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ARTICLE INFO ABSTRACT

Handling Editor: L.H. Lash The Ijen Crater volcano is one of the geological wonders recognized by UNESCO. Inside it is a blue lake with a
high acidity level, and a blue fire phenomenon has formed due to the very high concentration of sulfur. This
crater is also one of Indonesia’s largest sources of sulfur and is used by locals as a traditional sulfur mine. This
study aims to measure SO concentrations and assess the health risks of SO, exposure in traditional sulfur mine
workers. The SO, measurements were taken using impingers at six sample points along the mine workers’ path.
In addition, anthropometric data, work activity patterns, and health complaints during work were collected
through direct interviews with 30 respondents selected based on inclusion criteria. Short-Term Health Impact
Method was carried out based on a comparison of threshold level values and acute effects obtained from in-
terviews regarding health complaints. The Hazard Question Index (HQ Index) of SO; exposure was calculated
using the health risk assessment method. The SO, concentrations between 3.14 and 18.24 mg/m°>. All sample
points were above the quality standard threshold set by the EPA of 1.97 mg/m>. The most common health
complaints workers experienced were eye irritation and coughing while working, followed by headache,
shortness of breath, and skin irritation. The HQ index of SO exposure in workers was 1.02 for real-time exposure
and 2.15 for long-term exposure. An HQ index > 1 indicates a potential health risk for workers. Therefore, it is
important to control workers’ SO, exposure.
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1. Introduction miners [4]. This sulfur mining process not only presents physical chal-

lenges for workers but also puts them at risk of exposure to sulfur di-

Ijen Crater, located in East Java, Indonesia, is one of the world’s most
geological wonders. This crater has a blue lake containing high con-
centrations of sulfuric and hydrochloric acid, as well as a unique blue
fire phenomenon resulting from burning sulfur gas. It has received
recognition from UNESCO as part of the World Biosphere Reserve,
which emphasizes the importance of this area for biodiversity and ge-
ology [1,2]. In addition, this area is also a popular tourist destination,
attracting thousands of visitors every year who are interested in wit-
nessing its natural beauty and rare geological phenomena [3].

Sulfur produced from the Ijen Crater is one of the largest sources of
sulfur in Indonesia and has been exploited for years by traditional

oxide (SO32). SO, gas is a dangerous air pollutant that can cause irritation
to the respiratory tract, eyes, and skin. In the [jen Crater, high concen-
trations of SO result from volcanic activity and sulfur mining, which
creates a dangerous working environment for workers who are directly
and continuously exposed to it [5,6].

Previous studies of SO2 exposure in mining in Kankoyo, Zambia,
showed a correlation with health effects on workers, namely coughing,
chest tightness, asthma) and neonatal mortality [44]. While previous
studies have touched upon the issue of SO2 exposure in the traditional
sulfur mining environment at Ijen Crater, a comprehensive health risk
assessment is still lacking. Most of these studies have focused on the
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geological aspects and sulfur’s characteristics, neglecting the crucial
aspect of worker health. Therefore, this study aims to bridge this gap by
measuring SO, concentrations in mining areas and evaluating the health
risks faced by traditional mining workers, offering a unique perspective
on the issue.

2. Method
2.1. Location study and sampling points

This research was conducted in the Ijen crater area, located in
Banyuwangi district, East Java province, Indonesia, which is the loca-
tion of the largest traditional sulfur mine in Indonesia. Health risk
assessment is carried out by identifying SO, sources and measuring SO3
concentrations along worker activity routes. SO, measurements were
carried out at six sampling points using a stratified sampling method [7].
The location of the sampling point was taken based on a spot that has a
foothold for resting, which is used by workers transporting and carrying
out sulfur mining activities at a distance of 75 — 180 m per point (Fig. 1).

Sampling point 1 is the peak of Mount Ijen, which is a temporary
sulfur collection point and a resting location for workers. Points 2, 3, 4
and 5 are access roads used by workers to transport sulfur from sulfur
sources. Points 2 and 5 only have steps to help mine workers take a short
break when transporting sulfur, while there is a temporary rest route at
point 3, which workers can use to take shelter from the smoke with the
provision of emergency tent facilities. Meanwhile, point 6 is a sulfur
source location which is the main location in sulfur mining with activ-
ities for breaking sulfur rock, collecting and watering sulfur locations
where flames are thought to be present. This route is a steep route with
an elevation of + 150 m over a distance of + 800 m (Fig. 1). SO mea-
surements were carried out using an impinger instrument with a flow
rate of 1 liter/minute for 1 hr. The sampling location and elevation
height can be seen in Fig. 1.
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2.2. Respondents

The respondent population in this study was taken based on inclu-
sion criteria, namely, respondents were willing to be the object of
research, have work experience of at least one year or more, are 18-55
years old, and Work a minimum of 8 hr per day. Based on these criteria,
the total number of respondents was 30 workers [8,9].

Respondents were interviewed directly by collecting data from
anthropometric characteristics and health symptoms that occurred
while working and that they had experienced. The anthropometric data
taken were weight, gender, age, and education level. Thus, the health
symptom criteria are based on each worker’s health complaints based on
interviews. Analysis was then carried out from the interview data to
determine exposure time (Te), exposure frequency (Fe), and exposure
duration (Dt).

2.3. Short-term health impacts and acute effects

The Short-Term Health Impact Method was carried out based on a
comparison of threshold level values from standards issued by the EPA,
NIOSH, and OSHA, which are international organizational bodies that
specifically work in the field of environmental health and occupational
safety. Meanwhile, acute effects were obtained from physical interviews
regarding health complaints received while working.

2.4. Health risk assessment non-carcinogenic compound

Health risk assessment is a quantitative technique used to identify,
evaluate, and measure potential risks associated with exposure to
environmental or occupational factors on human health, which aims to
understand and measure the extent to which SO, exposure can cause
negative effects on human health, as well as to plan the necessary
mitigation steps to reduce these risks [10,11].

SO, is included in the non-carcinogenic risk category, which means
that although SO, can cause various health problems, such as respiratory
problems, irritation of the eyes, nose, and throat, as well as worsening
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Fig. 1. Sampling point and elevation of location.
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existing lung conditions such as asthma and bronchitis, this gas does not
classify as a substance that can cause cancer in humans [12,13]. So, the
calculation of daily exposure intake through inhalation uses E.q 1 [14].

CR.T.f.D,

(€§]
Wi Targ

Tinhatatin =
Note:
Linhalation = Intake inhalation (mg/kg/day)

C = Concentration (mg/m3)

R = inhalation rate (0.83 m3/hr)

e = time of exposure (hr/day)

Fe = Frequency of exposure (days/year)

Wy = Weight of body (kg)

D¢ = Duration time, real time or 30 years projection

Tavg = Time average period (30 years, 365 days/year for noncar-
cinogenic substances)

Then, the hazard quotient due to exposure to SO is calculated using

Eq. 2 [15]. Apart from that, to calculate the safe duration of time, it can

be calculated using Eq. 3 [16].

Iinhalatian
= 2
RQ Rfd or Rfc 2
R C Wy . Tay
SD = 3
C. R T. F ®
Note

HQ = Hazard Quotient

RfC = Reference concentration (mg/kg/day)

Rfd = Reference of dose (mg/kg/day)

SD = Safe duration (year)

The health risk assessment for SO, with an HQ value < 1 indicates
that there is no impact on health, whereas if the HQ value > 1 indicates
that the exposure that occurs has an impact on health [17]

2.5. Ethical clearance
The respondent of human has been suitable with Ethical that have
approved by The Research Ethics Committee of Bandung Institute of

Technology with No. KEP/11/2024/X/M200224SHS-SOOH.

3. Results and discussion

(Cl x Tl)+(C2 x T2)+ (C3xTe

)+(C4 x T4)+(C5 x T5)+(C6 x T6)
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Table 1

Distance, Time activity and concentration of SO,.
Sampling point 1 2 3 4 5 6
SO, concentration (mg/ 3.14 3.46 3.62 6.29 18.24 16.98
m3)
Time activities (hr) 3.5 0.5 0.75 0.5 0.25 2.5
Distance (m) 150 180 180 150 75 75
Humidity (%) 80 80 80 80 80 80
Threshold level value 1.97+! 13.1%2 5.24*3
(mg/m?®) *
SO, concentration 8.2

average (mg/m®)

Note: *1: Environmental Protection Agency (EPA) [18]; *2: Occupational Safety
and Health Administration (OSHA) [19,20]; *3: National Institute for Occupa-
tional Safety and Health (NIOSH) [19,21].

initial meeting point, temporary collection point, and rest area, with the
average worker spending time at this point 3.5 hr with SO, exposure of
3.14 mg/m°. Point 6 is the main location for the sulfur source. Workers
spend around 2.5 hr exposed to SO of 16.98 mg/m?, and this point is
the main activity site for digging sulfur stones and collecting and wa-
tering the land caused by sulfur activity.

Apart from that, points 2, 3, 4, and 5 are the routes used by workers
to go up and down carrying sulfur stone from the source. At this point,
there is only a short rest area, which is used to refresh the workers’
bodies so they can raise the sulfur stone to point 1. At points 2 and 4, the
time spent is around 0.5 hr with SO, exposure of 3.46 and 6.29 mg/m°.
A quite striking difference is at point 3, where there is a temporary
shelter that is used by workers to take a slightly longer break than the
other points with SO, exposure of 3.62 mg/m°>. Meanwhile, at point 5
the exposure received was 18.24 mg/m° for 0.25 hr.

Point 5 is located 75 m above the sulfur source location area and is a
wind flow area that always blows towards the point. This causes the SOy
smoke collection to continuously expose this area. Point 6, located at the
bottom of the crater with a height position of the impinger measuring
instrument of 1.5 m, is not always exposed to the SO smoke collection,
where SO, is dominantly directed upwards. This caused the SO, con-
centration at point 5 to be higher than at point 6.

SO, concentration average is the average concentration received by
workers during one day of work. This equation can be seen in Eq. 4. This
equation calculates the time-weighted average of SO exposure based on
the concentrations and the duration of each point sample.

SOyaverage =

3.1. SOz concentration and working hour activities

Exposure time is obtained based on the length of worker activity
spent at each location point. The distance to each point, the duration of
activity, and the SO concentration can be seen in Table 1.

Table 1 reveals that the SO, concentration varies from 3.14 —
16.98 mg/m?>, indicating a significant difference between measurement
points. Points closer to the emission source tend to have higher con-
centrations, a variation influenced by factors such as distance from the
pollution source and the direction of the wind carrying SO,. This un-
derscores the importance of comprehending the spatial distribution and
factors that influence SO, concentrations, a crucial aspect for the safety
of mine workers and the health of individuals who visit the Ijen Crater as
a tourist attraction.

The exposure time of workers at each point varies quite significantly
from 0.25 to 3.5 hr of time spent along the work route. Point 1 is the

T1+T2+T3+T4+T5+T6

4

Where:
C1, C2, C3, C4, C5 and C6 = Concentration SO at each point sample
T1, T2, T3, T4, T5 and T6 = duration time the worker work at the
point sample.

3.2. Respondent characteristics

Respondent characteristics data (Table 2) shows that all workers are
men. Sulfur mining has a very high risk. Apart from that, the distance
from the location of the initial base camp to the Ijen Crater can only be
accessed by walking and carrying loads up and down Mount Sulfur
Stone, causing there to be no female workers in sulfur mining activities
in the area.

The majority of respondents were over 40 years old, with 73 percent,
whereas the youngest was 37 years old, and the oldest was 52 years old.
Apart from that, the level of work experience is quite long, with the



S.H. Susetyo et al.

Table 2
Respondent characteristic.

Variable characteristic respondent Frequency Percentage (%)
Gender

1. Male 30 100
2. Female 0 0
Age

1. < 40 years old 8 27
2. > 40 years old 22 73
Education level

1. Elementary school 10 34
2. Junior high school 14 46
3. Senior high school 4 13
4. No school 2 7
Length of work

1. 1-5years 0

2. 6-10 years 5 17
3. 11-15 years 6 20
4. 16-20 years 7 23
5. > 20 years 12 40
Weight

1. 150 - 155 kg 5 17
2. 156 — 160 kg 14 47
3. > 160 kg 11 36
Smoking habit 25 83

majority, around 40 %, having worked for more than 20 years and only
17 % having at least 6-10 years of experience. This indicates that this
job is not popular for young people at high risk who rely on physical
strength. Apart from that, with such a high age distribution, the sus-
tainability of mining is predicted to have problems in the future if there
is no innovation in the mining process that can attract young people to
work in this field.

Apart from the striking age, the level of education is also dominated
by low education, where 46 % of workers have graduated from junior
high school, 34 % have graduated from elementary school, and 7 %
have not attended school, only 13 % of workers have graduated from
senior high school. Meanwhile, the average body weight is 156-160 kg.
Apart from that, traditional mining work is direct manual labor, so ed-
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3.3. Short-term health impact and acute effect

Short-term health impact assessment of SO: exposure involves
measuring the concentration of the gas in the air and comparing it with
health standards set by several organizations, namely OSHA, NIOSH,
and EPA [23]. Based on Fig. 2. The sulfur dioxide (SO2) concentrations
at six different locations (P1 to P6) compared to the threshold values
(TLV) set by OSHA, NIOSH, and EPA show significant variations. At
locations P1 to P3, SO, concentrations were 3.14 mg/m°, 3.46 mg/m°,
and 3.62 mg/m®, respectively. Although these values are below the TLV
set by OSHA (13.1 mg/mS) and NIOSH (5.24 mg/m3), they still exceed
the TLV set by the EPA (1.97 mg/m®). This indicates that exposure at
this location still has the potential to be hazardous to health according to
EPA standards. At site P4, SO, concentrations reached 6.29 mg/rn3,
which is still below the OSHA TLV but exceeds the NIOSH and EPA TLVs,
indicating a medium health risk for workers. A more serious situation
was seen at locations P5 and P6, with concentrations of 18.24 mg/m>
and 16.98 mg/m?, respectively. Both values exceed all TLV standards set
by OSHA, NIOSH, and EPA, indicating that SO, exposure at these lo-
cations is very high and may pose a serious health risk to workers.
Short-term exposure to SO at high concentrations can cause irritation of
the respiratory tract, eyes, and skin, while long-term exposure can
worsen lung conditions and increase the risk of respiratory infections
[24,25].

The differences in quality standards for SO, exposure between
NIOSH, EPA, and OSHA are caused by the different focus, goals, and
approaches of each organization [26]. NIOSH focuses on research and
recommendations to protect worker health based on the latest scientific
evidence regarding long-term impacts on the work environment, so it
tends to be more conservative. EPA sets stricter standards to protect
human health and the environment, covers the general population,

Table 3
Health symptoms at work.

Variable n Percentage (%)

ucation is not really needed for this job. This affects the behavior of E};ié:itation 28 188
workers who are less aware of the risks they face and, therefore, carry Headache 20 67
out mining work using only minimal personal protective equipment Breathlessness 20 67
[22]. Skin Irritation 18 60
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Fig. 2. Comparison of SO, concentration and threshold level value.
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including vulnerable groups such as children and the elderly, and con-
siders exposure from multiple sources. Meanwhile, OSHA establishes
and enforces workplace safety and health standards by considering
practical considerations, economics, as well as scientific data, so these
standards may not be as stringent as NIOSH or EPA but are designed to
protect workers during work hr by considering industrial and economic
factors [27,28].

Based on interview data collected (Table 3), the health symptoms
experienced by sulfur mining workers in the Ijen Crater, it was found
that all workers (100 %) experienced eye irritation and coughing. This
shows that exposure to SOz and sulfur particles in the mining environ-
ment is very high and has the potential to cause significant irritation to
the respiratory tract and eyes of workers.

As many as 67 % of workers reported experiencing headaches and
shortness of breath. Headaches can be caused by inhalation of toxic
gases, physical stress, and lack of oxygen, while shortness of breath in-
dicates a narrowing of the airways due to exposure to sulfur dioxide. The
high percentage of these symptoms indicates that the working envi-
ronment in sulfur mines has a serious impact on the respiratory and
neurological health of workers.

Skin irritation was reported by 60 % of workers, most likely caused
by direct contact with sulfur or gases produced during the mining pro-
cess. These symptoms indicate that in addition to inhalation, direct
contact with hazardous chemicals is also a significant risk for mine
workers. Overall, these data indicate that exposure to sulfur in the Ijen
Crater has serious health impacts on workers. Due to these health im-
pacts, workers can only mine three times a week. The majority of
workers carry out activities with a pattern of one day on and one day off.
This gives workers time to recover.

The Agency for Toxic Substances and Disease Registration (ATSDR)
[29] states that health effects vary based on SO: concentration levels. At
low levels (up to 0.1 ppm), health impacts are minimal or not noticeable
for most of the population, although sensitive individuals such as asthma
sufferers may experience mild respiratory symptoms [30]. At moderate
levels (0.2-0.5 ppm), the likelihood of respiratory symptoms increases
in sensitive groups, such as children, the elderly, and individuals with
pre-existing respiratory conditions, and short-term exposure may cause
throat irritation, coughing, and shortness of breath. Breath [28,31].
Respiratory effects are more pronounced at high levels (0.5-1 ppm),
including wheezing and increased asthma attacks. Acute exposure can
cause respiratory distress and irritation of the mucous membranes of the
eyes and throat [28,32]. At very high levels (above 1 ppm), severe res-
piratory effects include bronchoconstriction and increased asthma at-
tacks, and prolonged exposure can cause chronic respiratory problems
and long-term lung damage [28,33].

This impact shows that acute illnesses can occur in workers,
considering that constant exposure to these hazardous materials can
worsen health conditions and cause serious complications if not treated

properly.

Table 4

Health risk assessment non-carcinogenic.
Factor Notation value Ref
Concentration SO, (mg/m%) C 8.2 This study
Inhalation rate (m>/hr) R 0.83 [14]
Time exposure (hr/day) Te 8 This study
frequency of exposure. days/years) Fe 180 This study
Duration time (year) Dt 14.3 This study
Weight (kg) kg 59 This study
Response of dose (mg/kg/day) Rfd 0.03 [18]
Intake inhalation (mg/kg/day) Iinh
I inh Realtime 0.0308
I Inh lifetime 0.0645

Hazard Quotient Inhalation HQ

HQ Realtime 1.0254
HQ Lifetime 2.1512
Safe Duration inhalation exposure (year) SD 13.95
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3.4. Health risk assessment non-carcinogenic

Based on Table 4, workers are exposed to sulfur dioxide (SO2) with a
concentration of 8.2 mg/m3. With an inhalation rate of 0.83 m®/hr [14],
workers breathe contaminated air for 8 hr per day and 180 days per year
for an average of 14.3 years. The average body weight of workers is
59 kg. These data provide a comprehensive picture of the significant
levels of SO2 exposure experienced by workers.

Daily intake of SO: is calculated based on air concentration, inha-
lation rate, time and frequency of exposure, and duration of work. The
results show a realtime intake of 0.0308 mg/kg/day and a lifetime
intake of 0.0645 mg/kg/day. These values indicate the amount of SO:
that enters a worker’s body per unit of body weight each day, both in the
short term and during their working period.

Hazard Quotient (HQ) is used to assess non-carcinogenic health risks
by comparing intake with the EPA safe reference dose (Rfd) of 0.03 mg/
kg/day. The Realtime HQ was 1.0254, slightly above the safe threshold,
indicating a potential short-term health risk. A lifetime HQ of 2.1512
indicates that long-term exposure significantly exceeds safe limits,
indicating a serious health risk. The safe duration calculation produces a
figure of 13.95 years, which means workers are at significant risk if they
work longer than this duration.

The sulfur mine workers in the Ijen Crater volcano experience SO:
exposure at levels that can cause non-carcinogenic health risks, both
short and long-term. This is in accordance with workers’ health com-
plaints where all workers experience eye irritation and coughing during
work.

The HQ value is an important measure in assessing potential non-
carcinogenic health risks from SO3 exposure. Based on Table 5. HQ in
various industrial activities shows that there are variations in health
risks in various types of industries.

Compared with several other industries, the health risk in Ijen Crater
is indeed higher compared to industries such as cement factories in
Pangkep, Sulawesi (HQ = 0.02) and coal mining areas in Brazil (HQ =
0.002), which have very low HQ values and indicates minimal risk.
However, the risk at Kawah Ijen is still lower compared to the fertilizer
industry in Indonesia (HQ = 1.398) and coal-fired power plants in
Pakistan (HQ = 1.35), which have the highest HQ value.

Each industry has specific production processes that produce various
pollutants, including SO,. The level of SO, emissions produced by a
particular industry greatly influences the HQ value, which indicates
potential non-carcinogenic health risks due to SO, exposure. The SO,
concentration value released depends on the production process and
pollutant processing technology used by each industry. The better the
pollutant processing technology, the smaller the concentration of SOz
released in the air and the smaller the HQ value of SO, exposure in the
industry.

3.5. Risk management control

Efforts to control SOy exposure faced by traditional sulfur mining
workers can be carried out using the safety hierarchy method created by

Table 5

Comparison of Health risk assessment values in other industries.
Kinds of Industry HQ Ref.
Tjen crater traditional Sulfur mining, Indonesia 1.03 This Research
Combined cycle power plant (CCPP) Indralaya 0.26 [9]
Cement plant in pangkep, Sulawesi, indonesia 0.02 [34]
Rolling industry, Iran 0.042 [35]
Industrial Region, South Durban, South Africa 0.1 [36]
Fertilizer Industry, Indonesia 1.398 [37]1
Refinery gas Industry, Iran 0.806 [38]
Coal mining area, Brazil 0.002 [39]
Medical waste incinerator, Malaysia 0.071 [40]
Coal Fired Power Plant, Pakistan 1.35 [41]
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NIOSH [19]. The safety hierarchy consists of five levels: elimination
methods, substitution methods, engineering control, administrative
control, and personal protective equipment (PPE) [42].

The elimination method is eliminating sources of hazard, while the
substitution method is replacing the main dangerous ingredients with
safer ones [42]. In this case, the SO, source that comes out of the bowels
of the earth and produces sulfur cannot be removed and replaced, so the
concepts of elimination and substitution cannot be used.

Furthermore, engineering control is controlled by engineering
techniques to reduce SOy exposure to workers [45]. This technical
control can be carried out by creating local ventilation by designing
exhaust ventilation that sucks SO, from the work location and then
disposes of it through stack treatment so that workers can work more
safely, and the SO, that comes out of the stack can also be neutralized.
This method has yet to be implemented at the study location.

Administrative control is control by making work regulations using
work operational standards that must be adhered to before carrying out
work [46]. This stage can be carried out by ensuring that workers know
and follow training such as basic safety training, emergency response,
and introduction to work areas. This administrative control may be less
influential for traditional miners because they mine not under the aus-
pices of a particular agency. The role of the local government and the
Iijen Crater authorities, as well as companies that collect sulfur from
miners, can be used to provide outreach regarding this matter so that
workers care about occupational health and safety.

The use of personal protective equipment (PPE) is the final step that
can be used to reduce the impact of SO, exposure received by workers
[43]. The exposure that can occur is inhalation and dermal, so personal
protective equipment that can be used to prevent inhalation exposure is
a gas mask with a specific mask that can be used but is still easy to carry
out, namely a Chemical Cartridge Respirator, which is capable of
filtering SO, and neutralizing it. Meanwhile, protective clothing, gloves,
footwear, and face and eye protection should be used to reduce the
impact of dermal exposure. The use of PPE is also still minimally used by
workers due to the absence of worker obligations, and the costs incurred
for personal protective equipment are quite expensive, so there is a need
for efforts by the local government, the Ijen Crater Authority and sulfur
collection companies from miners to provide incentives in procuring
equipment of PPE

4. Conclusion

Traditional sulfur mining at Ijen Crater volcano has SOz concentra-
tions ranging from 3.14 to 18.24 mg/m?, with significant variations
between these points. Points closer to the emission source tend to have
higher SO: concentrations. Short-term health impact assessments indi-
cate that SO2 concentrations at sites P1 through P3 are below OSHA and
NIOSH thresholds but exceed EPA standards, indicating a potential
health risk, according to EPA. At site P4, SOz concentrations also
exceeded NIOSH and EPA standards, indicating a moderate health risk.
A more serious situation was found at sites P5 and P6, where SO2 con-
centrations were very high and exceeded all TLV standards set by OSHA,
NIOSH, and EPA. The real-time Hazard Quotient (HQ) of 1.0254 in-
dicates a potential health risk. This is supported by the most common
health complaints felt by workers, namely eye irritation and coughing,
which all workers experience; apart from that, 67 % of workers also
complain of headaches and difficulty breathing, and 60 % complain of
rashes or symptoms of skin irritation while working. To managing
hazard control can be use engineering controls such as local ventilation,
administrative control such as basic safety training, emergency response
and introduction working area, then using of personal protective
equipment to protect workers from the risk of SO, exposure.
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