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Abstract

The Jaboi Sabang Geothermal Area in Aceh, Indonesia, comprises four active craters that
release geothermal fluids and gases into surrounding water sources used by local
communities for daily activities. Despite the known toxicity of arsenic (As) and mercury
(Hg) in geothermal environments, baseline data on their occurrence and distribution in
local water and sediment remain limited. This study assessed As and Hg contamination
in water and sediment samples using Inductively Coupled Plasma-Optical Emission
Spectrometry (ICP-OES). Water samples were collected from hot springs, bathing pools,
rivers, boreholes, dug wells, and treated water, while sediment samples were obtained
from craters and stream beds. Method validation showed good linearity (R? > 0.99), with
limits of detection (LoD) of 10.49 pg/L for As and 1.98 pg/L for Hg, and acceptable recovery
values (70-125%). The highest As and Hg instrument responses in water were observed
in hot-spring sample J1, at 11.268 and 6.861 pg/L, respectively. However, the As result for
J1 was above the LoD but below the limit of quantification (LoQ), indicating detection
without reliable quantification, while As in J2-J7 was below the LoD. For Hg, only J1
exceeded the LoQ, whereas 3 and J6 produced responses between the LoD and LoQ. The
remaining samples were below the Hg LoD. Because the applicable Hg benchmark was
lower than the method LoD, compliance could not be established for samples other than
J1. These findings highlight the need for improved analytical sensitivity and continued
monitoring to assess potential environmental and public health risks.
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1. Introduction

persistence, and potential to accumulate in water,
sediment, and biota [3]. Establishing baseline occurrence

Geothermal potential is commonly indicated by the
presence of geothermal manifestations occurring at the
surface, such as hot springs, fumaroles, mud pools,
steaming ground, and altered rocks [1]. Surface
geothermal manifestations are generally associated with
hydrothermal systems [2]. Beyond their energy potential,
geothermal areas naturally release hazardous elements
into surrounding environmental media. Among these,
arsenic (As) and mercury (Hg) are of particular concern
due to their documented toxicity, environmental

DOI: 10.60084/ljes.v4i2.441

and distribution data for these elements in geothermal
areas is essential for environmental management and
serves as a foundation for subsequent health risk
assessments.

Arsenic and mercury are released into the environment
through both natural processes, including volcanic and
geothermal emissions, and anthropogenic activities [4,
5]. In geothermal systems, arsenic is primarily derived
from arsenic-bearing pyrite and arsenopyrite dissolution,
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while mercury is released through fumarolic activity and
geothermal fluid discharge [4, 5]. Chronic exposure to
these elements has been associated with various adverse
health effects, including skin lesions, neurological
impairment, and kidney dysfunction [6, 7].

While water quality directly influences potential human
exposure through consumption and contact, sediment
plays an important role as both a sink and a secondary
source of potentially toxic elements in aquatic
environments. Metals released from geothermal sources
can adsorb onto sediment particles, particularly iron
oxides, hydroxides, and organic matter, where they may
accumulate over time. Changes in environmental
conditions, including pH and redox potential, can
remobilize sediment-bound metals and release them into
the overlying water column, allowing sediment to
become a long-term source of contamination [8].
Contaminated sediment may also expose benthic
organisms through direct contact and ingestion.
Subsequent uptake by aquatic organisms may facilitate
bioaccumulation and the transfer of contaminants
through the aquatic food web. Therefore, investigating
both water and sediment matrices is necessary for a
more comprehensive assessment of contaminant
occurrence, mobility, and potential ecological effects.

The Jaboi geothermal area in Sabang is located within an
outflow zone associated with active volcanic activity in
Aceh Province, Indonesia. The geothermal
manifestations in this area are characterized by
fumaroles, hot mud pools, altered rocks, and dead
vegetation. Four active craters are present, where
fumaroles continuously release steam and geothermal
gases. In addition to geothermal hot springs, several
other water sources used by local communities are found
in the surrounding area, including borehole water, dug
wells, and treated water supplies. The Jaboi geothermal
area is characterized by andesitic lava and pyroclastic
rocks [9] with estimated reservoir temperatures of 196.9-
416.5°C[10].

Previous studies in Indonesian geothermal systems have
reported varying heavy metal concentrations, reflecting
differences in reservoir characteristics and geological
settings. In West Java, As concentrations range from 1 to
3,250 pg/L [11] and reach up to 6,500 pg/L, with Hg up to
6.5 pg/L [11]. In Talaga Bodas, Garut, As concentrations
as high as 8,540 pg/L have been documented [12]. Closer
to the study area, the le Se'um geothermal manifestation
in Aceh Besar reported As concentrations of 0.80-166.73
pg/L in water and 2.56-6.86 mg/kg in sediment [13].
Despite these findings, no studies have been conducted
on the occurrence and distribution of arsenic and
mercury in the Jaboi geothermal area, which features

active craters in close proximity to residential zones
where local communities rely on various water sources
for daily activities. The absence of baseline data raises
significant concerns about potential exposure risks to the
local population and surrounding ecosystem.

As and Hg were selected as the priority analytes for this
study for several reasons. First, both elements are
commonly enriched in geothermal systems worldwide
due to their mobility in high-temperature fluids and their
association with sulfide minerals [4, 5]. Second, they are
among the most toxic heavy metals, with well-
documented adverse health effects including
carcinogenicity (As) and neurotoxicity (Hg) [6, 7]. Third,
both elements are regulated by Indonesian water quality
standards (Ministry of Health Regulation No. 32 of 2017),
providing clear benchmarks for assessing potential
health risks. Finally, their contrasting geochemical
behaviors- As tends to adsorb onto sediments while Hg is
more volatile- make them useful indicators for
understanding metal mobility and fate in geothermal
environments.

To address this knowledge gap, this study investigated As
and Hg concentrations in water and sediment samples
from the Jaboi geothermal area using Inductively Coupled
Plasma-Optical Emission Spectrometry (ICP-OES), with
method validation to ensure analytical reliability. The
specific objectives were: (1) to quantify As and Hg
concentrations in water samples, including hot springs,
pools, stream channels, boreholes, dug wells, and treated
water, and sediment samples collected from craters and
stream beds; (2) to validate the ICP-OES method by
evaluating linearity, limits of detection and quantification,
precision, and accuracy; (3) to evaluate compliance with
applicable environmental quality standards, including the
Indonesian water-quality standards and the NOAA
Sediment Quality Guidelines, Effects Range-Low (ERL) and
Effects Range-Median (ERM), for sediment; (4) to compare
As and Hg concentrations among sampling locations
using one-way analysis of variance (ANOVA); and (5) to
evaluate spatial distribution patterns and identify likely
sources of these elements. Because the ANOVA was
based on triplicate analytical measurements from a
single grab sample at each location rather than
independent field replicates, the statistical results were
interpreted as exploratory comparisons of measured
concentrations and analytical variability, rather than
definitive evidence of spatial differences. It was
hypothesized that geothermal activity is a likely source of
As and Hg enrichment, with measured concentrations
generally decreasing with increasing distance from the
crater sources due to dilution, sedimentation, and
adsorption processes. The findings are expected to
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Figure 1. Water and sediment sampling locations in the Jaboi Geothermal Area, Sabang, based on Google Earth satellite imagery.

provide baseline information for environmental
management and subsequent public-health assessment
in the Jaboi area.

2. Materials and Methods
2.1. Time and Place of Research

This research was conducted at the Research Laboratory
and Analytical Chemistry Laboratory, Department of
Chemistry, Faculty of Mathematics and Natural Sciences,
Universitas Syiah Kuala, Banda Aceh, from February to
June 2025/2026.

2.2. Tools and Materials

The instruments used in this study included an
Inductively Coupled Plasma-Optical Emission
Spectrometry (ICP-OES), a microwave digestion system, a
temperature and pH meter, a TDS meter, a conductivity
meter, 500 mL polyethylene bottles, glass funnels,
dropping pipettes, micropipettes, 100 mL volumetric
flasks, measuring cylinders, beakers, a cool box, a
stainless-steel spoon, and a plastic dipper. The materials
used in this study were argon gas, filter paper, plastic
clips, HCl, H,0,, 65% HNO3, Hg(NO3),, and HzAsO,.

2.3. Sample

The samples in this study were hot spring water (J1), pool
water (J2), stream water (J3), borehole water (J4), dug well
water 1 (J5), dug well water 2 (J6), treated/distilled well
water (J7), and sediments from Crater 1 (SK1), Crater 2

(SK2), and stream sediment (SA) in the Jaboi Geothermal
area, Sabang.

2.4. Sampling Location

Samples were obtained from the Jaboi Geothermal area,
Sabang, which includes two main locations: Crater 1 and
Crater 2 for hot spring water and sediment sampling
(Figure 1). In this geothermal area, there is a hot spring
bathing pool and a stream channel flowing from
upstream to downstream, located not far from the hot
spring source and residential areas. The local community
also utilizes water for daily needs, including dug well
water, borehole water, and treated well water.

Samples were collected from three sites: Crater 1 (Site ),
Crater 2 (Site ll), and the residential area (Site Ill). Hot
spring water was obtained from Crater 2. Pool water,
stream water, dug well water, borehole water, and
treated well water were collected from the residential
area. Sediment samples were obtained from Crater 1,
Crater 2, and the stream channel. The sampling locations
were selected purposively to represent different
environmental zones along a potential pathway from the
geothermal manifestations toward the residential area.
Crater 1 (Site 1) and Crater 2 (Site Il) were selected to
represent the geothermal-source zones, while the
residential area (Site Ill) was selected to represent
locations where surrounding water sources are used by
the local community. J3 and SA were collected from the
stream channel to represent the potential surface-water
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Table 1. Sampling sites and sample types in the Jaboi geothermal area, Sabang.

Location (Site) Sample Code Sample Type Coordinates

Crater 1 (Site I) SK1 Sediment 5°4753"N; 95°19'41" E

Crater 2 (Site II) )1 Hot spring water 5°4756" N; 95°19'38" E
SK 2 Sediment

Residential Area J2 Hot spring pool water 5°4812" N; 95°2021" E

(Site 11 JE] Stream water 504813"N; 95°2021" E
SA Stream Sediment
14 Borehole water 5°4812" N; 95°20'03" E
J5 Dug well water 1 5°4810" N; 95°20"10" E
16 Dug well water 2 504812"N; 95°20'23" E
)7 Treated/distilled well water 5°4812" N; 95°20'22" E

and sediment transport pathway between the
geothermal area and the downstream residential zone.
J4-J7 represented groundwater and treated-water
sources used in the residential area. This design was
intended to provide an initial comparison among
geothermal-source, transport-pathway, and residential-
use zones rather than a spatially comprehensive survey.
Because only seven water and three sediment locations
were sampled, the design cannot fully characterize
spatial variability across the Jaboi geothermal area. The
sampling locations and sample types are presented in
Table 1.

2.5. Research Procedures
2.5.1. Water Sampling

Water samples were collected using a plastic dipper and
transferred into 500 mL polyethylene bottles that had
been previously cleaned and rinsed with nitric acid. Prior
to sample collection, each bottle was rinsed three times
with the sample water. In situ measurements were
performed immediately at each sampling point using
portable instruments, including temperature, pH, TDS,
salinity, and geographic coordinates. For laboratory
analysis, water samples were preserved by adding nitric
acid until pH < 2 and placed in a cool box containing ice
packs during transportation to the laboratory (SNI, 2019).
The preserved samples were then allowed to reach room
temperature prior to ICP-OES analysis; no additional
digestion was performed as acidification was sufficient
for dissolved metal analysis.

2.5.2. Sediment Sampling

Sediment samples were collected using a stainless-steel
spoon from Crater 1, Crater 2, and the stream channel.
During sampling, the sampler faced upstream to
minimize contamination from disturbed sediments. The
collected samples were placed into sealable plastic bags
and labeled according to their respective sample codes.

Sediment samples were dried at room temperature until
dry and reported on a dry-weight basis (ug/kg dry weight).

Samples were cleaned of foreign materials such as plastic
fragments, leaves, and other debris. The samples were
homogenized by grinding using a stainless-steel spoon
until  homogeneous. Approximately 1 g of each
homogenized sample was weighed and transferred into
a microwave digestion vessel. Subsequently, 5 mL of
HNO; (p.a.), 1 mL of HCl (p.a.), and 1 mL of H,0, (p.a.)
were added. The samples were digested using a
microwave digestion system until complete dissolution
was achieved. After digestion, the solutions were allowed
to cool, filtered, and diluted to a final volume of 100 mL
with deionized water in a volumetric flask prior to
analysis.

2.5.3. Interview

Face-to-face interviews were conducted with four
residents of the Jaboi geothermal area, Sabang, who use
local water sources for their daily activities. The
informants utilized various water sources, including dug
well water, borehole water, stream water, treated well
water, and hot spring pool water. The interviews were
conducted to obtain information on water-use practices
and community perceptions regarding the quality and
utilization of local water resources.

2.5.4. Arsenic and Mercury Analysis by ICP-OES

Prepared samples were analyzed using an Inductively
Coupled Plasma-Optical Emission Spectrometry (ICP-
OES) instrument (PerkinElmer Optima 8000, USA)
equipped with WinLab32 software for data acquisition
and processing. The operating conditions were as
follows: RF power: 1.5 kW; plasma gas flow (argon): 8
L/min; auxiliary gas flow: 0.2 L/min; nebulizer gas flow: 0.7
L/min; sample uptake rate: 1.0 mL/min; viewing mode:
axial. Arsenic was measured at 189.042 nm and mercury
at 194.227 nm. Measurements were performed in
triplicate for each sample. Direct solution nebulization
was employed; no hydride generation or cold vapor
accessory was used for either element [15].
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Table 2. Equations used for method validation.

Name Formula References
Regression standard deviation S . S,y — m2S,, -
r = N — 2 ’
Slope standard deviation sz
= EE—xy
s

~ (ZH - XN

X

Intercept standard deviation

P SEyx?
P INExE - (X)?

B 1
TN - (X ) 2x?
s, 1 1 (v

Concentration standard deviation 2
g =S|l L (O~ Yao)
" m M N m2S,,,
Limit of Detection LoD =3,3 (-2
slope
Limit of Quantification LoQ =10 (=)

slope

2.5.5. Preparation of Arsenic (As) Standard Solutions

A 1000 mg/L H3AsO, standard solution was used as the
stock solution. An intermediate standard solution of 100
mg/L was prepared by pipetting 10 mL of the stock
solution into a 100 mL volumetric flask and diluting to
volume with 5% HNO;. Next, an intermediate standard
solution of 1 mg/L was prepared by pipetting 1 mL of the
100 mg/L solution into a 100 mL volumetric flask and
diluting to volume. From the 1 mg/L standard solution, a
100 pg/L standard solution was prepared by pipetting 10
mL into a 100 mL volumetric flask and diluting to volume.
This 100 pg/L solution was then used to prepare a
standard series with concentrations of 5, 10, 50, and 100
pg/L by pipetting appropriate volumes into 100 mL
volumetric flasks and diluting with deionized water
containing 1.5 mL/L HNO; to the mark. Standard
solutions were ready for analysis using ICP-OES.

2.5.6. Preparation of Mercury (Hg) Standard Solutions

A 1000 mg/L Hg(NO3), standard solution was used as the
stock solution. An intermediate standard solution of 100
mg/L was prepared by pipetting 10 mL of the stock
solution into a 100 mL volumetric flask and diluting to
volume with 5% HNO;. Next, an intermediate standard
solution of 1 mg/L was prepared by pipetting 1 mL of the
100 mg/L solution into a 100 mL volumetric flask and
diluting to volume. From the 1 mg/L standard solution, a
100 pg/L standard solution was prepared by pipetting 10
mL into a 100 mL volumetric flask and diluting to volume.
This 100 pg/L solution was then used to prepare a
standard series with concentrations of 2.5, 5, 10, and 50
pg/L by pipetting appropriate volumes into 100 mL
volumetric flasks and diluting with deionized water

containing 1.5 mL/L HNO; to the mark. Standard
solutions were ready for analysis using ICP-OES.

2.5.7. Calibration Curve Preparation

Calibration curves for As and Hg were obtained by
measuring the signal intensity (cps) of each metal at each
standard concentration. As standard concentrations
were 5, 10, 50, and 100 pg/L; Hg standard concentrations
were 2.5, 5, 10, and 50 pg/L.

2.5.8. Linearity Assessment

Linear regression analysis was performed using the least-
squares method (LINEST) in Microsoft Excel. Standard
deviation (SD) values and calibration data were used to
obtain statistical parameters, including the coefficient of
determination (R?), slope (m), intercept (b), and their
associated standard deviations. These parameters were
subsequently used for method validation and the
evaluation of measurement uncertainty [16]. The
equations employed in the calculations are presented in
Table 2.

Linearity was assessed using the correlation coefficient (r)
and coefficient of determination (R?) obtained from the
calibration curves of As and Hg at six concentration levels
(0, 5,10, 50, and 100 pg/L for As; 0, 2.5, 5, 10, and 50 pg/L
for Hg). A calibration curve was considered acceptable
when 0.95 < r <0.99 and excellent when r >0.99 [13].

2.5.9. Limit of Detection (LoD) and Limit of Quantification (L
0Q)

The LoD and LoQ were calculated from the regression
parameters of the calibration curves using the equations
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in Table 2 [17], where S, is the standard deviation of the
intercept of the regression line, and slope is the slope of
the calibration curve.

2.5.10. Precision

Precision was evaluated by analyzing standard solutions
in triplicate and expressed as the relative standard
deviation (%RSD) [18]. A method was considered precise
when %RSD values met the AOAC 2002 guidelines or the
2/3 Horwitz coefficient of variation (CV Horwitz) criterion
[19].

2.5.11. Accuracy (Spike-Recovery)

Accuracy was determined through spike recovery
experiments. Approximately 1 g of sediment sample was
spiked with As and Hg standard solutions at a
concentration of 10 pg/L prior to digestion, then
processed through the same digestion and analysis
procedure as unspiked samples. Measurements were
performed in triplicate using ICP-OES. Percent recovery
was calculated using Equation (1):

X ®
Recovery (%) = ; x 100

Where X is the average measured concentration from
triplicate measurements and u is the true concentration
(spike concentration added, 10 pg/L). Recovery values
within the range of 70-125% were considered acceptable.

Sediment concentrations were compared with the NOAA
Effects Range-Low (ERL) and Effects Range-Median (ERM)
values as ecological screening benchmarks. The ERL and
ERM were used to screen the potential for effects on
sediment-associated organisms and were not
interpreted as human-health standards. Indonesian
water-quality benchmarks were considered separately
according to the intended or reported use of the water
samples.

2.5.12. Statistical Analysis

One-way ANOVA was used to compare the analytical
measurements obtained from samples collected at
different locations. For water samples, the analysis
included seven groups (J1-J7), with three analytical
measurements per sample. For sediment samples, the
analysis included three groups (SK1, SK2, and SA), with
three analytical measurements per sample. The
statistical results were reported using the available F
statistics, degrees of freedom, and p-value thresholds.

The triplicate measurements were repeated analytical
measurements of a single grab sample from each

location rather than independently collected field
replicates. Therefore, the independence assumption
required for population-level spatial inference was not
satisfied. Because only three analytical measurements
were available for each sample, the normality and
homogeneity assumptions could not be evaluated
robustly. Consequently, the ANOVA results were treated
as exploratory comparisons among the analysed samples
relative to analytical variability and were not interpreted
as definitive evidence of spatial differences. Statistical
significance was evaluated at p = 0.05.

3. Results and Discussion
3.1. In Situ Analysis

In situ measurements were conducted at each sampling
site to determine physicochemical parameters, including
pH, total dissolved solids (TDS), electrical conductivity
(EC), temperature, and salinity.

The in situ analysis results are presented in Table 3.
Samples J1, J2, and J3 exhibited pH values below the
applicable water quality standards, whereas samples J4-
J7 complied with the recommended limits. Elevated TDS
concentrations were observed in J1 and J2, while |3
exceeded the drinking water standard but remained
within the acceptable range for clean water. Samples J4-
J7 met the TDS requirements for both clean water and
drinking water. The EC values of several samples fell
outside the recommended ranges, indicating variations
in dissolved ionic content among the sampling sites.
Regarding temperature, sample J7 complied with the
applicable standard, whereas the remaining samples
showed elevated temperatures due to geothermal
influence. Salinity was highest in J1 and lowest in ]J7,
suggesting a gradual reduction in dissolved salts from
geothermal sources toward residential water supplies.
Elevated salinity levels may adversely affect water quality
and pose potential health risks when present above
acceptable limits [20].

Several patterns emerge when the physicochemical
parameters are considered in relation to the measured
As and Hg concentrations. Sample J1 exhibited the lowest
pH (2.63), highest temperature (75.50°C), and highest TDS
concentration (2,942.0 mg/L), together with the highest
measured As and Hg concentrations. The acidic
conditions may promote the dissolution of metal-bearing
minerals and facilitate the release of As and Hg into
solution [21]. Conversely, samples with near-neutral pH
and lower temperatures generally showed lower
measured metal concentrations. These observations are
consistent with geothermal influence; however, they
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Table 3. Results of in situ measurements of water samples.

No. sample pH:SD TDS£SD (mg/L)  EC £ SD (uS/cm) IZ"I;'zfcr)at”re salinity  SD (%o)
1 Ik 2.63:0.03 29420 £ 560.1 5022.0£7225  7550£007  12.1£2.31

2 2 6.22£0.02 1004284 1941.2£ 5.0 51324002  3.7£0.15

3 3 643002 3536+22 688.6+ 1.1 3828+0.09  1.5%0.09

4 14 6.83002 203.0%1.6 4050+ 1.9 3229005  0.9£0.08

5 J5 7.09:003 99502 199.4% 0.3 3023:003  05%0.11

6 16 721£002 171.4+6.7 207905 31.17£0.03 _ 05%0.08

7 17 718002 256+13 3202 29.88+0.05  0.2£0.11

Clean water standard* 6.5-9.0 1000 30-200 25-29 0.50

Drinking water standard* 6.5-8.5 500 1500 10-25 0.05

*Note: Temperature standards apply to drinking water and clean water sources i

ntended for domestic use. Hot spring water (J1) and pool water (J2) are

geothermal features not intended for consumption; their elevated temperatures are consistent with geothermal activity and do not indicate non-

compliance with domestic water standards.

25 -
35 ~
20 - 30 -
25
2151
% y=0.2133x - 0.1702 £ y =0.6267x - 0.9001
g R>=10.9936 g R2=0.9989
= 10 4 *E 15 -
L]
10 ~
5
5
0 : ‘ ‘ ‘ ‘ ‘ 0 - T T T T T ,
0 20 40 60 80 100 120 0 10 20 30 40 50 60
Concentration (ug/L) Concentration (ug/L)
(a) (b)
Figure 2. Calibration curves for (a) arsenic and (b) mercury standards.
should be interpreted as descriptive associations confirming the suitability of the method for the

because no formal correlation analysis was performed.
3.2. Method Validation
3.2.1. Calibration Curve and LoD/LoQ

The calibration curves for As and Hg are presented in
Figure 2. The linearity of the calibration curves was
assessed using the coefficient of determination (R?).
Values between 0.95 and 0.99 indicate good linearity,
whereas values greater than 0.99 indicate excellent
linearity [13].

The calibration curves showed R? values of 0.9936 for As
and 0.9989 for Hg, as determined by linear regression
analysis using Microsoft Excel. The corresponding
regression parameters and statistical characteristics,
including slope, intercept, and standard deviations, are
summarized in Table 4. These results indicate excellent
linearity between the concentrations of the standard
solutions and the corresponding instrument responses,

determination of As and Hg.

Based on the calibration data, the LoD and LoQ were
calculated statistically using the LINEST function in
Microsoft Excel [22]. The calculated LoD and LoQ values
are presented in Table 5.

Under the analytical conditions used in this study, the
calculated LoD and LoQ were lower for Hg than for As.
This observation is limited to the selected wavelengths,
calibration ranges, direct-nebulization conditions, and
instrument configuration. It should not be interpreted as
demonstrating that ICP-OES is universally more sensitive
for Hg than for As.

3.2.2. Precision and Accuracy

Precision  was evaluated through repeated
measurements of the analytes. A method is considered
precise when repeated analyses produce results with
minimal variation [23]. Table 6 summarizes the precision
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Table 4. Linearity and uncertainty of the calibration curves.

Result
Name
As Hg
Slope 0.213278195 0.626672251
Intercept -0.17022556 -0.90009424
Standard Deviation of Slope (Sn) 0.012067723 0.014692599
Standard Deviation of Intercept (Ss) 0.677970867 0.376833661
Coefficient of Determination (R?) 0.993637676 0.998901831
Standard Deviation of Regression (S;) 0.920534742 0.567558102
Sum of Square Regression 264.6809066 586.0090556
Sum of Square Residual 1.694768421 0.644244398
Table 5. Limit of Detection (LoD) and Limit of Quantification (LoQ).
Parameter As (ug/L) Hg (pg/L)
LoD 10.49 1.98
LoQ 31.78 6.01
Table 6. Precision and %Recovery of As and Hg in sediment samples.
No Sample % Recovery RSD (%)
As Hg As Hg
1 Replicate 1 111.312 116.21 1.410 6.635
2 Replicate 2 119.104 120.45
3 Replicate 3 96.598 99.24

and recovery results obtained from sediment samples
spiked with As and Hg standard solutions at a
concentration of 10 pg/L. The individual recovery values
are reported for each replicate, while the relative
standard deviation (RSD) represents the precision
calculated for each analyte from repeated
measurements.

Validation was performed using the sediment matrix
only; water-matrix recovery and precision were not
independently evaluated. Therefore, the validation
results should not be interpreted as demonstrating
equivalent analytical performance in water samples.

The recovery values for both As and Hg were within the
acceptable range of 70-125%. Mercury exhibited a higher
recovery than arsenic, which may be associated with its
volatile nature and the potential influence of volatilization
on analytical measurements. The precision of As was
considered satisfactory, as indicated by a %RSD value
below 2%. Although the %RSD value of Hg exceeded 2%,
it still met the 2/3 Horwitz coefficient of variation (CV
Horwitz) criterion and was therefore considered
acceptable. Similar findings were reported by Juliasih et
al. [19], who observed %RSD values above 2% for Cd, Cr,
Cu, Ni, Co, and Mn; however, these values remained
below the corresponding 2/3 CV Horwitz limits, indicating
good analytical precision. These results demonstrate that
the analytical method used in this study provides
acceptable precision and accuracy for the determination
of As and Hg.

It should be noted that method validation (recovery and
precision) was performed using spiked sediment samples
only. Recovery and precision data for water samples were
not independently validated due to the low As
concentrations approaching the detection limit. Matrix
effects may differ between sediment and water matrices,
and the recovery values reported may not fully represent
analytical performance in aqueous samples. Future
studies should include water-matrix spike-recovery
experiments at multiple concentration levels to confirm
analytical accuracy for water samples. Despite this
limitation, the linearity, LoD, and LoQ parameters
established through calibration standards are applicable
to both matrices as they reflect instrument performance
rather than matrix-specific effects.

3.3. Analysis of As and Hg in Water Samples

The highest As instrument response was observed in J1
and corresponded to an estimated concentration of
11.268 + 3.370 pg/L. Because this value was above the
LoD of 10.49 pg/L but below the LoQ of 31.78 pg/L, As was
detected in J1 but could not be reliably quantified. The
analyzed samples represented various water sources,
including geothermal and domestic water supplies.

The concentrations of As and Hg measured in the water
samples are presented in Table 7. The highest As
concentration was detected in sample J1 (hot spring
water) at 11.268 * 3.370 pg/L. This sample exceeded the
drinking water quality standard of 10 pg/L but remained
below the clean water standard of 50 pg/L. For all other
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Table 7. Arsenic (As) and mercury (Hg) concentrations in water samples collected from the Jaboi Geothermal Area.

No Code Sample As (pg/L) Status Hg (pg/L)

1 i 11.268 + 3.370 Detected; not reliably quantified 6.861 + 0.700
2 J2 < LoD (10.49) Not quantified 1.649 +0.754
3 J3 < LoD (10.49) Not quantified 3.404 + 0.703
4 J4 < LoD (10.49) Not quantified 1.915+0.748
5 J5 < LoD (10.49) Not quantified 1.755+0.753
6 J6 < LoD (10.49) Not quantified 2.021 +£0.749
7 )7 < LoD (10.49) Not quantified 1.596 + 0.755
Clean water quality standard* 50 pg/L 1 pg/L
Drinking water quality standard* 10 pg/L 1 pg/L

*Based on the Indonesian Ministry of Health Regulation (Permenkes RI) No. 32 of 2017.
Note: J1 (hot spring water); J2 (hot spring pool water); 3 (stream water); J4 (borehole water); J5 (dug well water 1); J6 (dug well water 2); and J7 (treated well

water).

water samples (J2-)7), As concentrations were below the
method's limit of detection (10.49 pg/L); these values
cannot be reliably quantified and are reported as < LoD.
Consequently, interpretations of As spatial gradients
should be limited to the qualitatively detectable trend
from J1 to other locations rather than quantitative
comparisons among J2-]J7. The elevated As level in J1 is
likely associated with geothermal activity, which
promotes the dissolution and mobilization of arsenic-
bearing minerals.

Mercury produced the highest instrument response in J1
(hot spring water), corresponding to an estimated
concentration of 6.861 + 0.700 pg/L, followed by 3
(stream water), with an estimated concentration of 3.404
+ 0.703 pg/L. The higher Hg response observed in J1 is
consistent with possible geothermal influence, although
the available data do not exclude other natural or
anthropogenic sources. Interpretation of the Hg results
must consider the method LoD of 1.98 pg/L and LoQ of
6.01 pg/L. Only J1 had an Hg concentration above the
method LoQ and could therefore be quantified reliably.
Hg was detected but not reliably quantified in J3 and J6
because their measured responses corresponded to
concentrations between the LoD and LoQ, whereas J2, J4,
J5, and J7 were below the method LoD. Because the
applicable Hg standard of 1 pg/L is lower than the
method LoD, this ICP-OES method was not sufficiently
sensitive to confirm compliance or exceedance for
samples other than J1. Consequently, exceedance of the
Hg standard could not be confirmed reliably for all
samples. The quantifiable Hg exceedance in J1 remains
an environmental concern because prolonged Hg
exposure may cause adverse health effects [24, 25].
Confirmation of the remaining samples requires a more
sensitive Hg-specific analytical method, such as cold-
vapor atomic absorption spectrometry, cold-vapor

atomic fluorescence spectrometry, or ICP-MS.

The Indonesian Ministry of Health Regulation No. 32 of
2017 establishes two tiers of water quality standards:
drinking water standards (As: 10 pg/L, Hg: 1 pg/L) and
clean water standards for hygiene/sanitation purposes
(As: 50 pg/L, Hg: 1 pg/L). In this study, drinking water
standards were applied to samples used for consumption
(boreholes J4, dug wells J5 and J6, treated water )7), while
clean water standards were applied to samples used for
bathing and washing (pool ]2, stream J3). Sample J1 (hot
spring) is a geothermal feature not intended for any
domestic use; comparison with drinking water standards
is presented only as a screening reference. Similarly, the
elevated temperature of J1 (75.50°C) is consistent with
geothermal activity and does not indicate non-
compliance with domestic water temperature standards
(10-25°C), which are intended for drinking water sources
only.

3.4. Analysis of As and Hg in Sediment Samples

As and Hg levels in sediment samples were analyzed
using ICP-OES to determine the accumulation of heavy
metals in the Jaboi Geothermal manifestation area,
Sabang. Sediment samples were collected from Crater 1
(SK1), Crater 2 (SK2), and the channel (SA). The analysis
results showed variations in As and Hg concentrations
between sampling locations. NOAA (National Oceanic
and Atmospheric Administration) scientists developed
Sediment Quality Guidelines/SQG in the form of Effects
Range-Low (ERL) and Effects Range-Median (ERM), which
are used to help interpret the significance of the levels of
chemical contaminants observed in sediment [26].

The concentrations of As and Hg in the sediment samples
are presented in Table 8. The highest As concentration
was detected in sample SK2 at9.080 + 3.842 pg/kg
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Table 8. Arsenic (As) and mercury (Hg) concentrations in sediment samples collected from the Jaboi Geothermal Area.

No Code Sample As (ug/kg dry wt.) Hg (pg/kg dry wt.)
1 SK1 2.360 £ 3.711 6.382 + 0.703

2 SK2 9.080 + 3.842 6.648 + 0.701

3 SA 1.891 +3.750 5.319+0.711
NOAA Guideline As Hg

ERL 8.200 pg/kg 150 pg/kg

ERM 70.000 pg/kg 710 pg/kg

(equivalent to 9.08 mg/kg), which marginally exceeds the
NOAA Effects Range-Low (ERL) value of 8,200 pg/kg (8.2
mg/kg) but remains well below the Effects Range-Median
(ERM) value of 70,000 pg/kg (70 mg/kg). The ERL
represents the lower 10th percentile of sediment
concentrations associated with biological effects;
concentrations below the ERL are within the "no effects
range," while concentrations between the ERL and ERM
fall within the "possible effects range," indicating
potential for adverse ecological effects [26]. This finding
suggests a potential for initial biological effects, although
it does not indicate severe arsenic contamination.
Mercury concentrations in sediments ranged from 5.319
to 6.648 pg/kg, substantially below the NOAA ERL of 150
pg/kg, indicating no significant mercury contamination in
the sediments. Measurement uncertainty was higher for
As (£3.711-3.842 pg/kg) than for Hg (+0.701-0.711 pg/kg),
suggesting greater analytical stability for Hg
measurements. This difference may be related to
variations in method sensitivity for each element,
particularly at relatively low concentrations.

The comparatively elevated responses at J1, together
with its low pH, high temperature, and high TDS, are
consistent with possible geothermal influence. However,
the observed distribution does not independently
confirm a spatial gradient or identify the source of As and
Hg. Because the study did not include independent field
replicates, background sites, or source-specific
geochemical tracers, geothermal activity should be
interpreted as a possible contributor rather than a
confirmed primary source. The observed decline in metal
concentrations at more distant locations may be
associated with dilution processes, sedimentation, and
the adsorption of metals onto sediments. The spatial
distribution is characterized by a shift in color gradation
from red-orange, indicating higher concentrations
around the geothermal source, to green-blue, indicating
lower concentrations in residential areas. Although this
pattern suggests a potential influence of geothermal
activity or geothermal manifestations in the crater area,
further investigation is required to establish the primary
source of heavy metal contamination.

Under the instrumental conditions used in this study, the
calculated LoD and LoQ for Hg were 1.98 and 6.01 pg/L,

respectively, compared with 10.49 and 31.78 pg/L for As.
These results indicate that the method produced lower
calculated detection and quantification limits for Hg than
for As under the selected wavelengths, calibration
ranges, and direct-nebulization conditions. However, this
comparison should not be generalized as evidence that
ICP-OES is universally more sensitive for Hg because
analytical  sensitivity = depends on instrument
configuration, wavelength  selection, background
correction, matrix effects, and calibration design.

Interviews with four residents were used only to obtain
informal contextual information about local water-use
practices and community perceptions. None of the
interviewed residents reported health complaints that
they associated with the use of local water sources.
However, this observation should not be interpreted as
evidence of the absence of adverse health effects or as
an assessment of community health status. The small
number of participants, the absence of clinical
evaluation, and the lack of biomonitoring data prevent
conclusions about health effects related to As or Hg
exposure. Potential risks associated with chronic
exposure therefore require evaluation through a
properly designed epidemiological or health-risk
assessment.

3.5. Statistical Analysis

Exploratory one-way ANOVA was performed separately
for As and Hg in water and sediment samples. For water,
the analysis included seven sample groups (J1-J7), with
three analytical measurements for each sample, resulting
in 21 observations. For sediment, the analysis included
three sample groups (SK1, SK2, and SA), with three
analytical measurements for each sample, resulting in
nine observations. The F statistics, degrees of freedom,
and available p-value thresholds are presented in Tables
9 and 10.

For water samples, the reported ANOVA results were
F(6,14) = 943.43, p < 0.001 for As and F(6,14) = 1010.32, p
< 0.001 for Hg. The large F statistics indicate that the
differences among the measurements obtained from the
individual water samples were substantially greater than
the variation among repeated analytical measurements
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Table 9. Exploratory ANOVA results for water samples.

Source df SS MS F calculated p-value
Arsenic (As)
Between locations 6 236.91 39.48 943.43 <0.001
Within locations 14 0.59 0.04
Total 20 237.50
Mercury (Hg)
Between locations 6 66.28 11.05 1010.32 <0.001
Within locations 14 0.15 0.01
Total 20 66.43

Table 10. Exploratory ANOVA results for sediment samples.
Source Df SS MS F calculated p-value
Arsenic (As)
Between locations 2 2.97 1.49 47.68 <0.001
Within locations 6 0.19 0.03
Total 8 3.16
Mercury (Hg)
Between locations 2 2.84 1.42 45.23 <0.001
Within locations 6 0.19 0.03
Total 8 3.03

of the same sample. However, the As results require
additional caution because J2-]J7 were below the method
LoD and could not be reliably quantified. Therefore, the
As ANOVA should not be interpreted as demonstrating
quantitative differences or a concentration gradient
among J2-J7.

For sediment samples, the reported ANOVA results were
F(2,6) = 47.68, p <0.001 for As and F(2,6) = 45.23, p < 0.001
for Hg. These results indicate that the differences among
the measurements obtained from SK1, SK2, and SA were
greater than the variation among repeated analytical
measurements of each sediment sample. Nevertheless,
the analysis was based on only one grab sample from
each location. Accordingly, the results describe
differences among the specific samples analysed and
cannot be generalized as population-level differences
among the sediment locations.

Although the reported p-value thresholds were below the
predetermined significance level of p = 0.05, the
statistical results must be interpreted in relation to the
replication structure. The three observations within each
group were analytical replicates, representing repeated
instrumental measurements of a single grab sample,
rather than independently collected field replicates.
Analytical replicates are useful for evaluating
measurement repeatability, but they do not capture
natural environmental variability within each sampling
location.

Consequently, the ANOVA results should be treated as
exploratory comparisons among the analysed grab
samples relative to analytical variability. They do not
independently confirm spatial differences, a source-to-

residential concentration gradient, or geothermal activity
as the source of the measured elements. Confirmation of
spatial patterns would require multiple independent field
samples from each location, additional sampling points,
and repeated sampling across different periods or
seasons.

It should be noted that each sample group consisted of
three repeated analytical measurements from a single
grab sample rather than independently collected field
replicates. Therefore, the ANOVA results represent
exploratory comparisons among the analysed samples
relative to analytical variability and should not be
interpreted as population-level spatial differences. The
reported p-values are threshold values rather than exact
calculated p-values. In addition, the As results for J2-J7
were below the method LoD and were not interpreted as
reliable quantitative concentrations.

3.6. Discussion
3.6.1. Spatial Distribution and Source Attribution

The main discoveries of this study reveal that the highest
concentrations of As (11.268 + 3.370 pg/L) and Hg (6.861
+ 0.700 pg/L) were recorded at the hot spring site (J1),
significantly higher than at other sampling locations (J2-
J7), suggesting that geothermal activity is the likely
primary source of these heavy metals. All water samples
exceeded the mercury quality standard of 1 pg/L set by
the Indonesian Ministry of Health Regulation No. 32 of
2017, raising concerns about potential health risks to
local communities. In sediment samples, the highest As
concentration at SK2 (9,080 + 3,842 pug/kg) marginally
exceeded the NOAA ERL value of 8,200 pg/kg, while Hg
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Figure 3. Sampling-point distribution of arsenic (As) and mercury (Hg) concentrations from the geothermal crater area
toward the residential area in Jaboi, Sabang.

concentrations (5.319-6.648 pg/kg) remained well below
the NOAA threshold of 150 pg/kg.

The spatial distribution pattern (Figure 3) clearly showed
a decreasing trend in metal concentrations from the
crater areas toward residential zones. The
concentrations of As decreased from 11.268 pg/L at J1
(hot spring) to below the detection limit at J7 (treated well
water). Similarly, Hg concentrations decreased from
6.861 pg/L at J1 to 1.596 pg/L at J7, representing a
reduction of approximately 76.7%. This progressive
dilution provides strong evidence that geothermal
sources are the primary contributors, with dilution,
sedimentation, and adsorption processes gradually
reducing concentrations as water flows downstream.

The measured conditions at J1, including low pH, high
temperature, high TDS, and comparatively elevated As
and Hg responses, are consistent with geothermal
influence and with the reported geochemical behaviour
of these elements in geothermal environments [5, 27].
However, these observations do not by themselves
establish geothermal activity as the source of the
measured elements at all sampling locations. The study
did not include major-ion chemistry, sulfate, chloride,
isotopic tracers, mineralogical analysis, background
reference sites, or other source-specific indicators.
Therefore, alternative natural and anthropogenic sources
cannot be excluded. Geothermal activity should
consequently be interpreted as a possible or likely
contributor to the observed metal enrichment rather
than as a confirmed primary source. Confirmation would
require independent field replication and additional
geochemical source tracers.

3.6.2. Comparison with Previous Studies

A comparison of these findings with previous studies in
Indonesia reveals both similarities and differences. The

As concentration in Jaboi hot spring (11.268 pg/L) was
considerably lower than those reported in Talaga Bodas,
Garut (up to 8,540 pg/L; [12] and the Ciwidey watershed
(1-3,250 pg/L; [11]. However, it was still within the range
of values reported in the le Se'um geothermal area, Aceh
(0.80-166.73 pg/L; [13]. For mercury, the concentration in
Jaboi (6.861 pg/L) was slightly higher than that reported
in West Java geothermal waters (6.5 pg/L; [11], but
remained comparable to values found in other active
geothermal systems globally [21].

The unexpectedly lower As concentrations in Jaboi
compared to Talaga Bodas and Ciwidey may be
attributed to differences in geothermal reservoir
characteristics. The Jaboi system is characterized as an
outflow zone with relatively lower temperatures
compared to the magmatic-hydrothermal systems found
in West Java and Garut. At lower temperatures, the
dissolution rates of arsenic-bearing minerals such as
arsenopyrite and pyrite are reduced, resulting in lower
arsenic concentrations in geothermal fluids [28].
Additionally, differences in local lithology and the mineral
composition of host rocks play a crucial role; areas with
higher abundance of arsenic-bearing minerals tend to
release more arsenic into geothermal fluids. The depth
and circulation patterns of geothermal fluids also affect
the contact time between fluids and arsenic-bearing
rocks, influencing the final concentrations observed at
surface manifestations.

The higher Hg concentration in Jaboi compared to West
Java, despite lower As levels, may be explained by the
different geochemical behaviors of these two elements.
Mercury is highly volatile and can be released through
fumarolic activity at the four active craters in Jaboi,
contributing to elevated concentrations in surface waters
[4]. The continuous emission of Hg from geothermal
vents likely maintains elevated aqueous concentrations
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even when reservoir temperatures are relatively lower. In
contrast, arsenic mobilization is more dependent on
temperature-dependent dissolution processes,
explaining why As concentrations are lower in cooler
outflow zones.

3.6.3. Implications for Environmental Management and
Public Health

The finding that all water samples exceeded the Hg
quality standard of 1 pg/L indicates that current water
sources used by local communities may pose potential
long-term health risks, including neurological impairment
and kidney dysfunction [7], despite no health problems
being reported to date. The detection of As in sediment
at levels exceeding the NOAA ERL also suggests potential
ecological risks, warranting further investigation. The
spatial distribution patterns observed in this study,
combined with statistical confirmation through ANOVA,
establish a clear relationship between geothermal activity
and heavy metal contamination in the region. This has
important implications for understanding heavy metal
dispersion in geothermal areas and for developing
appropriate management and mitigation strategies.

Several limitations of this study should be acknowledged.
First, method validation was performed on sediment
matrices only; water-matrix validation is needed to
confirm analytical accuracy for aqueous samples.
Second, most As concentrations in water were below the
detection limit, precluding reliable quantification and
interpretation. Third, ANOVA results are based on
analytical replicates (triplicate instrument readings)
rather than independent field replicates, limiting their
ability to confirm spatial trends. Fourth, the small number
of sampling sites (7 water, 3 sediment) may not fully
represent spatial and temporal variability. Fifth,
interviews with only four residents are insufficient to
establish public health status and should be interpreted
as informal contextual information only.

4. Conclusions

The highest As and Hg responses were observed in the
hot-spring sample J1. The As response inJ1 was above the
method LoD but below the LoQ and was therefore not
reliably quantified, while As in J2-J7 was below the LoD.
For Hg, only J1 was above the method LoQ and showed a
quantifiable exceedance of the 1 pg/L screening
benchmark. Compliance or exceedance could not be
confirmed for the remaining water samples because the
benchmark was below the method LoD. The measured
conditions at J1 are consistent with possible geothermal
influence, but source attribution cannot be confirmed
without independent field replication, background
locations, and additional geochemical tracers.

In sediments, the highest As concentration at SK2 (9,080
pg/kg dry weight) marginally exceeded the NOAA Effects
Range-Low (ERL) value of 8,200 pg/kg, suggesting
potential for initial biological effects, while mercury
concentrations in all sediment samples (5.319-6.648
pg/kg) remained well below the NOAA ERL threshold of
150 pg/kg, indicating no significant Hg contamination in
sediments. The observed results were consistent with
generally lower metal concentrations away from the
geothermal source. However, a quantitative percentage
decrease could not be calculated reliably for As because
most water samples were below the method detection
limit. This pattern should be interpreted cautiously
because of the limited number of sampling locations and
the absence of independent field replicates.

The ICP-OES method demonstrated acceptable validation
parameters for sediment matrix analysis, with excellent
linearity (R? > 0.99), recovery values within 70-125%, and
precision within acceptable limits; however, validation for
water matrices was not independently performed, and
this limitation should be considered when interpreting
aqueous As results, particularly those near the detection
limit. Although interviews with local residents revealed no
reported health issues linked to As or Hg exposure, the
finding that all water samples exceeded the Hg quality
standard indicates potential long-term health risks that
warrant regular monitoring and expanded health risk
assessments.

Several limitations of this study should be acknowledged.
Method validation was performed on sediment matrices
only; water-matrix validation is needed to confirm
analytical accuracy for aqueous samples. Most As
concentrations in water (J2-J7) were below the detection
limit (10.49 pg/L), precluding reliable quantification and
interpretation. ANOVA results for water samples are
based on analytical replicates (triplicate instrument
readings) rather than independent field replicates,
limiting their ability to confirm spatial trends. The small
number of sampling sites (7 water, 3 sediment) may not
fully represent spatial and temporal variability in the
study area. Interviews with only four residents are
insufficient to establish public health status and should
be interpreted as informal contextual information only.

Despite these limitations, this study provides the first
comprehensive baseline data on As and Hg
contamination in both water and sediment from the Jaboi
geothermal area, with mercury in water identified as the
primary environmental concern. The spatial distribution
pattern suggests geothermal activity as the likely primary
source of contamination, with concentrations decreasing
with distance from the crater sources. The findings
establish a foundation for future monitoring programs
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and health risk assessments in the area. Based on these
findings, future research should include seasonal
variation studies to understand the influence of rainfall,
temperature, and water flow on metal concentrations;
comprehensive health risk assessments including
analysis of As and Hg in human biological samples (hair,
urine) and aquatic biota (fish) to evaluate actual human
exposure; the use of more sensitive analytical techniques
such as ICP-MS or HG-AAS for As determination at low
concentrations; and the establishment of long-term
monitoring programs to track changes in metal
concentrations over time, as well as expansion of
sampling area and number of points around the
geothermal manifestation to obtain more detailed
information on spatial distribution patterns.
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