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Abstract 12 

Increased groundwater extraction from aquifers in Holo-Quaternary rock 13 

formations in Lampung Bay has caused saltwater intrusion. This indication 14 

appears in several community wells and can spread further inland. Therefore, 15 

this study aims to identify the distribution of areas that have been exposed to 16 

saline water and the boundaries of areas that have not, especially in the Holo-17 

Quaternary Formation. This research uses the geoelectric method integrated 18 

with salinity data and the Soil Penetration Test (SPT) analysis at four drilling 19 

points. A total of 4 lines of Electrical Resistivity Tomography (ERT) and 8 20 

points of Vertical Electrical Sounding (VES) have been acquired with a 21 

Schlumberger configuration with an AB/2 span of up to 200 meters. Meanwhile, 22 

the salinity data was measured directly from 60 samples from community wells. 23 

The ERT and VES analysis results show that the coastal aquifer in Lampung 24 

Bay is at a depth of 2 - 24 m. SPT analysis identified interbedded sand, silt, and 25 

clay which were interpreted as marine sedimentation from the Holo-Quaternary 26 

Formation layer. Groundwater is only in shallow aquifers (< 24 m) but has 27 

experienced seawater intrusion with low resistivity values between 9 – 20 ohms 28 

m. The distribution of high salinity values up to 3100 ppm has reached >1 km 29 

from the coastline. Furthermore, ERT results reinforce this finding, which shows 30 

low resistivity values up to <10-ohm m in the shallow aquifer zone. VES data 31 

detects low resistivity values (18-ohm m) at a depth of 12 – 13 m. 32 

Keywords:  Aquifer, holo-quaternary, geoelectrical, intrusion, salinity33 



1. Introduction 34 

Coastal ecosystems are the most economically productive and densely 35 

populated globally [1, 2]. Groundwater from coastal aquifers is the primary 36 

source of clean water needs in various sectors, including households, tourism, 37 

industry, and commercial centers on the coast. Overexploitation of groundwater 38 

in coastal areas has caused environmental problems, including decreased 39 

groundwater quality due to seawater intrusion [3–6]. Groundwater 40 

contamination in coastal aquifers has become a global issue [7, 8], especially in 41 

low and middle-income countries [9, 10]. 42 

The limited ability to provide clean water and the weak application of 43 

regulations are factors for uncontrolled groundwater extraction on the coast of 44 

Bandar Lampung. Indications of seawater intrusion have been identified on the 45 

coast of Bandar Lampung based on gravity and geoelectric data [11]. However, 46 

this result has not been confirmed by groundwater aquifer salinity data 47 

integrated with geoelectric data and drilling data. Therefore, an effort is needed 48 

to monitor the condition of groundwater aquifers, especially those related to the 49 

potential for seawater intrusion in groundwater aquifers. Detailed analysis of 50 

seawater intrusion into aquifers requires the availability of monitoring wells to 51 

measure geochemistry and groundwater level fluctuations [12–14]. This process 52 

requires expensive research costs and is currently a constraint. Therefore, based 53 

on the consideration of limited funding sources, this study emphasized 54 

measuring the salinity of groundwater in the aquifer as the initial concentration. 55 

Groundwater salinity testing is accompanied by the geoelectric method, which 56 

many researchers choose for mapping seawater intrusion [15–17]. 57 



The purpose of the study was to obtain areas that have been exposed to 58 

seawater intrusion and as a reference for more detailed research in intertemporal 59 

monitoring efforts. Geoelectric delineation is used to map aquifers and lithology 60 

constituents on the coast. Compared with several drilling results, the delineation 61 

area aims to analyze soil mechanics. The acquisition of salinity data from 62 

several wells around the research area was carried out to obtain the distribution 63 

of the influence of seawater intrusion. The results of groundwater salinity 64 

mapping are then integrated with the distribution of groundwater aquifers 65 

resulting from geoelectric measurements. These results are expected to provide 66 

an overview of groundwater aquifer areas that have been affected by seawater 67 

intrusion and which have not been affected, especially in the Holo-Quaternary 68 

Formation. These results provide information on which areas need to be 69 

controlled for groundwater use or must be conserved and monitored 70 

continuously. 71 



2. Materials and methods 72 

2.1. Geological setting of the study area 73 

Geohydrology on the coast of Bandar Lampung is influenced by the 74 

bedrock height of the Gunung Kasih Complex Formation (Pzgs) of the Pre-75 

Tertiary Paleozoic age (Figure 1). Subduction processes in the past caused the 76 

accretion of bedrock in the east [18, 19], with medium-order metasediment 77 

constituents in the form of schist and gneiss. Another result is the formation of 78 

Mount Betung in the west with hilly morphology by the side with bedrock in the 79 

east. The volcanic pathway in the eastern part is interpreted to be the Tertiary 80 

age composed of andesite, rhyolite, and granodiorite rocks exposed. Meanwhile, 81 

Mount Betung is interpreted to be of Quaternary age with a basal-andesite 82 

composition. Various sedimentary rock formations began to form from the 83 

Tertiary to the Quaternary as bedrock cover [20].  84 

The morphology of the plains on the coast of Lampung Bay is interpreted 85 

as various formations ranging from old to young sedimentary rocks. These rocks 86 

are formed by sediment transportation from land to the coast, mixed with 87 

sedimentation in the marine environment [18, 21]. Early sedimentation resulted 88 

in the Tarahan Formation (Tpot), which covers a large area of bedrock in 89 

Bandar Lampung. The formation currently leaves outcrops in the west and east. 90 

A large part is covered by the Lampung Formation (QTI) and the Young 91 

Volcano Formation (Qhv). The Tarahan Formation (Tpot) is the bedrock cover 92 

formed from pyroclastic deposition and Tertiary-aged clastic sediments, 93 

composed of tuff, breccia, and chert. The Lampung Formation (QTI) closes the 94 

Tarahan Formation in the Quaternary with pyroclastic composition, sand, and 95 



clay. The last phase is covered by pyroclastic from Mount Betung in the west to 96 

form the Young Volcano Formation (Qhv). Coastal alluvial deposits (Qa) also 97 

make up the coastal part. The coastal alluvial formation combines clastic 98 

material transportation on land to the coast and a marine sedimentation system. 99 

Geological order that lasts from Pre-Tertiary to Quaternary and the presence of 100 

hard rocks in the form of metasediment and igneous rocks [18]. This order 101 

strongly influences the alignment and geometry of the aquifer on the coast of 102 

Bandar Lampung.  103 

 104 

Figure 1 The geological map on the coast of Bandar Lampung [20]. The black 105 

dot represents the VES resistivity measurement data. In contrast, the red line represents 106 

the electrical resistivity tomography (ERT) measurement line. 107 



2.2. Geoelectrical method and SPT 108 

The use of the geoelectric method aims to determine the distribution of 109 

physical parameters in the form of resistivity of the subsurface layer through the 110 

injection of electric current on the surface [22]. The resistivity of geological 111 

materials varies with the type of rock, the constituent minerals, and the fluids in 112 

the rock [23, 24]. It is allowed to be studied through the distribution of 113 

geoelectrical data. The presence of fresh water and saline water fills the 114 

porosity, causing the aquifer to be conductive. Saline water is more conductive 115 

when compared to freshwater, so there will be differences in the resistivity 116 

values of rocks saturated by the two types of fluids. In addition, the use of 117 

Electrical Resistivity Tomography (ERT) in four paths aims to map the presence 118 

of aquifers and the effect of saline water filling the pores. The Vertical Electrical 119 

Sounding (VES) data distribution is used to get deeper information. Another 120 

objective is to find the linkage of coastal aquifers with parts farther inland. All 121 

geoelectric measurements were carried out using the ARES GFZ instrument. 122 

ERT is an acquisition technique that is quite detailed in measuring 123 

resistivity through lateral and vertical data distribution. The distribution of 124 

tightly organized data will be able to image the subsurface profile in more detail. 125 

The ERT profile is obtained by inversion of the measured data and converted 126 

into actual resistivity using the Res2DInv programs [25, 26]. In this study, ERT 127 

investigations were carried out in 4 coastal passes to map aquifers and the 128 

presence of seawater intrusion accurately. Measurements using the Wenner-129 

Schlumberger array with an electrode distance of 6 m and a track length of 160 130 

m. 131 



VES measurements provide the advantage of examining resistivity 132 

changes vertically [27, 28]. The measurement technique uses the Schlumberger 133 

configuration with potential electrodes (M and N) in a relatively fixed position, 134 

and the current electrodes (A and B) are placed symmetrically on the outside of 135 

the potential electrode. The M and N electrodes' positions are changed when the 136 

current electrodes are farther away. Wider positions of the current electrodes 137 

result in a decrease in potential difference, which causes a decrease in the 138 

accuracy of the measurement data [29]. Data acquisition was carried out with 139 

half current electrode spacing (AB/2) ranging from 1 m to 200 m in coastal 140 

areas caused by open space constraints. There are 6 VES points to examine 141 

aquifers on the coast, while 8 VES points are away from the coast (Figure 1). 142 

VES data modeling was carried out to obtain resistivity values and the thickness 143 

of the constituent layers using Resty software. The interpretation of resistivity 144 

and thickness of the layers that make up the ERT modeling results with VES 145 

data can produce information different from the actual subsurface geological 146 

conditions. To reduce these problems, soil Penetration Test (SPT) analysis was 147 

carried out at four drilling points located in coastal areas. This analysis serves as 148 

a binder of the resistivity value of the modeled layer with the actual subsurface 149 

constituent. 150 



2.3. Mapping of groundwater salinity 151 

Mapping groundwater exposed to seawater intrusion in the Bandar 152 

Lampung Coast was randomly carried out according to community wells 153 

availability using the Wal front EZ 9909SP water quality meter instrument. The 154 

sampling method is carried out directly on the well and placed in the measuring 155 

container. Measurements of water salinity values were also directly carried out 156 

on water samples in measuring containers at the sampling location of 60 157 

samples. The value of the measurement results is then recorded in a notebook 158 

accompanied by information on the coordinates. All water sample measurement 159 

data was carried out at the end of the dry season, namely in August 2021. The 160 

measurement results were mapped to show the distribution of groundwater 161 

salinity values, as shown in Figure 8. 162 



3. Results and Discussion 163 

The results of mapping the closest aquifer to the coast in detail based on 164 

electrical resistivity tomography (ERT) in four tracks and the results of the 165 

inversion using Res2DInv are shown in Figures 2 to 5. The ERT profiles in 166 

Figures 2 to 5 results are in line with the composition of the geological material 167 

found in Table 1. Prospects of groundwater are at a depth of 2 – 24 m. The 168 

aquifers are marine sedimentation composed of interbedding sand, silt, and clay 169 

with coral reefs. The four ERT profiles were unable to distinguish in detail the 170 

interbedding sand, silt, and clay with coral reef. These were read as one 171 

conductive layer with a resistivity value of 10 – 70 ohm m. However, the 172 

influence of saline water that fills the aquifer produces a resistivity value of 9 - 173 

20 ohms m.  174 

 175 

Figure 2 ERT profile on line 1 176 



 177 

Figure 3 ERT profile on line 2 178 

The existence of a resistive layer with a value of 800 – 3000 ohm m 179 

symbolized by red in the four ERT profiles has been an unsolved problem for a 180 

long time. However, drilling results at four SPT points provide essential 181 

information on the presence of claystone basements on the coast of Lampung 182 

Bay. The resistive layer was initially interpreted as pre-tertiary age bedrock 183 

(Pzgs) undergoing accretion in the eastern part, as shown in Figure 1. However, 184 

the drilling results indicated the presence of a claystone layer as a constituent of 185 

the Lampung Formation (QTI). The compressive test results on this claystone 186 

layer have an N-SPT value of 60, which is strengthened by the difficulty of the 187 

drilling process to penetrate this layer. 188 



 189 

Figure 4 ERT profile on line 3 190 

 191 

Figure 5 ERT profile on line 4 192 

The interpretation of the ERT profile (Figures 2, 3, 4, and 5) refers to the 193 

drilling data at SPT-1, SPT-2, SPT-3, and SPT-4 with the results presented in 194 

Table 1. Conductive layers with a thickness of up to 24 m are interpreted as a 195 

product of shallow marine sedimentation formed during the Holocene period, 196 

which resulted in the Coastal Alluvial Formation [21]. The existence of coral 197 

reefs is a reinforcement for sedimentation on the continental shelf with a tropical 198 

climate on the coast of Lampung Bay. The thickness of the aquifer on the coast 199 

of Lampung Bay will vary by the influence of ocean current circulation, which 200 



produces sand, silt, and clay layers. As the base of the alluvial formation, 201 

claystone is composed at a depth of 24 m on land (in SPT-1, SPT-2, and SPT-4) 202 

and 30 m in the sea (SPT-4). 203 

Table 1. Subsurface geological materials on the coast of Lampung Bay 204 

Location 
Depth 

(m) 
Composed Location 

Depth 

(m) 
Composed 

SPT-1 0 - 1 Soil SPT-3 0 - 14 Seawater 

 1 - 3 Sand and coral 

reef 

 14 -30 Interbedding 

sand, silt, and 

clay with coral 

reef 

 3 - 21 Silt and clay with 

lenses igneous 

rock 

 30 - 

36 

Claystone from 

Lampung 

Formation 

      

SPT-2 0 - 2 Soil and clay SPT-4 0 - 3 Soil and clay 

 2 - 24 Interbedding 

sand, silt, and 

clay with coral 

reef 

 2 - 24 Interbedding 

sand, silt, and 

clay with coral 

reef 

 24 30 Claystone from 

Lampung 

Formation 

 24 30 Claystone from 

Lampung 

Formation 

 205 

The results of the ERT on the coast of Bandar Lampung are in line with 206 

the results of VES data modeling, which are shown in Figure 6. The presence of 207 

claystone indicates a thick basement which is the base for a thin layer of 208 

Alluvial Formation. In contrast, the VES model away from the coast (Figure 7) 209 

shows changes in the sedimentation environment, which are interpreted as 210 



fluvial and flood plain environments. Aquifers away from the coast were found 211 

at varying depths, corroborated by the presence of wells that were 45 – 60 m 212 

deep and more than 100 m deep (Figure 1). The limitation of the depth of the 213 

drilling data is an obstacle to interpreting the alignment of the aquifers formed in 214 

the fluvial and flood plains in the Tarahan Formation (Tpot) and Lampung 215 

Formation (QTI). 216 

 217 

 218 

Figure 6 Interpretation of VES data at points V4 (left) and V2 (right) on the 219 

coast of Lampung Bay 220 

A blue distribution as a conductive layer with a resistivity of fewer than 20 221 

ohms m was found in shallow aquifers in all ERT profiles and VES models. The 222 

results obtained from the four ERT profiles are corroborated by the measured 223 

salinity of groundwater test results from the well (black dot) with the 224 

distribution shown in Figure 8. Assuming that salinity greater than 500 ppm is 225 

interpreted as the threshold for groundwater mixed with seawater, a radius of 1.5 226 

km from the coastline has been contacting groundwater and seawater. 227 



Meanwhile, in some subdistricts, seawater intrusion is located at a radius of less 228 

than 1.0 km from the coastline. 229 

    230 

Figure 7 Interpretation of VES data at points V10 (left) and V12 (right) on the 231 

coast of Lampung Bay 232 

Bumiwaras subdistrict is a zone with high contamination where the 233 

measured salinity value reaches 3100 ppm. Meanwhile, the Way Lunik village, 234 

with salinity in groundwater reaching 1500 ppm, takes second place. Bumiwaras 235 

sub-district and Way Lunik sub-district are centers of trade, various industries, 236 

and warehouses related to the presence of the port, causing an extensive use of 237 

groundwater. These results indicate that the high level of groundwater salinity in 238 

Lampung Bay has reached a radius of > 1 km from the shoreline. These 239 

conditions are mainly in the Bumiwaras sub-district and Way Lunik village. It 240 

indicates that the groundwater intrusion zone has polluted the shallow 241 

groundwater aquifer, following the ERT results on lines 1 and 3 (Figure 2 and 242 

Figure 4). Those explain the low resistivity values up to < 10-ohm m in the 243 

aquifer zone. This result is also consistent with the VES data at locations V2 and 244 



V4 (Figure 6), which detects low resistivity values (18-ohm m) at a depth of 12 245 

– 13 m. This finding is significant to previous studies, which stated that there 246 

was a rate of land subsidence in this area [30]. 247 

Furthermore, groundwater testing results from wells away from the 248 

shoreline managed to get a picture of the effect of seawater intrusion into more 249 

distant lands. The well distribution with the aquifer at a depth of 45 – 60 m 250 

(yellow point) and more than 100 m (red point) in Figure 1 is assumed to align 251 

with the coastal aquifer. The results of salinity testing on groundwater samples 252 

indicate that they have not been exposed to marine intrusion with a value less 253 

than 200 ppm. However, groundwater extraction by household needs, and the 254 

presence of hotels, can undoubtedly pose a threat to seawater intrusion further 255 

inland. The distribution map of groundwater that has been exposed to seawater 256 

intrusion (Figure 8) can be a baseline to see changes in exposure to seawater 257 

intrusion in the future, especially in the Holo-Quaternary Formation. For further 258 

research, it is necessary to study the infiltration capacity of the hills around the 259 

Tmgr Formation (Figure 8). It is also needed to study groundwater flow from 260 

the mainland to the coast, which can prevent seawater intrusion. 261 



 262 

Figure 8 Map of saline groundwater on the coastal aquifer of Lampung Bay.263 



4. Conclusions 264 

Using the geoelectrical resistivity method through a combination of ERT 265 

and VES and supported by lithological data from SPT measurements is very 266 

good in mapping the thickness of the coastal alluvial formation in Lampung 267 

Bay. The four ERT profiles accurately distinguish the basement between the 268 

marine sedimentary and resistive layers. The coastal aquifer in Lampung Bay is 269 

part of the Holo-Quaternary Formation layer, which is from a depth of 2 - 24 m 270 

in the form of interbedded sand, silt, and clay from marine sedimentation. 271 

Groundwater is only in shallow aquifers with a depth of fewer than 24 m but has 272 

experienced seawater intrusion, which causes low resistivity values between 9 – 273 

20 ohms m. The main factor for taking large amounts of groundwater is 274 

indicated as the main factor causing seawater intrusion to have reached 1 - 1.5 275 

km from the shoreline. The ERT results support this finding, especially in lines 276 

1 and 3, which show low resistivity values up to <10-ohm m in the shallow 277 

aquifer zone. VES data reinforce this result (point V2 and point V4), which 278 

detects low resistivity values (18-ohm m) at a depth of 12 - 13 m. 279 

The resistive layer composed of claystone is found as a constituent of the 280 

Lampung Formation and becomes a basement in Lampung Bay. Claystone is 281 

located at a depth of 24 – 80 m due to the interpretation of data from ERT, VES, 282 

and four drilled points for soil mechanics analysis. The presence of very thick 283 

claystone makes the prospect of groundwater on the coast of Lampung Bay in a 284 

shallow layer with a depth of less than 24 m. Furthermore, it is necessary to 285 

research the infiltration capacity of the hilly area and groundwater flows in the 286 



fluvial aquifers and flood plains to the coast to reduce seawater intrusion 287 

pressure.  288 
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