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Abstract: This study investigates the effect of seawater moisture content on the resistivity of unconsolidated sand in 

the coastal region of Yogyakarta. Laboratory experiments were conducted using a standard ASTM G-57 soil box 

with samples prepared at varying percentages of seawater moisture content. The results indicate that increasing 

seawater content in the sediment medium leads to an exponential decrease in resistivity. A mathematical relationship 

was established in the form of a power function: R=1145.7MC
−2.23

. Resistivity values tend to stabilize when the 

moisture content exceeds 13%. A resistivity range of 0.8–2.8 Ω∙m is proposed as a cut-off for identifying seawater 

intrusion in coastal areas. These findings provide an important contribution to the development of geoelectrical 

methods for monitoring seawater intrusion and evaluating groundwater quality in coastal regions, which can serve 

as a basis for sustainable water resource management. 
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INTRODUCTION 

Residential development in coastal areas has undergone significant change. Between 1996 and 

2003, the extent of settlements increased by 0.24% per year, with the area of residential housing alone 

expanding by 6.14%. Much of this growth occurred near tourism facilities (Suritohardoyo, 2016). Spatial 

planning plays a crucial role in ensuring sustainable land use in Bantul, particularly in the implementation 

of zoning regulations (Nugroho et al., 2023). In Gunungkidul, approximately 96,983 ha (81.2%) of land 

is designated as tourism areas, while 24,460 ha (18.8%) is categorized as conditionally suitable in 

accordance with Government Regulation No. 50 of 2011, which regulates public infrastructure and 

tourism facilities, including the provision of freshwater resources (Afriyanto et al., 2020). However, 

uncoordinated development in coastal regions poses environmental risks, potentially impacting local 

communities and urban infrastructure (Laiskodat & Lay, 2023). These conditions highlight the need for 

continuous subsurface monitoring, particularly of groundwater dynamics and seawater intrusion driven 

by coastal development. Within this context, geoelectrical methods are widely applied because they 

exploit the electrical properties of geological media to reveal subsurface characteristics, particularly 

resistivity variations. Numerous studies have utilized resistivity measurements for detecting seawater 

intrusion. 

Across various coastal regions in Indonesia, seawater intrusion is consistently characterized by 

low resistivity values, particularly in sandy, gravelly, and other porous lithologies that are easily saturated 

with seawater. However, the resistivity thresholds identified for seawater intrusion differ widely among 

studies. For example, in Laimeo-Ulu Sawa, Sawa District, seawater intrusion was inferred in sand and 

gravel layers with resistivity values ranging between 0.5–5 Ω∙m (Arliska et al., 2022). In Kampung Baru 

Village, seawater intrusion zones were identified with resistivity values between 0.40–6.40 Ω∙m (Astutik 

et al., 2016). A narrower range was reported in Samudra Bungus, where seawater intrusion was indicated 

by values of 0.79–3.84 Ω∙m (Putri et al., 2020). In Mempawah, seawater intrusion in sandy lithology 

was interpreted within a range of 0.262–7.36 Ω∙m (Muslim et al., 2021). From these studies, resistivity 

values associated with seawater intrusion were generally observed between 0.262–7.36 Ω∙m, with the 

lowest values below 1 Ω∙m. 
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Other studies have reported higher ranges. At Gandoriah Beach, seawater intrusion in sandy and 

gravelly layers was associated with resistivity values of 2.25–4.96 Ω∙m (Mela, 2023). In Malangke, 

seawater intrusion was inferred within a range of 1.7–5.9 Ω∙m (Jusmi & Bakri, 2020), generally above 

1.7 Ω∙m but within a narrower interval. At Candidasa, seawater intrusion was interpreted in areas with 

resistivity values of 0.5–30 Ω∙m (Pujianiki & Simpen, 2018). In Kaligawe, seawater intrusion was identified 

within 2.07–13.2 Ω∙m (Hastuti et al., 2015). On Karimunjawa Island, intrusion led to the conversion of 

freshwater into brackish water, with resistivity values ranging from 4.95–31.9 Ω∙m (Pryambodo & 

Prihantono, 2017). In another study in Mempawah, seawater intrusion was identified with values ranging 

from 0.15–28.10 Ω∙m (Muhardi et al., 2020). These findings illustrate that seawater intrusion can be 

associated with resistivity values extending into tens of Ω∙m, with a general interpretive range of 0.5–

31.9 Ω∙m. 

The wide variation in resistivity ranges reported across different regions—from below 1 Ω∙m to 

several tens of Ω∙m—indicates that while low resistivity is a reliable indicator of seawater intrusion, the 

threshold values are strongly site-dependent. This underscores the importance of conducting 

experimental studies to establish reference values that are more appropriate for local geological 

conditions. An experimental approach allows for the determination of a quantitative relationship 

between moisture content (seawater) in a material and its resistivity, thereby providing a more reliable 

basis for field geoelectrical interpretation. Such localized studies are essential to establish resistivity 

thresholds aligned with specific geological settings, enabling clearer, more measurable, and applicable 

delineation of seawater intrusion in support of sustainable groundwater resource management. 

 

METHOD 

Study Location and Sampling 

This study was conducted in both laboratory and field settings. Laboratory analyses were carried 

out at the Geophysics Laboratory of UPN “Veteran” Yogyakarta, where sample processing and data 

interpretation were performed. Sand samples were collected from three coastal sites representing 

different geological settings: (i) Gunungkidul, dominated by karst formations; (ii) Parangtritis, 

characterized by volcanic deposits and active beach sands; and (iii) Kulonprogo, representing older 

sedimentary formations. The samples consisted of surface loose sand. The selection of these sites aimed 

to obtain a diverse dataset that reflects varying geological characteristics, allowing for comparative 

analysis. The sampling locations are shown in Figure 1. 

 

Figure 1. Study area (sampling locations indicated by red points). 

Sample preparation involved reducing the natural water content of the loose sand samples in 

accordance with ASTM D2216. Seawater used in the experiments was collected from a single source to 
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maintain consistency. The preparation procedure followed ASTM G57-06, with seawater added to the 

sand to represent different levels of moisture content. For each test, 150 g of loose sand was weighed, 

and seawater was added in increments of 5 ml for each resistivity measurement. The ratio between the 

sand mass and seawater volume was used to calculate the moisture content. Each mixture was 

homogenized in a closed container before being placed into the soil box for testing. 

Soil Box Configuration 

Resistivity measurements were performed using an experimental resistivity method with a soil 

box designed for unconsolidated materials, following ASTM G57-06 standards with a four-electrode 

Wenner configuration. The soil box had a volume of 80 ml (80 cm³). Its cross-sectional area (A), when 

filled, divided by the electrode spacing (L) produced an A/L ratio of 1 cm. The detailed dimensions of the 

soil box were as follows: cross-sectional area 3.0 cm × 2.4 cm = 7.2 cm², electrode spacing 7.2 cm, 

giving A/L = 1 cm. 

Measurement Procedure 

Current injection was performed using a variable power supply generating a sinusoidal 

waveform at 97 Hz with a maximum voltage of 12 V. Signal stability and data quality were monitored 

with a GDS-1102 oscilloscope. Current was measured using a Fluke 116 multimeter with a resolution of 

0.1 µA and accuracy of (1.5% + 3 digits), while voltage was measured using a Sanwa CD800a multimeter 

with a resolution of 0.1 mV and accuracy of (0.7% + 3 digits). All measurements were processed and 

analyzed to obtain resistivity values. 

Uncertainty Analysis 

Uncertainty analysis was performed for voltage (V) and current (I) measurements, each with its 

respective instrument accuracy. The combined uncertainty for a function Q = f( 𝑥1, 𝑥2, … . , 𝑥𝑛)  is 
expressed as: 
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 With V representing voltage and I representing current in Equation (2), the resistance R is derived 

from two measured quantities, as shown in Equation (3). Consequently, the uncertainty in R is influenced 

by the relative uncertainties of both variables. The symbols ΔV and ΔI denote the absolute uncertainties 

in the voltage and current measurements, respectively, while ΔV/V and ΔI/I represent their relative 

uncertainties. By applying the root-sum-square method of error propagation, these relative uncertainties 

are combined to provide an estimate of the total relative uncertainty in resistance. Equation (7) expresses 

the form of the combined uncertainty used in this study. The values of ΔV and ΔI were determined based 

on the accuracy ranges specified for each instrument. 

Data Acquisition 

A total of 108 measurements were conducted. For each of the three sampling sites, eight levels 

of seawater moisture content were tested. Each condition was measured three times using different 

injection currents, resulting in 72 measurements with seawater. An additional 36 measurements were 

conducted on dry samples (0% seawater content). Together, these datasets formed the basis of the 

resistivity analysis. 

RESULTS & DISCUSSION 

The results of this study are presented based on experimental measurements and subsequent 

analysis. Data are displayed in both graphical and descriptive form. Figure 2 shows the overall distribution 

of the measured samples. A clear distinction is observed between dry samples and those treated with 

seawater. Dry samples exhibit high resistivity values, ranging from approximately 1,944.6 to 2,180.6 Ω·m, 

with relatively narrow variability. In contrast, seawater-treated samples display much lower resistivity 

values, ranging from 0.8 to 99.3 Ω·m, with greater variation among replicates. This pattern indicates that 

treatments such as seawater addition substantially increase the electrical conductivity of the material. The 

presence of fluid within pore spaces lowers resistivity, as dissolved ions enhance the ability of the medium 

to conduct electrical current. The marked differences highlight that moisture content is a dominant factor 

influencing resistivity. 

 

Figure 2. Total dataset from the resistivity experiments and the distribution of treated and untreated 

samples. 

The overall range of resistivity for samples with seawater moisture content was 0.8–99.3 Ω·m. 

Compared with earlier studies, this range is broader and extends to relatively higher resistivity values. 

For instance, seawater intrusion was reported with resistivity values of 0.5–30 Ω·m at Candidasa 

(Pujianiki & Simpen, 2018), 4.95–31.9 Ω·m on Karimunjawa Island (Pryambodo & Prihantono, 2017), 

and 0.15–28.10 Ω·m in Mempawah (Muhardi et al., 2020). In this study, a moisture content of 3.3% 

was not yet fully representative of saturated conditions, as seawater only partially filled pore spaces. 

Consequently, resistivity values obtained under this condition remained higher than those expected under 

full saturation. 

Figure 3 illustrates the experimental results for samples collected from Kulonprogo. Resistivity 

decreased systematically with increasing seawater content, ranging from 0.8 to 99.0 Ω·m. The 

relationship between seawater content (x) and resistivity (y) followed a power law, expressed as: 
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𝑦 = 1516.2𝑥−2.343
     (8) 

In this equation, the constant 1516.2 serves as a scaling factor, while the negative exponent 

(−2.343) indicates the rapid decline in resistivity as seawater content increases. At low concentrations 

(1–3%), resistivity remained relatively high but decreased sharply with additional seawater. At higher 

concentrations (above 20%), resistivity values approached a minimum and became less sensitive to 

further increases in seawater content. This nonlinear pattern demonstrates a steep initial decline followed 

by a gradual stabilization at higher concentrations. 

 

Figure 3. Effect of seawater moisture content (%) on resistivity for Kulonprogo sand samples. 

Table 1. Relationship between seawater content and resistivity of unconsolidated sand samples from 

Congot Beach, Kulonprogo 

No Seawater MC (%) Resistivity (Ω·m) Accuracy Range (Ω·m) 

1 0 2062.6 ± 118.0 1944.6 – 2180.6 

2 3.3 99.3 ± 1.82 97.5 – 101.1 

3 6.7 18.2 ± 0.34 17.9 – 18.5 

4 10 6.7 ± 0.13 6.5 – 6.8 

5 13.3 2.8 ± 0.06 2.8 – 2.9 

6 16.7 1.8 ± 0.04 1.7 – 1.8 

7 20 1.4 ± 0.04 1.3 – 1.4 

8 23.3 1.0 ± 0.03 1.0 – 1.1 

9 26.7 0.8 ± 0.03 0.8 – 0.8 

Dry samples (0%) exhibited very high resistivity values (2,062.6 Ω·m), reflecting the insulating 

nature of sand in the absence of conductive pore fluids. The addition of seawater led to a significant 

reduction in resistivity. At 3.3% moisture content, resistivity had already dropped to 99.3 Ω·m, indicating 

the influence of free ions (Na⁺, Cl⁻) from seawater in enhancing conductivity. At 6.7% seawater content, 

resistivity fell further to 18.2 Ω·m, and at 10% to 6.7 Ω·m. At the highest concentration tested (26.7%), 

resistivity stabilized at a minimum of 0.8 Ω·m. This pattern confirms the strong inverse relationship 

between seawater content and resistivity: the higher the seawater saturation, the lower the resistivity. 

Figure 4 presents results from Bantul samples. The same declining trend is evident, with resistivity 

values ranging from 0.8 to 71.4 Ω·m. The relationship is described by a power law function: 

𝑦 = 979.12𝑥−2.226
     (9) 
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Figure 4. Effect of seawater moisture content (%) on resistivity for Bantul sand samples. 

 

 

Table 2. Relationship between seawater content and resistivity of unconsolidated sand samples from 

Depok Beach, Bantul 

No 
Seawater MC  

(%) 

Resistivity  

(Ω·m) 

Accuracy Range  

(Ω·m) 

1 0 1970.4 ± 83.07 1887.3 – 2053.4 

2 3.3 71.4 ± 1.31 70.0 – 72.7 

3 6.7 15.9 ± 0.30 15.6 – 16.2 

4 10 5.3 ± 0.10 5.1 – 5.3 

5 13.3 2.6 ± 0.06 2.6 – 2.6 

6 16.7 1.7 ± 0.04 1.6 – 1.7 

7 20 1.2 ± 0.03 1.1 – 1.2 

8 23.3 0.9 ± 0.03 0.9 – 1.0 

9 26.7 0.8 ± 0.03 0.8 – 0.8 

 

For Bantul sands, the resistivity of dry samples (0% seawater) was 1,970.4 Ω·m, again reflecting 

insulating conditions. At 3.3% seawater content, resistivity dropped sharply to 71.4 Ω·m, while at 6.7% 

it was reduced to 15.9 Ω·m. With seawater levels above 13.3%, resistivity values stabilized, ranging 

between 2.6 Ω·m and 0.8 Ω·m at maximum saturation. This indicates that at high salinity, resistivity 

approaches a minimum threshold, with additional seawater exerting only a marginal effect on 

conductivity. 

 

 

 

Figure 5. Effect of seawater moisture content (%) on resistivity of sand samples from Wonosari. 
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Figure 5 presents the experimental results for sand samples collected from Wonosari. Similar to 

the other sites, resistivity decreased systematically with increasing seawater content, ranging from 0.8 to 

78.6 Ω·m. The relationship between seawater content (x) and resistivity (y) was modeled by a power 

law: 

𝑦 = 1264.7𝑥−2.147
     (10) 

 

Table 3. Relationship between seawater content and resistivity of unconsolidated sand samples from 

Ngunggah Beach, Gunungkidul (Wonosari) 

No 
Seawater MC 

(%) 

Resistivity 

(Ω·m) 

Accuracy Range 

(Ω·m) 

1 0 1867.4 ± 101.38 1766.0 – 1968.7 

2 3.3 78.6 ± 1.44 77.2 – 80.0 

3 6.7 25.9 ± 0.48 25.4 – 26.4 

4 10 9.2 ± 0.17 9.0 – 9.3 

5 13.3 6.0 ± 0.12 5.9 – 6.1 

6 16.7 3.1 ± 0.07 3.0 – 3.2 

7 20 1.9 ± 0.05 1.9 – 2.0 

8 23.3 1.2 ± 0.03 1.2 – 1.3 

9 26.7 1.0 ± 0.03 1.0 – 1.1 

 

At dry conditions (0%), resistivity was very high at 1,867.4 Ω·m, reflecting the lack of conductive 

pore fluid. The addition of 3.3% seawater reduced resistivity drastically to 78.6 Ω·m, and further 

increases to 6.7% and 10% lowered resistivity to 25.9 Ω·m and 9.2 Ω·m, respectively. At higher moisture 

contents (>13.3%), resistivity stabilized at low values, between 6.0 and 1.0 Ω·m. This suggests that once 

a critical salinity threshold is reached, resistivity approaches an optimum conductive state, with additional 

seawater producing only minor changes. 

 

 

 

Figure 6. Effect of seawater moisture content (%) on the average resistivity of sand samples from all 

study sites (Kulonprogo, Bantul, and Wonosari). 

 

 

After site-specific results were obtained, the datasets were combined to generate an average 

relationship across the three sites. This averaging was intended to provide a general representation of 

seawater influence on resistivity in coastal sand deposits. Figure 6 shows that resistivity decreases 

systematically with seawater content, spanning the range of 0.8–99.3 Ω·m. The relationship follows a 

power law: 

𝑅 = 1145.7𝑀𝐶−2.23
     (11) 

 

where 𝑅 is resistivity and 𝑀𝐶 is seawater moisture content (%). 
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Table 4. Relationship between seawater content and average resistivity of unconsolidated sand samples 

from Kulonprogo, Bantul, and Wonosari 

No 
Seawater MC  

(%) 

Resistivity  

(Ω·m) 

Accuracy Range  

(Ω·m) 

1 0 2062.6 ± 118.0 1944.6 – 2180.6 

2 3.3 99.3 ± 1.82 97.5 – 101.1 

3 6.7 18.2 ± 0.34 17.9 – 18.5 

4 10 6.7 ± 0.13 6.5 – 6.8 

5 13.3 2.8 ± 0.06 2.8 – 2.9 

6 16.7 1.8 ± 0.04 1.7 – 1.8 

7 20 1.4 ± 0.04 1.3 – 1.4 

8 23.3 1.0 ± 0.03 1.0 – 1.1 

9 26.7 0.8 ± 0.03 0.8 – 0.8 

 

Dry samples averaged 2,062.6 Ω·m, confirming the highly resistive nature of unconsolidated 

sand. At only 3.3% seawater content, resistivity dropped drastically to 99.3 Ω·m, with a continued 

decline to 6.7 Ω·m at 10%. Beyond 13.3%, resistivity values stabilized between 2.8 and 0.8 Ω·m, which 

may be taken as a cutoff threshold indicating seawater intrusion conditions. 

Comparison with previous field studies demonstrates consistency. For example, seawater 

intrusion was identified at 0.5–30 Ω·m in Candidasa (Pujianiki & Simpen, 2018), 2.07–13.2 Ω·m in 

Kaligawe (Hastuti et al., 2015), 4.95–31.9 Ω·m in Karimunjawa (Pryambodo & Prihantono, 2017), and 

0.15–28.10 Ω·m in Mempawah (Muhardi et al., 2020). Collectively, these results indicate that seawater 

intrusion in coastal aquifers is generally associated with resistivity values between <1 and 30 Ω·m. 

The power-law function 𝑅 = 1145.7𝑀𝐶−2.23
 derived from the experimental dataset provides a 

quantitative framework for interpreting seawater saturation in sandy coastal aquifers. This empirical 

relationship strengthens the application of geoelectrical resistivity methods for detecting and delineating 

seawater intrusion. Furthermore, the contrast between dry and seawater-treated samples underscores the 

importance of ion content in controlling subsurface resistivity and supports the use of resistivity cutoffs 

in coastal groundwater monitoring, particularly for the Yogyakarta coastal aquifers. 

 

CONCLUSION 

Based on the results and discussion, the following key conclusions can be drawn: 

1. Resistivity decreases exponentially with increasing seawater content and tends to stabilize at 

moisture contents above 13%. At this stage, resistivity values range between 0.8 and 2.8 Ω·m, 

which may serve as a cutoff threshold for identifying seawater intrusion. 

2. The resistivity of dry sand samples without seawater content (0% MC) ranged between 1,944.6 

and 2,180.6 Ω·m. 

3. Experimental results from the Yogyakarta coast show that the relationship between resistivity (R) 

and seawater moisture content (MC) is described by the power-law function 𝑅 = 1145.7𝑀𝐶−2.23
, 

which can be applied to improve the precision of geoelectrical interpretations. 

 

Limitations 

 This study has several limitations. First, it did not examine the effect of varying proportions of 

freshwater and seawater on resistivity. Second, the laboratory experiments were limited to homogeneous 

sand samples and did not account for the heterogeneity of grain textures. Finally, the influence of mineral 

composition on resistivity was not evaluated, even though variations in mineral conductivity could also 

significantly affect resistivity measurements. 
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