawater. The result of the 2D 
cross-section model inversion shows very good result. Predicted data quite close with 
observed data shown by small RMS 2.37% at 5th iterations. 

 

Figure 13. 2D cross-section model inversion for trajectory E 

Table 2 shows lithological interpretation from the 2D cross-section model inversion result 
that Semarang coastal is composed of 5 layers: Alluvial soft clay, silt clay, sandy clay, 
granules sand, and coarse sand. This result fits with the well log data around research area 
(Table 3). 
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  Table 2. lithological interpretation from the 2D cross-section model 
inversion result. 

Color Resistivity Lithology Interpretation 

    

 
ρ ≤ 3 Ωm Alluvial soft clay 

Sea water 
intrusion 

 

 

 
3 Ωm ≤ ρ ≤ 8.5 Ωm 

 
Silt clay 

 
Sea water 
intrusion 

 

 

 
8.5 Ωm ≤ ρ ≤ 50 Ωm  

 
Sandy clay 

 
Salty 

 

 

 
50 Ωm ≤ ρ ≤ 100 Ωm 

 
Granules sand 

 
Fresh/tasteless 

 

 

 
100 Ωm ≤ ρ ≤ 300 Ωm 

 
Coarse sand 

 
Fresh/tasteless 

 
Table 3. Madukoro Well log lithological data. 

Layer Depth 

Alluvial soil 0-2 m 

Clay 
 

2-30 m 
 

Sand-Silt 
 

30-45 m 
 

Clay 
 

45-65 m 
 

Silt 
 

65-80 m 
 

Sand 
 

80-110 m 

 

Conclusion  

This study resulted that the interpretation of the 2D cross-section model identified as a 
seawater intrusion zone that has a low resistivity value of less than 3 ohm.m (𝜌 < 3 Ω m) 
extending at 0-2.600 m. Thick in the northward with a depth of 30-60 m and becomes thin 
in the south at 2.600 m. At a trajectory 2.600-7.000 m low resistivity are still found in a local 
spot. The result of the 2D cross-section model inversion shows very good result. Predicted 
data quite close with observed data shown by average small RMS 2.37% - 4.11%. And 
shown by a fast convergence curve. Also obtained that the area of Semarang coastal is 
composed of 5 layers: Alluvial soft clay, silt clay, sandy clay, granules sand, and coarse 
sand. This result fits with the well log data around the research area. The results of this 
study can be used as a reference for how deep and how far seawater intrusion goes into 
the land. Of course, this result can be used by the local government as a warning for 
residents to make daily consumption wells. Estimates of the distribution of seawater 
intrusion in more detail to the mainland need to be further investigated using other 
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geophysical methods and testing of monitoring wells or resident wells around the research 
area for more accurate results. 
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