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Abstract

This study was conducted to investigate the hydrogeochemical features and
sources of pollution in Cirasea River located in the highly polluted Citarum
Watershed, Indonesia. Field sampling was performed during the dry season
to provide insight into the water quality during its most critical period. The
water quality of river water and groundwater samples was evaluated and
the natural geological controls and anthropogenic impact were compared
using integrated hydrogeochemical methods (Gibbs, Stiff, and Piper diagrams)
and statistical analyses (Pearson’s correlation). Gibbs analysis showed that
the main factor controlling the composition of water was water-rock
interaction. Stiff diagrams revealed an evolutional trend of water chemistry
from upstream to downstream, controlled by lithology (upstream) and land
use (downstream). Piper diagrams showed that the dominant hydrochemical
facies for both river and groundwater was Ca**~Mg**~-HCO,” which is typical
for volcanic rock weathering. Statistical analysis confirmed that the
lithological types (Qgpk and Qmt) significantly affected the hydrogeochemical
parameters (TDS, EC, Na*, K*, HCO3™). The study also showed the impact of
land use, especially dryland agriculture (TDS, EC, K*, SO,*") and residential
areas (Na*, CI", Mg*, HCO,") on groundwater chemistry. The results provide
a scientific basis for targeted monitoring and sustainable management
strategies for reduction of water quality degradation in the Cirasea River
sub-watershed considering both geological and anthropogenic pressures.
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1. Introduction

River pollution represents a significant global environmental challenge, driven by rapid
urbanization, industrial effluents, agricultural runoff, and environmental changes in
watershed dynamics (Das et al,, 2025; Pham & Nguyen, 2024). In addition to surface water
degradation, groundwater systems, particularly in volcanic regions, face similarly complex
challenges. Volcanic aquifers contain complex geochemical interactions between groundwater
and the adjacent lithology (Razi et al., 2024). The Citarum River Basin in Indonesia is among
the most severely contaminated watersheds, with significant degradation of both surface and
subsurface water quality due to high population density, textile businesses, and unregulated
waste disposal (Ginkel et al.,, 2015; Iskandar et al,, 2017; Times, 2018; Astuti et al., 2024).
Domestic activities account for approximately 40% of the total waste entering the Citarum
River, whereas the remaining 60% originates from industrial discharges, agricultural runoff,
and livestock wastewater (Febrita & Roosmini, 2022). Within this highly stressed system,
the Cirasea River, as one of the major upstream tributaries, exhibits alarming ecological
degradation, as evidenced by a Heavy Metal Pollution Index (HPI) of 131, which categorizes
itas “heavily polluted” and indicates severe contamination by multiple trace metals (Maria et
al.,, 2024). Rapid population growth, expanding industrial activities, and intensive agricultural
practices within the Cirasea Sub-watershed further exacerbate pressure on water bodies,
with pollutants such as pesticides, excess nutrients, and industrial waste contributing to
significant declines in water quality (Fitria & Sarminingsih 2025). As an upstream catchment
supporting the agricultural zones of Ciparay, Ibun, Kertasari, Majalaya, Pacet, and Paseh
Districts (Husodo et al., 2021), the degradation of the Cirasea River poses not only substantial
risks to regional agricultural productivity but also threatens the domestic and farming needs
of residents who rely on it. This deterioration has accelerated the loss of sensitive aquatic
species and weakened the ecological resilience of the upper Citarum.

The Cirasea River, a tributary of the upper Citarum River basin, is essential for replenishing
volcanic aquifers that sustain household and agricultural needs (Iskandar et al., 2013;
Marganingrum et al., 2013; Djuwita et al., 2021; Nursyifa et al., 2019; Husodo et al., 2021;
Maria et al., 2024). However, land-use changes, unsustainable sewage infrastructure, and
seasonal hydrological fluctuations have contributed to increased pollution concentrations
in this sub-catchment, affecting groundwater sustainability (Aouati et al., 2023; Sabino et
al,, 2023). The Cirasea River is one of the tributaries of the Citarum Hulu River Basin. The
Cirasea River flows through semi-urban and rural areas, making it vulnerable to intricate
pollutant influxes and hydrochemical changes (Syamsiyah et al.,, 2025). Water availability
and quality, as a dynamic and renewable natural resource, are significantly affected by
hydrological processes and groundwater conditions, rendering groundwater sustainability
a crucial element in hydrogeochemical evolution (Mareta et al., 2023). Groundwater flow
analysis is crucial for comprehending groundwater-surface water interactions, pollutant
transport, and the impact of geology and land-use factors on hydrogeochemical properties
and water quality dynamics (Nugraha et al.,, 2024). These interactions play an important
role in controlling the spatial variation of major ions, trace elements, and overall water
quality within the Cirasea River system.

Due to its strategic hydrological importance, the Cirasea sub-watershed is poorly represented
in hydrogeochemical studies. Previous studies in volcanic areas have dealt with large aquifer
systems or water quality downstream, often neglecting the complex interactions between
surface contamination and shallow groundwater in recharge zones (Razi et al.,, 2024; Gountié
Dedzo etal., 2023; Maria et al,, 2024; Astuti et al,, 2024). However, most of the existing studies
have focused on the main Citarum River, leaving a significant gap in information on the
hydrogeochemical characteristics and pollutant dynamics of its tributaries, including Cirasea.
This study combines complex hydrogeochemical and statistical methods to characterize
water quality as well to distinguish between natural geological and anthropogenic sources.
The results also offer a scientific basis for the development of targeted monitoring and
sustainable management strategies to mitigate water quality degradation in the Cirasea River
sub-watershed, especially in areas facing combined geological and anthropogenic pressures.
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2. Study Area

2.1 Geological Setting

The Cirasea Sub-Watershed is situated within Bandung Regency, encompassed by the
Citarum Hulu Watershed. Geographically, its coordinates extend from 1072 37’ 49.1747”
E to 1072 48’ 30.8923” E and from 62 59’ 32.9636” S to 72 14’ 35.2305” S. The area
encompasses several designated protected zones, including the Gunung Malabar Nature
Reserve, Papandayan Nature Reserve, Kawah Kemojang Nature Tourism Park, and Gunung
Mesigit. Administratively, it comprises the districts of Kertasari, Majalaya, Ciparay, Pacet,
Paseh, and Ibun. Geologically, the region is characterized by hilly terrain located in the
transition zone between the foothills of Mt. Malabar and the highlands of Bandung.

The Cirasea River flows through the Quaternary volcanic complex. Based on the geological map
(Figure 1), samples S1-S2 and C1 are situated within a transitional zone between the Qopu
unit, comprising the Mandalawangi-Mandalagiri Volcanics, and the Qwb unit, characterized
by young andesite. This zone is predominantly defined by volcanic breccia and andesite lava
resulting from both ancient and recent volcanic activity. Samples S3 and C5 are located within
a transitional region between the Qopu and Qgpk (Guntur-Papandayan-Kendang volcanic
rocks). Samples S4 through S6 and C8-C10 are positioned at the boundary between the
Qmt (Malabar-Tilu volcanic materials) and Qgpk units, where deposits of breccia, lava, and
pyroclastic deposits indicative of intermediate volcanic activity are predominant. Sample
S7 is also within this zone and exhibits similar lithological characteristics. Additionally,
samples S8-S9 and C11 are located within the Ql unit and represent lake deposits composed
of clay, silt, and fine to coarse sand. In the Bandung Basin hydrogeological system, the low-
permeability Kosambi Formation serves as an aquitard, whereas the permeable Cibeureum
Formation operates as a confined aquifer, demonstrating that groundwater-surface water
interactions and geological controls significantly affect the hydrogeochemical properties of
the Cirasea River (Maryudhaningrum et al., 2025).
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Figure 1. Geological map and sampling point

2.2 Land-uses

The land use in the Cirasea watershed area is diverse, including agricultural fields, residential
zones, and industrial areas (Figure 2). In the upstream-to-midstream regions, the primary
land uses are agriculture, plantations, and rice fields, whereas further downstream, industrial
zones start to emerge. Residential areas are spread throughout various locations and become
more concentrated in the downstream areas. Overall, samples were collected from sites
where agriculture and residential areas intersect.
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Figure 2. Land use map and sampling points

3. Methods

The field campaign was conducted in July 2024 (dry season) across nine river water samples
(Figures 1 and 2). In addition, five groundwater samples from unconfined aquifers were
collected to understand better the hydrogeochemical processes in the river system (Figures
1 and 2). The data collected during the dry season are expected to serve as a basis for
characterizing the river’s condition during its most critical period, as increased precipitation
during the rainy season may reduce dissolved ion concentrations. Nonetheless, precipitation
can also enhance soil leaching, and in some instances, anthropogenic waste may further
contribute to this process, making rainy-season sampling important in the future.

Site selection was based on lithological characteristics of the research area and land-use
criteria, which were considered representative of the predominant geological condition
and land-use types in the study region (Figure 2), as well as accessibility considerations in
accordance with SNI 6989.57:2008, Surface Water Sampling Methods. The specific criteria
were devised to ensure that the sampling sites accurately represent the hydrogeological and
environmental parameters of the study area. These criteria consider geological heterogeneity,
land use patterns, and hydrological conditions, which are essential for reflecting geographical
diversity in water quality. Table 1 summarizes the comprehensive subjects.

Table 1. Selection criteria for representative river and groundwater samples

Criteria Specific Considerations Rationale for the Representativeness

Geological Condi- Lithology (volcanic, sedimen- Controls mineral dissolution and

tions tary). natural background chemistry.
Structural features (faults, Faults/fractures enhance groundwa-
fractures). ter flow and contaminant transport.
Aquifer type (unconfined). It affects recharge, vulnerability, and

water quality.

Land Use Pat- Agricultural zones Agricultural chemical fertilizer

terns residues.
Urban Domestic waste.
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Criteria Specific Considerations Rationale for the Representativeness
Hydrological Set- River order (mainstream, Tributaries may capture localized
ting tributary). pollution.

Proximity to recharge and Recharge zones reflect direct land

discharge zones. use impacts.

Seasonal flow variations Seasonal variation affects dilution

and concentration

Accessibility and Ease of sampling (depth, flow Ensures practical and repeatable
Safety velocity) monitoring

Safety for the field team Reduces bias from inaccessible sites

At each site, in situ measurements of pH, water temperature (WT), total dissolved solids
(TDS), and electrical conductivity (EC) were performed using a calibrated Horiba U-52G 10
instrument. For laboratory analysis, water samples were obtained via the grab sampling
technique, which involves collecting a sample at a single observation point, and stored in
sterilized polyethylene. Polyethylene bottles were sterilized with 10% HCl and rinsed thrice
with the sample water. The analyzed parameters encompassed sodium (Na*), potassium (K*),
calcium (Ca**), magnesium (Mg**), sulfate (S0,%"), bicarbonate (HCO,"), chloride (CI-), and
sulfate (S0,%°). All parameters, except bicarbonate, were quantified by ion chromatography
with conductivity detection using an ICS-6000 system (Thermo Fisher Scientific Inc., MA,
USA). Sample preparation involved field filtration through a 0.45 pm hydrophilic filter,
followed by preservation under frozen conditions until analysis. Bicarbonate concentration
was determined through titration employing phenolphthalein as an indicator.

To ensure the accuracy of laboratory analytical results, the charge balance error (CBE) is
calculated to assess them. An acceptable CBE value ranges from -5% to +5%, indicating
that the ion analysis results show satisfactory analytical consistency and reliability (Appelo
& Postma, 2005; Prapanchan et al,, 2023). Additionally, the total concentrations of cations
and anions (measured in meq/L) should also be close to the EC (in uS/cm) value divided
by 100 (Appelo & Postma, 2005).

Hydrogeochemical analysis is conducted to thoroughly assess water quality and understand
the characteristics of hydrogeochemical facies. This evaluation uses the Gibbs diagram to
determine the relationship between water composition and aquifer properties (Ahmed,
2022), as well as the Stiff and Piper Diagrams to illustrate the major ions, characteristics,
and water quality (Mairizki, 2021; Rao et al., 2024). A statistical analysis is then performed
to examine the relationships among geology, land use, and the hydrogeochemical properties
of water samples, identifying the key factors affecting the chemical characteristics of
Cirasea River water, whether of natural (geological) origin or due to human activities. This
methodological approach aligns with those successfully used in previous studies (Fahmi
etal,, 2023; Dede et al., 2024). Statistical analysis was performed using IBM SPSS Statistics
version 26, employing Pearson’s correlation coefficient to evaluate the relationships among
hydrogeochemical parameters, geological characteristics, and land-use types.

4. Results and Discussion

4.1 Psychochemical characteristics

Cirasea River water quality across nine sampling sites (S12S9) shows spatial variability
in parameters, reflecting diverse environmental conditions along the river (Table 2). The
observed water temperature fluctuates from 23.11°C to 26.95°C, with a mean value of
approximately 24.80°C. Meanwhile, groundwater has a slightly lower temperature, averaging
24.86°C. The pH of both river water and groundwater is neutral, with averages of 7.82 and
7.07, respectively. TDS concentrations in river water range from 107 to 144 mg/L, with an
average of 118.9 mg/L. In contrast, groundwater has a lower average TDS of 93.6 mg/L.
EC values for river water vary from 159 to 222 pS/cm, averaging 179.8 uS/cm, indicating
low to moderate ionization and no significant salinity or contamination. The EC values for
groundwater are nearly identical to those of the river water sample, averaging 183.4 uS/cm.
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Table 2. Physical and chemical properties of the Cirasea River and surrounding

groundwater
Parameter ~ WT pH TDS EC Na* K* Ca**  Mg* cr- S0, HCO;~
Unit °C mg/L  uS/cm mg/L  mg/L  mg/L mg/L mg/L mg/L mg/L
River

S1 23.11 7.65 114 176 9.89 2.21 10.04 6.40 2.7 21.28 72.48
S2 23.31 7.54 117 175 9.43 3.25 9.05 6.07 2.64 15.03 86.18
S3 21.15 7.6 114 173 9.56 4.19 11.93 6.06 3.31 15.23 71.31

S4 24.13 7.53 117 175 8.61 3.91 8.57 5.04 3.65 9.67 95.2
S5 26.64 7.21 144 222 8.77 3.7 4.89 5.92 4.06 8.83 94.03
S6 26.18 8.35 113 169 12.36 3.68 2.83 7.20 6.77 12.81  116.74
S7 26.76 8.29 115 171 8.96 35 11.9 6.30 3.44 8.68 108.9
S8 26.95 7.95 129 198 8.93 3.43 44.29 7.07 4.51 1239  107.73
S9 24.95 8.30 107 159 8.49 3.07 7.84 5.80 3.98 10.44 98.71
Average 24.80 7.82 118.9 179.8 9.44 3.44 12.37 6.21 3.90 12.71 94.59

Groundwater

C2 24.7 7.07 107 208 8.60 5.28 9.12 7.68  15.46 8.74 64.01
C5 23.5 7.07 109 209 12.46 4.42 15.39 2.14 11.34 9.46 70.78
C8 25.1 7.82 86 174 10.51 5.87 10.82 5.17 13.4 8.93 75.91
C10 25.6 791 83 167 9.83 4.5 11.08 5.6 13.4 8.12 82.25
C11 25.4 7.69 83 159 14.16 2.27 11.46 7.8 13.4 11.43 82.13
Average 24.7 7.07 93.6 183.4 11.12 4.47 11.57 5.68 13.40 9.34 75.02

Still in Table 2, the major cation concentrations in the groundwater samples are as follows:
Na* ranged from 8.49 to 12.36 mg/L, with a mean of 9.44 mg/L; K* varied between 2.21 and
4.19 mg/L, averaging 3.44 mg/L; Ca®* levels ranged from 2.83 to 44.29 mg/L, with a mean
of 12.37 mg/L; and Mg?* concentrations spanned from 5.04 to 7.20 mg/L, with an average
of 6.21 mg/L. Overall, the cation composition of the groundwater samples is similar to that
of the river water samples, with the concentrations ordered as Ca®*> Na* > Mg?*> K*, and
means of 11.57, 11.12, 5.68, and 4.47 mg/L, respectively. The elevated Na* concentration
observed in sample S6 suggests significant water-rock interaction with sodium-rich minerals.
Conversely, the notably high Ca®* concentration in sample S8 indicates the influence of
volcanic lithology, including basalt and andesite. The weathering of Ca**mineral-bearing
contributes to the release of Ca®* ions into the water. These ionic compositions reflect the
weathering of volcanic rock deposits within the watershed.

Furthermore, the major anion, Cl~, ranged from 2.64 to 6.77 mg/L with a mean of 3.90 mg/L.
S0,*" exhibited concentrations between 8.68 and 15.23 mg/L, with an average of 12.71
mg/L. HCO;™ levels are relatively high, spanning 71.31 to 116.74 mg/L and averaging 94.59
mg/L. In general, the anion concentrations of river water samples from highest to lowest
comprise HCO5™, SO427, and CI™. Similar river water samples, groundwater samples mainly
contain HCO3™ as the dominant anion. Nevertheless, the second most prevalent anion is Cl~,
f, followed by S0,%". The mean concentrations analyzed are 75.02, 13.40, and 9.34 mg/L for
HCO;~, S0,27, and Cl~. Comparing anions in these water sources indicates that river water
quality is heavily influenced by human activities in addition to interactions with rocks.

4.2 Hydrogeochemistry in understanding the geogenic impact

4.2.1 Gibbs Diagram

The Gibbs diagram is used to elucidate the primary processes that influence the chemical
composition of Cirasea River water. This diagram plots the ratios of major ions against TDS,
specifically utilizing the ratios of Na*/(Na* + Ca®*) for cations and Cl-/(Cl- + HCO5") for anions
(Gibbs, 1970). By examining the data distribution in the diagram, it is possible to determine
whether the water’s chemical characteristics are predominantly influenced by precipitation,
mineral weathering, or evaporation. The Gibbs ratio values for anions range from 0.218
mg/L to 0.847 mg/L, with a mean of 0.570 mg/L. Conversely, the cation values range from
0.028 mg/1 to 0.111 mg/], with an average of 0.064 mg/l. The diagram indicates that the
Cirasea River water resides within the rock-dominance zone, suggesting that geological
formations and mineral weathering exert significant influence on its chemistry. This means
an interaction between the water and geological materials, including contributions from
the weathering of volcanic and sedimentary rocks in the basin.
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Figure 3. Gibbs Diagram showing the primary process controlling the chemical
composition of the Cirasea River.

The Gibbs analysis indicates that water composition and chemical variation in the Cirasea
River is mainly controlled by water-rock interaction rather than by the effects of precipitation
and evaporation (Figure 3). The chemical dominance of rock weathering indicates the river
is either a groundwater-fed system or an effluent system. This is similar to the research
by Arifin et al. (2021), which discovered that the unconfined aquifer around the upper
Citarum River has hydraulic conductivity between 8.34 x 1077 and 2.19 x 10> m/s and is a
gaining stream system. This shows that the rocks in the study area are permeable, which is
in agreement with the Gibbs Diagram analysis. This also corresponds with the findings of
Nabil et al. (2023) in Baleendah-Soreang in which most of the groundwater samples also
show the dominance of rock weathering processes in the medial-distal zone characterized
by volcanic rock and lake sediment lithology. In the same vein, Nugraha et al. (2019) found
that the groundwater on the southern slopes of Merapi Volcano is dominated by the Ca®*-
Na*-HCO;™ facies, which indicates significant weathering of young volcanic rocks.

4.2.2 Stiff Diagram

The Stiff diagram is a graphical tool used to categorize water samples into hydrochemical
groups based on their primary ions (Kagabu et al., 2011). The shape of the diagram
indicates the relative proportions of various ions, while its size corresponds to the total
ionic concentration, thereby identifying the dominant ion within the sample (Singh and
Gewali, 2010).

The spatial variations of the ion composition along the river segment at the sampling
points (S1-S9) are presented in Figure 4. Pattern diagrams for sites S1-S3 are consistent
in depicting a narrow and elongated morphology, suggestive of relatively low dissolved
ion concentrations with HCO3™ as the dominant anion. This morphological similarity is
explained by similar geological conditions, since all three sites are located within an ancient
volcanic rock formation (Qopu), which represents effusive deposits of past volcanic activity.
On the other hand, the groundwater sample C1, also belonging to this geological unit, is
characterized by Ca** as the major cation and HCO,™ as the major anion. Sample C5, however,
is characterized by a prevalence of Ca?* and Mg?* cations, while HCO;™ is still the dominant
anion. These chemical characteristics show that the groundwater in this segment is still
influenced by the mineral weathering of plagioclase in the volcanic sedimentary rocks.
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Figure 4. Stiff Diagram showing chemical composition and changes along the Cirasea
River

Figure 4 still shows similar pattern for samples S4-S6, which have a narrow diagrammatic
shape and dominated by Ca?* and HCO5~ ions. These samples are located in the volcanic
rocks of Mount Malabar-Tilu (Qmt). This segment shows a similar pattern but with higher
concentrations of Na*, suggesting chemical evolution due to further interactions between
water and volcanic rocks (Maria et al., 2024). Furthermore, Nabil et al. (2023) found that in
this zone, the groundwater is predominantly of CaHCO3; and CaMgHCOs; types, which evolve
to CaNaHCO; through cation exchange processes. The dominant cation in groundwater
samples of C8 and C10 sites is Ca** and HCO," ions respectively. The concentration of
Na* is significantly greater than in the earlier sections of the study. These results suggest
that the water types of river water and groundwater in this segment are similar, but the
hydrochemical types of groundwater are more diverse. Therefore, it can be concluded that
both water sources are affected by the interaction with volcanic rocks in this area.

Samples S7-S9 in the downstream section are dominated by lake sediment rock types (Ql).
The expansion of the polygon in the diagram especially for S7 and S8 indicates an increase in
total ion content and a more balanced distribution between cations and anions. This section
has the highest concentrations of anions in groundwater samples, indicating the longest
interaction with surrounding rock formations. This is consistent with the type of sediment
in the lake, which is clay and known to have low permeability. The high concentration of
Na*+K* and CI” in these points may be due to the mixing of highly mineralized groundwater
and cation exchange reactions where Ca®* in the water was exchanged with Na* from clay
minerals (Putra et al., 2020).

The Stiff diagram demonstrates an evolution of water chemistry from the upstream (S1-S4)
to the downstream (S5-S9). Volcanic sedimentary rocks have a greater influence on the
upstream area. In contrast, the downstream segment (S7-S9) shows hydrogeochemical
alterations due to changes in lithology, land-use practices and anthropogenic influences.
This analysis is in agreement with the land-use conditions (Figure 2). The upstream area
has less settlements than the downstream area of the study site.

4.2.3 Piper Diagram

Hydrochemical facies of river water samples (S1-S9) and groundwater samples (C2, C4,
C8,C10, C11) are presented in a Piper diagram (Figure 5). The analysis shows that the two
types of water are mostly dominated by the cations Ca?* and Mg?*. The dominant anion is
bicarbonate HCO3-. All the samples have Ca** - Mg** - HCO,” water facies. The dominance
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of Ca?* over other cations indicates that the hydrogeochemical features of the study area
are mainly influenced by the weathering of calcium-rich plagioclase minerals in volcanic
rocks (Jude et al,, 2024; Maria et al., 2021). The similarity of water facies between river and
groundwater samples indicates a common hydrogeological influence of volcanic sedimentary
rocks. It is noteworthy that the river water samples S8 and S9 and the groundwater sample
C11 belong to the sedimentary lake rock facies and exhibit the same Ca** - HCO;™ facies.
However, the sample at S8 is different from the other samples. The facies found are consistent
with Nugraha et al. (2019) in the Merapi volcano area and Nabil et al. (2023) in the
Baleendah-Soreang volcano region, where the groundwater in volcanic areas is dominated by
the CaHCO, facies. Furthermore, the hydrochemical characteristics may show anthropogenic
influences as evidenced by the Stiff diagram (Figure 4). The South Bandung area is primarily
characterized by volcanic and lacustrine deposits, exhibiting moderate to high groundwater
potential (Ghiffari & Widodo, 2022). Productive aquifers and groundwater flow systems
significantly influence groundwater-surface water interactions, solute transport, and the
spatial development of water quality in the Cirasea River, especially under the combined
effects of geological conditions and land-use practices.
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Figure 5. Piper Diagram showing the hydrochemical facies of water samples

4.3 Geostatistical analysis to evaluate the impact of geological and land-uses
on water characteristics

Statistical analysis indicates that lithological types significantly influence hydrogeochemical
parameters, underscoring the critical role of geological formations in determining
groundwater chemistry within volcanic aquifer systems. The high regression coefficients,
coupled with notably low p-values (p < 0.01) across nearly all parameters, confirm the
direct impact of geological variability on groundwater quality (Table 3). Specifically, the
rock units Qgpk and Qmt predominantly influence hydrogeochemical parameters: TDS, EC,
Na*, K*, and HCO3". This suggests that these lithologies exhibit strong mineral-weathering
capacity, releasing primary ions into the aquifer. Elevated concentrations of Na* and HCO3™ in
Qmt imply the dissolution of feldspar minerals and carbonation reactions characteristic of
intermediate to felsic volcanic rocks (Hem, 1985; Koesoemadinata & Hartono, 1981).
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Table 3. Statistical analysis of the correlation between hydrogeological parameters,
geological conditions, and land use.

Coef. Std. Err. t P>t 95%Conf Interval
TDS
Geology
Qd 118 7.84 15.05 0 98 138
Qgpk 131 7.84 16.65 0 110 151
Qmt 114 7.84 14.54 0 94 134
Qopu 115 6.40 1797 0 99 131
Land uses
Dry land agriculture 124 4.56 27.08 0 113 134
Settlement 113 5.10 2214 0 101 125
EC
Geology
Qd 179 13.68 13.05 0 143 214
Qgpk 199 13.68 14.51 0 163 234
Qmt 170 13.68 1243 0 135 205
Qopu 175 11.17 1564 0 146 203
Land uses
Dry land agricul- o, 743 2543 0 171 206
ture
Settlement 169 8.30 203 O 149 188
Na*
Geology
Qd 8.71 0.775 1124 0 6.72 10.70
Qgpk 8.69 0.775 1122 0 6.70 10.68
Qmt 10.66 0.775 13.76 0 8.67 12.65
Qopu 9.627 0.633 1522 0 8.00 11.25
Land uses
Dry land agriculture 9.152 0.543 16.86 0 7.87 10.44
Settlement 9.81 0.607 16.17 0 8.38 11.25
K+
Geology
Qd 3.25 0.454 7.15 0.001 2.08 4.42
Qgpk 3.81 0.454 8.37 0 2.64 4,97
Qmt 3.59 0.454 7.9 0.001 2.42 4.76
Qopu 3.22 0371 867 0 2.26 4.17
Land uses
Dry land agriculture 9.15 0.543 16.86 0 7.87 10.44
Settlement 9.81 0.607 16.17 0 8.38 11.25
Ca2+
Geology
Qd 26.07 8.47 3.08 0.027 4.31 47.82
Qgpk 6.73 8.47 0.8 0.463 -15.03 28.49
Qmt 7.37 8.47 0.87 0424 -14.39 29.12
Qopu 10.34 6.91 1.5 0.195 -7.43 28.11
Land uses
Dry land agriculture 15.94 5.54 2.88 0.024 285 29.04
Settlement 791 6.19 1.28 0.243 -6.74 22.55
Mg?*
Geology
Qd 6.44 0.409 1573 0 5.38 7.49
Qgpk 5.48 0409 134 0 4.43 6.53
Qmt 6.75 0.409 16.5 0 5.70 7.80
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Coef. Std. Err. t P>t 95%Conf Interval
Qopu 6.18 0.334 1849 0 5.32 7.04
Land uses
Dry land agriculture 6.10 0.307 19.88 0 5.37 6.82
Settlement 6.34 0.343 1849 0 5.53 7.15
Cl-
Geology
Qd 4.25 0.777 546 0.003 2.25 6.24
Qgpk 3.86 0.777 4.96 0.004 1.86 5.85
Qmt 5.11 0.777 6,57 0.001 3.11 7.10
Qopu 2.88 0.635 4.54 0.006 1.25 4.52
Land uses
Dry land agriculture 3.65 0575 634 0 2.29 5.01
Settlement 421 0.643 654 0 2.69 5.73
S0,
Geology
Qd 11.42 1.90 6.01 0.002 6.54 16.29
Qgpk 9.25 1.90 487 0.005 4.37 14.13
Qmt 10.75 1.90 5.66 0.002 5.87 15.62
Qopu 17.18 1.55 11.09 0 13.20 21.16
Land uses
Dry land agriculture 13.48 1.88 715 0 9.03 17.94
Settlement 11.74 2.11 5.57 0.001 6.76 16.72
HCO, -
Geology
Qd 103.22  4.57 2259 0 91 115
Qgpk 94.615 4.57 20.7 0 83 106
Qmt 112.82 4.57 2469 0 101 125
Qopu 76.66 3.73 2055 0 67 86
Land uses
Dry land agriculture 88.15 6.59 1337 0 73 104
Settlement 102.63 7.37 1392 0 85 120

Bold text highlights significant relationships that contribute most positively,

The coefficient (Coef.) quantifies the extent to which explanatory variables (geology and
land use) influence output parameters (concentrations of parameters). The standard error
(Std. Err) reflects the variability present among the sample values. The t and P>t values
evaluate the significance of this relationship. The [95% Confidence Interval] helps determine
whether to reject or accept the correlation. If the P-value < 0.05 and the values between 95%
confidence interval are not included 0, it indicates a significant correlation. If the P-value
> 0.05 and the values within the 95% confidence interval include 0, it suggests that none
of them are significant or related. Then the results of the land-use correlation analysis of
hydrogeochemical parameters show that land use has a significant effect. In particular,
dryland farming and residential land use have different effects on the chemical composition
of groundwater and this reflects differences in human activities at regional scales. Correlation
analysis indicates that land use has a significant effect on the hydrogeochemistry of
groundwater in volcanic aquifers. The greatest TDS (124) and EC (189) coefficients are
observed in the dryland agricultural zone, indicating the significant importance of this land
cover for these parameters. This is because of intensive use of fertilizers and pesticides, and
faster weathering of soil minerals due to agricultural activities (Sridharan & Senthil Nathan,
2017; Virnodkar et al., 2024). The increased levels of K* and SO,%~ in the agricultural regions
point towards elevated concentrations of ions in the agricultural inputs (Gugulothu et al.,
2022; Sridharan & Senthil Nathan, 2017; Virnodkar et al., 2024).

Residential zones contributed more Na*, CI~, Mg and HCO, ions. The high Na* and CI
levels are likely to be related to the outputs of domestic waste (Mester & Szabo, 2025).
The higher concentration of HCO3;™ (102.6 mg/L) suggests carbonate dissolution due
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to anthropogenic activities entering the local drainage systems (Talabi, 2022). Dryland
agriculture has a significant effect on calcium ion p = 0.024 while residential areas are not
statistically significant p = 0.243. This indicates that calcium ions are more influenced by
natural geogenic processes and dryland farming than by human or domestic sources in
residential areas (Jibitha & Joseph, 2023; Samal et al., 2023).

5. Conclusions

The hydrogeochemical assessment of the Cirasea River and its groundwater in the upper
Citarum River Basin shows the complex interaction of natural geologic processes and
human activities affecting the water quality. The chemical composition of river water and
groundwater samples is Ca?*-Mg?*-HCO3"~ facies which indicates geochemical interactions
with regional rocks, especially the weathering of calcium-rich rocks in volcanic formations.
The hydrochemical changes are presented in Stiff diagrams, which show the changes along
the river course from upstream to downstream. The upstream part is still relatively clean but
the downstream parts are affected by human activities, which change the water chemistry
with increased concentrations of ions like Na*, CI7, K* and SO,%". Moreover, statistical analysis
of hydrogeochemical data and land-use information suggests that these factors significantly
influence the concentrations of major cations and anions. The types of rocks in the basin
have a high capacity to weather minerals and release primary ions into the aquifer system.
In addition, agricultural and domestic waste contributes to the dissolved ion content of the
river water. The distinct hydrochemical patterns observed in various sections of the river
underscore the significance of accounting for both natural and anthropogenic influences
when assessing the sustainability of water resources within volcanic aquifer systems.

The above mentioned hydrogeochemical characteristics and impacts are mainly for dry
season conditions, which are expected to be the most vulnerable condition for water quality.
However, temporal variability needs to be studied in future work, including the wet season,
for a more comprehensive understanding of hydrogeochemical dynamics in the Cirasea
sub-watershed. The results further emphasize the importance of targeted management
and monitoring strategies, particularly for sub-watersheds (e.g., Cirasea) that are important
for recharge processes but that are often neglected in research. Further, this study raises
a number of new research questions for future studies, such as analysis of long term
trends of specific pollutants under different seasonal and land use conditions, modeling
of contaminant transport pathways from agricultural, domestic and industrial activities,
assessment of effectiveness of potential mitigation techniques such as riparian buffers and
natural adsorbents, and study of temporal variability between dry and wet seasons for
better understanding of recharge dynamics.
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