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Abstract: Karst areas have complex hydrogeological systems resulting from the dissolution of carbonate rocks, fracture
networks, and the presence of underground rivers. Lo Cave and Bangi Cave, in South Malang, are located in the Wonosari
Formation and are known as active underground river sites with potential for the development of karst geotourism, speleology,
and water resources. However, to date, no study has combined geophysical and hydrochemical methods to provide information
on underground river connectivity, karstification levels, and groundwater vulnerability at these sites. This study aims to
understand the subsurface structure, flow patterns, and geochemical processes as a basis for geotourism development. This study
was conducted in Kedungsalam Village, South Malang, Indonesia. This study used Self-Potential (SP), Induced Polarization
(IP), and Hydrochemical analyses. SP data showed negative anomalies consistent with underground flow paths connecting the
two caves. IP data identified loading zones at Lines 4, 6, and 7, which are suspected to be active cavities and water-filled
channels. Hydrochemistry analysis showed that all samples had low mineralization (TDS 31-63 mg/L), neutral to slightly
alkaline pH, and were dominated by Ca**~Mg*—HCOs™ ions. Similar hydrochemical facies confirm that all water sources
originate from a single, interconnected karst aquifer system. Integration of geophysical and hydrochemical methods reveals
that Lo Cave and Bangi Cave form a hydrogeological system, with active channels and flow controlled by carbonate dissolution.

Keywords: carbonate rocks, cave, dissolution karst, geotourism development, geosite, hydrochemistry, induced polarization,
karst aquifers, self potential, underground river

* * * * * *

INTRODUCTION

Karst areas are unique and complex landscapes due to the close relationship between geomorphology, geology, and (Cao
et al., 2024; Faizal et al., 2025a; Ford & Williams, 2013). Karst hydrochemistry is a highly dynamic and heterogeneous
system due to interactions between water and rocks (Pambudi et al., 2024; Tian et al., 2025). The main characteristic of karst
areas is the dominance of carbonate rocks such as limestone and dolomite, which are readily soluble in water (Deng et al.,
2022). The longterm dissolution process forms distinctive morphologies such as caves, dolines, sinkholes, and complex
underground river networks. These structures make karst systems vital for storing and distributing groundwater, while also
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making them vulnerable to environmental changes and human activities (Faizal et al., 2017; Jones & White, 2019).
Groundwater dynamics in karst areas differ from those in aquifers in ordinary rocks. Groundwater movement is controlled
by subsurface fractures, channels, and cavities that serve as primary flow pathways (Ma et al., 2022; Yang et al., 2024).

This makes groundwater flow patterns in karst areas highly complex and difficult to predict (Zhao et al., 2023).
Consequently, karst groundwater systems are highly sensitive to hydrological changes, both natural and anthropogenic (Yang
et al., 2026), such as water exploitation, land-use changes, and seawater intrusion in coastal areas. The Lo Cave and Bangi
Cave complexes are part of a karst system that developed in southern Malang, East Java, Indonesia. This area was formed in
the carbonate rock of the Wonosari Formation, which underwent intensive dissolution, resulting in distinctive cave, doline,
and underground drainage systems related to local aquifer activity (Susanti et al., 2025; Utomo & Siregar, 2018). Based on
previous research (Faizal et al., 2025) and field observations, these two caves have underground river flows that can meet
domestic and agricultural water needs in the area. However, to date, scientific information explaining the geochemical
processes, the direction of underground flow, and potential groundwater contamination in this area remains very limited.

Understanding the dynamics of karst aquifers at the research site requires integrating subsurface conditions and
geochemical information. Hydrochemistry analysis is an important approach in tracing the dissolution process of
carbonate rocks and the characteristics of groundwater evolution. Measuring major ions such as calcium (Ca?"),
magnesium (Mg?*), sodium (Na"), potassium (K*), bicarbonate (HCOs"), sulfate (SO+*>"), and chloride (Cl), it is possible
to determine the extent to which carbonate dissolution dominates the chemical composition of groundwater and the
importance of external influences such as anthropogenic activity or seawater intrusion (Alemdag et al., 2025; Féraud et
al., 2009; Zhao et al., 2023). The chemical composition of groundwater reflects the complex interactions between water,
rocks, and the atmosphere, which are influenced by the depth of the aquifer, the water residence time, and local
Hydrochemistry conditions (Liang et al., 2018; Ryzhenko & Sidkina, 2017). Riyanto & Cahyadi (2023) investigated the
carbonate dissolution process in the Gunung Sewu Kkarst springs, which are also located in the Wonosari formation, and
found that the dominant ions in the springs are calcium (Ca®" and bicarbonate, derived from bicarbonate limestone.

On the other hand, geophysical methods can provide information on karst subsurface features, such as cavities,
fractures, and groundwater flow paths (Hussain et al., 2020; Wang, 2026; Zhou et al., 2002), and are non-intrusive and
cost effective (Massinai et al., 2023). Various geophysical techniques have been used to support karst Hydrochemistry
research, including Self Potential (SP) and Induced Polarisation (IP). The SP method is sensitive to the movement of
conductive fluids and natural potential gradients, making it effective for detecting patterns and directions of underground
water flow (Ammar et al., 2023; Boimau et al., 2023; Revil et al., 2004). In the Malang Kkarst area, the SP and resistivity
methods were used to map underground river flow, showing a good correlation between SP anomalies and water flow paths
(Susilo et al., 2017). The study by Boimau et al. (2018) also showed that low potential values in SP data can be used to
identify underground river paths in the karst area of South Malang. Meanwhile, the IP method can map chargeability zones
indicative of carbonate rock dissolution or water-saturated zones (Lubang et al., 2023; Yang et al., 2023).

Research conducted by Wahid et al. (2022) using the IP method at Sendang Biru Beach, Malang Regency, successfully
identified zones with high chargeability, which are generally associated with cavities or fractures filled with water.

Although several studies using Hydrochemistry or geophysical methods have been conducted in the karst area of
South Malang, the results have not provided a comprehensive picture because they have used only a single approach.
Integrated research using Hydrochemistry, SP, and IP methods has never been conducted, especially in the South
Malang region. Therefore, this study combines these three methods to analyse the relationship between carbonate
dissolution processes and groundwater characteristics around Lo Cave and Bangi Cave. The integration of the results
from these three methods provides a more comprehensive understanding of the dynamics of karst aquifers and a
scientific basis for water resource management and geotourism development in the South Malang region, Indonesia.

MATERIALS AND METHODS

Study area

This research was conducted in the Gua Lo and Bangi areas, Kedungsalam Village, Donomulyo District, Malang
Regency, East Java Province. Geographically, it is located at coordinates 112.426°-112.427° East Longitude and 8.342°—
8.345° South Latitude. The research area is located in the Wonosari Formation (Figure 1), which comprises carbonate rocks
such as coral limestone, clay limestone, tuff limestone, and sandy limestone (Faizal et al., 2025; Labib et al., 2019; Susanti
et al., 2025). Based on the results of research conducted by Sholichin & Prayogo (2019), the subsurface conditions
around the research location consist of layers of sand, mud, clay, tuff, limestone, and andesite, which determine the
storage capacity and quality of groundwater in the South Malang area. The dissolution process in these carbonate rocks
produces a complex karst system both on the surface and below the surface, including dolines, karst hills, and horizontal
and vertical cave networks, which often contain underground spaces (Labib et al., 2019; Sahrina et al., 2022).

Geophysical Methods

The geophysical methods used in this study were SP and IP. These two methods complement each other in
identifying groundwater flow patterns, conductive zones, and karst rock characteristics that can form cavities or
fractures beneath the surface. Data collection was conducted using eight lines adapted to the field topography, with a
line length of 180 meters and electrode spacing of 10 meters (Figure 2).

The dipole-dipole configuration used was a resistivity instrument manufactured by PASI SRL, Turin, Italy.
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Figure 1. Geological map of the research area (Source: Developed by the authors, 2025)

SP measurements were conducted to detect natural potential variations arising from differences in electrokinetic
gradients in the groundwater flow system. The obtained data were then processed using 2D inversion with a smoothness-
constrained least-squares approach, and the results were plotted to display the distribution of potential contours.

The negative potential anomaly pattern was interpreted as a natural conduit or water-saturated zone, indicating the
direction of underground river flow in the karst areas of Lo Cave and Bangi Cave. Meanwhile, the IP method was applied
to analyse the electrical properties of subsurface rocks associated with cavities, fractures, and water-saturated zones.
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Figure 2. Research Location and Groundwater Sampling Points in the Lo Cave and Bangi Bangi Karst Areas,
Kedungsalam Village, Malang Regency (Source: Developed by the authors, 2025)

Measurements were conducted in the time domain by injecting an electric current through a current electrode and
observing the remaining potential difference after the current was turned off. The configuration used was a dipole-dipole
with a resistivity meter. The main parameter analysed was chargeability. High chargeability values indicate a strong
polarisation effect, which is generally associated with dissolved-carbonate rocks or groundwater-rich zones.

Hydrochemistry Method

Hydrochemistry methods were used to analyse the chemical characteristics of water reflecting the dissolution processes,
flow dynamics, and aquifer types in the Lo Cave and Bangi Cave karst systems. Purposive sampling was used at strategic
points, including the river flow within the caves and surface water sources around the Lo Cave and Bangi Cave areas (Figure 3).
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Figure 3. Groundwater Sampling Points in the Lo Cave and Bangi Cave Karst Areas,
Kedungsalam Village, Malang Regency (Source: Developed by the authors, 2025)

The selection of chemical parameters was based on their relevance to the carbonate rock dissolution process and the
possibility of external contributions, both from anthropogenic activities and seawater intrusion. The Hydrochemistry
parameters analysed included the concentrations of major ions, namely calcium (Ca?"), magnesium (Mg?"), bicarbonate
(HCOs"), sodium (Na*), potassium (K*), chloride (CI"), and total dissolved solids (TDS). The laboratory analysis data were
then processed to determine the concentration of each ion and the total dissolved content. lon balance analysis was
performed on the main elements, namely Mg, Na, K, Ca, Cl, SO, COs, and HCOs. Theoretically, the ion content of
groundwater should be balanced between positive and negative ions (Atkinson, 2024; Lu et al., 2020; Megha et al., 2025;
Sajil Kumar & James, 2019). This principle is the basis for hydrochemical evaluation by calculating the Charge Balance
Error (CBE) of the main ion concentrations from laboratory analyses using Equation 1 (Domenico & Schwartz, 1997).

Y kation- ). anion
Y. kation+ Y} anion

CBE (%)= x 100 Q)

The calculation of the Charge Balance Error (CBE) is carried out by converting the ion concentration, both the ) cation
component, which represents the total positively charged ions, and the ) anion component, which shows the total
negatively charged ions, from milligrams per liter (mg/L) to milliequivalents per liter (meg/L).

The hydrochemical data are then plotted on a Piper diagram (Piper, 1944) to determine groundwater type and to
interpret relationships among sources based on the dominance of their major cations and anions.

The geophysical interpretation results are integrated with hydrochemical analysis to provide a more complete picture of the
subsurface structural characteristics, groundwater flow patterns, and geochemical processes controlling the aquifer system.

RESULTS

Results of the self potential method in the Lo Cave and Bangi Cave karst area

Figure 4 shows a contour map of SP anomalies in the Gua Lo and Gua Bangi karst areas. Negative potential values
indicate conductive zones, while positive values characterize resistive zones. Negative SP anomalies, shown in blue to dark
purple, are thought to represent groundwater flow pathways or active recharge zones. These zones are characterized by
dissolution features, such as cracks, sinkholes, and epikarst development. SP values down to approximately -0.15 mV
indicate high fluid movement intensity in the study area. The distribution of negative anomalies in the Lo Cave and Bangi
Cave areas follows the morphological orientation of the karst hills, indicating that rainwater falling on the hilltops
infiltrates and then flows through the fracture system to the lower zones. The presence of these negative anomalies also
reflects ongoing speleogenesis, in which carbonate rock dissolution occurs continuously as water flows, carrying dissolved
ions. The zone with strong negative anomalies in the central and southeastern parts of the map is thought to indicate an
underground water channel connecting Lo Cave and Bangi Cave. The existence of this channel is not only crucial for
understanding groundwater dynamics but also indicates ongoing active geological processes, such as carbonate rock
dissolution and underground cavity formation. Meanwhile, positive SP anomalies, indicated by yellow to red colors (values
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> 0.15 mV to > 0.75 mV) as more resistive areas, are thought to be related to relatively higher or drier topography that
serves as a recharge area, as well as the presence of impermeable lithologies such as marl or carbonate mudstone.
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Figure 4. Contour map of Self Potential anomalies in the Lo Cave and Bangi Cave karst areas (Source: Developed by the authors, 2025)

Results of the induced polarization method in the Lo Cave and Bangi Cave karst areas

Figure 5 shows the results of 2D Induced Polarization modeling for eight lines (lines 1-8). The colors, from dark blue
(low charge) to red (high charge), provide subsurface information on lithological conditions, dissolution rates, and the
presence of conductive fluids. Line 1 (Figure 5a) shows a zone dominated by low to moderate values, with one green
anomaly (~60-120 ms) at a depth of approximately 5-8 meters. The presence of moderately charged material is thought to
be related to carbonate rocks that have undergone alteration or initial dissolution, which have not yet been filled with clay
or water. This condition indicates the presence of shallow infiltration pathways (epikarst) that serve as initial channels for
surface water movement into the subsurface. Based on field observations, a ponor serves as the primary entry point for
surface water into the underground hydrological system at this location (Figure 6). The presence of this ponor is consistent
with the IP anomaly in Line 1 and the SP pattern (Figure 4), both of which indicate active infiltration pathways.

Lines 2, 3, 5, and 8 (Figure 5) show low charge values (<40 ms) throughout most of the cross-section. This pattern
indicates that these four lines are located within compact carbonate units with low dissolution rates. Therefore, these lines
can be interpreted as part of a stable rock, as shown in the figure, or an anticline zone with little dissolution or fluid
recharge at these depths. Line 4 (Figure 5d) shows a very prominent chargeability anomaly, characterized by a red to purple
zone (>300 ms) on the left side of the cross-section. This zone indicates the presence of water-filled karst cavities or residual
clay deposits trapped within dissolution channels. This high-value anomaly suggests intense hydrogeological activity, with
fluid flow focused in the area. This pattern is consistent with SP results at the exact location, which identified laterally
elongated underground flow paths. Thus, Line 4 can be considered the area with the most active karst aquifer dynamics in the
study area. Line 4 (Figure 5d) shows the presence of a red to purple zone (>300 ms) on the left side of the line, indicating
the presence of water-filled karst cavities or residual clay deposits trapped within dissolution channels. This anomaly
indicates hydrogeological activity with focused fluid flow in the area. This pattern is consistent with SP results at the same
location, which identified laterally extending underground flow paths. Lines 6 and 7 (Figures 5f and 5g) show several zones
with moderate to high chargeability values at intermediate depths. Zones with chargeability values of 120-180 ms indicate
the presence of cavities or conductive materials such as clay, and are surrounded by weathered carbonate rocks. Anomalies
on both lines indicate isolated zones, characteristic of tropical karst systems in massive carbonate rocks. This pattern is
consistent across Lines 6 and 7 and also suggests possible connectivity between cavities around Bangi Cave.

IP modeling results for lines 2, 3, 5, and 8 indicate resistive zones with low chargeability values, representing compact
carbonate rocks with minimal dissolution activity. In contrast, Lines 4, 6, and 7 have zones with high chargeability values,
indicating areas of intense dissolution, water-filled karst cavities, and accumulation of conductive materials. Overall, this
pattern demonstrates subsurface heterogeneity in the Lo Cave and Bangi Cave karst systems.
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Figure 5. 2D induced polarization modeling (line 1-8) showing variations in chargeability
values in the Lo Cave and Bangi Cave karst areas (Source: Authors, 2025)
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Hydrochemistry facies analysis based on the Piper diagram

The results of groundwater sample analysis around Lo Cave and Bangi Cave show variations in the concentrations of
major ions and differences in chemical characteristics between locations (Table 1). Sodium (Na) concentrations ranged
from 9.87 to 21.83 meq/L, with the highest value in SG2 and the lowest in AG1. Potassium (K) content was relatively low
in all samples, ranging from 0.13 to 0.23 meg/L. Calcium (Ca) was approximately between 1.25 and 1.79 meq/L, while
magnesium (Mg) ranged from 0.54 to 1.34 meg/L. Bicarbonate (HCOs") ranged from 1.53 to 2.74 meq/L, with the highest
value in SG2 and the lowest in MA1. Chloride (CI") content is very low, namely 0.0045-0.0062 meg/L, while sulfate
(SO+) is between 0.62-0.85 meg/L, with the highest value in MAL1. The pH value shows neutral to slightly alkaline
conditions (6.8-7.8). Total dissolved solids (TDS) with values between 31-63 meg/L, with the highest value in MA1 and
the lowest in AG2. In general, the analysis results show that groundwater in the study area has low mineralization, with
Na*, Ca*", and HCOs™ ions dominating the hydrochemical system. The Charge Balance Error (CBE) for the 5 groundwater
samples analyzed is below 10%, indicating that all samples are valid and can be used in further analysis.

Table 1. Physical and chemical parameters of groundwater in the Lo Cave and Bangi
Cave karst systems, Kedungsalam Village, Donomulyo District, Malang Regency (Source: Authors, 2025)

Na K Ca M HCO3 Cl SO4
Sampel (meqg/L) (meqg/L) (meqg/L) (meq%L) (meqg/L) (meqg/L) (meqg/L) pH DS
SG-1 14.33 0.21 1.79 0.80 2.42 0.0045 0.62 7.8 37
AG1 9.87 0.13 1.60 1.07 2.47 0.0045 0.77 7.2 43
AG 2 12.26 0.20 1.25 0.81 2.25 0.0054 0.69 6.8 31
SG2 21.83 0.15 1.29 1.34 2.74 0.0054 0.62 7.8 47
MA 1 12.89 0.23 1.32 0.54 1.53 0.0062 0.85 7.5 63

Figure 7 shows the hydrogeochemical facies classification using the Piper Diagram for five water samples around Lo
Cave and Bangi Cave (SG1, SG2, AG1, AG2, MA1). In the cation triangle, all points are clustered in the area of relative
Na*+K*" dominance, with significant contributions from Ca?" and Mg?*. This pattern indicates a mixture of carbonate
dissolution and ion exchange processes in the shallow aquifer. SG1, SG2, AG1, and AG2 occupy almost identical
positions, suggesting that they originated from the same flow system. MA1 is slightly shifted towards Ca-Mg, which
may reflect a longer water residence time and more intense water-rock interactions. The dominance of HCOs+COs*
across all samples is characteristic of limestone dissolution in tropical karst systems. MA1 is slightly shifted from the
central cluster but remains within the HCOs domain, indicating no significant SO+>~ or CI~ presence.

This suggests that carbonation reactions are the primary chemical process controlling groundwater composition, despite the
influence of surface water. Cave waters (AG1 and AG2) and well waters (SG1 and SG2) remain within the same cluster,
reinforcing the interpretation that the karst system has high surface-subsurface connectivity. The combined dominance of
Na*+K* (cation) and HCOs™ (anion) maps all samples to the Na-HCOs zone in the centre of the diamond, indicating that all
samples originate from the same hydrogeological system. The similarity of facies between the wells, cave waters, and springs
suggests that the karst system in this area is hydrologically connected. Water flows through fractures and dissolution channels,
resulting in similar chemical characteristics across all samples. None of the samples exhibited significant evaporite influence,
seawater intrusion, or anthropogenic contamination. This consistent pattern aligns with the results of geophysical modelling
(SP and IP), which identified a network of subsurface cavities and channels still actively conducting water.
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DISCUSSION

The integrated SP, IP, and Hydrochemistry methods indicate that the karst aquifers around Lo Cave and Bangi Cave are
connected. Hydrochemistry data confirm that the system is dominated by carbonate dissolution, producing CaMgHCOs
water with low mineralization (TDS 31-63 meq/L) and a neutral to alkaline pH. According to the Piper diagram (Figure 7),
the concentration of major ions and the position of all samples within the Na—HCO3 facies indicate that the groundwater is
still in its natural state. The similarity in chemical properties of the well, cave water, and spring samples indicates that
interconnected flow paths supply all of these locations. These conditions indicate rapid infiltration and short water
residence times, characteristic of tropical karst aquifers. This interpretation is consistent with research by Hoaghia et al.
(2021), Liu et al. (2022), and Gao et al. (2023), which states that young karst systems are generally controlled by the
dissolution of calcite and dolomite, resulting in a dominance of Ca**~-Mg**—HCO:™ ions. At this study site, the very low Cl~
and SO+>" contents confirm the absence of saltwater intrusion, despite the area's coastal location.

This indicates that the coastal karst aquifer in South Malang remains Hydrochemistryly stable and has not been affected
by external factors such as marine intrusion or anthropogenic activity. From the geophysical results, the elongated negative
SP anomaly indicates an active underground flow path that serves as the main conduit for the karst system. This finding is
reinforced by the high chargeability zones (>300 ms) in the IP results on Tracks 4, 6, and 7, which indicate the presence of
water-filled cavities and fractures. The agreement between SP and IP patterns, and the uniform Hydrochemistry results,
demonstrates that fluid flow through a network of interconnected dissolution channels results in the homogenization of
water's chemical properties. This relationship aligns with the classical speleogenesis model, which explains that the
development of karst conduits is controlled by the flow of calcium and bicarbonate-rich water (Ford & Williams, 2007).

One important finding is the high Na* concentration in SG2 and the highest TDS value in MA1. These small variations
may result from localized flow with longer residence times or from interactions with non-carbonate lithologies surrounding
the spring. The absence of elevated Cl- or SO42- concentrations suggests that these variations are caused by natural
processes within the aquifer system rather than human contamination or seawater intrusion. Microscale ion exchange,
common in shallow karst aquifers connected to residual clays, is another possibility. With good water quality and low
contaminant levels, it is likely suitable for domestic use. However, open fractures in the aquifer make it vulnerable to land-
use changes and to the intrusion of pollutants. The integration of geochemical and geophysical data provides new insights
into the hydrogeological structure of karst that cannot be obtained from either method alone. The uniformity of
Hydrochemistry facies in wells, cave water, and springs, in line with SP and IP results showing interconnected subsurface
flow pathways, suggests that the Lo Cave and Bangi Cave aquifers form a single hydrogeological system.

Overall, this study improves our understanding of carbonate dissolution mechanisms and subsurface flow patterns in
coastal tropical karst and provides a scientific basis for water resources management, mitigation of potential geological
hazards, and sustainable geotourism development in the Gua Lo and Gua Bangi areas.

CONCLUSION

Based on SP, IP, and hydrochemical analysis data, it is known that the karst aquifer system in Gua Lo and Gua Bangi is
influenced by carbonate dissolution processes and subsurface connectivity, with a Ca-Mg-HCO: facies and low
mineralization, suggesting that the groundwater originates from a natural system relatively unaffected by marine intrusion
or anthropogenic activity. Similarities in primary ion composition in dug wells, cave water, and springs indicate a single,
connected flow system with rapid infiltration and short water residence times. The elongated negative SP anomaly and
high-charge zone in the IP confirm the presence of an active underground river network.

While this study provides information that can inform geotourism planning and development in Gua Lo and Gua Bangi,
it still has several limitations. The number of hydrochemical samples was limited, and data were collected only during one
season. From a geophysical perspective, the limited number of lines does not provide extensive subsurface spatial
information. Therefore, further research is needed, including geophysical surveys, such as ERT, to improve the resolution
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in detecting subsurface cavities and fractures. In addition, to determine the response of karst systems to seasonal changes
and anthropogenic influences, long-term hydrochemical and hydrological monitoring is required.

Author Contributions: Conceptualization, R.F., A.S., A.M.J. and E.Y.; methodology, R.F. and M.S.; software, R.F.
and M.H.I.; validation, R.F., A.S. and M.; formal analysis, R.F., E.Y. and M.F.R.; investigation, R.F. and M.H.I ; data
curation, R.F. and M.S.; writing - original draft preparation, R.F. and M.F.R.; writing - review and editing, R.F., N.A.G.L
and M.S.; visualization R.F. and M.H.I; supervision, A.S. A.M.J and E.Y.; project administration, R.F., N.A.G.L and M.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Indonesian Education Scholarship, the Center for Higher Education
Funding and Assessment, and the Indonesian Endowment Fund for Education.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: “Not applicable”.
Data Availability Statement: The data presented in this study may be obtained on request from the corresponding author.

Acknowledgements: The author would like to express his gratitude for the support received in conducting this research
to: (1) Beasiswa Pendidikan Indonesia (the Indonesian Education Scholarship); (2) Pusat Pelayanan Pembiayaan dan
Asesmen Pendidikan Tinggi (Center for Higher Education Funding and Assessment), Ministry of Higher Education,
Science, and Technology of Republic Indonesia; and (3) Lembaga Pengelola Dana Pendidikan (Endowment Fund for
Education Agency), Ministry of Finance of Republic of Indonesia. (4). Geophysics Laboratory, Faculty of Science,
Technology, and Mathematics, Brawijaya University.

Conflicts of Interest: The authors declare no conflict of interest.
Use of Generative Al: Not applicable.

REFERENCES

Alemdag, H., Kéroglu, F., Ersoy, A. F., Seren, A., Aydin, Z. O., & Babacan, A. E. (2025). Hydrogeochemical properties of Cal Cave and
its vicinity: Development and consequences of karstification in Dlizkdy (Trabzon, NE Tirkiye). Journal of African Earth Sciences,
229, 105680. https://doi.org/10.1016/j.jafrearsci.2025.105680

Ammar, A. |, Kamal, K. A, EI-Boghdady, M. F. M., & Ebrahem, O. (2023). 2D and 3D visualization of aquifer sediments, surface
water seepage and groundwater flow using DC-resistivity, DC-IP, and SP methods, West EI-Minia, Egypt. Environmental Earth
Sciences, 82(1), 21. https://doi.org/10.1007/s12665-022-10697-y

Atkinson, J. C. (2024). Assessment of major ions in groundwater supplied to Monterrey metropolitan area, Mexico: quality assurance,
technical analysis, and addenda. International Journal of Environmental Science and Technology, 21(2), 1181-1192.
https://doi.org/10.1007/s13762-023-05010-8

Boimau, Y., Maubana, W. M., & Cintya Adelia, K. A. (2023). Pemodelan Anomali Aliran Sungai Bawah Tanah Menggunakan Data
Self-Potential. Jurnal Teori Dan Aplikasi Fisika, 11(01), 39-46.

Boimau, Y., Ryo, S., & Susilo, A. (2018). Identification of Underground River Flow in Karst Area of Sumber Bening-Malang, Indonesia
Based on Geoelectrical Self-Potential and Resistivity Data. International Journal of Applied Physics, 5(3), 1-7.
https://doi.org/10.14445/23500301/1JAP-V513P101

Cao, H., Xiong, L., Ma, J., Wang, H., Li, S., Yu, F., & Wang, P. (2024). Karst landform classification considering surface flow characteristics
derived from digital elevation models. Earth Surface Processes and Landforms, 49(1), 468-481. https://doi.org/10.1002/esp.5715

Deng, Y., Guo, X., Luo, M., Chen, X., Kuang, Y., & Zhou, H. (2022). Study on the microstructure and variation law of carbonate rock
dissolution based on scanning electron microscopy and CT imaging technology. Carsologica Sinica, 41(5), 698-707.

Domenico, P. A., & Schwartz, F. W. (1997). Physical and Chemical Hydrogeology. NewYork, USA: John Wiley and Sons.

Faizal, R., Sismanto, S., Handayani, R., & Asta, A. (2017). Pendugaan aliran sungai bawah tanah dalam pemenuhan kebutuhan air
masyarakat Desa Hargosari Gunungkidul berdasarkan data VLF-EM terkoreksi topografi [Estimation of underground river flow to
meet the water needs of the Hargosari Village community in Gunung]. Borneo Engineering: Jurnal Teknik Sipil, 1(2), 44-55.

Faizal, R., Susilo, A., Juwono, A. M., Yuliani, E., Sutasoma, M., Muhardi, Idmi, M. H., & Hasan, M. F. R. (2025a). Detection of
Sinkhole Potential Using Very Low Frequency (VLF) Method: A Case Study in Kedungsalam Village, Malang Regency. E3S Web of
Conferences, 652, 04002. https://doi.org/10.1051/e3sconf/202565204002

Faizal, R., Susilo, A., Juwono, A. M., Yuliani, E., Sutasoma, M., Muhardi, M., Idmi, M. H., & Hasan, M. F. R. (2025b). Subsurface
Investigation of Lo and Bangi Caves Using the Very Low Frequency (VLF) Method for Geotourism Development. Geojournal of
Tourism and Geosites, 63(4 spl), 2694-2701. https://doi.org/10.30892/gtg.634spl15-1630

Féraud, G., Potot, C., Fabretti, J.-F., Guglielmi, Y., Fiquet, M., Barci, V., & Maria, P.-C. (2009). Trace elements as geochemical markers
for surface waters and groundwaters of the Var River catchment (Alpes Maritimes, France). Comptes Rendus Chimie, 12(8), 922—
932. https://doi.org/10.1016/j.crci.2009.02.002

Ford, D., & Williams, P. (2007). Distribution and Rate of Karst Denudation. Karst Hydrogeology and Geomorphology, 77-102.
https://doi.org/10.1002/9781118684986.ch4

Ford, D., & Williams, P. (2013). Karst Hydrogeology and Geomorphology. Karst Hydrogeology and Geomorphology, Chichester,
United Kingdom: John Wiley & Sons. https://doi.org/10.1002/9781118684986

Gao, S., Li, C,, Liu, Y., Sun, B., Zhao, Z., Lv, M., & Gang, S. (2023). Hydrogeochemical Characteristics and Evolution Processes of
Karst Groundwater Affected by Multiple Influencing Factors in a Karst Spring Basin, Eastern China. Water, 15(22), 3899.
https://doi.org/10.3390/w15223899

Hoaghia, M. A., Moldovan, A., Kovacs, E., Mirea, I. C., Kenesz, M., Brad, T., Cadar, O., Micle, V., Levei, E. A., & Moldovan, O. T.
(2021). Water quality and hydrogeochemical characteristics of some karst water sources in Apuseni Mountains, Romania. Water
(Switzerland), 13(6). https://doi.org/10.3390/w13060857

2384



Integration of Geophysical and Hydrogeochemical Methods to Reveal the Karst
Aquifer System in Geotourism Areas, Lo and Bangi Caves, South Malang, Indonesia

Hussain, Y., Uagoda, R., Borges, W., Nunes, J., Hamza, O., Condori, C., Aslam, K., Dou, J., & Céardenas-Soto, M. (2020). The
potential use of geophysicalmethods to identify cavities, sinkholes and pathways forwater infiltration. Water (Switzerland), 12(8),
2289. https://doi.org/10.3390/w12082289

Jones, W. K., & White, W. B. (2019). Karst. Encyclopedia of Caves, Third Edition, 609-618. https://doi.org/10.1016/B978-0-12-814124-3.00072-8

Labib, M. A., Haryono, E., & Sunarto. (2019). The development of cave passage in Donomulyo, Malang-Indonesia. E3S Web of
Conferences, 76, 1-7. https://doi.org/10.1051/e3sconf/20197604010

Liang, Z., Chen, J,, Jiang, T., Li, K., Gao, L., Wang, Z., Li, S., & Xie, Z. (2018). Identification of the dominant hydrogeochemical
processes and characterization of potential contaminants in groundwater in Qingyuan, China, by multivariate statistical analysis. RSC
Advances, 8(58), 33243-33255. https://doi.org/10.1039/C8RA06051G

Liu, W., Liu, P.-F., Xu, H., Gong, B., & Ji, F. (2022). Study on the Microstructure Evolution and Strength Damage Mechanism of
Dolomite under Dissolution Condition. Sustainability, 14(18), 1447. https://doi.org/10.3390/su141811447

Lu, S., Chen, J., Zheng, X., Liang, Y., Jia, Z., & Li, X. (2020). Hydrogeochemical characteristics of karst groundwater in Jinci spring
area, north China. Carbonates and Evaporites, 35(3). https://doi.org/10.1007/s13146-020-00602-8

Lubang, J., Liu, H., & Chen, R. (2023). Combined Application of Hydrogeological and Geoelectrical Study in Groundwater Exploration
in Karst-Granite Areas, Jiangxi Province. Water, 15(5), 865. https://doi.org/10.3390/w15050865

Ma, J., Li, X., Zhang, C., Fu, C., Wang, Z., & Bai, Z. (2022). Identification of origin and runoff of karst groundwater in the glacial lake
area of the Jinsha River fault zone, China. Scientific Reports, 12(1). https://doi.org/10.1038/s41598-022-18960-9

Massinai, M. A., Massinai, M. F. I., & Syamsuddin, E. (2023). Land subsidence assessment on karst based on resistivity and geotechnical
parameters. Journal of Degraded and Mining Lands Management, 10(2), 4047. https://doi.org/10.15243/jdmIm.2023.102.4047

Megha, S. B., Arun, P. R., & Brijesh, V. K. (2025). Evaluation of saline water intrusion along the coastal aquifers of VVadakara, Kerala,
South India, using hydro geochemistry and GIS. Journal of Degraded and Mining Lands Management, 12(2), 7079-7093.
https://doi.org/10.15243/jdmIm.2025.122.7079

Pambudi, S., Sulistijo, B., Iskandar, I., Yudiantoro, D. F., Haty, I. P., Ekasara, A. R., Afrilita, Yoni, D. R., & Pratomo, S. U. (2024). A
Hydrogeochemistry Analysis for Quality Determination of Shallow Karstic Groundwater in Western Tuban, Indonesia. Journal of
Geoscience, Engineering, Environment, and Technology, 9(04), 502-510. https://doi.org/10.25299/jgeet.2024.9.04.15926

Piper, A. M. (1944). A graphic procedure in the geochemical interpretation of water-analyses. Eos, Transactions American Geophysical
Union, 25(6), 914-928. https://doi.org/10.1029/TR025i006p00914

Revil, A., Naudet, V., & Meunier, J. D. (2004). The hydroelectric problem of porous rocks: Inversion of the position of the water table
from self-potential data. Geophysical Journal International, 159(2), 435-444. https://doi.org/10.1111/j.1365-246X.2004.02422.x

Riyanto, I. A., & Cahyadi, A. (2023). Anthropogenic activity effect on water quality of epikarst spring in the western part of
Gunungsewu Karst Area, Java Island, Indonesia. Journal of Degraded and Mining Lands Management, 11(1), 4899-4908.
https://doi.org/10.15243/jdmIm.2023.111.4899

Ryzhenko, B. N., & Sidkina, E. S. (2017). «Water-granite» system: Time of formation of freshwater composition. Bulletin of the Tomsk
Polytechnic University, Geo Assets Engineering, 328(4), 108-115.

Sahrina, A, Fadlan, M. S., Withuda, F. A,, Labib, M. A,, Fitriani, D., & Ma’asika, N. M. (2022). Elaborative analysis of caves as specified tourism
destination in Malang Regency — Indonesia. GeoJournal of Tourism and Geosites, 41(2), 368-375. https://doi.org/10.30892/gtg.41205-839

Sajil Kumar, P. J., & James, E. J. (2019). Geostatistical and geochemical model-assisted hydrogeochemical pattern recognition along the
groundwater flow paths in Coimbatore district, South India. Environment, Development and Sustainability, 21(1), 369-384.
https://doi.org/10.1007/s10668-017-0043-5

Sholichin, M., & Prayogo, T. B. (2019). Field identification of groundwater potential zone by VES method in South Malang, Indonesia.
International Journal of Civil Engineering and Technology, 10(2), 999-1009.

Susanti, N. E., Wicaksono, K. S., Suprayogo, D., & Kusuma, Z. (2025). Spatial Variation in Water Quality at Karst Springs in South
Malang: Geological Control and Flow Type. Egyptian Journal of Aquatic Biology and Fisheries, 29(4), 3117-3137.
https://doi.org/10.21608/ejabf.2025.449523

Susilo, A., Sunaryo, Sutanhaji, A. T., Fitriah, F., & Hasan, M. F. R. (2017). Identification of underground river flow in Karst Area using
geoelectric and self-potential methods in Druju Region, Southern Malang, Indonesia. International Journal of Applied Engineering
Research, 12(21), 10731-10738.

Tian, B., Lu, C., Zhao, D., Li, J., Zhu, H., & Dong, F. (2025). Hydrochemical Evolution of Karst Groundwater and Mining-Induced
Activation Effects in a Coal Mining Area: A Case Study from the Tengxian Coalfield, China. ACS Omega, 10(37), 42548-42560.
https://doi.org/10.1021/acsomega.5c04077

Utomo, E. P., & Safei Siregar, M. (2018). Karstic groundwater resources of the “thousand mountains” of Wonosari and Wonogiri - Java-
Indonesia. ISRM International Symposium 2000, IS 2000. Available online: https://www.scopus.com/inward/record.uri?eid=2-s2.0-
85053924038&partnerlD=40&md5=2224737482f19e405867f711c35c4500 (accessed 11 January, 2026)

Wahid, A., Sunaryo, Susilo, A., & Wiyon. (2022). Identification of Karstification Zoning and Aquifer Channels in Karst Basin at
Sendang Biru Beach, Malang-Indonesia: A Case Study. International Journal of Design and Nature and Ecodynamics, 17(3), 391—
400. https://doi.org/10.18280/ijdne.170309

Wang, B. (2026). Application of the Combination of High-Density Electrolysis Method and Drilling Method in Bridge Karst Cave
Investigation. E3S Web of Conferences, 686. https://doi.org/10.1051/e3sconf/202668602009

Yang, G., Song, Q., Wang, X., Yue, Q., Chen, Y., Ma, H., Wu, Y., Yu, C., & Pu, S. (2026). Coupled hydrochemical-microbial approach to
groundwater pollution in covered and exposed karst systems. Environmental Pollution, 391. https://doi.org/10.1016/j.envpol.2025.127586

Yang, P., Li, T, Fan, Q., Li, Z., & Liang, J. (2024). Calculation of fracture-conduit karst groundwater pressures and flows using a pipe
network method. Hydrogeology Journal, 32(4), 999-1015. https://doi.org/10.1007/s10040-024-02786-y

Yang, Y., Zhang, G., Yao, C., Deng, Z., Ren, Z., & Li, C. (2023). Application of Induced Polarization Method in Mineral Resource
Exploration. Sustainability, 15(4), 3840. https://doi.org/10.3390/su15043840

Zhao, Z., Wang, H., Han, L., & Zhao, Z. (2023). Study of Water—Sand Inrush through a Vertical Karst Conduit Uncovered through
Tunnel Excavation. Water, 15(11), 2010. https://doi.org/10.3390/w15112010

Zhou, W., Beck, B., & Adams, A. (2002). Effective electrode array in mapping karst hazards in electrical resistivity tomography.
Environmental Geology, 42(8), 922-928. https://doi.org/10.1007/s00254-002-0594-z

Article history: ~ Received: 30.01.2026 Revised: 02.05.2026 Accepted: 11.08.2026 Available online: 08.09.2026

2385



