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A comprehensive investigation has been conducted into the issue of seawater intrusion 

in the aquifer of the Mandalika Special Economic Zone (SEZ) on Lombok Island. 

Utilizing the RES2Dinv, Surfer13, and Rockwork software, data was processed in 

profiles and the time geoelectric resistivity survey method was implemented to monitor 

the velocity of seawater intrusion between 2021 and 2022. The findings of the study were 

segregated into three distinct transitional periods: a four-month transition from dry 

season to rainy season (Period I), a seven-month transition from dry season to 

intermediary conditions (Period II), and a year-long transition from dry season to dry 

season (Period III). The data revealed an expansion of the seawater intrusion zone from 

the south to the north at a depth range of 2 to 14 meters. This expansion was evidenced 

by a smaller volume of positive resistivity change in Period I compared to Period II. 

Moreover, a decrease in water content was observed in March 2022 measurements, 

leading to a less resistive, or more conductive, subsurface layer. In Period III, positive 

resistivity changes were solely identified in the western coastal area at a depth of 4 

meters. Survey and measurement data indicated that seawater had infiltrated 12 coastal 

wells, with only wells 10 and 11 showing marginal mixing. This investigation 

underscores the escalating issue of seawater intrusion in the Mandalika SEZ aquifer, 

meriting urgent attention and mitigation strategies. 
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1. INTRODUCTION

The Mandalika region, situated on the southern coast of 

Lombok Island, is under extensive development to bolster 

Indonesian tourism. Initially a coconut plantation and pond 

area, the landscape has undergone substantial transformation 

into a locale replete with hotels and other tourism-supporting 

accommodations. Such development necessitates an ample 

and quality water supply, leading to considerable and irregular 

exploitation of groundwater and coastal aquifers. These 

activities have resulted in the creation of void spaces within 

the aquifer, which subsequently become filled with seawater 

[1-5]. 

Seawater intrusion, a ubiquitous issue along global 

coastlines, significantly diminishes groundwater quality [6, 7]. 

This phenomenon, characterized by the movement of seawater 

inland and its replacement of freshwater, is dictated by fluid 

dynamics in coastal aquifers. The ensuing shift in the 

freshwater-seawater interface towards land is influenced by 

the disparity in density and pressure on either side of the 

interface [8]. Notably, excessive groundwater extraction 

activities in coastal regions can exacerbate seawater intrusion 

[1, 9], with implications not only for environmental integrity 

but also socio-economic development [10, 11]. 

To detect and monitor subsurface conditions based on their 

electrical properties, geophysical survey methods such as the 

resistivity geoelectric survey are frequently employed [11, 12]. 

The resistivity geoelectric method has been demonstrated to 

discern differences in resistivity contrast between freshwater 

and seawater [13]. Additionally, it has been used to track the 

movement of seawater in complex coastal aquifers by enabling 

repeated measurements over time, a technique known as time-

lapse [1]. Although these studies have primarily focused on 

tracer tests with short monitoring periods [10], acknowledging 

seasonal variations necessitates a research approach that 

incorporates extended monitoring periods. This investigation 

aims to fill this research gap by implementing long-term 

monitoring and validating the geoelectric resistivity results 

with robust data. 

Validation of the geoelectric resistivity survey can be 

achieved through groundwater quality measurements, which 

have indicated seawater mixing in some wells [14]. 

Geochemical analysis using groundwater quality standards—

fresh water characterized by a conductivity value of <1200 

μS/cm, a total dissolved solid (TDS) value of <0.50 gram/L, 

and a salinity value of <1000 ppt—can be applied for this 

purpose. Seawater intrusion leads to an increase in the TDS 

value, thereby significantly enhancing the conductivity value 

due to the high anion content originating from seawater 

contamination. This change is juxtaposed with a decrease in 
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the resistivity value [15], which serves as an indicator of 

contamination; specifically, a low resistivity anomaly signifies 

seawater intrusion [1, 14]. 

The primary objective of this paper is to monitor seawater 

intrusion and ascertain the velocity of subsurface fluid 

movement in the Mandalika region. This is achieved by 

validating survey results through geochemical analysis of 

groundwater (TDS, salinity, and conductivity) as a technology 

for monitoring seawater intrusion, taking into account 

seasonal differences over a one-year period. It is assumed that 

only subsurface fluid movement occurred during this year, 

with the type of rock and its porosity remaining constant. This 

assumption is based on the understanding that physical 

changes in the subsurface structure cannot occur rapidly unless 

precipitated by extraordinary events such as earthquakes or 

tsunamis, meaning that changes in resistivity values are solely 

attributable to fluid dynamics/movements. 

 

 

2. STUDY AREA 

 

The study area is 10,000 km2, with a distance of 200 m from 

the coast line. The geological features in the study area are hills 

in the north and the Mandalika circuit in the south. The 

research locations covered four villages in the Mandalika area, 

including Kuta Village, Sukadana Village, Sengkol Village, 

and Mertak Village. The Mandalika area is on the subduction 

route of the Indo-Australian plate, which is in the coastal area 

in the southern part of Lombok Island and is directly adjacent 

to the Indian Ocean.  

 

 
 

Figure 1. Geologic map of the study area 

 

Geologically, the Mandalika SEZ area is a coastal area 

formed by alluvial processes. Alluvial plains are formed from 

sedimentary processes resulting from secondary deposition, so 

the rock compactness is relatively weak. As a result, pores are 

formed in the rock that allow intrusion to occur [3, 16, 17]. 

Figure 1 shows a map of the research location. It consists 

mainly of the Tomp Formation in the north and extends from 

Tanjung Aan to Merese Hill in the south. The Penggulung 

Formation is composed of tuff and breccia lava. Then in the 

south, it consists of alluvial layers and coastal deposits (Qa), 

the youngest rocks. Alluvial layers and coastal sediments are 

less compact rocks of sand, gravel, clay, and coral rubble. In 

addition, the southern region also has high permeability, so it 

has a considerable opportunity for seawater intrusion. 

Meanwhile, the Ekas Formation (Tme) is composed of 

limestone in the southeastern part. The Ekas Formation is 

located on Gerupuk Beach. 

3. MATERIALS AND METHODS 

 

In this paper, the geoelectrical resistivity survey method is 

used over time to monitor the speed of seawater intrusion 

during specific periods between 2021-2022. This period is 

successively divided into three transitions: (i) period I start in 

August 2021 – December 2021 (dry to rainy season); (ii) 

period II starting in August 2021 – March 2022 (dry season to 

transition); (iii) period III starting from August 2021 – August 

2022 (dry season to dry season). Two software RES2Dinv and 

Surfer13, are used to process data and present it in a 2D profile, 

while 3D profile data is processed using Rockwork software. 

Then the results of the geologic survey are validated based on 

the results of groundwater quality measurements, indicating 

that some of the wells have been mixed with seawater. 

 

3.1 Geoelectrical resistivity 
 

The measurement and collection of geoelectrical resistivity 

data used a G-sound geocis resistivity meter with 38 lines 

spread over the study area (Figure 1). The length of each 

resistivity geoelectric survey line is 120 m. Measurements 

were made above ground level with the help of current 

injection through two current electrodes (C1 and C2), then the 

potential difference was measured at the two potential 

electrodes (P1 and P2). According to study [16], the dipole-

dipole configuration in resistivity geoelectric surveys is 

perfect for investigating shallow aquifers and lateral 

dispersion. Figure 2 shows the position of the dipole-dipole 

electrode configuration with a distance between the electrodes 

of 5 m, n (1-10). The dipole-dipole configuration involves 

current injection and potential measurement electrodes placed 

in a regular pattern. This pattern makes it possible to get a 

high-resolution picture of the resistivity variability around the 

aquifer [18, 19]. Because resistivity distribution is closely 

related to hydrogeological characteristics, it helps identify 

aquifer boundaries, sediment texture changes, and higher 

water potential zones. 

 

 
 

Figure 2. The position of the electrodes in the Dipole-dipole 

configuration (Telford modification) 

 
The output of the geoelectrical resistivity measurement 

method is expressed in apparent resistivity values. The 

apparent resistivity 𝜌𝑎 is defined as: 

 

𝜌𝑎 =
∆𝑉

𝐼
𝐾𝑑  (1) 

 
where, 𝜌𝑎=apparent resistivity (Ωm), I=strong electric current 

(Ampere), ∆V=potential difference (Volts), 𝐾𝑑=configuration 

geometry factor used where the dipole-dipole configuration 

factor is: 

 
𝐾𝑑 = 𝜋𝑎(𝑛)(𝑛 + 1)(𝑛 + 2) (2) 
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3.2 Time lapse geoelectrical 
 

The resistivity geoelectric method over time is an 

implementation of the resistivity geoelectric method which is 

executed at the same point at different times. The application 

of the resistivity geoelectric method over time was carried out 

with four measurements as shown in Table 1. The change in 

the apparent resistivity value over time at the same point is 

calculated using Eq. (3). 
 

Table 1. Data collection timeline 
 

Measurement 

Number 
Time Rainfall Season 

1 August 2021 <20 mm Dry 

2 
December 

2021 

301-400 

mm 
Rain 

3 March 2022 
151-200 

mm 
Transition 

4 August 2022 <20 mm Dry 

 

∆𝜌 = 𝜌𝑛+1 − 𝜌𝑛 (3) 

 

where, ∆ρ is the change in true resistivity over time (Ωm), ρ is 

the true resistivity value at the time (Ωm) and, n is 

measurement time number (1, 2, 3, and 4). 

Furthermore, the velocity of fluid movement is calculated 

by comparing the volume of changes over time based on 3D 

modeling with Eq. (4). 
 

𝐹𝑙𝑢𝑖𝑑 𝑠𝑝𝑒𝑒𝑑 =
𝐶ℎ𝑎𝑛𝑔𝑒 𝑣𝑜𝑙𝑢𝑚𝑒

𝑇𝑖𝑚𝑒 𝑙𝑎𝑝𝑠𝑒
 (4) 

 

where, speed of fluid movement in m3/month, the volume of 

fluid change over time in m3 and, time interval in months. The 

analysis was carried out by reviewing and interpreting changes 

in the apparent resistivity values and the velocity of fluid 

movement in measurements between 2-1, 3-1, and 4-1. 

 

3.3 Analysis of groundwater samples 

 

Geochemical data were obtained by measuring samples of 

12 groundwater wells near the geoelectrical track (Figure 1) to 

correlate the parameter analysis. The physical parameters 

measured in groundwater samples were conductivity, TDS, 

and salinity using the EC meter (Electrical Conductance) 

model 9000. Geochemical data measurements for 

groundwater quality were repeated four times from August 

2021 to August 2022, with details in Table 1. 

 

 

4. RESULTS AND DISCUSSION 

 

4.1 2D profile of geoelectrical resistivity 

 

Processing of 2D geoelectrical resistivity data results was 

carried out on 38 resistivity sections for each measurement 

period. However, only four resistivity sections are interpreted 

as representing measurement sections that are close together 

and have a similar pattern, including: Line 2, Line 17, Line 23, 

and Line 36. In general, subsurface resistivity cross-sections 

illustrate the contrast of low resistivity values and resistivity 

values. ground water level. Groundwater electrical resistivity 

values vary from 10 to 100 Ωm depending on the TDS 

concentration [20]. The value of the electrical resistivity of 

groundwater changes to become smaller if the chemical 

content is greater. Table 2 shows the resistivity value levels 

and zone indications obtained from several previous 

researchers.
 

Table 2. Distribution of resistivity levels and their indications 

 
No. Levels Resistivity Value (Ωm) Contour Colour Zone Indication Ref. 

1. Low <10 Purple-Green saline zone or seawater intrusion [11, 14, 21] 

2. Middle 10-50 Light green-orange transition zone or brackish water zone [14] 

3. High 50-100 Dark orange-red freshwater zone in general [14, 20] 

 

Based on Figures 3-6, it can be seen that a high resistivity 

value indicates the freshwater zone. The high resistivity value 

decreases gradually, indicating a seawater intrusion zone. The 

front boundary between fresh water and seawater is at a depth 

of 8 meters, and most do not have clear boundaries. The 

location of the boundary between freshwater and seawater 

changes depending on seasonal conditions. During the rainy 

season, the boundary between fresh water and seawater widens. 

However, the resistivity value becomes more significant, 

indicating that the zone is a dispersion zone or a zone of 

mixing fresh water with seawater. 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
 

Figure 3. The 2D geoelectric resistivity profile of Line 2: (a) 

1st measurement; (b) 2nd measurement; (c) 3rd 

measurement; (d) 4th measurement 
 

Figure 3 shows the subsurface cross-section of the 1st to 4th 

resistivity geoelectric survey results. As seen in Figures 3(a) 

and 3(d), the subsurface section of line 2, which is in the west 

and near the Kuta Mandalika coastline, has a resistivity range 

between 1.2 – 1022.9 Ωm. Figure 3(a) shows the color 

contours, dominated by orange and red, which show medium 
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to high resistivity values. That indicates a layer of rock that 

contains fresh water. On the other hand, the purple to green 

colors shows slight to moderate values spread at a depth of 3-

9 meters below the surface, indicating seawater intrusion into 

the mainland. In the second measurement (Figure 3(b)), it can 

be seen that the color contours are dominated by green and 

yellow, indicating moderate resistivity values. That indicates 

that the rock layer contains fresh water, and the resistivity 

value has decreased. That is because the measurements were 

taken during the rainy season, so the rock layers are more 

conductive, causing the resistivity value to be smaller. The 

purple to blue colors, which show small resistivity values, is 

spread at a depth of 3 - 9 meters below the surface, indicating 

seawater intrusion. 

Furthermore, in the third measurement (Figure 3(c)), the 

color contour is dominated by purple to blue. Seawater 

intrusion indicates a small resistivity value 6 -10 meters below 

the surface. The distribution of purple to blue colors at this 

depth is increasingly widespread, which indicates a broader 

intrusion of seawater. On the other hand, the fourth 

measurement (Figure 3(d)) was carried out during the dry 

season; the color contour was dominated by orange to red, 

indicating a moderate to high resistivity value, the same as the 

first measurement. It can be seen that the resistivity value 

increased in the fourth measurement compared to the second 

and third measurements. That is because the measurements 

were carried out during the dry season, which caused the rock 

layers to tend to be more resistive. Hence, the resistivity values 

of the rock layers in the measurement area became more 

significant. In addition, the distribution of purple to blue 

contours is still scattered at a depth of 6-9 m below the surface, 

which indicates seawater intrusion at that depth. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
 

Figure 4. Geoelectric resistivity 2D cross-sectional profile of 

Line 17: (a) 1st measurement; (b) 2nd measurement; (c) 3rd 

measurement; (d) 4th measurement 

 

Figure 4 shows a subsurface cross-section of line 17 in the 

northern part of the Mandalika circuit. In line 2, intrusion can 

occur at a depth of about 3 to 9 m below the surface, which is 

indicated by purple to blue colors, which show small 

resistivity values evenly distributed at that depth. Figure 4(a) 

shows that the distribution of purple to blue colors is located 

at a depth of 3 – 9 meters below the surface, which indicates 

an intrusion at that depth. Then underneath, there is a red color 

indicating a rock with a higher resistivity and a layer of fresh 

rock. Meanwhile, Figure 4(b) shows that the distribution of 

purple to blue colors is getting bigger or wider because the 

measurements were taken to coincide with the rainy season, 

causing the resistivity around the measurement area to tend to 

decrease in value. However, it can be seen that the position of 

the purple and blue distribution is still at a depth of around 3 

to 9 m which indicates intrusion occurred at that depth. 

Furthermore, Figure 4(c) shows that the distribution of 

purple to blue does not change significantly. It has almost the 

same pattern indicating no significant change in intrusion 

conditions from the second measurement. Then Figure 4(d) 

has a similar contour as Figure 4(a) because the measurements 

were carried out in the same season (dry season). Thus, the 

rock layers around the measurement area become more 

resistive so that the resistivity value increases, marked by a 

distribution of yellow to orange colors. The distribution of 

blue-orange purple is found at a depth of about 3 – 9 meters 

below the surface which is indicated where there is an 

intrusion. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
 

Figure 5. Geoelectric resistivity 2D cross-sectional profile of 

Line 23: (a) 1st measurement; (b) 2nd measurement; (c) 3rd 

measurement; (d) 4th measurement 

 

Figure 5 shows the subsurface cross-section of line 23 on 

the south coast of Tanjung Aan Beach and has a resistivity 

range between 0.5 – 345.1 Ωm. The subsurface section of line 

23 is dominated by a water-saturated layer intruded by 

seawater. The thickness of the seawater intrusion zone on line 

23 ranges from 6 meters in the north and 3 – 12 meters in the 

south. As shown in Figure 5(a), the purple-to-blue color 

distribution is located 3 – 9 meters below the surface. That 

indicates an intrusion at that depth, and below it, a red color 

indicates a rock with a higher resistivity which indicates a 

layer of fresh rock. On the other hand, in Figure 5(b), there is 

a more significant or broader distribution of purple to blue 
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colors because the measurements were taken to coincide with 

the rainy season, causing the resistivity around the 

measurement area to decrease in value. However, it can be 

seen that the position of the distribution of purple and blue 

colors is still at a depth of around 3 to 9 m, which indicates 

intrusion occurred at that depth. 

Furthermore, Figure 5(c) shows a distribution of purple to 

blue colors that do not change significantly, like Figure 5(b). 

However, it has almost the same pattern, indicating no 

significant change in intrusion conditions from the second 

measurement. Meanwhile, Figure 5(d) has a similar contour as 

the first measurement (Figure 5(a)). That is because the 

measurements were taken in the same season. In the dry season, 

the rock layers around the measurement area become more 

resistive so that the resistivity value increases, marked with a 

distribution of yellow to orange colors. The distribution of 

blue-orange purple is found at a depth of about 3-9 meters 

below the surface where there is an intrusion. The dynamics of 

changes in the seawater intrusion zone again occur in the dry 

season of the fourth measurement (Figure 5(d)), where purple, 

green, to orange contours are found almost along the track, 

which indicates that seawater intrusion is getting more 

massive over time when compared to the first measurement 

with the same season. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
 

Figure 6. Geoelectric resistivity 2D cross-sectional profile of 

Line 36: (a) 1st measurement; (b) 2nd measurement; (c) 3rd 

measurement; (d) 4th measurement 

 

This cross-section of line 36 has the smallest resistivity 

value among the resistivity values of all lines, as shown in 

Figure 6. The thickness of the seawater intrusion zone on line 

36 ranges from 5-6 meters along the track. The subsurface 

section of line 36, which is in the eastern part of the Mertak 

area, has a resistivity range between 0.4 – 222.6 Ωm. Figure 

6(a) shows the distribution of purple to blue colors located at 

a depth of 3 – 9 meters below the surface, indicating an 

intrusion at that depth. Then at the bottom, there is an orange 

color indicating a rock with a higher resistivity and a layer of 

fresh rock. Figure 6(b) is the second measurement made in 

December 2021; the distribution of purple to blue colors is 

getting bigger or broader in the surface area. That is because 

the measurements were taken to coincide with the rainy season, 

causing the resistivity around the measurement area to tend to 

decrease in value. However, at a depth of about 3 to 9 m, it 

shows the position of the distribution of purple and blue colors, 

indicating that intrusion occurred at that depth.  

Similar to Figures 4(c) and 5(c), Figure 6(c) also has a 

purple-to-blue distribution, which has not changed 

significantly from the second measurement (Figure 6(b)). It 

has almost the same pattern, indicating no significant change 

in intrusion conditions from the second measurement. 

Likewise, with Figure 6(d), the measurements were carried out 

in August 2022, or the dry season. It has the exact contour 

resemblance as the first measurement (Figure 6(a)). Because 

the measurements were carried out during the dry season, the 

rock layers around the measurement area became more 

resistive. Hence, the resistivity value increased, marked by a 

distribution of yellow to orange colors. The distribution of 

blue-orange purple is found at a depth of about 3 – 9 meters 

below the surface where there is an intrusion. 

 
4.2 Geoelectrical resistivity time lapse 

 
4.2.1 Period I (August 2021 – December 2021) 

Period I is the phase from the dry to the rainy season, lasting 

four months. Geoelectrical resistivity measurements time 

lapse is carried out to monitor processes and dynamics of 

specific parameters based on changes in subsurface resistivity, 

such as monitoring seawater intrusion in coastal areas [11, 22]. 

Subsurface resistivity changes are obtained by determining the 

difference in resistivity values between the two periods at the 

same point. The change value is entered with RES2DINV to 

produce the resistivity distribution, as shown in Figure 7.  

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
 

Figure 7. Differences in resistivity values in the August 2021 

and December 2022 periods: (a) Line 2; (b) Line 17; (c) Line 

23; (d) Line 36 
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Changes in resistivity values are categorized into three 

categories: positive changes, negative changes, and unchanged 

or constant. A positive change means that the resistivity value 

in the final measurement is greater than the resistivity value in 

the initial measurement. That is possible because sea water is 

replaced by fresh water. Conversely, a negative change means 

that the resistivity value at the end of the measurement is 

smaller than the resistivity value at the initial measurement. 

These negative changes indicate a widening/expansion of 

seawater intrusion. That is possible if fresh water in the study 

area is replaced by seawater intrusion that occurs. An 

unfavorable change means that the resistivity value in the final 

measurement is smaller than the resistivity value in the initial 

measurement. These negative changes indicate a widening or 

expansion of seawater intrusion. 

Negative resistivity change means that the resistivity value 

of the final measurement is smaller than the resistivity value 

of the initial measurement. That is possible if fresh water in 

the study area is replaced by seawater intrusion occurs. Vice 

versa, a positive change in resistivity means that the resistivity 

value of the final measurement is greater than the initial 

measurement's resistivity value, which is possible because 

seawater is replaced by fresh water. 

As shown in Figure 7(a), the geoelectrical resistivity over 

time at line 2 in the north indicates that the zone is 

contaminated with seawater. At a depth of 2 – 9 meters, this 

zone experiences a positive value change, indicating an 

increase in the electrical resistivity value. Then in the dry 

season, the resistivity value of the intrusion zone or 

contaminated with sea water is <4 Ωm, and this zone increases 

during the rainy season to <7 Ωm. This increase is directly 

related to a decrease in the level of contamination or salinity 

of groundwater in the zone due to rainwater infiltration into 

the aquifer. However, in contrast to the southern part of line 2, 

adverse changes are predominant in most sections due to 

seawater infiltration from the coast. According to study [7], 

changes in the electrical resistivity values in Figure 8(a) are 

very likely to occur, considering that the aquifers in this zone 

are free aquifers where the layers overlap with alluvium and 

sandstone. 

Furthermore, Figure 7(b) shows the resistivity distribution 

over time at line 17. This zone is contaminated with seawater 

on the left at a depth of 9 m, which changes in positive 

resistivity values. In the dry season, the resistivity value of the 

intrusion zone or contaminated seawater in the north and south 

is smaller than in the rainy season. Changes in value only 

ranged from < 5 Ωm to < 9 Ωm. Like line 2, zone 17 also 

experiences rainwater infiltration into the aquifer. However, 

the intrusion zone (<10 Ωm) on the right is more 

comprehensive to the north and thicker during the rainy season 

than the intrusion zone in the dry season, accompanied by a 

decrease in the electrical resistivity value (Figure 4(b)). 

Meanwhile, Figure 3(c-d) and Figure 4(c-d) show changes 

in the zoning at line 23 and line 36. There is an apparent 

change that the seawater intrusion zone that appears during the 

dry season extends northward, accompanied by a decrease in 

resistivity values during the rainy season (Figure 7(c-d)). This 

change in the seawater intrusion zone is similar to the change 

in the intrusion zone on line 2 but different from the widening 

of the intrusion zone on line 17. Likewise, line 23 is very close 

to the Tanjung Aan shoreline, and line 36 on the east coast of 

Mertak Village allows infiltration of seawater onto land to be 

easier if there is a vacancy of fresh water. 

Based on the modeling results for the period August 2021 

to December 2022, as shown in Figure 8(a), it is shown that 

the change in resistivity values ranges from -1,841.85 - 677.86 

Ωm. In the southwest, with a depth of 4 – 14 m, there is a 

change in the negative zone, which is more comprehensive, 

and the difference in value gets more significant with 

increasing depth. The negative change zone expands as the 

depth increases, meaning that the negative zone expands with 

increasing depth, indicating that the seawater zone is more 

expansive laterally below the surface. That is following 

several studies which state that fresh water seems to be 

floating above sea water because fresh water is immiscible 

with sea water under seawater intrusion in free aquifers. The 

negative zone that appears near the surface of Kuta Mandalika 

is probably caused by a decrease in the freshwater level in the 

study area followed by an increase in the seawater interface [1, 

23]. This decrease is indicated by the excessive 

pumping/collecting of fresh water at that location [24]. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 

Figure 8. 3D pseudosection of changes in resistivity values 

from August to December 2021: (a) Total; (b) Constant; (c) 

Positive; (d) Negative 
 

In contrast, positive changes appear in the southeastern part 

from the surface to a depth of 2 m and in the northeast from a 

depth of 4-14 m. Assuming the uncertainty of the 
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measurement results is 5%, the change in resistivity values in 

the range of -92.09 to 33.89 Ωm is considered unchanged or 

constant. In other words, a change in resistivity value >33.89 

Ωm is a positive change, and a change in resistivity value 

<92.09 Ωm is a negative change. The zone of change in 

resistivity values during the measurement period is shown in 

Figure 8(b-d). The fluid volume that experienced positive 

changes, negative changes, and constant was 8,300,000 m3 

(2.47%), 101,460,000 m3 (30.20%), and 226,240,000 m3 

(67.33%), respectively. The volume of change in the negative 

resistivity value, which is greater than the volume of positive 

change, is thought to be due to water infiltration from the 

surface in the rainy season, so the conductivity value increases. 

The volume of fluid movement from August 2021 to 

December 2021 is 109,760,000 m3 with a speed of 27,740,000 

m3/month. 

4.2.2 Period II (August 2021 – March 2022) 

Period II is the dry season phase to the transition season, 

which lasts for seven months. The results of modeling the 

change in apparent 3D resistivity values from August 2021 to 

March 2022 are shown in Figure 9(a).  

(a) 

(b) 

(c) 

(d) 

Figure 9. Pseudosection 3D change in resistivity values 

August 2021 to March 2022: (a) Total; (b) Constant; (c) 

Positive; (d) Negative 

Changes in resistivity values in this period ranged from -

1986.94 to 1548.62 Ωm. At a 2 – 14 m depth, the western part 

is dominated by a negative change zone. This negative change 

zone expands with increasing depth, with the most significant 

negative change value range being at a depth of 10 – 12 m 

(dark blue level). Likewise, in the southeastern part, there is a 

zone of negative change on the surface to a depth of 2 m, 

followed by a zone of positive change from a depth of 2–14 

meters. Assuming the uncertainty of the measurement results 

is the same, the positive change zone volume is 20,380,000 m3 

(6.07%), the negative change zone volume is 76,180,000 m3 

(22.68%), and the constant zone volume is 239,400,000 m3 

(71.25%) (Figure 9(b-d)). The volume of change in the 

negative resistivity value, which is greater than the volume of 

positive change, is thought to be due to water infiltration 

from the surface during the rainy and transitional 

seasons, so the conductivity value increases. The volume of 

fluid movement from August 2021 to March 2022 is 

96,560,000 m3 with a speed of 13,794,285 m3/month. 

4.2.3 Period III (August 2021 – August 2022) 

(a) 

(b) 

(c) 

(d) 

Figure 10. The 3D pseudo section of changes in resistivity 

values in the period August 2021 to August 2022: (a) Total; 

(b) Constant; (c) Positive; (d) Negative
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This measurement period lasts 12 months with the dry 

season phase to the next dry season. Figure 10(a) shows a 

pseudo-3D model of changes in period III resistivity values 

ranging from -832 Ωm to 4,168 Ωm.  

The negative change zone pattern is similar to the period I 

change a pattern, but the positive change zone pattern is 

different. The zone of positive change in these 12 months is 

shown in Figure 10(c), which has a thickness of 2 meters from 

the surface and dominates the western part of the study area. 

The volume of the zone of positive change, negative change, 

and constant in the 12 months, respectively, is 8,180,000 m3 

(2.44%), 103,140,000 m3 (30.70%), and 224,660,000 m3 

(66.86%). The volume of fluid movement from August 2021 

to August 2022 is 111,320,000 m3 with a speed of 9,276,666 

m3/month.

Table 3. Groundwater sample quality data in the Mandalika area 

Sample 

Salinity (ppt) TDS (grams/L) Conductivity (µS/cm) 

Measurement to- Measurement to- Measurement to- 

1 2 3 4 1 2 3 4 1 2 3 4 

Well 1 0.95 0.91 0.76 0.79 1.18 1.33 1.1 1.15 1644 1770 1596 1644 

Well 2 2.17 2.1 1.77 2.91 3.07 3.11 2.66 4.34 3700 4060 3530 5140 

Well 3 1.04 0.46 0.47 1.03 1.34 0.65 0.66 1.37 1869 919 961 1542 

Well 4 1.24 0.3 0.61 0.86 1.62 0.42 0.88 1.23 2250 603 1284 1868 

Well 5 1.01 0.81 0.89 0.79 1.33 1.23 1.31 1.14 1850 1663 1852 1628 

Well 6 0.9 0.5 0.39 0.56 1.2 0.71 0.55 0.8 1663 1020 824 1161 

Well 7 1.31 2.65 0.88 2.3 1.77 3.93 1.29 3.44 2430 4970 1822 4580 

Well 8 4.15 0.38 0.93 1.05 5.47 0.55 1.37 1.54 7340 778 1920 2130 

Well 9 1.4 1.1 0.97 0.97 1.88 1.59 1.42 1.41 2590 2150 1997 1971 

Well 10 0.7 0.65 0.57 0.53 0.92 0.94 0.82 0.76 1295 1288 1193 1109 

Well 11 0.5 0.42 0.46 0.41 0.67 0.59 0.65 0.58 944 860 959 847 

Well 12 1.18 1.08 0.97 1.04 1.6 1.57 1.41 1.53 2210 2140 1981 2110 

4.3 Geochemistry of groundwater samples 

Table 3 compares geochemical parameters of groundwater 

quality over time in 12 wells. As seen in the table, it can be 

stated that most of the fresh water in the study area has been 

mixed with seawater except for wells 10 and 11 which are still 

slightly mixed with seawater. This indication is based on the 

TDS test conducted in the dry season 2 times. The first and 

fourth tests obtained TDS 0.92 and 0.76 in healthy 10, while 

well 11 obtained TDS 0.67 and 0.58. This determination is 

based on groundwater quality standards which are declared 

fresh water if the conductivity value is <1200 µS/cm, the TDS 

value is <0.50 gram/L [20], and the salinity value is <1000 ppt. 

Groundwater quality values at the study sites varied according 

to the season, where the values of salinity, TDS, and 

conductivity tended to be higher in the dry season than in the 

rainy season. 

4.4 Discussion 

Seawater intrusion is a global environmental phenomenon 

affecting the chemical composition of coastal groundwater, 

and this may become more critical shortly due to increasing 

sea level rise associated with a changing climate [25]. 

Moreover, growing water demand and manipulation of natural 

hydrological systems have led to saltwater intrusion being 

considered a significant future threat to coastal freshwater 

resources globally [26-28]. In this paper, the thickening and 

expansion of intrusion areas are caused by seasonal changes, 

measurement periods, and water use (pumping) in the 

Mandalika coastal area. That can be proven based on the 

investigation results, namely that all trajectories have the same 

pattern and at the same average depth between 3 – 9 meters 

below the surface. These results have also been validated 

through biochemical tests with salinity, TDS, and conductivity 

indicators. The four tests with different seasons show 

freshwater have experienced mixing with sea water indicated 

by TDS, salinity, and higher conductivity values than typical 

values. According to study [29], mixing seawater and fresh 

water in seawater intrusion makes fresh water increasingly 

saline because the total dissolved solid content increases. 

Furthermore, in the future, efforts to understand the processes 

and causes of seawater intrusion holistically can be carried out 

by taking into account various natural factors such as sea level 

changes, weather and climate changes, coastal erosion, and 

subsidence of the surface land, as well as human-caused 

factors such as groundwater extraction/pumping rate. 

The results of the 2D resistivity inversion show that the 

electrical resistivity value of the Mandalika beach area ranges 

from 0.4 - 1,022.9 Ωm with different fluid contents. The 

electrical resistivity of the Mandalika beach area is dominated 

by low electrical resistivity <10 Ωm with indications of 

seawater intrusion into the surrounding aquifers. The 

dominant low resistivity is in the western part of Kuta 

Mandalika Beach at a depth of 2 to 11 meters and in the eastern 

part around Tanjung Aan Beach and Mertak Village at 3-12 

meters. The results of this study state that seawater has 

infiltrated the coastal aquifer in the Mandalika area. According 

to study [30], the geoelectrical survey method can predict the 

distribution pattern of subsurface resistivity values by 

measuring the ground surface. Geophysics can describe 

stratigraphic units and shows that the salt zone decreases as 

one moves away from the coast. Subsurface resistivity is also 

related to geological parameters such as mineral content, 

porosity, and the level of water saturation in rocks and soil [31]. 

Another method that can be used to determine indications of 

seawater intrusion is to use resistivity imaging to evaluate 

geoelectrical parameters as has been done by other researchers 

on the East coast of Virginia [32], Abu Zenima, West Sinai-

Egypt [29], and Digha-East India [29, 30]. In addition, several 

other works also illustrate that the resistivity method is a fast 

and efficient method for mapping interfaces in an area [31-33].
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Table 4. Summary of subsurface fluid dynamics from August 2021 to August 2022 

Period Duration (month) 
Fluid Dynamics (m3) 

Speed (m3/month) 
Positive Negative Constant 

08/21 – 12/21 4 8.300.000 101.460.000 226.240.000 27.740.000 

08/21 – 03/22 7 20.380.000 76.180.000 239.400.000 13.794.285 

08/21 – 08/22 12 8.180.000 103.140.000 224.660.000 9.276.666 

Another finding in this paper is the subsurface fluid 

dynamics movement pattern for one year, as shown in Table 4. 

Intrusion occurs because the position of fresh water is replaced 

by seawater; this is possible if the excessive and continuous 

withdrawal of fresh water is carried out, disrupting the 

groundwater balance. That happens along with seasons and 

land use changes where many hotels and settlements are built. 

The results of this study can be helpful to the government as a 

reference in the exploitation and exploration of groundwater 

and in maintaining environmental balance in the Mandalika 

area. 

The volume of constant resistivity in the three periods in 

Table 4 is relatively the same, while the volume of positive 

and negative resistivity changes varies. The volume of change 

in positive resistivity during the dry season to the rainy season 

is smaller than that from the dry season to the transitional 

season. That indicates that the water content contained at the 

time of measurement of rainfall is decreasing so that the 

subsurface layer becomes less resistive or more conductive. 

Factors causing this include reduced groundwater extraction 

and natural recharge water that enters the subsurface. However, 

for one year (August 2021-August 2022), positive resistivity 

changes only appear in the western part of the Kuta Mandalika 

Beach area, which reaches a depth of 4 meters. The suspected 

cause of the positive resistivity change on the Kuta Mandalika 

beach is over-pumping to meet the needs of the high 

population and support tourism activities [34, 35] since early 

2022, which has been increasing rapidly. Over pumping is 

characterized by a decrease in the groundwater level up to 2.6 

meters. 

Furthermore, the volume of adverse changes in the dry 

season to the rainy season is more significant than in the rainy 

season to the transition period. That is because, in December 

2021, rainfall in the study area was very high (range 301 – 400 

mm), while in March 2022, rainfall was classified as moderate 

(range 151 – 200 mm). During the rainy season, rainwater 

infiltrates below the surface, which makes rocks that were 

initially dry contain more and more water so that rocks become 

more conductive or less resistive [10, 36]. 

From August 2021 to August 2022, the volume of negative 

changes is the highest. Supposedly the volume of adverse 

changes in the dry season decreases due to water loss. 

However, in August 2022, the volume of negative changes 

increased. That is caused by the disturbance of the 

groundwater-seawater balance in the aquifer, so the seawater 

contamination zone is increasing in the eastern part (the coast 

of Tanjung Aan). Indications of increased contamination by 

seawater intrusion are further strengthened by wells 2 and 3, 

which are close to the coast of Tanjung Aan and have high 

salinity values ranging from 2.91 - 3.0 ppt (Figure 3(a)), high 

TDS values ranging from 4.34 - 13.7 g/liter (Figure 3(b)), and 

high conductivity ranging from 1542 – 5140 μS (Figure 3(c)) 

during the August 2022 dry season. In addition, the 

groundwater level in the well has increased from 2.05 m to 3.0 

– 3.06 meters. The increase in contamination levels and the

expansion of the seawater contamination zone in the east of

the study area are significantly influenced by the tides in the

Indian Ocean [1, 37]. Spatial differences in sea level rise due 

to climate change or rainfall [38] affect the groundwater level, 

especially during the dry season [39]. 

5. CONCLUSIONS

The Mandalika SEZ has generally experienced seawater 

intrusion, characterized by electrical resistivity ranging from 

0.4 – 1022.9 Ωm with different fluid content differences. In 

comparison, electrical resistivity is dominated by low 

electrical resistivity <10 Ωm. This condition is dominant in the 

western part of Kuta Mandalika Beach at a depth of 2 meters 

to 11 meters and in the eastern part around Tanjung Aan Beach 

and Mertak Village at 3-12 meters. 

The dynamics of subsurface fluid movement, calculated 

based on 3D visualization of changes in resistivity values, 

shows positive, adverse, and constant change zones. The 

calculation results show that the speed of fluid movement from 

August 2021 to August 2022 is getting slower. Changes in 

electrical resistivity values and groundwater quality parameter 

values in the study area have changed over time, becoming 

increasingly saline due to seasonal differences and human-

caused factors such as over-exploitation of groundwater. 
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NOMENCLATURE 

 

SEZ Special Economic Zone (SEZ) 

TDS Total Dissolved Solid 

Qa Coastal deposits 

Tme Ekas Formation 

 

Greek symbols 

 

ρa Apparent resistivity, Ωm 

∆ρ Change in true resistivity over time, Ωm 

ρ1 The true resistivity value at the 1st time, Ωm. 

ρ2 The true resistivity value at the 2nd time, Ωm 

I Strong electric current, Ampere 

∆V Potential difference, Volts 

Kd Configuration geometry factor 
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