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Abstract

Groundwater is an essential resource for drinking and domestic use, displaying significant diversity in volcanic regions.This study
focuses on Cadasari, Banten, Indonesia, and aims to determine the hydrochemical characteristics of groundwater and the stable isotopes
(8180 & 62H). Hydrogeological mapping was employed, and analytical data were collected from 20 groundwater sources, including springs,
rivers, and wells, at elevations ranging from 167 to 928 meters above sea level. The hydrochemical analysis revealed various groundwater
types, such as Ca-HCO3, Ca+Mg-HCO3, Na+K+Ca-HCOs3, and Na+K+Ca-Cl. These variations in groundwater types are attributed to differences
in volcanic lithofacies. Gibbs and Gaillardet’s diagrams indicate that water-rock interaction processes primarily influence the variability of
these groundwater facies in Cadasari, highlighting the significant role of silicate minerals in the groundwater's geochemistry. The isotopic
composition of borehole samples shows an average isotope ratio of -7.0 %o for 6180 and -41.7 %o for 62H, while dug well samples have
average ratios of -6.1 %o for 6180 and -34.9 %o for §2H. Spring samples exhibit an average isotope ratio of -6.7 %o for 680 and -39.3 %o for

62H. The isotopic composition across the groundwater samples suggests that the water in this area is of meteoric origin.

Keywords: Cadasari, Groundwater, Hydrochemistry, stable isotope, Volcanic aquifer.

1. Introduction

Volcanic deposits, with their unique ability to act as
productive aquifers and provide abundant groundwater
resources, are a captivating natural phenomenon. Many
places in Indonesia rely on groundwater from these
aquifers. One such fascinating example is Mount Bromo-
Tengger in the eastern region of Java Island (Toulier et al.,
2019) In the middle part of Java Island is Mount Merapi
(Hendrayana et al, 2022; Razi et al, 2024), and in the
western region of Java Island is Mount Salak (Alfadli et al.,
2021) and Mount Ciremai (Dianardi et al.,, 2018; Irawan et
al.,, 2009). Another is Mount Karang, a volcanic mountain in
the western part of Java Island, which boasts significant
groundwater potential (Alam et al., 2014). Our research
area, situated in Cadasari on the eastern slopes of Mount
Karang, is not just a site for study but a pivotal location
where groundwater is a vital source of freshwater for
drinking and other domestic purposes. Due to problems
with clean water in Cadasari, five villages experience a clean
water crisis every year, including Koranji Village, Kaduela,
Kaduengang, Pasir Peutuey, and Kurung Dahu (Bingar,
2024; Mardiana, 2024). This underscores the importance of
rational utilisation and sustainable management of these
unique groundwater resources (Liu et al., 2019) What sets
our research apart is the novel focus on the hydrochemical
characteristics and stable isotopes (8180 and &2H) to
determine the groundwater origin. There are several
studies regarding the hydrochemical characteristics of
volcanic aquifers and stable isotope studies to determine
the origin of groundwater, including (Maria et al., 2021;
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Toulier et al.,, 2019). The expected output from this study's
results can be used as a reference in determining strategies
to maintain sustainable groundwater use.

2. Study Area
2.1 Location

This research was carried out on Cadasari, Pandeglang,
Banten, Indonesia (Figure 1), which is geographically
located at 106°3'28” E6° 13°18” Sand 106°8'39”E6°17°51”
S.

The research area is located on the morphology of the
mountain's slopes and solitary hills at its foot, with slopes
ranging from sloping to steep. The river's morphology
follows the shape of a volcano. It has steep gradients,
narrow valleys on the upper slopes, and a radial flow
pattern, with water flowing from west to east.

The study area's average annual rainfall is about 1323
mm. This area has a dry season month under the Képpen
climate classification for tropical climates (Kottek et al,
2006). August and September have average monthly
rainfall of less than 60 mm, and the average annual
temperature is 27.1°C. The underlying hydrogeological
setting of the study area was formed during the Quaternary
Periods.

2.2 Geological and hydrogeological condition

Volcanic activity in the study area lasted from the
Pleistocene to the Holocene and formed the oldest
volcanoes in the area, such as Mt. Karang and Mt. Parakasak.
Mt. Karang and Mt. Pulosari still have a volcanic cone shape
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and a stratovolcano shape. The highest point of Karang is
1778 meters above sea level (Rusmana, 1991).
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Fig 1. Show the study area, the geological condition of the study area, and the sampling locations on Cadasari on the eastern slope of
Mount Karang, Banten, Indonesia

The Lithology on Cadasari is divided into 11 (eleven)
volcanic lithofacies, which are interpreted as the result of 5
(five) eruptions of Karang Mountain (Figure 1), the results
of the first eruption depositing the old rough lapilli rock
facies (Fbl) autoclastic facies with lava (ALKa). Well-sorted
lapilli tuff facies (PDct) and the grain-supported
pyroclastic-breccia breccia facies (ALHb), then the second
eruption produces pyroclastic breccia-tuff grain-supported
facies (ALHbr), the result of the third eruption is andesite
lava facies (ALK), coarse tuff facies - matrix supported
graded bedding facies (JPbt) tuff breccia, poorly sorted
matrix supported tuff breccia facies (APbt), fourth eruption
of Karang Mountain produced andesite sheeting joint
(ALKsj) lava facies, medium tuff facies - breccia tuff matrix
supported graded bedding (Jpt). The fifth eruption of Mount
Karang also produced auto-clastic with lava facies (ALKal).

The geological structures developed in the study area
are the Cilenggor sinistral horizontal fault, the Cikirup
normal fault, the Cikarang normal-dextral fault, and the
Cilalaki normal-sinistral fault.

Based on the geological condition, the study area has
three different aquifer systems: (1) The aquifer system in
autoclastic lithology, which includes lava and andesite lava
(fractured system). (2) The aquifer system in pyroclastic
breccia lithology and tuff grain support (combined between
contact and porus), and (3) the aquifer system in tuff and
lapilli lithology (porus).

3. Methods

This study was conducted by conducting a field survey
first from January to March 2020, then laboratory analysis
and data interpretation were carried out, for more details it
is described in the following chart (figure 2).
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3.1 Hydrogeological Mapping

Hydrogeological mapping is a method used during
fieldwork in the Cadasari area and its surroundings,
involving the exploration of groundwater sources, such as
springs (Figures 3a and 3b), drilled wells (Figure 3c), and
dug wells. Springs are generally in contact with volcanic
lithofacies and have varying valley morphologies. Two dug
wells are located at 297 m and 239 m a.s.l.

Figure 3. a.An example of a groundwater source in the form of a
spring at the PDG-9 observation point in the study area. b. An
example of a groundwater source in the form of a spring at the
PDG-12 observation point in the study area..c.An example of a
groundwater source in the form of a drilled well at the SMR-01

observation point in the study area.

3.2 Water sampling

Groundwater sampling was carried out by exploring the
study area to collect groundwater samples from various
hydrogeological points of interest, including 15 samples
from springs, two from dug wells, one from a river, and 2
from boreholes.

Water sampling was performed using 500-mL
polyethene bottles. Before sampling, the bottles, ladle,
filtration units and messy inside were rinsed with filtered
water three times. The water samples were filtered in situ
using a 0.45 pum syringe filter. A sample of as much as 500
mL was collected for cation and anion analyses.
Groundwater samples of 60 mL were used for stable isotope
analysis, the most commonly used stable isotopes in
hydrogeological studies are oxygen and hydrogen (Gong et
al, 2021).

3.3 Hydrochemical analysis methods

pH, electrical conductivity, total dissolved solids, and
temperature were measured on-site using HANNA
Instruments HI9811-5. The cations (Li*, Na*, K*, NHs* Ca2+
and Mg?4) and anions (Cl,, NO3-, SO42") were determined by
ion chromatography (IC - metrohm type 930 Compact) in
the laboratory. HCO3- was analysed using the titration
method with 0.1 N HCl; methyl red and bromocresol green
were used as indicators. A 5% difference in the electrical
balance between cations and anions is required and was
obtained for all samples, suggesting high accuracy of
groundwater quality determinations (Liu et al., 2023).
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Hydrogeochemical data were analysed using statistical
and trilinear diagram methods. statistical processing was
performed using IBM SPSS Statistics 25.0. Correlation
analysis between parameters was conducted based on the
Pearson correlation, which allows the grouping of
groundwater based on the similarity of chemical and
physical properties in groundwater samples (He et al,
2023), a trilinear Piper diagram (Piper, 1944), Gibbs
diagram (Gibbs, 1970), and Gaillardet’s diagram (Gaillardet
et al, 1999) to confirm the water-rock interaction process
in groundwater.

3.4 Stable isotope analysis methods

Analysis of 62H and 6180 stable isotopes of a water
sample using CRDS Picarro L2130-i Water Isotope
Analyzer. The composition of isotopes is expressed as the
relative ratio (8) against Standard Mean Ocean Water
(Hamed, 2014):
§ = (F2met— 1).1000 %o )

SMow
Rsample represents either the 180/160 or the 2H/H of the

sample, in %o, and Rsmow is 180/160 or the 2H/1H ratio of the
SMOW.The linear relationship between 62H and 6180 in
meteoric waters is commonly referred to as the meteoric
water line. At the global scale, the average relationships
between 62H and 6180 are expressed as the global meteoric
water line (GMWL) (Craig, 1961). The isotopic composition
of water in natural hydrological systems is influenced by
physical variables, including air temperature, air pressure,
humidity, geographical location, and altitude. (Oliveira et
al,, 2022). Therefore, it is necessary to define an accurate
local meteoric water line (LMWL) to represent the local
study area adequately (Razi et al., 2024).

4. Results and Discussion
4.1 Groundwater Physical Properties

Groundwater physical properties, such as Electrical
Conductivity (EC), Total dissolved solids (TDS), pH, and
Temperature, are presented in Table [. Additional
information for the table: n.d. means not detected, and n.a.
means not analysed. The measured Electrical Conductivity
(EC) values for springs, rivers, and wells ranged from 50 to
460 pS/cm, indicating that the groundwater in the study
area is freshwater. (Listiawan et al,, 2024). The lowest EC
for groundwater was found at the PDG 6 sampling site,
which had the highest spring elevation (928 m asl),
suggesting a short flow path and relatively short residence
time. (Liu and Yamanaka, 2012) The total dissolved solids
(TDS) ranged from 20 to 220 mg/L, the pH of the springs
and wells ranged from slightly acidic to neutral (5.5-7.8),
and the temperature ranged from 23 to 31 °C. The
concentrations of cations and anions provide valuable
insights into water quality, highlighting the dominance of
specific elements.

Regarding cation abundance, the hierarchy is quite
clear: Ca®* emerges as the most significant, with
concentrations ranging from 3.16 to 41.17 mg/L and an
average of 15.62 mg/L, underscoring its critical role. Na*
levels follow closely, ranging between 3.47 and 30.37 mg/L,
with an average of 11.02 mg/L, indicating its substantial
presence. Mg®* and K* are next, with Mg?* demonstrating
concentrations from 0.84 to 19.37 mg/L and an average of
6.87 mg/L, while K* ranges from 2.76 to 13.52 mg/L,
averaging 5.18 mg/L.

When examining anions, HCO;™ stands out significantly,
with concentrations ranging from 13.8 to 249.7 mg/L and
an impressive average of 92.7 mg/L, highlighting its

Hidayat, H. et al./ JGEET Vol 10 No 2/2025



importance. ClI” exhibits notable levels, ranging from 0.8 to
38.3 mg/L, with an average of 5.1 mg/L, while SO,*7,
although less abundant, remains significant with
concentrations between 1.1 and 18.7 mg/L, averaging 4.3
mg/L. The relationships between the 20 physical
properties, major ions and stable isotope were evaluated
using Pearson’s correlation. This correlation matrix is
widely used to estimate the degree of dependency between

two variables. The electrical conductivity (EC) exhibited
highly significant correlations with various groundwater
chemical parameters (see Table 2), including Ca2+, Mg?+, K*,
HCO3,, and S042. Additionally, noteworthy correlations
were observed: Ca2+ correlated with Mg2+ (0.91), Ca2+ with
K+ (0.73), Ca2* with HCOs3- (0.83), Mg2+ with HCO3- (0.89),
Na+ with Cl- (0.85), and K+ with S042- (0.86).

Table 1. Water physical properties, major ions and stable isotope (§2H & 6180) of the research area

No  SmPle L E'e‘:]at'o (ui/(im TS Temp . F (r:lgl NO;~ S0,” HCO; Na*® K"  ca®* (’r\r"]g”_ 5%0  &°H

Code masy " man) co P mg) TV (mgy) (o) (mg) (mg) (o) (mg) VU g,
1 SMR1 Borehole 237 120 50 27,8 78 nd 35 nd 49 102,0 11,09 542 10,42 481 -7,7 -443
2 SMR-2 Borehole 246 160 75 270 65 02 14 21 1,6 962 9,76 4,90 13,89 6,97 -7,0 -40,6
3  PDG13 DugWell 297 460 220 259 63 01 57 17,5 187 2497 13,3 13,5 412 194 -54 -293
4 PDG22 DugWell 239 160 70 26,6 65 02 20 31 1,9 890 97 49 143 67 -69 -404
5 PDG17 River 238 180 80 274 74 02 58 20 66 572 84 81 181 42 -42 -193
6 PDGOl Spring 459 80 20 230 76 02 17 31 31 301 62 29 32 09 -68 -396
7 PDGO3 Spring 645 60 20 230 65 01 16 40 30 150 61 28 40 08 -72 -416
8 PDGO5 Spring 800 200 140 249 69 01 179 546 38 572 126 40 262 93 -7,3 -434
9 PDGO6 Spring 928 50 20 236 72 01 12 25 18 138 35 29 49 13 -82 -477
10 PDGO8 Spring 437 150 70 250 68 02 17 15 13 777 99 33 99 65 -66 -380
11 PDGO09 Spring 344 130 60 248 70 02 25 26 28 677 87 46 100 52 -7.4 -433
12 PDG12 Spring 263 140 60 259 64 02 26 43 27 930 91 49 11,3 50 -7.1 -416
13 PDG14 Spring 251 230 110 233 65 02 22 31 1,4 1700 112 50 205 125 -7,0 -41,1
14 PDG23 Spring 199 190 80 252 65 02 42 63 26 818 114 49 168 107 -65 -382
15 PDG25 Spring 180 320 150 26,5 55 01 383 129 154 574 304 79 154 55 -56 -33,1
16 PDG26 Spring 231 150 70 263 66 02 18 22 22 656 98 47 11,6 62 -70 -411
17 PDG31 Spring 180 270 130 296 64 02 08 nd 63 1542 137 45 245 90 -57 -326
18 PDG32 Spring 167 210 90 310 64 02 46 13 37 1871 155 55 27,7 122 -51 -30.1
19 PDG34 Spring 309 130 50 254 61 01 14 08 1,2 966 102 43 160 52 -62 -364
20 PDG37 Spring 324 140 60 255 66 01 13 18 1,1 920 101 4,6 127 51 -7,2 -42,0

Table 2. Pearson’s correlation coefficient (R) between the research area's Water physical properties, major ions and
stable isotope (62H & 6180).

Ec TDS pH Ca% Mg?2* Na* K* HCO5 Cl- S04* 5180 62H

Ec 1.00 0.99 -0.48 0.90 0.83 0.65 0.80 0.70 0.50 0.79 0.54 0.50
TDS 1.00 -0.47 0.89 0.83 0.64 0.78 0.69 0.49 0.77 0.50 0.47
pH 1.00 -0.37 -0.38 -0.63 -0.27 -0.32 -0.42 -0.33 -0.30 -0.20
Ca% 1.00 0.91 0.41 0.73 0.83 0.20 0.59 0.58 0.55
Mg2+ 1.00 0.35 0.66 0.89 0.07 0.47 0.40 0.36
Na+* 1.00 0.45 0.29 0.85 0.63 0.45 0.36
K* 1.00 0.63 0.33 0.86 0.61 0.63
HCOs5- 1.00 -0.12 0.42 0.43 0.40
Cl- 1.00 0.60 0.26 0.20
S04% 1.00 0.53 0.53
5180 1.00 0.99
&%H 1.00

4.2 Groundwater Facies

A Piper diagram was used to determine the
groundwater facies that formed in the study area. Based on
Piper diagram analysis (Figure 4), four groundwater facies
have been identified on the Cadasari: Ca-HCO3, Ca+Mg-
HCOs3, Na+K-HCOs3, and Na+K+Ca-HCO:s.

The Ca-HCOs facies were identified at the PDG 6 and
PDG 17 sampling sites. The PDG 6 sampling location is in the
auto-clastic with lava (ALKal) lithofacies and has the
highest sample elevation, 928 masl. The presence of HCO3-
indicates that the groundwater has been mixed with
shallow groundwater as a local recharge and that
groundwater circulation is pretty close (Maria et al., 2021).
The dominance of Ca2+ cations is a result of volcanic
lithological weathering. The dominant bicarbonate in
groundwater is thought to originate from the interaction
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between meteoric water and air, mainly through the CO2 in
the rain precipitation process, and is found in soil and rocks
within aquifers. The mineral elements in rocks are
subjected to hydrolysis by meteoric water and groundwater
so that some chemical compositions release, dissolve, or
are carried with the water, and some precipitate with the
rock (Laratmase et al.,, 2024).

The Ca+Mg-HCOs; groundwater facies predominantly
occur on the Cadasari. This facies includes fifteen
groundwater samples, specifically PDG 05, PDG 08, PDG 09,
PDG 12, PDG 13, PDG 14, PDG 22, PDG 23, PDG 26, PDG 32,
PDG 34, PDG 37, SMR 02, PDG 31, and SMR 01. It is found
within various volcanic lithofacies, which consist of lava
(ALKsj), tuff-breccia (ALHbr), and lapilli-tuff (PDCt),
spanning elevations from 800 to 167 masl. These facies
form due to prolonged interactions between groundwater
and rock, allowing for water mixing from different aquifers
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(Suganda et al, 2021). In contrast, field observations
indicate that the groundwater experiences ion exchange
processes, with Ca2+ Mg2*, and HCOs- ions being the
dominant constituents.

Groundwater facies Na+K+Ca-HCO3 were identified at
sample points PDG 1 and PDG 3, at an elevation of 645 masl
and composed of tuff-breccia lithology (Apbt). High Na+
concentrations in samples may indicate that they originated
from the weathering of Sodium Feldspar or potassium
feldspar. The result of the weathering of these rock
minerals is the source of the presence of Na+* cations and
HCO3 anions (Maria et al.,, 2021).

Groundwater facies Na+K+Ca-Cl were identified at
sample point PDG 25, which has a reasonably high Cl-
concentration (38.3 mg/L) due to the interaction of
groundwater with sufficient rock. The observation point is
situated in the oldest volcanic facies of the research area
(Fbl), characterised by coarse lapilli lithology and located at
a relatively low elevation on the sloping mountain (180 m
a.sl), allowing Clions to accumulate and representing
meteoric water that has evolved during the relatively long
circulation (Nsabimana and Li, 2023).

Piper Diagram
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Fig 4. Plot Piper diagram of water samples in the study area
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Fig 5. a) Plot major ions from the water sample to the Gibbs diagram in the study area b). Sample plot of the Gaillardet diagram using
sodium normalised molar ratios in the dissolved phase. C). Scatter plot illustrating the correlation between major ions and
hydrogeochemical processes (Na vs Cl; Na+K vs Cl1+S04)
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4.2 Groundwater Hydrochemical Processes

Groundwater hydrochemical processes control the
mechanism of groundwater formation, which is influenced
by the dominance of rainwater, rock weathering,
crystallisation, or evaporation (Maria et al.,, 2021). A simple
solution to studying the originating groundwater is to
create a semi-logarithmic graph of the relationship between
TDS and the Na+ ratio/(Na+ + Ca2+) and CI"/(CI” + HCO3")
(Gibbs 1970). the interpretation was performed using
Gaillardet’s diagram to confirm the water-rock interaction
process in groundwater. The diagram classifies
groundwater interaction processes as controlled by
dissolution, silicate weathering, and carbonate dissolution
(Gaillardet et al., 1999).

The ratio of TDS to the cation (Na* + K*)/(Na* + K++
Ca?*) indicates that rock weathering affects groundwater
(Fig. 2). In contrast, the ratio of TDS to the anion
(Cl/Cl+HCO3-) (Fig. 5a) suggests that rock weathering is
dominant in the study area. The rock weathering-dominant
type influences the chemical concentration of groundwater
in the aquifer during the residence time (Ansari et al,
2019).

Based on the Gibbs diagram analysis, the samples that
show the dominant influence of weathering are PDG 05,
PDG 08, PDG 09, PDG 12, PDG 13, PDG 14, PDG 17, PDG 22,
PDG 23, PDG 25, PDG 26, PDG 31, PDG 32, PDG 34, PDG 37,
SMR-1, SMR-2 with TDS values ranging from 50 mg/L - 15
mg/L. These water samples are influenced by volcanic
lithological weathering, which consists of several
lithofacies, namely andesite lava (ALKsj), pyroclastic
breccia-tuff grain supported facies (ALHbr), well-sorted
lapilli tuff facies (PDct) and the old rough lapilli rock facies
(Fbl).

According to Gaillardet’s diagram in Fig. 3b, all samples
fall within the silicate weathering section, indicating that
the dissolution of silicate minerals has a significant
influence on groundwater geochemistry in Cadasari,
Banten.

Various methods can be employed to compare the ratios
of major ions using bivariate plots, such as the Na vs Cl and
Na + K vs Cl + SO4 comparisons. Figure 5c illustrates the
molar ratio between Na and Cl, where a Na/Cl ratio
approaching 1 suggests that halite dissolution significantly
contributes to the Na concentration in the groundwater.
Conversely, if the ratio exceeds 1:1, it indicates that silicate
weathering plays a dominant role in the geochemical
process (Zhang et al, 2020). To further confirm the
influence of silicate weathering, the ratio of Na + K to Cl +
S04 was analysed (Fig. 5b). The groundwater samples
plotted above the 1:1 line demonstrate that the silicate
weathering process highly influences the groundwater's
geochemistry.

4.3 The stable isotope composition of groundwater

Table 1 reports the isotopic composition of sample
water in the study area. It shows borehole samples have an
average isotope ratio of -7.0 %o for 6180 and -41.7 %o for
62H, dug well samples have an average isotope ratio of -6.1
%o for 6180 and -34.9 for 82H, and spring samples have an
average isotope ratio of -6.7 %o for 6180 and -39.3 for §2H.

The scatter plot shows the relationship between the
62H and 6180 isotope values of the water samples and the
meteoric water line. The solid line in Figure 6 is the local
meteoric water line, and the dotted line is the global
meteoric water line. PDG 32 is the only spring plotted right
on the GMWL line, while PDG 25, PDG 31 and PDG 34 are

springs plotted between GMWL and LMWL. PDG 12 is
plotted directly on the LMWL; this indicates that the water
on PDG 12 and PDG 17 is influenced by local rainfall. The
depletion of 6180, as in samples PDG-6 and SMR-1, may be
due to different sources and associated with more distant
rainwater flows to the surface. (Algicek et al,, 2019; Bagheri
etal, 2020; Hartanto et al,, 2022)
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Figure 6. Scatter plot of 180 vs 62H of springs, rivers, and
wells compared to Local meteoric water line
(LMWL)(Hartanto et al., 2022) dan Global meteoric water line
(GMWL)((Craig, 1961).

5. Conclusion

The interaction between groundwater and the minerals
in the rock that forms the aquifer, along with changes in
lithological units caused by several eruptions, leads to
significant differences in the physical properties and
chemical composition of the groundwater in Cadasari. Four
distinct groundwater facies have been identified: Ca-HCOs,
Ca+Mg-HCO3, Na+K-HCO3, and Na+K+Ca-HCOs. The Gibbs
diagram indicates that water-rock interaction processes
primarily control the variability of these groundwater
facies in Cadasari. This was further confirmed by
Gaillardet’s diagram, which showed that all samples fall
within the silicate weathering section, suggesting that
silicate minerals play a crucial role in the geochemistry of
the groundwater. Additionally, the isotopic composition of
the groundwater samples indicates that the origin of the
water in this area is meteoric.
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