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Abstract. Relevance. The distribution of clean water that meets acceptable standards is highly needed for public health.
However, in many regions of the world, including the eastern part of Java Island (Indonesia), in the East Java province,
Sidoarjo, where the world’s largest mud volcano has been active since 2006, this is a significant challenge. This area has
a high population density that makes a constant demand for quality drinking water. The ongoing LUSI mud volcano has
greatly complicated the issue of the domestic and drinking water supply. As a result, Sidoarjo faces serious challenges,
especially given that the only water treatment company - PDAM Delta Tirta Sidoarjo - can serve only 37% of the population.
At the same time, the rest of the population must find reliable access to clean water independently. Aim. To analyze the
physicochemical characteristics of groundwater around the LUSI mud volcano in Sidoarjo, East Java, Indonesia, and assess
the associated health risks from chemical exposure. Methods. Groundwater samples were analyzed for various chemical
compounds, and a pollution index was calculated to classify water quality. Additionally, the method recommended by the US
Environmental Protection Agency was used to assess the health risks of chemical exposure, including evaluating potential
cancer risks. Results and conclusion. An analysis of the groundwater conditions in the area surrounding the world's largest
mud volcano, LUSI (Indonesia), was conducted using data obtained by the authors in 2024 and earlier. The authors calculated
groundwater saturation concerning various minerals, water quality indices, and health risk assessments associated with
water usage. The study revealed that the chemical composition of the examined groundwater is characterized as calcium
chloride type, with the overall quality being classified as heavily polluted, particularly due to elevated levels of chlorides and
manganese. Based on the Hazard Quotient and Hazard Index, it was determined that the high concentrations of manganese
pose a non-carcinogenic health risk, especially for children. Additionally, the Cancer Risk Index analysis showed that, at
present, the mercury content in the studied groundwater does not pose a significant health risk. However, ongoing
monitoring and remediation of water sources in the LUSI area are highly required to improve groundwater quality as a
source of clean water.
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Hay4nas ctaTba

OneHKa KayecTBa TPYHTOBBIX BOJ, M PUCKA AJ1s1 340POBbs B pailoHe
rpaseBoro ByJsikaHa JIrocu B Cugoapa:xo, Bocrounas fiBa, UHaoHe3u:
Ha NYTH K YCTONYMBOMY 06ecCrie4eHUI0 YMCTOU BOAbI
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2YHueepcumem I'adxca Mada, HHAoHe3us, 2. [[xncokbsakapma

“ilhamadiyaksa@gmail.com

AnHoTanus. AkmyaabHocms., COOTBETCTBHE BOJbI, UCIIOJIb3YeMOH [/ XO3HCTBEHHO-IUTBbEBBIX LieJiel, yCTaHOBJIeHHbIM
HOpMaTHBaM KayecTBa fBJISETCS HeO6X0AUMBIM yCI0BUMEM obecreyeHus 3/10poBbsl HacejeHUs. OJHaKO BO MHOTMX peruo-
Hax MHpa, BKJO4Yass BOCTOYHYIO 4acTb ocTpoBa fIBa (MHAoHe3us), npoBUHLUsA BocrouyHas fIBa, okpyr Cuzoapaxo, rae c
2006 r. dyHKUMOHUPYET KPYNHEUIINH B MUpe T'Psi3eBOH BYJIKaH, 3TO NPeJCTaBJseT cO60H cepbé3Hylo npobyemy. Ha aToi
TepPPUTOPHUHU BBICOKAS IJIOTHOCTD HAaceJIeHHUs, YTO ONpeJiesisieT NOCTOSHHYI0 MOTPeGHOCTh B KaYeCTBEHHON UTHEBOH BOJIE.
Ho ¢yHKylMoHHpOBaHUe rpsA3eBOro BysKaHa JIIOCH CyLleCTBEHHO YCJOXHSET NpobJeMy X03HCTBEHHO-NIUTHEBOTO BOJO-
cHabxeHUs. B pesysbraTe okpyr CHAo0ap/Xo CTaJKUBAeTCs C Cepbe3HBbIMU NMpo6JieMaMH, 0OCOOEHHO C Y4eTOM TOTO, YTO
eJJMHCTBeHHast KoMnaHwus no BogonoaroroBke - PDAM Delta Tirta Sidoarjo - cnoco6Ha 0XBaTUTb ToJIbKO 37 % HacesieHus], B
TO BpeMs KaK OCTaJ/IbHasl YaCTb HaceJleHHUs J0/DKHA CaMOCTOSATe/IbHO UCKaTh HaZeXKHbIH JOCTYN K 4MCTOM Boge. IJesnwb, AHa-
Ju3 PU3NKO-XMMHUYECKUX XapaKTEePUCTUK IPYHTOBBIX BOJ, BOKPYT rpsizeBoro ByJikaHa Jltocu B Cugoapaxo, Bocrounas fBa,
WHp0He3us, 1 OljeHKa CBSI3aHHBIX C 3TUM PHUCKOB J/I51 3/[0POBbsI HaceJeHUsl OT XMMHUYECKOT0 BO3/leHCcTBUSA B Bojie. Memoadul.
MeToAb! onpesiesieHUsI XMMHUYECKOT0 COCTaBa I'PYHTOBBIX BOJ, (TUTPUMETPUYECKUH, TYpOUJMMeTpUYeCcKe U Jpyrue), cTa-
TUCTHYECKHEe MeTO/ibl, COIOCTaBJIeHUe C MHJeKCaMU 3arpsi3HeHus, NpuHATbIMU B UHAoHe3uu u CUIA. Pesysemamel u 3a-
K/104eHue. [1poBe/ieH aHa/IM3 COCTOSIHUS IPYHTOBBIX BOJ, B palioHe KpyNHeHIlero B Mupe rpsiseBoro ByJikaHa Jlrocu (MHz0-
He3Hs) C y4eTOM JaHHBIX, I0JIy4YeHHbIX aBTOpaMy B 2024 r. u paHee. BbIIoJIHEHBI pacyeThl HACHIILEHHOCTH IPYHTOBBIX BO/J,
OTHOCHUTEJIBHO PsiJla MUHEPAJIOB, pacyeThl HH/EKCOB KauecTBa BO/bl U PUCKOB BO3HUKHOBEHHUS 3a60JIeBaHUN NPU UCIOJ/b-
30BaHHUU BOJbI U NMOAPOGHBIN aHAIN3 MOJYyYeHHBIX MaTeprasoB. [loka3aHo, YTO U3y4eHHbIe 'PYHTOBbIE BOABI 110 XMMHY e-
CKOMY COCTaBy XapaKTepU3YITC KaK XJOpUJIHbIe KaJblMeBble, a UX Ka4eCTBO OLleHHUBaeTCs KaK HeyJ0BJeTBOPUTEJIbHOE.,
0COGEHHO I10 COJlepXKaHHUsAM XJOPUJ0B U MapraHia. YCTaHOBJIEHO, YTO [0 BeJUYMHEe KO3QPHUIMeHTa ONacHOCTH U HHJIeKca
ONAaCHOCTH MOBBIIIEHHbIE KOHIEHTPALMK Mn npeJcTaB/siOT HeKaHLepOTeHHBIN PUCK AJ1S 30POBbsi, 0COGEHHO JJIs ieTeH.
Tak>ke BBIIIOJIHEHBI pacyeThbl HH/EKCa PUCKA paKa. AHa/IM3 OJy4eHHbBIX pe3yJIbTaTOB [I0Ka3aJl, 4TO B HacCTOALlee BpeMsd 10
CoJlep>KaHUI0 PTYTH U3y4eHHbIe TPYHTOBBIE BOJbI HE NPEJICTABAAI0T 3HAaYUTEJbHON ONaCHOCTH, HO TpeOyeTCs MOCTOSTHHBIN
MOHHUTOPUHT BOJHBIX 06 BEKTOB U PEKYJIbTUBALUU 3eMejib B paiioHe Ipsi3eBoro ByJKaHa JIlocH AJjs yaydlleHUs KadecTBa
IPYHTOBBIX BOJ.

KioueBble c0Ba: yucTas BOJa, JItocu, KauecTBO TFPYHTOBBIX BO/J, UHAEKC 3arpA3HAIINX BEeIeCTB, PUCKU AJid 3J0POBb4,
PUCK BOSBHUKHOBEHHA paKa

BusiaroaapHocTh: HccnegoBanue 66110 yacTUuHO npoduHaHcupoBaHo VODAKU, MosiofexHOM opraHy3anuy, 6a3upyoiiei-
ca B Cuzioap/pxo, B paMKax ee 06pa3oBaTe/IbHbIX U UCCIe[0BATEIbCKUX UHULUATHB.

Jia nutupoBanusa: Unxawm Ilytpa Azxbsikca, M. Xakikan Pasu. OueHka KauecTBa IPYHTOBBIX BOJ, M PUCKa JJisl 3/l0pOBbsl B
palioHe rpsizeBoro ByJikaHa Jltocu B Cupoapmxko, BoctouHaa fIBa, UH0He3usA: Ha MyTH K YCTOHYMBOMY O6ecCredyeHHI0 YU-
ctoit Bogpbl // U3BecTusi TOMCKOro MOJIMTEXHUYECKOTO YHUBepcUuTeTa. MHXKUHUPUHT reopecypcoB. — 2025. - T. 336. - N2 8. -
C.7-20.DOI: 10.18799/24131830/2025/8/4827

Introduction practices and industrial activities, and, in general,

Clean water is one of the key factors for
maintaining human health, environmental
sustainability, and even economic stability, as outlined
in the 6™ objective of the SDGs. It is critical for
preventing a wide range of diseases by ingesting the
body as drinking water, supporting agricultural

ensuring quality of life. Many studies have been
conducted to analyze the impact of water quality on
human health conditions [1-3]. The current issue of
population growth makes the problem of clean water
increasingly urgent. Indonesia, with a population of
over 280 million, still faces limited access to clean
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water.  Environmental issues such as waste
contamination in water bodies make the issue of clean
water particularly relevant [4]. Inadequate access to
clean water and neglecting the quality of water in
general can lead to serious impacts, including increased
health problems, decreased sanitation, loss of
biodiversity, and hindered economic growth [5-6].

Groundwater is vital for providing clean water,
especially in countries like Indonesia, where access to
reliable surface water sources can be limited. A report
from UNICEF Indonesia in 2022 stated that 37% of
households in Indonesia, which amounts to around
100 million people, depend on self-supplied water [7].
In Sidoarjo, this self-supplied water is sourced primarily
from groundwater and is financed and managed
independently by each household. As the population
increases and urbanization accelerates, the water
demand rises. In Indonesia, with its vast archipelago and
diverse geography, groundwater plays an essential role
in sustaining communities, especially during dry seasons
when rivers and reservoirs are depleted [8]. However,
the quality and availability of groundwater are
increasingly threatened by over-extraction, pollution,
and environmental degradation [9].

In Sidoarjo, particularly around LUSI (abbreviation
for Lumpur Sidoarjo) mud volcano, the condition of
groundwater has become a significant concern due to
current environmental challenges. LUSI eruption,
which began on May 26", 2006, following a drilling
operation by PT Lapindo Brantas, which is believed to
have triggered the event, led to widespread
contamination and disruption of local water resources
[10, 11]. The continuous discharge of hot mud, rich in
various minerals and chemicals, contaminated water
resources, degrading their quality, and making them
less suitable for consumption [12]. At the same time, as
the primary clean water provider in Sidoarjo, PDAM
Delta Tirta Sidoarjo currently faces significant
challenges in meeting the water needs of the local
population. The company can only supply clean water
to about 37% of the Sidoarjo population, leaving most
of the population reliant on alternative water sources,
such as groundwater, with quality uncertainty.

Previous research conducted in 2022 on the
groundwater  conditions around LUSI showed
significant concerns regarding water quality [1, 10].
The study focused on areas surrounding the mud
volcano, particularly in Tanggulangin and Porong,
Sidoarjo, where groundwater samples were collected
from wells. The analysis highlighted elevated levels of
contaminants, such as a high concentration of chloride
and heavy metals. The presence of elements like Fe,
Mn, and Hg in concentrations exceeding safe drinking
water standards raised alarms about the potential health
risks to the local population, particularly for children
and vulnerable groups.

Comparing this with earlier data from 2012, a
similar trend of groundwater contamination was
observed, although the levels of certain pollutants have
fluctuated over the years [11]. The 2012 study
indicated high concentrations of Na*, CI, and HCO;,
along with the heavy metals. These findings suggest a
persistent and possibly worsening contamination of
groundwater resources over the decade, underscoring
the long-term environmental impact of the LUSI
disaster.

This research aims to analyze groundwater
physicochemical characteristics around LUSI mud
volcano in Sidoarjo. By examining the levels of
various chemical parameters, this study aims to assess
the overall quality of groundwater using the Pollution
Index (PI) method. Additionally, the research seeks to
evaluate the potential health risks associated with
chemical exposure, particularly for the local population
who rely on this groundwater for daily use. This
analysis is highly needed due to the ongoing
contamination risks posed by LUSI, the lack of water
management by PDAM Delta Tirta, and the ongoing
issue of climate change, which continues to impact the
environment and public health. Understanding these
aspects is essential for developing effective strategies
to mitigate the contamination, safeguard water
resources, and protect the health of the residents in this
heavily affected area.

Methodology
Geology and hydrogeology of the study area

Sidoarjo is located within the East Java basin,
which is covered by sedimentary rocks from the
Quaternary to the Miocene periods, with depths up to
6000 meters [13]. Regionally, Sidoarjo is located in the
Kendeng basin as part of the Central Depression Zone
of Java due to the collision between the Eurasian and
Indo-Australian Plates. This collision has resulted in
numerous active faults in this area, including the
Watukosek one, which extends from the southwest to
the northeast and is prominent in the Kendeng zone. It
traverses Mojokerto, Gresik, and extends to the
western part of Madura. It leads to the formation of
additional faults, such as a fault that crosses Banjar
Panji to Kujung [14]. Additionally, Sidoarjo is located
in the delta region of the Brantas River, between its
branches — the Surabaya and Porong rivers, with a flat
terrain within Sidoarjo ranging from 23 to 32 meters
above sea level, while the surrounding regions are
mountainous.

Hydrogeochemical sampling

A total of five well samples were carefully
collected from various locations within the LUSI area,
with the groundwater depth ranging from 3-5 meters.
The area of sampling was in Kali Tengah village,
Tanggulangin, Sidoarjo, East Java.
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The standard procedures were applied, and the
water samples were collected in clean and dry
polyethylene bottles with a capacity of 1.5 liters. These
samples were then transported to the laboratory.

The coordinates of the samples are shown in Table
4, and the scheme is in Fig. 1. Samples were taken on
August 9" 2024, during the dry season. All wells
tapped into alluvial deposits composed of clay, sand,
and gravel, previously used for drinking purposes.

Table 1. Methods used for chemical analysis of
groundwater
Ta6auya 1. Memodsl XuMu4ecko20 AHAIU3a 2pyHMOo8bIX 800
Parameter/Ilokasartesb Method/MeTozsl
Caz+ SM APHA 23 Ed., 3120 B, 2017
Mg+ SM APHA 23 Ed,, 3120 B, 2017
Na* SM APHA 23 Ed, 3120 B, 2017
K* SM APHA 23" Ed, 3120 B, 2017
HCOs3- Q1/LKA/06 (Titrimetric)
S042- SNI 6989.20.2019
Cl- SNI 6989.19.2009
Fe SM APHA 23 Ed., 3120 B, 2017
Mn SM APHA 23 Ed, 3120 B, 2017
Hg Q1/LKA/116
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Layout of groundwater sampling points near LUSI, Sidoarjo, East Java, Indonesia in August 2024
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All groundwater samples were analyzed in the
Environmental Laboratory of Jasa Tirta |, Malang, East
Java. The analysis included Ca®*, Mg*, Na', K',
HCOs, CI', 8042‘, Hg, Mn, and Fe. Methods used for
the analysis are shown in Table 1. Field measurements
included water temperature, pH, total dissolved solids
(TDS), and salinity.

Pollutant Index (PI) calculation

Managing water quality by utilizing the Pl
calculation is highly recommended to inform and guide
decisions aimed at addressing the decline in water
quality. The PI provides a comprehensive assessment
of contamination levels [15]. The calculation involves
several steps as follows:

Step 1. Determine the C value for each parameter

Calculate the C value for each parameter to
understand the correlation between the standard values
and laboratory results. This is done using Equation (1)

)

where C is the comparison of the chemical
concentration from laboratory analysis to the standard,;

c=4

Lij'
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C; is the chemical concentration based on laboratory
results (mg/L); Lj; is the chemical concentration based
on the standard (mg/L).

Step 2. Recalculate parameters with C values
greater than 1

For parameters where C>1, recalculate C using
Equation (2)

C,=1+PlogC, 2

where C, is the revised comparison of chemical
concentration with the standard; P is the constant value
of 5; C is the result from Equation (1).

Step 3. Calculate PI

Calculate the PI using Equation (3)

Pl = ’Cn (max)22+cﬁ (avg) ' (3)

where Cymay IS the maximum C, value from a
sample; Cnayvg) IS the average C,, value from a sample.

The PI value is an instrument for determining the
extent of water contamination. Water quality is
classified into four groups based on the Pl value,
providing a clear framework for assessing and
managing water safety (Table 2).

Table 2. Classification of water contamination based on

Pl value

Ta6auya 2. Kaaccugpukayusi 3azpsiaHeHust 800bl HA OCHOGe
3HaveHus Pl

Health Risk Assessment due to Chemical Exposure

In this study, the evaluation of non-carcinogenic
health risks was carried out by examining the daily
intake of metals present in groundwater, including Hg,
Mn, and Fe, around LUSI and calculating the Hazard
Quotient (HQ) for various population groups. The
specific groups considered in the assessment are
detailed in Table 3. These groups were selected to
represent typical scenarios in the Sidoarjo area near
LUSI.

The parameters used for these assessments are
detailed in Table 3. The health risk evaluation utilized
a method recommended by the United States
Environmental Protection Agency (US EPA), as
described in [3]. The assessment process begins with
calculating the daily intake of contaminants using
Equation (5)

CxIRxFExXxTE 1
. ©)
where 1 is the daily contaminant intake (mg/kg-day); C
is the concentration of contaminant (mg/L), in this case
concentration of Fe, Mn, and Hg; IR is the ingestion
rate of water (L/day);

FE is the frequency of exposure (308 days/year);
TE is the time of exposure (years); WT is the weight of
the consumer (kg); TA is the time average (days).

Table 3. Calculation of health risk parameters for several

cases

Ta6auya 3. Pacuem napamempos pucka 0415 300po8bs 0415
HeCKOo/IbKUX Cay4Haes

Pl value/3HaueHue Pl Classification/Kinaccudpukauust
0-1.0 Clean/Yucras
1.1-5.0 Lightly polluted/Csia6o 3arpsisaneHHast
5.1-10 Moderately polluted/YMepeHHo 3arpsi3-
HeHHasi
>10 Heavily polluted/CuibHO 3arpsA3sHeHHas

Saturation Indices

The saturation indices (SI) of groundwater for
various minerals are calculated using the constants
method, as outlined in [16]. The formula used for this
calculation is provided in Equation (4)

SI =1gPA — 1gKyeq, (4)

where Sl is the saturation Index; K is the constant of
non-equilibrium; PA is the product of the activities of
the interacting substances, excluding the mineral series.

The Sl results indicate the chemical equilibrium
trends between water and minerals and describe the
interaction between groundwater and rock. If the Sl is
negative (SI<0), it suggests that minerals are
continuously dissolving into the groundwater. If the SI
is positive (SI>0), it indicates that minerals are
precipitating out of the water. When the Sl is near zero,
minerals are in a stable equilibrium state.

Lo —
ey — [ . O8's
Slw2 E|EE | FEE
—~3ols B Sl e =238
S | E o|lw Z|E 2 S 3T s
.:gozaigaﬁﬁe;s
Parameters for calculation |& & E) o E = ga% 5. SERE
TNapamerpsl gnsi pacieta |2 F|= Z| 5 El5E8E| 85 89
SEISESE| L= 8 5§ E 2
Exlg Sl<S|sc® PSgT
S 0| & g ol e & o = o
= H|Y g Q| = g A s o2
|5 8 o= S T oz
5 S Qs a L o3
= < 9 mn X
2,
FE - frequency of exposure
(days/year) yacToTa Bo3- 308 | 308 | 308 | 308 308
JleficTBUA (AHeH /rox)
IR - ingestion rate of water
(L/day) 078|181| 37 | 34 3.7
06beM noTpe6IeHNs BOJbI
(s1/neHb)
WT - Weight of consumer (kg) 3361576 | 59 53 485
Bec noTpe6uTes (Kr)
Source: [3]/Hcmounuk: [3].
The HQ is calculated using Equation (6)
1
HQ=—, (6)

RfD

where RfD is the reference dose (mg/kg-day), for Fe is
0.7, Mn is 0.14, Hg is 0.0001, and CI" is 0.204.
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To determine the Hazard Index (HI), the sum of the
HQ values for individual metals is calculated using
Equation (7)

HI =X HQ = HQp, + HQypn + +HQpy, ©)

where HI is the Hazard Index.

HQ<1 indicates that water consumers in the study
area are unlikely to experience specific adverse health
effects, whereas HQ>1 suggests a potential risk of
harmful effects. The HI offers a cumulative assessment
of the combined HQs for all metals present, with HI>1
indicating a potential non-carcinogenic health risk,
while HI<1 suggests no significant health risk.

The Cancer Risk (CR) from mercury (Hg)
contamination is calculated using Equation (8):

CR =1 x SF, (8)

where SF is the oral slope factor (mg/kg-day), with
values of 1 for Hg [17].

Results and discussion
Physicochemical characteristics
of groundwater around LUSI

The physicochemical characteristics of groundwater
refer to the physical and chemical properties that define
the quality of groundwater. These characteristics are
essential in assessing the suitability of groundwater for
various uses, including drinking or other hygiene
purposes. Table 4 shows the result of the analysis of the
physicochemical characteristics of groundwater around
LUSI in August 2024. The average pH of the
groundwater is 6.85, which is still within the acceptable
standard range. The highest pH value measured is 7.44
in AL-2, while the lowest is 6.52 in AL-4. The average
electrical conductivity (EC) of groundwater in this area
is 4648.4 uS/cm, with the highest value of 7850 uS/cm
in AL-5 and the lowest measured of 1342 uS/cm in AL-
1. The average TDS of groundwater is 2321.6 ppm, with
a maximum of 3920 ppm in AL-5 and a minimum of
668 ppm in AL-1. For the major ions, the average
concentrations are as follows: Ca" at 248.8 mg/L, Mg**
at 34.61 mg/L, Na" at 104.38 mg/L, K" at 44.194 mg/L,
HCO; at 199.6 mg/L, SO,* at 11.01 mg/L, and CI at
1886 mg/L. Among these, chloride is the highest anion,
and calcium is the highest cation. While for heavy
metals, the average concentration of Mn is 0.349 mg/L,
Hg is <0.00003 mg/L, and Fe is 0.0266 mg/L.

Comparing the current groundwater quality state in
the area of LUSI with the results of previous researches
from 2022 and 2012 shows several trends [10, 11]. The
average pH has increased from 6.52 in 2022 to 6.85 in
2024. EC has risen significantly from 1.203,8 uS/cm in
2022 to 4.648,4 pS/cm in 2024. Ca®* concentrations have
also increased from 104.94 mg/L in 2012 to 248.8 mg/L
in 2024, while Mg?" has risen slightly from 31.14 mg/L in
2022 to 34.61 mg/L. In 2024, Na" has decreased from
282.97 mg/L in 2012 to 104.38 mg/L, and K has risen
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from 27.43 mg/L in 2012 to 44.194 mg/L. HCO; levels
have drolzoped from 508.46 mg/L in 2012 to 199.6 mg/L,
and SO, has decreased from 21.25 mg/L in 2012 to
11.01 mg/L in 2024. CI" has surged from 593.94 mg/L in
2012 to 1886 mg/L on average in 2024. Mn levels
decreased from 1.4424 mg/L in 2022 to 0.349 mg/L in
2024. Hg levels have decreased from 0.00598 mg/L in
2022 to 0.00003 mg/L, after rising from 0.00241 mg/L in
2012. Fe has decreased from 0.452 mg/L in 2022 to
0.0266 mg/L in 2024, having increased from
0.00122 mg/L in 2012.

The changes in the physicochemical characteristics
of groundwater around LUSI in Sidoarjo, East Java,
Indonesia, from 2012 to 2022 and 2024 can be affected
by several factors. Geographical variations among
sampling points affect the concentration levels of
physicochemical characteristics [18]. The elevated
chloride levels are likely a result of seawater intrusion.
The AL-5 site exhibits the highest CI™ concentration due
to its proximity to the sea, located to the east of LUSI.
Moving westward, compared with 2022 research,
chloride levels decrease, though they remain generally
high throughout the area. Local cultural attitudes toward
water quality, marked by a lack of sufficient care and
awareness, also play a significant role [19]. This may
contribute to the presence of heavy metals and their
concentration in the water, potentially worsening the
overall water quality. Additionally, the lack of adequate
water and wastewater management systems exacerbates
these changes. The ongoing LUSI may further affect
groundwater quality [10]. Moreover, climate change
contributes to variations in groundwater quality by
changing precipitation patterns, increasing the frequency
of weather events, and affecting water table levels, all of
which can affect the concentration and distribution of
contaminants in groundwater [20, 21].

Groundwater type around LUSI

The interpretation of groundwater chemistry can be
approached using various methods, including the
Kurlov method. The results of each groundwater
chemical composition analysis are commonly
represented using the Kurlov formula. This formula
provides a generalized characterization of the chemical
composition of a single water analysis. The main part
of the formula is in the form of a fraction, where the
numerator lists the percentage-equivalent
concentrations of anions in descending order, and the
denominator lists the cations [22]. The unit conversion
of all major ions of groundwater is shown in Table 5.

In the brief water classification according to the
Kurlov formula (based on ion composition), all ions
with concentrations equal to or exceeding 25 percent
equivalents are included. The water composition is
named in ascending order, starting with ions of lower
concentrations, and moving towards the dominant ions,
first for anions and then for cations.
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Table 4. Physicochemical characteristics of groundwater around LUSI, Sidoarjo, East Java, Indonesia in August 2024
Ta6auya 4. Pusuko-xumuyeckue xapakmepucmuku 2pyHmossix 800 gokpye Jlrocu, Cudoapdsico, Bocmounas Aea, HHOoHe3us 8
aszycme 2024 2.
Indicator Unit Standard Sampling points/To4yku oT60pa npo6
[TokasaTe/b Ex. u3m Crangapt AL-1 I AL-2 I AL-3 | AL-4 AL-5
Sampling time
Nara - - 09/08/2024
Latitude . - ~7,510890 -7,510745 ~7,512194 ~7,516542 -7,518638
[llupoTa
Longitude o - 112,711 112.713 112.717 112.726 112.733
Jlosrora
Ta °C +3 28 28 28 28 28
Tw °C B 27 27.2 27.2 27.6 27.6
pH - 6.5-8.5 6.94 7.44 6.78 6.52 6.59
EC uS/cm - 1342 5890 2110 6050 7850
TDS 500 668 2950 1050 3020 3920
Salination bpm - 667 2970 1050 3060 3950
3acosieHune % - 0.06 0.29 0.12 0.3 0.39
Caz+ - 116.3 311.6 173.8 334.4 307.9
Mg - 24.57 29.07 3591 51.63 31.88
Na* - 129.6 84.15 86.4 90.95 130.8
K* - 25.38 42.52 27.77 57.49 67.81
HCO3- - 201.9 145.2 159.2 249.5 242.2
502 mg/L 250 6.605 6.678 15.87 8.039 17.86
Cl- 250 246 2216 542 2733 3693
Mn 0.4 0.3046 0.0925 0.4214 0.8453 0.0854
Hg 0.001 <0.00003 <0.00003 <0.00003 <0.00003 <0.00003
Fe 0.3 <0.0208 0.0414 <0.0208 0.0291 <0.0208

The Standard used was from the Regulation of the Minister of Health of the Republic of Indonesia No 32, 2017 concerning
Environmental Health Quality Standards and Water Health Requirements for Sanitation Hygiene Purposes, Swimming Pools,
Solus per Aqua, and Public Bathing.

HcnosvzoeanHblli cmaHdapm 83s1m u3 [locmaHoe/eHust MuHucmpa 3dpasooxpaHerusi Pecny6auku HHdoHe3usi N2 32 om 2017 e.
0 cmaHdapmax kavecmea okpyxcarujeti cpedbl U mpe6o8aHusix K kauecmay 800bl 0415 Yyeaelli cCaHumapuu U 2u2ueHbsl, naaea-
mesbHbIX 6acceliHos, Solus per Aqua u 06wjecmeeHHbIX KynaHut.

Table 5. Unit of major ion conversion for the Kurlov formula
Ta6auya 5. EduHuysi nepesoda 0cCHOBHO20 UOHA 0151 hopmyabl Kypaoea
No EE‘E;M Caz* Mg2+ Na+ K+ Ci‘;‘fqa(g ) HCOs- cr 5042~ cilﬂfla( ()_)
AL-1 mg-eq/1 5.82 1.01 5.63 1.3 13.76 3.31 6.94 0.14 10.39
% 42.25 7.35 40.94 9.46 100 31.87 66.81 1.32 100
AL-2 mg-eq/] 15.58 0.73 3.66 2.18 22.15 2.38 62.51 0.14 65.03
% 70.35 3.28 16.52 9.85 100 3.66 96.13 0.21 100
AL-3 mg-eq/1 8.69 0.92 3.76 1.42 14.79 2.61 15.29 0.33 18.23
% 58.75 6.23 25.4 9.63 100 14.32 83.87 1.81 100
AL-4 mg-eq/1 16.72 1.46 3.95 3.48 25.61 4.09 77.09 0.17 81.35
% 65.29 5.69 15.44 13.58 100 5.03 94.77 0.21 100
AL-S mg-eq/] 15.4 0.52 5.69 3.48 25.08 3.97 104.17 0.37 108.52
% 61.38 2.08 22.67 13.86 100 3.66 96 0.34 100

Based on Table 5, the Kurlov formula for

sodium-calcium chloride water, slightly brackish

groundwater in LUSI area can be expressed as follows: water);
* groundwater in AL-1 is classified * groundwater in AL-4 is classified
asM 0,75 o 26+6’81 105 31,87 pH 6,94 (sodium- asM 3,53 L on77 pH 6,52  (magnesium-
Ca?%42,25 Nat40,94 Ca?%65,29 Nat15,44

calcium hydrocarbonate-chloride water, fresh water);
groundwater in  AL-2 is classified as

Cl796,13 .
M 2,84 o s naries PH 744 (sodium-

calcium chloride water, slightly brackish water);
groundwater in AL-3 is classified

Cl—83,87 HCO3 14,32 .
asM 1,04 2 pH 6,78  (magnesium-
Ca?*58,75 Na*25,4

sodium-calcium chloride water, salty water);
groundwater in AL-5 is classified

Cl796 .
asM 4,49 ¢ PH 6,59 (sodium-
calcium chloride water, salty water).

According to the Kurlov formula, the chemical

composition of groundwater in LUSI area in Kali
Tengah, Sidoarjo, East Java, as described by O.A.
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Alekin [23], indicates that all sampling points are
classified as calcium chloride types. In terms of
mineralization, the groundwater is categorized as fresh
water at one location (AL-1), slightly brackish water at
two locations (AL-2 and AL-3), and salty water at two
locations (AL-4 and AL-5), as detailed in Table 6. The
pH levels, as reported [24], are neutral (6.5-7.5) at
three locations (AL-1 to AL-3) and slightly acidic
(5.0-6.5) at two locations (AL-4 and AL-5). The Piper
diagram is shown in Fig 2.

The comparison between the current research on
groundwater in LUSI area and the 2022 study in
Sidoarjo demonstrates similarities and differences [10].
The current research classifies the groundwater as
calcium chloride types, with mineralization ranging
from fresh to slightly brackish and salty, and pH levels
varying from neutral to slightly acidic. In contrast, the
2022 study characterizes groundwater as primarily
fresh with increased mineralization, with a specific
point showing a slightly brackish condition. The 2022

study also identifies different water types, including
calcium bicarbonate and sodium chloride, with one
point reflecting marine-like conditions. Additionally,
pH levels in the 2022 study range from slightly
alkaline to neutral and slightly acidic.

The differences between the current and 2022
studies can be attributed to several factors. In LUSI
area, ongoing geological processes such as mudflow

may have influenced groundwater chemical
composition and mineralization, as well as the seawater
impact on groundwater, leading to a higher

classification of salty water. The current study
classification might reflect more recent changes in
groundwater quality due to environmental factors. The
local hydrology, land use, and potential pollution
sources also play a role in shaping the chemical
characteristics of groundwater [25-27], thus, it is
highly recommended to conduct a more comprehensive
groundwater condition assessment in this area.

o Groundwater at LUSI

\L

100 80 60 40 20 0 0 20

Calcium (Ca?")

Fig 2.

40 60 80 100

Chloride (CI7) + Fluoride (F")

Piper diagram of groundwater in LUSI area in Sidoarjo, East Java, Indonesia

Puc. 2. (Cxema mpy6onpogoda 2pyHmMogbIx 800 8 patioHe Jltocu 8 Cudoapdrco, BocmouHas Hea, HHdoHe3us
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Table 6.

Calculation of the PI for groundwater around LUSI in August 2024

Ta6auya 6. Pacuem uHdekca 3az2psi3HeHUs 2pyHMosbIx 800 8okpyez Jllocu 8 agzycme 2024 2.

Indicator Unit C value/3Havenue C Cn value/3nauenue Cn
Mokasarenp | Epwmsm| AL-1 [ AL2 [ AL3 | AL4 | ALS AL-1 | AL2 | AL-3 | AL4 | ALS
Sampling time
Jlata - 09/08/2024
Latitude
lllupora ° -7.51089 | -7.510746 | -7.512194 | -7.516543| -7.518638| -7.51089 | -7.510746|-7.512194| -7.516543| -7.518638
Longitude
Jlonrota ° 112.7111| 112.713 | 112.7169 | 112.726 | 112.7327| 112.7111 | 112.713 | 112.7169| 112.726 | 112.7327
Ta °C - - - - - - - - - -
Tw °C - - - - - - - - - -
pH - 0.56 0.06 0.72 0.98 091 0.56 0.06 0.72 0.99 0.96
EC uS/cm - - - - - - - - - -
TDS 1.34 5.9 2.1 6.04 7.84 1.13 1.77 1.32 1.78 1.89
Salination ppm - - - - - - - - - -
3acosieHHne % - - - - - - - - - -
Caz+ - - - - - - - - - -
Mg2+ - - - - - - - - - -
Na+ - - — — - - - - - -
K+ - - — — - - - - - -
HCO3- - - - - - - - - - -
SO4% me/L 0.03 0.03 0.06 0.03 0,07 0.0001 0.0001 0.0003 0.0001 0.0003
Cl- 0.98 8.86 2.17 10.93 14,77 0.0039 1.95 1.34 2.04 2.17
Mn 0.76 0.23 1.05 2.11 0.21 1.9 0.58 1.02 1.32 0.53
Hg 0.03 0.03 0.03 0.03 0.03 30 30 30 30 30
Fe 0.07 0.14 0.07 0.1 0.07 0.23 0.46 0.23 0,32 0.23
Cn max/Makc 30 30 30 30 30
Cn avg/cpn 4.83 497 4.95 5.21 5.11
PI 21.49 215 215 21.53 21.52

Groundwater quality around LUSI by PI

To assess water quality, the PI can be utilized, as it
offers a comprehensive approach to evaluating all
types of pollutants present in the water. P1 is known for
its effectiveness in thoroughly assessing water quality.

Table 6 presents the PI calculations for groundwater
in LUSI area, with values of 21.49, 21.52, 21.50,
21.53, and 21.52 from AL-1 to AL-5. According to the
classification in Table 2, all water samples from these
points are categorized as heavily polluted, as their Pl
values exceed 10. This high level of pollution is
primarily due to elevated chloride concentrations and
levels of Mn, which contribute to the high TDS.

Research in 2022 also indicated that various chemicals
contaminated the groundwater in the area. Chloride was
identified as one of the contaminants, along with high
concentrations of Hg, Br, and I. Additionally, research
from 2012 revealed a high concentration of chloride at
593.94 mg/L [10-11]. Overall, groundwater in LUSI area
is affected by chemical contamination.

Saturation Indices

The calculation of mineral equilibrium can provide
insights into the thermodynamic processes occurring in
groundwater, as indicated by the SI values. The SI value
describes groundwater saturation, where SI<0 indicates
undersaturation, SI = 0 indicates equilibrium, and SI>0
indicates oversaturation. An undersaturated state implies
that the mineral can continue to release ions into the

15

groundwater. Sl calculations were conducted for several
minerals (Table 7). Additionally, it is noteworthy that the
waters remain undersaturated concerning many minerals,
which, according to previous studies [22], may be
explained by the functioning of the carbonate barrier. All
the analyzed waters can dissolve albite and anorthite, but
they are near equilibrium or slightly oversaturated
concerning quartz, calcite, dolomite, and several clay
minerals (Fig. 3).

18 1
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0 2 4 6 8
lg(Na™/H")
Fig. 3. HCI-H20-Al203-C02-Ca0-Si0z-Naz0 system at 25°C,
lg[H4Si04]=-3.5 and Pco2=101.5 Pa with drawing
data of waters (Table 1 in [10])
Puc. 3. Cucmema HCI-H20-Al203-C0O2-Ca0-Si0z-Naz0 npu

25 °C, Ig[H4Si04]=-3,5 u Pco2=101,5 Ila ¢ daHHbIMU
no cocmasy 6800 (maba. 1 e [10])
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Table 7.

Groundwater saturation indices around LUSI in August 2024

Ta6auya 7. HHOeKkcbl HacblweHus 2pyHmosblx 6od sokpyz /lrocu 6 agzycme 2024 2.

. Sampling points/To4ku oT60pa npo6

Reaction/Pearuua AL-1 Ap {AL-3 ey AL5
CaCO03(ealcitey=Ca2*+C0O3% -0.58 -0.16 -0.73 -0.81 -0.79
CaCO3(calcite)+CO2+H20=Ca?*+2HCO3- -0.49 -0.01 -0.63 -0.66 -0.63
CaMg(C03)z(dolomitey=CaZ*+Mg2++2C03% 0.34 0.33 0.31 0.43 0.04
CaMg(C03)2(dolomite)+2-CO2+2-H20=Ca?*+Mg?* +4-HCO3~ -0.79 -0.25 -1.1 -1.41 -1.54
MgCO3( ite)+CO2+H20=Mg?++2-HCO3~ -4.07 -3.89 -4.22 -4.38 -4.53
CaAlzSi208(northite)+ 3H20+2C02=Al1,Si207-2-H20 (kaolinite)+Ca?*+2HCO3~ -258.24 -257.13 -258.44 -258.93 -258.81
CaAl>Si208(anorthite)+2-H*+H20=A12Si207- 2-H20 (kaolinite) + Ca?* -23.5 -21.27 -23.9 -24.87 -24.64
2-KAl3Si30100Hz(muscovite)+2-H*+3-H20=3-Al2Si207- 2- H20 gaolinite) + 2-K* 0.82 2.21 0.56 0.61 0.89

Health Risk Assessment from Chemical Exposure

The HQ value plays a crucial role in determining
the impact of chemical exposure from water on human
health. It helps assess the potential risk posed by
contaminants by comparing the concentration of
specific chemicals to their safe exposure levels,
indicating the potential for adverse health effects. The
non-carcinogenic effects of potential risk from
observed heavy metals exposure through consumption
were calculated by summarizing the HQ values to
derive the HI [2, 28].

Table 8.

In general, considering the measured heavy metals,
including Hg, Mn, and Fe, most of the groundwater in
this area is safe and does not pose a significant risk to
human health. Table 8 presents the HQ and HI values
for groundwater exposure to heavy metals. There are
only three scenarios where the HI value exceeds 1,
indicating a potential health risk. These scenarios
include water from AL-4 for infants at birth and infants
(3 months), and water from AL-3 for infants (3
months). The health risk is associated with the use of
this water for drinking, where ingestion introduces
contaminants into the body.

Hazard Index and Hazard Quotient of Heavy Metals Exposure

Ta6auya 8. HHOekc onacHocmu u ko3g@uyueHm onacHocmu 803delicmeusl msxcenblX Memannios

Chemical cuontent Consumer AL-1 AL-2 AL-3 AL-4 AL-S
XUMHUYECKHUH COCTaB [ToTpe6uTesb
Infants (birth) /MaaseH1b! (poxeHue) 0.07 0.07 0.07 0.07 0.07
Infants (3 months)/MaazeHnp! (3 Mecsna) 0.094 0.094 0.094 0.094 0.094
Adult male/B3pocJiblii My>k4HHa 0.019 0.019 0.019 0.019 0.019
Hg Adult non-pregnant female 0.019 0.019 0.019 0.019 0.019
B3pocjiast HeGepeMeHHasi XKeHIMHa
Pregnant female (end of 15t trimester) 0023 0.023 0023 0023 0.023
BepemeHHas JeHIMHA (KOHell 1-ro TpuMecTpa)
Infants (birth) /Miagenus! (poxaeHue) 0.505 0.153 0.699 1.402 0.142
Infants (3 months)/MaageHusb! (3 Mecsna) 0.684 0.208 0.946 1.897 0.192
Adult male/B3pocJiblii My>kuriHa 0.136 0.041 0.189 0.379 0.038
Mn Adult non-pregnant female 014 0.042 0193 0387 0.039
B3pocjiast HeGepeMeHHasi XKeHIMHa
Pregnant female (end of 15t trimester) 0166 0.05 023 0461 0.047
BepemeHHas JeHIIIMHA (KOHell 1-ro TpuMecTpa)
Infants (birth) /MaaseH1p! (poxeHue) 0.007 0.014 0.007 0.01 0.007
Infants (3 months)/MaageH1s (3 Mecsna) 0.009 0.019 0.009 0.013 0.009
Adult male/B3pocJiblii My>kuriHa 0.002 0.004 0.002 0.003 0.002
Fe Adult non-pregnant female 0.002 | 0.004 | 0002 | 0003 | 0.002
B3pocJiasi HeGepeMeHHasi XKeHIMHa
Pregnant female (end of 15t trimester) 0.002 0.005 0.002 0.003 0.002
BepemeHHas JeHIMHA (KOHel 1-ro TpuMecTpa)
HI value/3Hauenue HI
Infants (birth) /MaaseH1p! (poxxaeHne) 0.582 0.237 0.775 1.481 0.218
Infants (3 months)/MaageHne (3 Mecsua) 0.787 0.32 1.049 2.005 0.295
Adult male/B3pocJiblii My>kurHa 0.157 0.064 0.209 0.4 0.059
EHQ Adult non-pregnant female 0161 | 0.065 | 0214 | 0409 | 0.06
B3pocJjiasi HeGepeMeHHasi XKeHIMHa
Pregnant female (end of 15t trimester) 0191 0.078 0255 0487 0.072
BepemeHHas JeHIMHA (KOHel 1-ro TpuMecTpa)
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Table 9. Hazard Quotient from Cl- exposure
Ta6auya 9. Kosgpgduyuenm onacHocmu om eo3deiicmsus Cl-
Chemical cvontent Consumer AL-1 AL-2 AL-3 AL-4 AL-S
XUMUYECKUH COCTaB [loTpebuTesb
Infants (birth)/MuaageHus! (poxaeHue) 279.937 | 2521.709 [ 616.772 | 3110.032 | 4202.468
Infants (3 months)/Muagenier (3 Mecsina) 378.932 | 3413.467 | 834.882 | 4209.84 | 5688.598
Adult male/B3poc/blii My>K4rHA 75.623 681.223 | 166.617 | 840.155 | 1135.269
cl- Adult non-pregnant female 77358 | 696.855 | 170.44 | 859.434 | 1161.321
B3pocJiasi HebepeMeHHas1 XeHIHHA
Pregnant female (end of 1st trimester) 91.995 | 828704 |202.688 | 1022.044 | 1381.049
BepemeHHas keH1MHa (KoHel 1-ro TpuMecTpa)

In this study, Mn poses the greatest exposure risk.
Chronic overexposure to Mn can lead to its
accumulation in the basal ganglia of the brain, resulting
in manganism, a condition similar to Parkinson's
disease. Manganism results from nerve injuries in both
cortical and subcortical brain regions, particularly
affecting the basal ganglia, and can have severe
neurological consequences [29, 30].

On the other hand, due to the high chloride content
in this area, a specific health risk assessment for
chloride exposure was conducted. Table 9 shows that
all scenarios resulted in an HQ value greater than 1,
indicating a significant health risk due to chloride
exposure. The greatest risk is posed to infants
(3 months), while the least risk is to adult males. This
variation in risk is influenced by factors such as
ingestion rate, frequency of exposure, duration of
exposure, and the consumer's weight.

Therefore, given the high chloride levels and the
presence of heavy metals, the groundwater in this area
requires treatment before consumption. Although
consuming water with chloride and/or sodium alone
may not pose direct health risks for most people, it can
affect the water taste and potentially impact individuals
with kidney and heart conditions [31]. To mitigate
these risks, it is strongly recommended to treat the
groundwater to lower its contaminant levels, including
chloride, to ensure it is safer for consumption.

The Cancer Risk Index (CRI) measures the
likelihood of developing cancer due to exposure to
carcinogens in water. In this research, the CRI
assessment focuses solely on Hg-contaminated water.
The US EPA generally considers the CRI of 1,0x10°°,
which translates to one case of cancer per one million
people, as the threshold for assessing cancer risk [5,
32]. Values surpassing 1,0x107*, or one case of cancer
per 10000 people, are deemed unacceptable.

Overall, since the groundwater in this area contains
relatively low levels of mercury, the CRI value is less
than 1,0x10* (Table 10). This indicates that the
groundwater does not pose a significant cancer risk to
its consumers.

The 2022 health risk assessment for groundwater in
the Sidoarjo mud volcano area highlighted significant
concerns related to heavy metal contamination. The

assessment found that several groundwater samples
exhibited high HI values, indicating a notable risk to
human health. Particularly Hg high concentrations
were identified as a potential cancer risk, alongside
elevated levels of other heavy metals such as As, Fe,
Mn, and Zn [1]. Overall, the highest health risk was
associated with certain samples, while others posed a
lower risk.

Table 10. Cancer risk calculation for every scenario of Hg-
contaminated  groundwater around  LUSI,

East Java, Indonesia

Ta6auya 10. Paciem pucka 803HUKHOBEHUS paKa 0/s1 Kaic-
doz2o cyeHapusi 3a2psi3HEHUSl 2PYHMOB8bIX 600
pmymvio 8okpyez Jlrocu, Bocmounas fsa, UHdo-

He3us

Consumer/Ilotpe6urtens | AL-1 | AL-2 | AL-3 | AL-4 | AL-5
Infants (birth) 696 | 696 | 696 | 6.96 | 6.96
MuajieH1bI (poXKeHue) E-06 | E-06 | E-06 | E-06 | E-06
Infants (3 months) 943 | 943 | 943 | 943 | 943
MuageHnsl (3 Mecsna) E-06 | E-06 | E-06 | E-06 | E-06
Adult male 188 | 1.88 | 1.88 | 1.88 | 1.88
B3pocsblil MyuHHa E-06 | E-06 | E-06 | E-06 | E-06
Adult non-pregnant
female 192 | 192 | 192 | 192 | 192
B3pocsas He6epeMeHHast E-06 | E-06 | E-06 | E-06 | E-06
»KeHLIMHA
Pregnant female

(end of 1sttrimester) 229 | 229 | 229 | 229 | 229
BepeMeHHad *eHIIMHA E-06 | E-06 | E-06 | E-06 | E-06
(xoHery 1-ro TpuMecTpa)
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In contrast, the current assessment of groundwater
in LUSI area indicates a lower cancer risk due to
mercury contamination, with the CRI value falling
below 1.0x10“ However, the current findings
highlight that while mercury levels are lower than
those observed in 2022, the groundwater still poses
health risks primarily due to high chloride
concentrations and the presence of other heavy metals.
Specifically, the HI values for samples AL-3 and AL-4
suggest potential health risks, particularly for infants,
due to both heavy metals and elevated chloride levels.
This reflects a shift in focus from mercury as the
primary concern to the combined impact of chloride
and heavy metals on water quality and health risks.
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Conclusion

The current research on groundwater quality in
LUSI area of Sidoarjo, East Java, reveals significant
chemical contamination, particularly due to elevated
concentrations of Cl'and Mn, which pose health risks
in some cases. The high CI” concentration is likely
affected by seawater intrusion, which enters from the
deep horizon and impacts the groundwater. The
groundwater is predominantly classified as calcium
chloride type, indicating a shift in its chemical profile
due to increased mineralization. The pH levels vary
across sampling points, with three sites (AL-1 to AL-3)
having neutral pH, while two sites (AL-4 and AL-5)
show slightly acidic conditions, potentially as a result
of local environmental factors. This chemical
characterization highlights the need for ongoing
assessment and remediation efforts to address
groundwater quality issues in the region.

Pl values ranging from 21.49 to 21.53 classify all
sampled locations as heavily polluted, primarily due to
high chloride and manganese levels. These findings
align with previous research from 2022, which also
identified significant contamination by chloride and
heavy metals. The contamination is widespread,
making the groundwater unsafe for consumption
without proper treatment.

Health risk assessments indicate that infants,
especially those three months old, face the highest risk
from chloride exposure due to their ingestion rates and
vulnerability. On the other hand, adult males are at a
lower risk. Given the combination of high chloride
levels and the presence of heavy metals, it is strongly
recommended that the groundwater undergo treatment
to reduce contaminants and mitigate health risks for all
age groups toward clean water sustainability in
Sidoarjo, East Java, Indonesia.
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