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Abstract

Coastal communities rely heavily on Rainwater as their main drinking water source, even though it can be contaminated with
harmful chemicals such as nitrates, cadmium, fluoride, and lead. Prolonged exposure to these contaminants poses significant
health risks, especially for vulnerable groups such as children and the elderly. This study aims to conduct a comprehensive
health risk assessment of chemical exposure through rainwater consumption in coastal populations. An observational-analytical
design was used, with the Environmental and Health Risk Assessment framework. The study population was divided into
two groups: community and environmental samples. Rainwater samples were collected from eight shelter points, while
94 residents (children and adults) were selected as study subjects. Data collection was carried out through laboratory
analysis and structured interviews. The Environmental and Health Risk Assessment methodology is carried out in four stages:
hazard identification, dose-response analysis, exposure assessment, and risk characterization. The results showed that the
concentration of chemical parameters (NOs, Cd, Pb, and F) in Rainwater was still within the permissible limits, indicating that
Rainwater was relatively safe for consumption. The study provides important insights into the chemical risks associated with
Rainwater, offering a foundation for targeted interventions to protect public health, strengthen resilience to environmental
hazards, and ensure sustainable management of water resources. The results of the study show that the quality of Rainwater
consumed by coastal communities is still within safe limits, but it still needs attention because prolonged exposure has the
potential to cause health problems, the study also contributes to the existing literature by integrating chemical risk assessment
into public health planning for vulnerable coastal populations, highlighting the importance of proactive risk management
strategies in mitigating long-term health impacts.
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1. INTRODUCTION

Water is an essential element for the survival of living or-
ganisms, and its role cannot be substituted by any other
compound (Purwanto, 2021). Therefore, meeting water
quality standards for both direct consumption and daily
use is crucial for public health (Kementerian Kesehatan
Republik Indonesia, 2023). If water fails to meet these stan-
dards, it poses health risks, including exposure to diseases
caused by microbial contamination, harmful chemicals, or
heavy metals. Ensuring that water quality complies with
established standards is vital to safeguard both immedi-
ate safety and long-term community health (Astuti et al.,
2021; Herawati et al., 2024a,b; Kusumawardhana et al., 2021;
Mostafaii et al., 2021; Njuguna et al., 2021; Okafor et al.,
2023; Romero et al., 2022).

Chronic exposure to waterborne contaminants can lead
to serious health issues. Contaminants like heavy metals,
pesticides, and pathogenic microorganisms can accumulate
in the body over time, significantly increasing the risk of
chronic diseases, including neurological disorders, cardiovas-
cular issues, and kidney and liver dysfunction (Dobrinas
et al., 2022; Gunjyal et al., 2023; Okafor et al., 2023; Romero
et al., 2022). These groups, due to their weakened immune
systems, are particularly susceptible to the harmful effects of
poor water quality. Therefore, rigorous monitoring of water
quality is necessary to safeguard public health (Kementerian
Kesehatan Republik Indonesia, 2023; Purwanto, 2021).

The water used to meet daily needs can come from vari-
ous sources, including surface water (such as rivers, lakes,
and reservoirs), groundwater (from shallow and deep wells),
and Rainwater collected from rooftops (Sakati et al., 2023).
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Each source has its own set of characteristics and poten-
tial for contamination (Ghosh et al., 2023; Xu et al., 2022).
Surface water is often vulnerable to pollution from domes-
tic, industrial, and agricultural runoff, while groundwater,
although generally protected, can still be contaminated by
chemicals or heavy metals from human activities or natural
geological processes (Deng and Chen, 2022; Esmaeili et al.,
2024; Islam et al., 2022; Romero et al., 2022; Smith, 2023).

Rainwater, although inherently purer, can still be con-
taminated by air pollutants before reaching the ground sur-
face (Chivu et al., 2017; Czerwinska and Wielgosinski, 2019;
Yang et al., 2023). Consequently, proper treatment and con-
tinuous monitoring of water quality from various sources are
crucial to ensure its safety for daily use, including drinking,
cooking, bathing, and other purposes (Carpio-Vallejo et al.,
2024). In coastal regions, Rainwater is often the primary
source of potable water, particularly in areas with limited
access to groundwater or proper water distribution systems
(United States Environmental Protection Agency, 2012).
Rainwater consumed by coastal communities may contain
harmful contaminants, including chemicals (Gunjyal et al.,
2023; Tenebe et al., 2023). However, there is insufficient data
on the extent of chemical contamination in Rainwater, par-
ticularly in coastal regions. Coastal populations, including
vulnerable groups such as children, face heightened health
risks from consuming polluted Rainwater, compounded by
limited access to alternative water sources. Consuming
contaminated water poses significant health risks.

Coastal communities are heavily reliant on Rainwater
as their primary drinking water source. However, chemical
contamination in Rainwater presents potential health risks.
Coastal regions are also confronted with significant pollution
issues stemming from industrial, residential, agricultural,
and transportation activities (Contreras et al., 2025; Gu-
nasekara et al., 2025; Jayalath and Ratnayake, 2025). Given
these challenges, this study is crucial for risk mitigation,
focusing on measuring chemical concentrations in Rainwater
and assessing the long-term health impacts of exposure, es-
pecially to children. This study aims to evaluate the risk of
chemical exposure (NO3, Cd, Pb, and F) through rainwater
consumption among coastal communities. The findings of
this study can serve as a foundation for local governments to
develop strategies to provide safe water sources for coastal
communities, thereby reducing health risks associated with
chemical contamination in Rainwater.

2. EXPRIMENTAL SECTION

2.1 Design of Research

This study is an analytical observational research with an En-
vironmental and Health Risk Assessment (EHRA) approach.
It is designed to evaluate the health risks faced by popula-
tions exposed to chemicals through rainwater consumption,
with a particular focus on the specific contaminants found
in coastal areas.
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2.2 Population and Sample
1. Population

a. The human population in this study comprised
all residents of North Bulagi District, totaling
9,803 individuals.

b. The environmental population consisted of rain-
water sources, specifically all rainwater harvesting
and storage systems located within North Bu-
lagi District. These systems were identified and
classified based on their geographical distribu-
tion and types of storage structures, taking into
account the distance between collection points
and surrounding environmental characteristics
(coastal-residential, residential, low traffic, mod-
erate traffic, and high traffic).

2. Sample
The sample size for the human population was de-
termined using the Lameshow formula, expressed as

follows:
725 P(1=P)-N
"TEeN-1+ZL,, PO-P)

Based on this calculation, 94 respondents were selected.
These respondents were divided equally into two groups,
consisting of 47 adults and 47 children, to allow for com-
parative exposure and risk assessment between different age
categories. Sampling in this study was conducted using a
purposive sampling technique, which selects samples based
on specific considerations relevant to the research objectives.

a. Environmental Sample Criteria (Rainwater)

A total of eight (8) rainwater harvesting and storage
units in North Bulagi District were selected as envi-
ronmental samples using purposive sampling. The
selection was based on the following considerations:

1) Rainwater is widely utilized by the local com-
munity as a primary source of clean drinking
water.

2) A high proportion of households depend on Rain-
water for daily consumption.

3) Rainwater catchment systems use metal (zinc)
roofing, which may influence water quality.

4) Sampling locations are situated in areas with
high traffic density, increasing the potential for
atmospheric pollutant deposition.

5) Rainwater storage systems are constructed using
fiber tanks or concrete structures.

The environmental parameters analyzed in this study
included chemical indicators, namely Nitrate (NO3), Cad-
mium (Cd), Lead (Pb), and Fluoride (F) in rainwater storage
systems.

Rainwater samples were collected using the Integrated
Sampling technique, in which samples were collected sepa-
rately but simultaneously to achieve equal representativeness.
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Figure 1. Boundary System of Wastewater Treatment

A volume of 100 mL was collected for microbiological analy-
sis, and 2000 mL for chemical analysis, using sterile sampling
bottles. All sampling procedures followed the Indonesian
National Standard (SNI) for water sampling methods.
b. Human Sample Criteria
The human samples were divided into two age-based
groups: adults and children, with the following inclu-
sion criteria:
1. Adult Group
a) Use Rainwater as the primary source of drink-
ing water.
b) Willing to participate and provide informed
consent for the study.
c) Aged 26-45 years
d) Have resided in the study area for approxi-
mately three years or longer.
2. Children Group
a) Use Rainwater as the primary source of drink-
ing water.
b) Willing to participate with parental or guar-
dian consent.
¢) Aged 11-15 years.
d) Have attended school in the area for approx-
imately three years, indicating long-term res-
idence and exposure.

2.3 Study Variables

This study measures the concentration of chemical contami-
nants in Rainwater and evaluates the associated health risks.
The environmental variables include the concentration of
Nitrate (NO3), Fluoride (F), Cadmium (Cd), Chromium
(Cr), and Lead (Pb) in rainwater samples, while the human
population variables are: age, weight, and duration of ex-
posure (length of stay in the coastal area). These variables
were chosen to assess both environmental contamination
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and individual exposure levels

2.4 Data Collection

Data were collected using two primary methods: laboratory
analysis and structured interviews. Chemical concentra-
tions in Rainwater were measured using Atomic Absorption
Spectrometry (AAS), while data on rainwater consumption
behavior were gathered through structured interviews with
coastal community members, using questionnaires. The
combination of these methods allows for both precise chem-
ical analysis and an understanding of local consumption
patterns.

2.5 Data Analysis
The data from laboratory analysis and interviews were ana-
lyzed using the Environmental and Health Risk Assessment
(EHRA) method, which involves four stages:
1. Hazard Identification
Hazard identification is a systematic process conducted
to determine the presence and concentration of chemi-
cal substances that may pose potential risks to human
health. This stage aims to identify chemical agents in
environmental media that have the potential to cause
adverse health effects upon exposure.
2. Dose-Response Analysis
Dose-response analysis involves determining quanti-
tative toxicity values for each chemical species of the
identified risk agents. In this stage, the dose-response
relationship is assessed using the oral Reference Dose
(RfD), which represents exposure through ingestion.
The reference dose is not an absolutely safe dose, but
rather a guideline value. When the estimated exposure
dose exceeds the RfD, the likelihood of adverse health
effects increases.
3. Exposure Assessment
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Figure 2. Scenarios Treated Water Recycling Program

Exposure is defined as the experience of contact with
a chemical agent, foreign substance, or xenobiotic
over a specified period at a receptor point. Exposure
assessment aims to identify the exposure pathways
of risk agents so that the amount of intake received
by individuals within the at-risk population can be
quantified.

The intake values were calculated using the following
equations:

a. Non-carcinogenic Exposure Intake (Ink)
Intake through the ingestion pathway:

_ CxRX fgx Dy

Ink
Wy X tava

b. Carcinogenic Exposure Intake (Ik)
Intake through the ingestion pathway:
_ OXRX fgpx Dy

Ik
Wy X tave

(2)

The values of R (intake rate), tg (exposure time), fg
(annual exposure frequency), D; (exposure duration), W
(body weight), and tay ¢ (averaging time) for both ingestion
and inhalation pathways in the simplified EHRA (ARKL)
used default values provided by the USEPA. In the com-
plete EHRA framework, data on C, R, tg, fg, Ds, and W,
were collected directly from the at-risk population through
interviews and field measurements.

4. Risk Characterization

Risk characterization is a qualitative process, and,
where possible, a quantitative one, that integrates ex-
posure and toxicity information to estimate the prob-
ability of adverse health effects in organisms, systems,
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or subpopulations, while accounting for uncertainty
factors. At this stage, quantitative calculations are per-
formed to determine whether a risk agent at a specific
concentration may cause health effects in individuals
or populations. Risk characterization is conducted by
comparing the calculated intake with the reference
dose obtained from the previous calculations.
Risk characterization is divided into two categories:
a. Non-carcinogenic Risk Characterization
Non-carcinogenic risk is expressed as a Risk Quo-
tient (RQ), calculated using the following equa-
tion:

1

RQ::RfDoerC

(3)
The risk level is considered acceptable when RQ <
1, indicating that the intake does not exceed the
reference dose. Conversely, the risk is considered
unacceptable when RQ > 1, indicating a potential
health risk.

b. Carcinogenic Risk Characterization
Carcinogenic risk is expressed as Excess Cancer
Risk (ECR), calculated by multiplying the intake
value by the Slope Factor (SF), as shown below:

ECR=1xSF (4)

Carcinogenic risk is expressed as a dimensionless
probability value. The risk level is considered
acceptable when ECR < 104, and unacceptable
when ECR > 1074,
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Chemical Risk Agents Doses Respon (R{D) Critical Effects Reference
Nitrate (NO3) 1.6 mg/kg/ Early clinical symptoms of methe- (World Health
day moglobinemia Organization,
2014)
Cadmium (Cd) 5 x 107* Proteinuria due to chronic exposure (World Health
mg/keg/day in humans Organization,
2014)
Lead (Pb) 4 x 107 Permanent damage to the brain and (World Health
mg/kg/day nervous system Organization,
2014)
Flouride (F) 6 x 1072 Dental milling and cosmetic effects (World Health
mg/kg/day in epidemiologist studies Organization,
2014)

Resource: (World Health Organization, 2014)

3. RESULT AND DISCUSSION

3.1 Hazard Identification

The results showed that all chemical parameters (NO3, Cd,
Pb, and F) were within the quality standard limits, which
reflected the relatively safe water quality (Figure 1). How-
ever, Point VIII stands out with concentrations of NO3 and
F that are close to the threshold, indicating the potential
influence of local activities such as heavier traffic.

The results of the study provide empirical data on the
exposure of harmful chemicals (Nitrate, Cadmium, Fluoride,
Lead) to Rainwater in coastal areas, even though they are
present at concentrations still safe for humans. This suggests
that although Rainwater naturally tends to be purer, the
potential for contamination by harmful chemicals cannot be
ignored (Fitria et al., 2018; Konan et al., 2022; Sakati et al.,
2024). Pollutants in the atmosphere, such as heavy metals
and nitrogen compounds, can be deposited onto the soil
surface, increasing the risk of exposure to contaminants. Ex-
posure to these chemicals can cause acute and chronic toxic
effects, depending on the type and concentration of the con-
taminant (Chivu et al., 2017; Czerwinska and Wielgosinski,
2019; Sun et al., 2016; Yang et al., 2023).

Coastal communities use Rainwater as the main source of
drinking water. Although Rainwater tends to be purer, the
potential for contamination with harmful chemicals cannot
be ignored (Tenebe et al., 2023). Atmospheric pollutants,
such as heavy metals, can be deposited onto the soil surface,
increasing the risk of exposure to contaminants. Exposure
to these chemicals can cause health problems, including
acute and chronic toxic effects, depending on the type and
concentration of the contaminant (El-Aassar et al., 2023).
Sources of contamination may include motor vehicle emis-
sions, industrial operations, and other domestic activities.
Previous studies conducted in southern Brazil have demon-
strated that rainwater contamination is primarily influenced
by soil resuspension, traffic-related emissions, and combus-
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tion processes, as well as marine aerosols (Hoinaski et al.,
2014).

3.2 Dose-Response Analysis

After identifying potential hazards, the next step is to con-
duct a dose-response analysis to determine the RfD values
of the risk agents studied by EHRA, as well as to under-
stand the impact that these agents can have on the human
body (Table 1). In EHRA’s research on the quality of drink-
ing water sourced from Rainwater in North Bulagi District,
Banggai Islands Regency, it was found that chemical param-
eters such as Nitrate (NO3), Cadmium (Cd), Lead (Pb), and
Fluoride (F) can enter the human body through ingestion
routes, with non-carcinogenic properties.

The RfD (Reference Dose) value indicates the daily dose
considered safe for humans over a lifetime without signifi-
cant harmful effects. Excessive exposure to these chemical
agents has the potential to cause a variety of serious health
problems.

3.3 Intake Rate Analysis

Based on anthropometric data, it is known that in the
children’s receptor group, the rate of drinking water con-
sumption is 1 liter/day, with a frequency of exposure of 350
days/year, an average body weight of 15 kg, and a duration
of exposure for 30 years. Meanwhile, in the adult receptor
group, the rate of drinking water consumption reached 2
liters/day, with a frequency of exposure of 350 days/year,
an average body weight of 55 kg, and the same duration of
exposure (30 years).

The Table 2 presents the results of the calculation of
the average intake based on the minimum and maximum
concentration ranges of detected chemicals. Nitrate showed
the highest value of 2.26x10°! mg/L, followed by Fluoride
with a maximum value of 3.893x10% mg/L. Meanwhile,
Cadmium and Lead reached the highest values of 8.545x 1076
mg/L and 1.044x10# mg/L, respectively.
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Intake Rate (mg/L)

Concentration  L,; Nitrate (NO3) I,r Cadmium (Cd)  I,x Fluoride (F) L. Lead (Pb)
Min. 5.705 x 1072 2.158 x 1076 9.829 x 10~3 2.637 x 10~°
Max. 2.260 x 10~ 8.545 x 10~ 3.893 x 1072 1.044 x 104

3.4 Risk Characteristics Analysis

The results of the intake rate calculation are then used to
calculate the risk characteristics. Risk characterization is
the final stage of the Environmental Health Risk Analysis
(EHRA), which aims to determine whether the concentra-
tions of risk agents analyzed have the potential to cause
health impacts on the community. This characterization is
expressed as a Risk Quotient (RQ), which is used to assess
the risk of non-carcinogenic effects. If the RQ > 1, there is
a potential health risk, while an RQ < 1 indicates negligible
risk (Figure 2).

Variations in RQ values for children and adults based on
chemical content (Nitrate, Cadmium, Fluoride, and Lead)
at eight sampling points over the next 30 years, fluoride
results showed the highest RQ values, especially in children,
indicating a greater potential risk compared to other param-
eters, although still within safe limits. Meanwhile, Nitrate,
Cadmium, and Lead have relatively low RQ values, posing
less risk to adults than to children. Points 7 and 8 indicate
a spike in cadmium risk, so further attention is needed. Us-
ing the RQ approach, the study’s results project potential
long-term health impacts, especially for vulnerable groups,
such as children. This provides a clearer understanding
of the chronic risks posed by the consumption of polluted
Rainwater (Dobrinas et al., 2022; Mostafaii et al., 2021;
Okafor et al., 2023; Romero et al., 2022). Although the
study results indicate that the chemical indicators in Rain-
water are relatively low and still safe for people in coastal
areas, management efforts are still needed because there is
a risk of long-term consumption (Hooshmandi et al., 2023;
Li et al., 2024).

Coastal communities, especially children and vulnerable
individuals, face higher health risks from polluted rainwater
consumption. This is due to limited access to safer alter-
native water sources. This condition increases the risk of
long-term exposure to harmful chemicals, which can neg-
atively affect the growth, development, and health of the
group (Li et al., 2024; Okafor et al., 2023).

The limited data on chemical contamination levels in
Rainwater, especially in coastal areas, underscores the ur-
gency of this research. Until now, research mapping specific
concentrations of chemicals such as nitrate, cadmium, Fluo-
ride, and lead in Rainwater in coastal areas has been very
limited (Astuti et al., 2021; Li et al., 2024; Romero et al.,
2022). This information is very important for determining
the level of safety of Rainwater consumed by coastal com-
munities, so that the results of the study can serve as a
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basis for policymakers to design more effective interventions,
such as the provision of better water treatment technology
or health education programs for coastal communities (Li
et al., 2021; Nong et al., 2023; Qi et al., 2023; Tenebe et al.,
2023; Urakawa et al., 2022).

Consuming polluted water is known to trigger a variety
of health problems, ranging from indigestion to chronic
diseases such as kidney damage and nervous system disorders
(Purandara et al., 2015; Xu et al., 2022). This risk is even
more significant in coastal contexts where communities are
heavily dependent on Rainwater without further treatment.
Therefore, this study not only aims to fill the data gap
but also provides a scientific basis for the development of
more effective public health policies and interventions. The
construction of Drinking Water Treatment Plants (IPAM)
and the periodic monitoring of community drinking water
quality can help protect the community from long-term
exposure to chemicals.

4. CONCLUSIONS

This study concludes that the chemical indicators in Rain-
water remain safe for people in coastal areas. Although the
concentrations of chemical parameters have not exceeded
the minimum threshold limit, they should be monitored reg-
ularly, as they pose potential risks if consumed over the long
term. With a better understanding of the chemical risks in
Rainwater, we can take strategic steps to protect the health
of coastal communities, improve resilience to environmental
threats, and ensure the sustainability of water resources.
This research paves the way for further studies, including
exploring other sources of contamination and the impact of
climate change on rainwater quality.
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