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ABSTRACT

Geothermal resources in the East African Rift System provide renewable energy
opportunities but also pose health and environmental risks through heavy metal
emissions in fumarolic condensates. This study assessed thesgaastimal variations of
arsenic (As), lead (Pb), mercury (Hg), and cadmium (Cd) in fumarolic condensates at
Mt. Suwswa, Kajiado County, Kenya, and evaluated associated human health risks. A
mixed-methods design was adopted, triangulating quantitative laboratory and geospatial
analyses with qualitative evidence from household surveys and key informant interviews.
Condersate samples were collected frdf fumarolic vents across the inner and outer
caldera during the dry (JanuaMarch) and wet (MaiJuly) seasons. Physialhemical
parameters were determined using APHA (2022) methods, Wwedeyelements were
analysed usigp an Agilent 5110 ICEODE S . Data analysis include
correlation, and IDW interpolation, with human health risks quantified following
USEPA (2011) ingestion and dermal exposure guidelines. Results demonstrated
significant spatial heterogengifp < 0.001). The highest concentrations were observed at
hotspot fumaroles: As (5.5%L™, F18), Pb (1.98gL™?, F14), Cd (1.84ugL™?, F5), and
Fw(3.84 ngL™, F13), while the lowest occurred at background vents su€da®.37

ugl?, F2) andAs (1.29 ugl?, F10). Carcinogenic risk (CR) values ranged from 3.36 x
10w @& F2 (children, wet season) to 1.35 xudén F15 (adult females, dry season). A
clear spatial divide was observed: outer caldera vents (F1, F2,7H81%) fell within

the acceptable risk range (&1 0w owhile inner caldera fumaroles (F5, F17, F18, F20)
exceeded the Tdhreshold, classifying them as persistent higk hotspots Seasonal
patterns indicated dilution during the wet season, but hotspot fumaroles remained
consistently above the risk threshold. Qualitative evidence confirmed widespread
community reliance on fumarolic condensates despite visible health outcomesssuch a
dental fluorosis, with coping strategies like boiling and dilution proving ineffective.
Fumarolic condensates in Mt. Suswa pose-tnioral and persistent carcinogenic risks,
particularly in inner caldera hotspots, with children and adult females thé mos
vulnerable. Recommendations include routine geochemical monitoring of vents,
structured risk communication and health awareness programs, and the development of
alternative safe water supplies to reduce dependence on contaminated condensates while
enablhg sustainable geothermal development.

Keywords: Fumarolic Condensates,Heavy Metals, SpatieSeasonal Variation,
CarcinogenicRisk
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CONCEPTUAL OPERATIONAL DEFINITION OF KEY TERMS

Heavy Metals In this study, heavy metals refer to trace elements such as arsenic (As),
lead (Pb), mercury (Hg), and cadmium (Cd), whrohy be present in
fumarolic condensates anceanalysed for their concentratgon

Fumarolic Condensates These are vapour and gas emissions from geothermal vents
that condense into liquid form. For the purpose of this resetirehlierm

refers to the collected condensates from fumarolic sites vivthisuswa

Spatio-Seasonal Variations Refers to the changes in the concentration of heavy metals
in fumarolic condensates observed across different geographical locations
(spatial) within Mt. Suswa and over different seasdapecifically

between wet andry period$.

Geothermal Activity: Geothermal activityn the Mt. Suswa area refers to heat and gas
emissions from the Earth's crust, including fumaroles, which infleienc

contamination levels in condensates.

Sampling Sites These are designated locatiomishin the caldera in Mt. Suswa where

fumarolic condensataserecollected for analysis.

Concentration: Refers to the amount of a specific heavy metal (measured in parts per
million or micrograms per Liter) present in the fumarolic condensates

collected aeach sampling site.

Contamination Hotspots Areas within the study region that exhibit significantly higher
concentrations of heavy metals in fumarolic condensates compared to

surrounding areas.

Environmental Monitoring : The process of regularly colleatj and analysing samples
from the fumarolic sites to observe changes in heavy metal concentrations

over time and across different seasons.

Reliability: refers to the consistency and stability of an instrument in producing

dependable results when appliedeatedly under similar conditions.

Validity: is the accuracy and meaningfulness of inferences obtained from a research
study. It addresses the critical issue of the relationship betaveencept

and its measurement.
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CHAPTER ONE

INTRODUCTION

This chaptepresents an overview of the study, highlighting the background information
andthe problem addresseld further outlines the objectives amesearch questiortkat
guided the study and discusses its significance, scope, limitations, and underlying

assumfons.

1.1Background of the study

Geothermal energy is increasingly recognized worldwide as a sustainable and renewable
energy source. Nonetheless, recent studies have highlighted environmental concerns,
particularly the emission of heavy metals such asrcory from fumarolic and
geothermal systemgPan et al., 2024)Fumaroles (volcanic openings in or near
volcanoes that emit steam and gases) can refagsi#icant amounts of heavy metals

such as mercury, arsenic, and cadmium, posing risks to ecosystems and human health

(Inostroza et al., 2020)

Globally, numerous studies have reported contamination associated with geothermal
activity. In Icelaml, recent investigations have shown that geothermal processes
contribute to significant mercury enrichment in nearby s(idwards et al., 2024)
Similarly, investigations in Italy's geothermal areas have revealed significant heavy
metal pollution in soil and water resourcesnderscoring the need to monitor
contamination and assess associated health(Askgento et al., 2022)Thesefindings

have highlighted the importance evaluating both environmental impacts dngnan

exposure to ensure public saféBurowoju et al., 2020)



Within Africa, the East African Rift System (EARS) holds vast geothermal potential,
with Kenya, Ethiopia, and Tanzania at the forefront of its develop(dimarbary et al.,
2022) However, comprehensive research on heavy metal contamirzatebits health

risks from these geothermal sourassimited, leaving a sigificant knowledge gap in
understanding the environmental impacts of geotheawi@litiesin the region.Kenya,

in particular, has been at the forefront of geothermal energy development in Africa, with
several active and potential geothermal fields altvgKenyan Rift ValleyMusonye,

2022). The country's geothermal installed capacity has grown substantially, reaching
943.7MW as of 2@5, with plans to expand furthéEPRA, 2025) While this growth is
promising for Kenya's energy sector, it also underscores the urgent need for

environmental monitoring and impact assessment studies.

Mt. Suswa, located in the southern part of the Kenya Rift Valley about 120 km northwest

of Nairobi, has been i1identified as one of
distinctive doublecaldera structure and active fumarolic features make it a promising

site for future geothermal energy developmdAlbino, 2021) Beyond its energy

potential, Mt. Suswa supports Maasai pastoralist communities and holds ecological and
cultural value,underscoring the presgy need to balance geothermal development,
environmental integrity, and community healtlocal residents rely on geothermal water

for drinking (for humans and livestock), bathing, and cooking, increasing their exposure

to heavy metal contaminan{®asikonte, 202Q)

In the Mt. Suswa area, alternative water sources are extremely scarce. Unlike other
regions where rivers, lakes, or shallow wells provide supplementary supplies, Suswa has
neither significant surface water bodies nor reliatpeundwater reserves due to its

complex volcanic geology. Although some households practice rainwater harvesting, this

source remains unreliabtu e t o t h-o-semiare xlinateclaaradtedized by
2



sporadic and insufficient rainfall. Consequentfymarolic condensates become the
primary water source for local communities, making geothermal emissions the principal

pathway of contamination and thereby heightening health risks.

This dependency makes the community uniquely vulnerable to potentiahuoation.

In contexts wth multiple water sourceshouseholds can switch to safer supplies when
contamination is suspected. However, in Suswa, the absence of viable alternatives means
exposure to heavy metals through geothermal emissions is direct, nirecurel
unavoidable. This elevates the health risks, particularly for children and women, who
often have higher daily exposure due to their physiological characteristics and domestic

roles.

Communities near Mt. Suswa face potential health threats frony meatal exposure,
including neurological damage, respiratory issues, and chronic diseases, yet these risks

remain poorly quantifiedPrior to this study, critical gaps existed:

i) There is insufficient baseline data on the specific heavy metals present in Mt.
Suswa's fumarolic condensates and their concentrat@tmmsprehensive data on
heavy metal contaminatiprparticularly around settlement are&s,crucial for

informed decisiormaking inhealth risk evaluation and resource management.

i) The spatial distribubn of heavy metal contamination around Mt. Suswa's

fumaroles remains largely unexploréidyiting exposure assessments.

iii) The seasonal influences on heavy metal emissions and their health implications

remain unstudied, leaving temporal variations in tus&lear.

iv) The Links between geothermal properties (Temperature, pH, flow rate) and

heavy metal levels, critical for predicting health risks, are not well understood.



These knowledge gaps necessitated the present study, which investigated the spatio
seasonavariations of heavy metal contamination in fumarolic condensates at Mt. Suswa.

The study generated vital data on contamination patterns, quantified exposure pathways,
and assessed potential health risks for resident populations. Its findings provide a

scientific basis for community health protectiandenvironmental management.

1.2 Statement of theProblem

Heavy metal contamination in drinking water is a global health concern, especially in
geothermal regions where fumarolic emissions release toxic elersech as arsenic,
mercury, lead, and cadmium. Communities around Mt. Suswa face heightened
vulnerability since fumarolic condensates are among the few accessible water sources in
an area with scarce alternatives. Despite this reliance, the extent omcwtian in
fumarolic condensates had not been systematically examined prior to this study. Most
previous research in geothermal fields has focused on hot springs and groundwater
systems, overlooking fumarolic condensates as a direct exposure pathwayad left
uncertainties regarding heavy metal concentrations, their spatial distribution across
fumarolic vents, and seasonal emission variations. Consequently, the sitedeneélth

risks associated wittheir use for domestic and livestock purposesaiasd unclear.

Longterm exposure to heavy metals has severe implications, including neurological
impairment, developmental disorders, organ damage, and elevated cancer risk. In Mt.
Suswa, where alternative water sources are unreliable, such risks arBedaghe lack

of scientific evidence limited policymakers, geothermal practitioners, and public health
stakeholders in designing effective interventions. This necessitated the present study,
which investigated spatiseasonal variations of heavy metahtmination in fumarolic
condensates to provide baseline evidence for public health protection and environmental

management.



1.3 Objective of the Study
The broad objective of this study was to assess the sgggonal variations of selected
heavy metal eantamination and associated health risks in fumarolic condensates in Mt.

Suswa, Kajiado County, Kenya.

1.3.1SpecificObjectivesof the Study

The study was guided by the following specific objectives:

i) To determine the physiechemical characteristics andasonal variations in the
concentrations of heavy metals (arsenic, mercury, lead, and cadmium) in
fumarolic condensates from vents within the Mt. Suswa area

i) To examine the correlations among the analysed phgbiemical parameters
and spatial distributiopatterns of heavy metal contamination in the Mt. Suswa
area.

iii) To evaluate the potential human health risks posed by exposure to heavy metals
(arsenic, mercury, lead, and cadmiupmesent in fumarolic condensates within

the Mt. Suswa area.

1.4Research Quesons
In line with the above objectives, the study sought to answer the following research
guestions:

i) What are the physieohemical characteristics and seasonal variations in the
concentrations of heavy metals (arsenic, mercury, lead, and cadmium) in
fumarlic condensates from vents within the Mt. Suswa area?

i) What correlations exist among the analysed physimmical parameters and the

spatial distribution patterns of heavy metal contamination in the Mt. Suswa area?



i) What are the potential human health siskssociated with exposure to heavy

metals in fumarolic condensates used by local communities around Mt. Suswa?

1.5 Justification of the Study

Thisstudyy s cri ti cal given the areads wunique g
context. Mt. Suswa, latedin the Kenyan Rift Valley, is an active geothermal site with
numerous fumaroles that dischagjeam and gases from underground reservoirs. Due to

the scarcity of perennial rivers, lakes, and accessible groundwater, local Maasai
communities depend he@ly on fumarolic condensates for drinking, cooking, and
bathing. Unlike surface or groundwater sources that undergo natural filtration through

soil and rock, fumarolic condensates form directly from geothermal emissions, making
them highly susceptible toontamination by toxic elements such as arsenic, mercury,

lead, and cadmiumwhich are linked to severe health effecgtssluding neurological

disorders, organ damage, and increased cancer risks.

Despite this reliance, fumarolic condensates have receagsdstientific attention than

hot springs, groundwater, or soils in other geothermal fields. The absence of baseline
data on their chemical qualitgpntaminant spatial distribution, and seasonal variability

creats a critical knowledge gap, especiallylini g h t of Kenyads expan
energy program. Investigating these condensates provides a direct measure -of metal

laden emissions and their implications for human health.

The findings of this studwill :
(i) Establish baseline data on geothermal watlity and associated health risks in
Suswa, enabling informed decisions on safe water use.
(i) Protect vulnerable communities from chronic exposure to heavy metals by

identifying contamination hotspots and seasonal trends.



(i) Contribute to regional and globaltdrature on geothermal contamination

pathways, providing evidence for sustainable resource management.

1.6 Significance of theStudy

This study holds profound significance as it integrates the assessment okspatioal
variations inselectecheavy methcontamination with health risk evaluation of fumarolic
condensates in Mt. Suswa, Kenya. Its importance spans across communities, academia,

geothermal management, and policy domains.

At the community level, the research is transformative for the Maasidierdgs of Mt.

Suswa, who depend on fumarolic condensates as a primary domestic water source in the
absence of reliable alternatives. By quantifying concentratiomeafymetals such as
arsenic, mercury, lead, and cadmium, and linking them with commube#jth risk
profiles, the study raises awareness of potential dangers while offering evirbeyeck
recommendations to safeguard human Avelhg. The integration of household survey
data further reflects community perceptions, experiences, and adapgatdegies,

amplifying their role in shaping local interventions.

For the scientific community, the study advances knowledge by examining fumarolic
condensateswhich is an overlooked pathway of heavy metal exposure in geothermal
regions. It provides bakee data, maps contamination hotspots, and reveals seasonal
dynamics while applying geospatial analysis and human health risk models that can be

replicated in other geothermal systems globally.

From a policy and regulatory perspective, the findings peowiobust evidence to
strengthen geothermal monitoring frameworks, guide sustainable exploitation of

geothermal resources, and align development goals with community health safeguards.



The results are particularly relevant for policymakers in Kenya ancssadhe East

African Rift System, where geothermal expansion is rapidly advancing.

At the regional and global scale, this study contributes to the broader discourse on
balancing renewable energy development with environmental and public health integrity.
By identifying contamination patterns and health risks, it supports resilience planning
and directly aligns with Sustainable Development Goal 6 (clean water and sanitation).
Ultimately, the study demonstrates a holistic approach to cleaner water accebgerheal

communities, and sustainable resource use, offering a replicable model for similar

geothermal settings worldwide.

1.7 Scope of theStudy

This study was conducted within the Mt. Suswa area, located in the southern segment of
the Kenyan Rift Valley. Té research specifically focused on fumarolic ventshree
distinct geological zones: the inner caldera, the outer caldera, atciigional areas
around the volcano. These sites were purposively selected to capture spatial variability in

heavy metaémissions within the geothermal field.

Sampling was carried out across two major climatic pedidtie dry seasonJanuary

March) and the wet seasoM@yi July)d to assess seasonal influences on heavy metal
concentrations. Fumarolic condensates collectednguthese seasons formed the
primary dataset for laboratory analyses. The study examined selected gihesitical
parameters (pH, temperature, electrical conductivity, total dissolved solids, and major
anions and cations) alongside the concentrationsusfgddority heavy metals: arsenic,

mercury, lead, and cadmium.

In addition to chemical analyses, the study incorporated geospatial techniques to map

contamination hotspots and assess spatial distribution patterns. A health risk assessment



framework was ats applied to evaluate potential human exposuaingestion and
dermal pathways, guided by documented community wegerpractices frorhousehold

surveys.

The scope of the study was limited to fumarolic condensates and did not include other
environmentaimatrices such as soils, vegetation, or groundwater. Likewise, health risk
assessment focused on exposure to arsenic, mercury, lead, and cadmium, excluding other
possible contaminants. Seasonal analysis was confined to one wet and one dry cycle

within thestudy period, providing representative but not lbegn temporal trends.
1.8 Limitations of the Study

This study encountered limitations that may influence the interpretation of its findings.
First, spatial coverage was constrained by accessibilityeclmaty e s  wi t hi n Mt .
rugged terrain. Some fumarolic vents were difficult to reach due to steep slopes and

unstable ground, therebgducingthe number of sampling poinft®m 26 to 19

Second, thestudy's temporal scopeas restricted to one wet seagMuayi July) and one
dry season (Janudrylarch) within a single annual cycle. While this provided useful
insights into seasonal variability, it did not capture loegn or interannual variations in

heavy metal emissions, which may fluctuate due to clevatgeothermal dynamics.

Third, the analytical scope was limited to faalectecheavy metals (arsenic, mercury,
lead, and cadmium)pf priority and selected physiechemical parameters. Other
potentially hazardous elements or compounds in fumarolic osatles, such as

chromium or sulfur species, were not assessed.

Fourth, in the health risk assessment, ingestion and dermal pathways were prioritized
based on local watarse practices. However, potential exposure through indirect routes

such as food chair(for example livestock consumption of contaminated water) was not
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included. Furthermore, some exposure parameters relied on communitgpseting

during surveys, which may be subject to recall bias.

Despite these limitations, the study employed rigersampling strategies, standardized
analytical procedures, and robust geospatial and risk assessment tools to ensure the

reliability and validity of its findings.

1.9 Delimitation of the Study
This study was carefully delimited to ensure that the linoitetiencountered did not

compromise the validity or reliability of the findings.

First, to address thgpatial coverage constraipto s ed by Mt . Suswabs
terrain, the study was restricted to nineteen (19) accessible fumarolic vents strgtegicall
selected across the inner caldera, the outer caldera, arslirtioeinding zones. This
ensured representative spatial coverage while maintaining researcher safety and logistical

feasibility.

Second, theéemporal limitationwas delimited by focusing otwo contrasting climatic
periodsthe wet season (Mayuly) and the dry season (Januddharch)Y within a single

annual cycle. This deliberate design provided a meaningful comparison of seasonal
variations, even though loftgrm or interannual variations wereeby ond t he st u

scope.

Third, theanalytical limitationregarding the range of elements analysed was delimited
by prioritizing four environmentally significant heavy me@larsenic, mercury, lead,

and cadmiunbased on their toxicity, persistence, anévahce to geothermal emissions.
This focus allowed for precise analytical depth within available time and laboratory

resources.
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Fourth, in relation to théealth risk assessmenthe study was delimited tdirect
exposure pathway@ingestion and dermal ctact), reflecting the most relevant local
exposure scenarios identified through community surveys. Potential indirect pathways,
such as through livestock or crops, were acknowledged but excluded to maintain

methodological clarity.

Additionally, to mitigate potential recall bias from seltreported data, community
responses werériangulated with field observations and local health recavtiere

available.

1.10Assumptions of the study

The study was guided by several assumptions that influenced its desayopliection,

and interpretation of results.

It was assumed that the fumarolic vents selected for sampling were representative of the
wider Mt. Suswa geothermal systemd captured the spatial variability across the inner,
outer, and transitional calderzones. The wet season (Mayuly) and dry season
(JanuaryMarch) sampling cycles were considered adequate to reflect seasonal variations
in heavy metal concentrations, even though they did not capturedongor inter

annual fluctuations that might ocatdme to climatic or geothermal dynamics.

It was further assumed that information provided by community members during
household surveys accurately reflected their actual wsker practices, exposure
frequencies, and related behaviors in the study ateastudy also assumed that sample
integrity and measurement accuracy were maintained throughout the field and laboratory
processes, supported by proper handling, preservation, and adherence to standardized
analytical protocols. Confidence was placed in thiéocation and operational stability of

laboratory instruments tensure consistentliable results.
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CHAPTER TWO
LITERATURE REVIEW

2.1 Introduction

This chapter presents a comprehensive reviewhef literature on spatiseasonal
variations inheavy méal contamination irgeothermal watersThe review is structured
to provide both theoretical and empirical insights into the subject matter.review
concludes by identifying critical knowledge gapatrticularly in the context of fumarolic

condensatessaan underexplored contamination pathwvalyich justify the current study.

2.2 Theoretical Literature Review

2.2.1Heavy Metals Characteristics and Environmental Behaviour

Heavy metals such as arsenic (As), mercury (Hg), lead (Pb), and cadmium (Cd) are
naurally occurring elements with high atomic weights and densities. They are of
particular concern because of their persistence in the environment and their tendency to
bioaccumulate in living organisms, making them among the most toxic environmental
pollutants (Wan et al., 2024)Unlike organic contaminants, heavy metals are-non
biodegradable and therefore remain in soils, sediments, and water bodies for long

periads, increasing the risk of chronic expos(Aeiz et al., 2023)

The mobility and speciation of heavy metals in aquatic systems are strongly influenced
by environmental conditionsincluding pH, redox potential, temperaturand the
presence of complexing agents suchsa$ates, chlorides, and organic ligando
Medico et al., 2025)For instance, low pH and reducing conditions often enhamee t
solubility of metals such as Cd and Pb, increasing their potential bioavailalmlity
contrast, alkaline and oxidizing conditions may favor their precipitation and

immobilization (MartinezGuijarro et al., 2021)These interactions determine whether
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metals occur in free ionic, dissolved, or particulate forms, and consequently their

transport, toxicity, and uptake in biological systems.

Thus, understanding the envimantal behavior of heavy metals is critical for predicting
their persistence, distribution, and potential risks to human and ecosystem health,
especially in geothermal contexts such as fumarolic condensates where natural filtration

processes are absent.

2.2.2 Geothermal Activity and Heavy Metal Emissions

Geothermal activity is a wellocumented natural source of heavy metal emissions,
releasing toxic elements such as arsenic (As), mercury (Hg), lead (Pb), and cadmium
(Cd) through volcanic and hydrothermalopesses. Globally, geothermal systems
mobilize these met al s -termperaturetfilldscandegases, with s ¢ r u
fumaroles vents emitting steam and volcanic gd@sesting as primary conduits.
Edmonds et al. (2023yovided a comprehensive overview, noting that geothermal fluids
dissolve metals from host rocks, with concentrations varying by temperature, pH, and
geological contextA study by Bagnato et al. (2020) reports Hg levels up to 56 uglL
geothermal condensates, emphasizing the role of fumanolesnitting metaladen
vaporsthat condense into surface waters or soils, posing environmental risks. This global
evidence underscores the significance of fumarolic emissions as direct pathways for

heavy metal release.

In Africa, the East African Rift System (EARS) is a hotspot fastigermal activity due
to its tectonic setting, yet research on heavy metal emissions remains sparse compared to

global counterpatrts.

Kenya, within the EARS, is a leader in geothermal energy, with fields like Olkaria

highlighting heavy metal presence in ieswons. (2024) document Hg and As in
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geothermal fluids from Lake Bogoria Hopihgs, attributing their release to interactions
between magmatic gases and crustal rocks. While stadas as Rotich et al. (2024)
focus on resource mapping, they repeldvated metal levels, suggesting a need for

contaminatiors peci fi ¢ research in Kenyads geother

At Mt . Suswa, an active geot her mal site in
prominent, yet specific studies on heavy metal contaminationseaece. (2017)
indicated that Mt . Suswads fumarol es emit

raising concerns about unfiltered exposure to métsdsHg, Pb, Cd).

2.2.3PhysicoChemical Properties of Fumarolic Condensates

Temperature and pH

The rehtionship between geothermal characteristics and heavy metal concentrations in
fumarolic condensates hagtracted increasing interest in recent years, with studies
revealing complex interactions influenced by factors sudieraperature, pH, flow rate,

ard electrical conductivitylnostroza, Moune, Moretti, Bonifacie, et al., 2022)

Temperature is a critical factor influencing heavy metal concentrations in geothermal
fluids, with significant implications forenvironmental and geological processes.
Research has demonstrated that as temperatures rise, the solubility and mobility of heavy

metals in geothermal systems also increase.

Recent studies have demonstrated that temperature plays a critical role ificgritrel
geochemical behaviour of arsenic and other heavy metals in geothermal systems.
Elevated thermal conditions enhance iioglter interactions, promoting the leaching
and dissolution of arsenic from host geological materials into geothermal fluigs. Th
temperaturalependent mobilization significantly increases arsenic concentrations,

posing potential risks to surrounding water resources and ecosyStenes al., 2024)
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Recent studies have demonstrated that the pH of geothermal fluids plays a crucial role in
controlling heavy metal mobility. In particular, lower pH conditions enhance the
solubility and transport of metals such as lead and cadmium, prirttaokygh increased
mineral dissolution and fluidock interaction inacidic environments. This relationship
betweeracidity and metal enrichment has been observed in several geothermal systems,
including those in Iceland, where acidic fluids in higmperature zones tend to exhibit
higher concentrations of trace metals than neutral or alkaline filBiodgman et al.,

2023) The Iceland Deep Drilling Project, among other studies, has highlighted the
behaviour of trace elements, including metals, in the unique geochemical environments

of |l cel andds (Feideifshoe et el.ad020s y st e ms

(2023) highlighted that pH and redox potential (Eh) are critical in controlling-fockl
interactions, which in turaffect mineral scaling and metal solubility. While the studies
emphasize thesks associated with low pH and heavy metal mobility, it is also essential
to consider that certain geothermal systems may naturally buffer pH levels, potentially

mitigating heavy metal solubility and toxicity.

Flow Rate and Electrical Conductivity

Flow rak is a significant parameter affecting heavy metal concentrations in geothermal
systems. (2023) conducted a study in the Tatio geothermal field in Chilecasdrved

that arsenic concentrations varied with flow rate. Their findings indicated that higher
arsenic concentrations were generally associated with lower flow rates. They attributed
this correlation to increased reukater interaction time, which enhances the leaching of
arseniebearing minerals from the surrounding geology into the geothermas fllilus
relationship underscores the importance of flow dynamics in geothermal systems, as

variations in flow rate can significantly influenbeavymetal concentratics Decreased
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flow rates promote more extensive interactions between geothermal fllddsoeks,
leading to greater mobilization of heavy metals like arg@tam et al., 2023)

Electrical conductivity, which reflects the total dissolved solids content, has been found
to correlate with heavy metal concentrations in some geothermal systems. Bianchini et
al. (2020) reported a positive correlation between electrical conductivityaesenic
concentrations in geothermal waters of the Ethiopian Rift Valley. Their findings suggest
that higher electrical conductivity may indicate greater concentrations of dissolved heavy
metals, including arsenic, making conductivity a useful proxy$timating heavy metal
content in certain geological settings. This relationship underscores the importance of
monitoring electrical conductivityduring environmental assessments in geothermal
areas, as it can provide insights into the potential for hestal contamination

(Bianchini et al., 2020)

2.2.4Comparison with Other Water Sources

Fumarolic condensates, formed by the condensation of volcanic gases, differ
significartly from filtered surface water and groundwater in their contamination
potential. The literature highlights that fumarolic condensates often contain elevated
levels of geogenic contaminants, such as sulfur compounds, heavy metals (e.g., arsenic,
lead), andvolatile organic compoundsiue to their volcanic origiriinostroza, Moune,

Moretti, Robert, et al., 2022¥5roundwater is often considered safer due to natural soll
filtration; however, it can still be contaminated by geogenic elements like fluoride and
arsenic, especially in arid regions. For instance, a study in Inner Mongolia, China, found
fluoride concenit i ons in groundwat er glr'amdgarseng f r o m
|l evel s between 0.31 and 47.0 g/ L. The res
groundwater daily might face health risks associated with these contan{idakézawa

et al., 2020)The key distinction lies in the source: fumarolic condensates are inherently
16



tied to volcanic activity, while surface and groundwater contamination stems from
environmental interacins, making the former more unpredictable and potentially

hazardous.

2.3Heavy Metals inGeothermal Systems

2.3.1Arsenic Contamination

Arsenic is among the most widespread trace elements in geothermal systems, where it is
primarily mobilized through higtemperature watérock interactions and redex
controlled geochemical processes. These interactions enhance the dissolution of arsenic
bearing mineralsthereby enriching geothermal fluids in arser@onsequently, arsenic
concentrations in such systemseoftexceed established drinkimgter safety limits,
posing significant environmental and public health concerns in geothermal réghins

et al., 2024) In geothermal systems, arsenic commonly exists in two oxidation states,
arsenite [As(lll)] and arsenate [As(V)], with ABJ being the more mobile and toxic
species due to its higher solubility and weaker adsorption on mineral surfaces. The
concentration of arsenic in geothermal fluids varies widely, typically ranging from a few
micrograms per lite(ugL-1) to several miljrams per liter (mgil), depending on the
geochemical environment and temperature conditi@isgda et al., 2024)Arsenic
contamination is often linketb hydrothermal processes, and its mobility is influenced

by factors such as temperature, pH, and the presencthaf ions, such ashlorine

(Ayari et al, 2023)

Arsenic concentrations in fumarolic condensates can be particularly high due to its
volatility at elevated temperatures.(2022) reported arsenic levels in fumarolic
condensates from various geothermal fields worldwide, ranging from 0.1 to 50'mg
The mobility and distribution of arsenic in geothermal systems are influenced by factors

such as temperature, pH, and redox condit{&hs et al., 2024b)
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2.3.2Mercury Contamination

Mercury is another volatile element commonly found in geothermal systems, and its
presence in fumarolic condensates is of ifigant environmental concern. Mercury in
geothermal fluids can exist in various forms, including elemental mercury (Hg), ionic
mercury (Hg"), and organomercury compounds. Research indicates that geothermal
fields are notable sources of mercury emissiongjch can impact surrounding

ecosystemgPichler, 2024)

Elemental Mercury (Hg) is found in fumarole gases, with concentrations ranging from
0.9 to 1899 nmol/m3, indicating significant volatilization processes. lonic Mercury
(Hg*") is detected in hydrothermal fluidg low levels, with total mercury concentrations
reaching up to 26,000 pM (picomolar) in some systems. Organomercury Compounds are
generally less frequently detected, with studies reporting undetectable levels of

methylmercury in certain geothermal environméRishler, 2024)

Elevated mercury levels in geothermal fluids can lead to bioaccumulation in marine food
chains, raising concerns for human health and ecosystem int@igpirgsRodriguez et

al., 2024) Continuous monitoring and remediation efforts are essential to mitigate the
risks associated with mercury d¢amination in geothermal systenfSunguti et al.,
2024) While the presence of mercury in geothermal systems is concerning, it is crucial
to consider that anthropogenic sources may contribute more significantly to overall
mercury levels in the environment compared to natural geothermal emi§sanss

Rodriguez et al., 2024)

Mercury concentrations in fumarolic condensates exhibit significant variability,
influenced by factors such as temperatmd volcanic activity. The volatility of mercury
at elevated temperatures leads to its enrichment in vapour phases, which subsequently

concentrates in fumarolic condensgtén et al., 2024)
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Studies indicate that mercury levels in fumarolic condensates @@n ge fr om <0. 1
to over 1000 e€g/L, reflecting the compl ex
mercury behaviour. The presence of mercury in-gaslensate reservoirs is often
misrepresented due to its volatile nature, necessitating caesfydliag and anatical

techniques to accurately quantify concentratiduasver et al., 2023)

Elevated temperatures facilitate the release of mercury into the vapor phase, where it can
condense in fumarolic environments, leading to high concentrations in condensates.
Volcanic activity is a significant contributor to mercury emissions, with studiesgnk
elevated mercury levels to magmatic processes during events stice Bsleocene

Eocene Thermal Maximuif@in et al., 2024)
2.3.3Lead Contamination

Lead concentrations in geothermal flsiidvhie generally lower than those of arsenic and
mercury, can stil!]l be significant, rangi n
variability is influenced by geological processes and anthropogenic acti{@iks&

Malamud, 2017)

In the Lake Bogoria geothermal springs, lead was detected at an average concentration of
0.06 + 0.@ mg L@, indicating potential contamination from geological sources and
surface runoff. The study highlights that while lead levels are lower than those of arsenic
and mercury, they can still exceed permissible ligh@gigL™ accoding to NEMA and

WHO), posing health riskéSunguti et al., 2024)

Lead concentratns in fumarolic condensates are influenced fagtors such as
temperature, pH, and the presence of complexing agents. These factors can affect the
mobility and environmental impact of lead in geothermal systems, which, although

generally lower than arsenand mercury, still pose significant risks due to lead's toxicity
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and potential for bioaccumulation. The following sections explore these influences in

detail.
i) Temperature and Geochemical Interactions

High temperatures in geothermal systems can enhaacadhility of lead by increasing
the solubility of leaebearing minerals. For instance, in the Okinawa Trough,-high
temperature interactions (>350 °C) between hydrothermal fluids and sedoaemesult

in significant geochemical alterations that cooidbilize lead and other metafsisu et

al., 2024)

In Japanese volcanoes, increased fumarolic activity and temperature changes have been
linked to variations in the chemical composition of fumarolic gases and hot spring
waters, indicating that temperatudhectuations can influence lead concentrations in these

environmentgOhba et al., 2021)

At Hakone volcano, ariations in the chemical and isotopic composition of fumarolic
gases, such as increased 0 and CQ/H,S ratios, were linked to magmatic activity

and temperature changes, suggesting that such conditions could alter the concentrations
of trace metals ithe systen{Ohba et al., 2019)n subaqueous hydrothermal systems in
crater lakes, temporal changes in lake water chemistry, including chlgdfe
concentrations, were used to assess volcanic unrest, suggesting that temperature and
chemical changes in hydrothermal fluids can influence dissolved element concesitration
(Terada et al., 2022Jurthermore, the evolution of eruption styles at Kuchinoerabujima
Volcano was influenced by hydrothermal recharge, which altered the mineral assemblage
in volcanic ash, indicating thahanges in temperature and fluid composittan affect

the geochemistry of volcanic produ¢kdinami et al., 2022)
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i) pH
The pH of geothermal fluidglays a fundamental role in regulating the mobility of lead
(Pb), primarily through its control over na@ral dissolution and fluidock interactions.
Under acidic caditions, lead bearing minerghgrticularly pyrite and other sulphides in
hydrothermally atered rocks undergo enhanced dissolution, releasing Pb into
surrounding fluids. This process is intensified in esutphate alteration zones, where
low pH promotes leaching and increases Pb concentrations in geothermal environments
(Bay et al., 2021; Weydt et al., 2023)his is consistent with findgs from geothermal
springs, where potentially hazardous elements, including lead, are released depending on
the mineral composition and pH of the sediments at the spring o@tlarg & Cheng,
2023) The pH also affects silica saadj in geothermal fluids, which can indirectly
influence lead mobility by altering the chemical environment. For instance, increasing
the pH to 10.5 can mitigate silica scaling, potentially affecting the solubility and mobility
of lead and other elemen(Spitzmuller et al., 2021)Furihermore, the interaction of
geothermal fluids with mineralized rocks under varying pH conditionsechance the

mobilization of elements such as lead, as observed in laboratory leaching tests.

iii) Environmental and Health Implications
Lead concentrations igeothermal systems, such as those observed in Lake Bogoria, can
exceed permissible limits, posing health risks through dermal and ingestion exposure.
This highlights the need for continuous monitoring and remediation efforts to mitigate

environmental anddalth risks associated with lead contamina{®unnguti et a| 2024)

Isotopic studies in Japan have shown that lead in hydrothermal deposits often originates
from a mix of magmatic and meteoric sources, suggesting that natural geological

processes significantly contribute to lead presence in these syithida et al., 2024)
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While lead mobiliy in geothermal systems is generally lower than that of arsenic and
mercury, the environmental risks associated with lead should not be underestimated. The
interplay of temperature, pH, and complexing agents can significantly influence lead
concentrations necessitating careful monitoring and management to protect

environmental and human health.

2.3.4Cadmium Contamination

Cadmium (Cd) is a heavy metal of environmental concern, commonly associated with
geothermal systems, industrial activities, and agncal pollution. Its persistence in the
environment and toxicity make it a significant public health concern. In geothermal
settings, cadmium is often presamtiower concentrations than other hazardous elements
such as arsenic and mercury, yet it remairmsitical contaminant due to its potential for
bioaccumulation and adverse health effects. Geochemical modeling studies have
demonstrated that heavy metal deposition, including cadmium, can occur in geothermal
heat exchangers, affecting both efficienaydasafety in geothermal energy facilities
(Lichti et al., 2024) Similarly, the Seferihisar geothermal system in Turkey has shown
that mproper use of geothermal resources can lead to chemical pollution, including
heavy metal contamination, necessitating careful monitoring and management strategies
to mitigate environmental risk®\lacali, 2024) A study in the Nagqu geothermal field,
China, demonstratetthat specific minerals capture potentially hazardous elements, such

as cadmium, thereby redog their release into the environméltang & Cheng, 2023)

While specific studies on cadmium contamination in geothermal fields within Africa and

East Africa are limited, some research has documented its presence. In Kenya,
geothermbareas such as the Rift Valley have been the focus of studies on heavy metal
contamination. Notably, the Lake Bogoria geothermal springs have recorded cadmium

levels exceeding the World Health Organization (WHO) permissible limits, with mean
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concentratioa of 0.05 + 0.02mg L. In the Menengai geothermal field in Kenya,
cadmium was among the trace elements detected in borehole water, prompting
evaluations against safety standa(@éamalwa, 2017) Under st anding the
retention and mobility in geothermal systems is cruciathasmineral composition of
surraunding sediments and rocks influences its behavibese levels present potential

health risks through dermal and ingestion exposures, underscoring the need for
remediation efforts(Sunguti et al., 2024)Given cadmium's toxic effects, including

kidney damage and bone demineralization, understanding its presege®thermal

systems is vital for public health and environmental safety.

Despitedocumented cadmium contamination in geothermal regions of Kenya, specific
data on cadmium contamination in Mt. Suswa rembamited. As geothermal
development expands, assegscadmium levels in fumarolic condensates within this

area is essential for evaluating environmental and health implications.

2.4 Seasonal Influences on Heavy Metal Concentrations

2.4.1Impact of Dry and Wet Seasons on Emission Rates and Condensate Cligtny
Seasonal variations in heavy metal concentrations have been observed in several
geothermal areas, although the patterns are not always congdstenwoju et al. (2016)

found that arsenic concentrations in geothermal waters from the Siloam Geothermal
Spring varied seasonally, with higher concentrations typically observed during the dry
seasonThis seasonal fluctuation was attributed to changes in hydrological conditions,
where reduced water flow during dry periods leads to increased evaporatigheand
concentration of dissolved metals such as arsenic, lazatli,Cadmium in geothermal
waters. he seasonal patterns are crucial for managing environmental impacts and

ensuring the safety of water resources in geothermal regions.
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While these studies provide valuable insights, there is a notable lack of comprehensive
research examining the relatiosh among multiple geothermal characteristics and
heavy metal concentrations, particularly in the context of East African geothermal
systems such adt. Suswa. Most existing studies focus on one or two parameters, often
in geologically different settingé&dditionally, the seasonal aspect of these relationships

remains understudied, especially in areas with distinct wet and dry seasons.

The research project aimed to address these gaps by assessing the relationship between
multiple geothermal characteristicemperature, pH, flow rate, and electrical
conductivity) and heavy metal concentrations in fumarolic condensates at Mt. Suswa,
while also examining seasonal variations. This approach provided a more nuanced
understanding of the factors influencing heawgtal concentrations in this specific
geothermal system, potentially revealing complex interactions that have not been

previously identified.

By focusing on Mt. Suswa, this research contributed to the body of knowledge on East
African geothermal systems,hweh may have unique characteristics due to their
geological setting within the East African Rift System. The inclusion of seasonal
variations in the study design further enhanced our understanding of how climatic factors
influence heavy metal concentrat®in this region, which experiences distinct wet and

dry seasons.

2.5Theory of Water-Rock Interactions in Geothermal Systems

Waterrock interaction theory is a fundamental aspect of geochemistry, providing
essential insights into the chemical processesuming in geothermal environments.

This theory is instrumental in understanding how geothermal characteristics affect the
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concentration of trace elements and heavy metals in fumarolic condensates and

hydrothermal systems.

2.5.1Principles of Water-Rock Interactions

At the core of waterock interaction theory is the concept that water chemically interacts
with geological substrates, leading to the dissolution and mobilization of minerals and
trace elements. This interaction is significantly influencedeoyperature, pressure, and
composition of the fluids and rocks involvé@Guosen et al., 2023)n geothermal
systems, these interactions are intensified by elevated temperatures and pressures, which
increase mineral solubility and accelerate reactiorsrggemoting the release of trace

elements into solution.

The ®lubility of minerals andhe subsequent release of trace elements are critically
dependent on temperature and. ptdr instance, higher temperatures typically increase
the solubility of many minerals, thereby enhancing the geochemical mobility of trace
elements such as arsenic and mercury, which are common in geothermal systems

(Bowman et al., 2023)

2.5.2Redox Reactions and Trace Element Behaviour

Redox conditions are also paramount in governing the behaviour and mobility of trace
elements in geotherrh@nvironments. Under reducing conditions, common in many
geothermal systems, certain elemergach as arsenidjecome more mobile. This
increased mobility under specific redox conditions is due to changes in the element's
chemical form, affecting its sability and transport within hydrothermal fluid®ieter,

2023)

In the ontext of fumarolic condensatgases thiaescape from geothermal systeaml
subsequently condenskeese solubility dynamics are particularly evident. As the gases
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cool and condense, the elements originally leached from geological formations via
waterrock interactions are deposited in these damsate@nostroza et al., 2022)
Understandingredox transformations and speciation is crucial for predicting the

concentrations and behaviour of heavy metals under geothermal conditions.

Complexation, often involmg ligands such as chlorides or sulphides, further influences
trace element behaviour in hydrothermal systems. These complexes can significantly
enhance the solubility and mobility of elements like mercury and arsenic, facilitating
their transport and ewtual deposition in fumarolic condensdtéerdianita & Priadi,

2008) The interplayamong these chemical processes provides a robust framework for

modelling traceslement behaviour in dynac geothermal environments.

2.6 Geothermal Systems and Fluid Dynamics

Several studies illustrate the critical role of geothermal systems in trace element
mobilization. For example, research conducted in Mexico highlights the significant
influence of therral fluid characteristics and underlying geological formationshan
distributions of arsenic and mercuwithin geothermal fieldgBirkle et al., 2008)
Similarly, in Iceland, the interaction of geothel fluids with basalts has been shown to
concentrate arsenic due to wateck reactions, underscoring the role of host rock

composition in elemental behavioligdwards et al., 2024)

Geothermal systems are characterized by complex interactions involving fluid mixing,
boiling, and condensation, which significantly influence the concentration of trace
elements in fum@alic condensates. These geochemical processes create unique

environments that affect metal concentrations observed in geothermal fluids:
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Fluid Mixing

The interaction between ascending geothermal fluids and cooler groundwater or
seawater can lead to ftsfluid mixing. This mixing alters the chemical
composition of the fluids, including trace metal concentrations. For instance, in
some geothermal systemmixing hightemperature geothermal fluids with
seawater can resulh significant changes in gas coosgtion and mineral

solubility (Chiodini et al., 2023)

PressureTemperature Conditions

The specific pressure and temperature conditions within geothermal systems
determine the extent of boiling and condensatibimese conditions influence the
solubility of various trace elements and gases, thereby affectieg th
concentrations in fumarolic emissions. For example, high salinity and low pH
conditions can enhance the mobility of trace metals by increasing their solubility

(Chiodini et al., 2023)

2.6.1Impact on Trace Element Concentration and Geochemical Disequilibrium

The dynamic processes in geothelrrsgstems significantly influence trace element
concentrations in fumarolic condensates. Variations in pH, mineral interactions, and
ongoing geochemical processes contribute to the mobility and concentration of trace
metals. Low pH conditions, often assmedd with CQ-rich waters, enhance the
dissolution of primary mineralshereby increasingrace metal release into geothermal

fluids (Hsu et al., 2024)

The presence of gas species in geothermal systemslefids to disequilibrium with
mineral assemblages, resulting floctuations in trace element concentrations across

fumarolic emissions. Studiésdicate that hydrothermal fluids can alter the geochemical
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characteristics of sediments, further impacting trace element distrib{Hisun et al.,

2024)

While these processes enhance trace metal mobility, they also pose environmental and
health risks, necessitating careful monitoring and management of geothermal resources

to mitigate potential contaminatig®unguti et al., 2024)

2.6.2Implications and Future Directions

The comprehensive understanding of watek interactions provides a theoretical basis

for advancing studies on trace element behaviour in geothermal systems. As geothermal
energy development expands, recognizing the role of these processes becomes
increasingly pivotal in environmental monitoring and management strategies. Future
research should focus on refining modelptedict trace element patterns under varying
geothermal conditions and on improving mitigation strategies to address potential

environmental and health risks associated witte elements in geothermal areas.

The geochemicaheory of watetrock interactionprovides a nuanced understanding of
the processes that affettace element concentrations in geothermal systems. By
integratirg principles of mineral solubility, redox processes, and geothermal dynamics,
this framework is indispensable for investigating and managing the complexities of trace

element behaviour in fumarolic condensates.

2.6.3Mobility and Speciation

The mobility oflead in geothermal systems is significantly influenced by its interactions
with various elements and compounds, particularly under varying environmental
conditions. Lead's tendency to form galena (PbS) makes it relatively insoluble; however,
changes in pHand redox conditions can enhance its mobility through the formation of

soluble complexes. Lead primarily binds with sulphides ions to form galena (PbS),
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which is stable and insoluble under neutral to acidic conditions. Alterations in pH and
redox potentia can lead to the formation of soluble lead chloride and carbonate
complexes, increasing lead's mobility in geothermal fluids. The environmental impact of
lead is closely tied to its speciation; soluble forms cameneasily migratepotentially
contaminaing surrounding ecosystems. The retention of potentially hazardous elements,
including lead, is influenced by mineral deposition in geothermal sediments, which can
either sequester or release these elements based on geochemical cofwldiomns
Cheng, 2023) While the focus is often on lead's mobility and its environmental
implications, it is essential to consider that the presence of other minerals and microbial
activity can also play a crucial role in determining lead's behaviour in geothermal

systems.

Cadmium’'s mobility in geothermal environments is significantly influenced by
geochemical processes, particularly under acidic conditions. In such settings, cadmium
forms sduble complexes, enhancing its transport. However, precipitation reactions can
immobilize cadmium in mineral forms, complicating its overall mobility. In acidic
geothermal fluids, cadmium solubility increases, facilitating its movement through water
systens. Precipitation reactions, such as the formation of cadmium carboocates
capture cadmium, limiting its mobility. The presence of smectite clay enhances cadmium
retention through adsorption and-precipitation processes, further immobilizing it

under pecific conditiongMissana et al., 2023)

Temperature plays a central role in the behaviour of these heavy metals in geothermal
settings. High thermal gradients increase the dissolution rates oflvearaig minerals,
potentially leading to increased metncentrations. Conversely, lower temperatures

might favour the precipitation of metal compounds, reducing their mobility. For instance,
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the cooler margins of geothermal fields could serve as zones where metal deposition

primarily occurs, forming geochenailty distinct barriergPulungan et al2019)

Geochemical models and experimental studies have focused on these factors to predict
heavymetal behaviour in geothermal environrteenThey underscore the need for
precise monitoring of conditions like pH, redox potential, and temperature tgoatgici

heavy metal mobility and its potential impacts on environmental and public health.

2.6.4Sources and Pathways

The primary sources of heavy metals in fumarolic condensates are linked to volcanic
activity, leaching from surrounding minemath rocks,and anthropogenic influences.
Fumarolic gases emitted during volcanic eruptions carry volatile metal species. These
metals can condense when the gases cool, contributing to the heavy metal content in
fumarolic condensates. The chemical composition of wadcand fumarolic gases is
largely determined by the nature of the underlying magma and its interaction with
surrounding geological formations. Variations in magmatic composition and subsurface
conditions influence the concentration and mobility of vaaélements, leading to the
transport and subsequent precipitation of heavy metals such as arsenic (As), lead (Pb),
and mercury (Hg) from volcanic materials into the environnfemtstroza et al., 2023,

Schlesinger et al., 2022)

Heavy metals can also enter fumarolic systems through leaching processesat& or
hydrothermal fluids can dissolve metals from mineieh rocks in the vicinity of
fumaroles. This interaction enhances the concentration of heavy metals in the
condensates, as evidenced by studies that show significantragkemteractionsin

geothermal environmen{€ampeny et al., 2023)
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In geothermal systems, geothermal fluids circulate through rock formations, scavenging
metals and minerals that can be released into the condensates. This geochemical cycling
can result in significant variabiitin concentrations across different spatial locations
depending on geological features such as faults and fractures that facilitate fluid

movemen{Ayari et al., 2023)

2.7Health Risks Associated with Heavy Metal Exposure

2.7.1Toxicological Effects of Heavy Metals

Heavy metals such as arsgnmercury, lead, and cadmium are prevalent environmental
pollutants known for their significant toxicological effects on human health. Exposure to
these metals can occur through various pathways, notably ingestion and dermal contact,

leading to a spectruf adverse health outcomes.

Arsenic

Arsenic is a natwurally occurring metall oi
frequently detected in groundwater due to natural geochemical processes and
anthropogenic influences. Chronic exposure to arseparticularly through the
consumption of contaminated drinking water, poses significant public health risks. The
International Agency for Research on Cancer (IARC) has classified arsenic and its
compounds as Group 1 carcinogens, indicating conclusive eeédeaf their
carcinogenicity in humans. Prolonged ingestion of arsemntaminated water has been
associated with an increased risk of various cancers, including those of the skin, lungs,

bladder, and kidney$Ganie et al., 2024; Raja, 2023)

Mercury
Mercury exists in various forms, including eleméntaercury, inorganic mercury

compounds, and organic mercury compounds such as methylmercury. Each fam has
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distinct toxicological profile, with methylmercury being particularly hazardous due to its
ability to bioaccumulate in the food chain. Mercury ity targets the central nervous
system; exposure can result in neurological and behavioural disorders. Symptoms
include tremors, insomnia, memory loss, neuromuscular effects, headaches, and
cognitive and motor dysfunction. In severe cases, mercury pogaan lead to
erethism, characterized by excitability, tremors, memory loss, timidity, and insomnia
(ATSDR, 2024) Prenatalmercury exposurean adversely affect foetal development,
leadirg to cognitive impairment and developmental deldisabi et al., 2023)Dermal
exposure to mercury, particularly inorganic mercury compounds, can cause skin
irritation, rashes, and discoloration. Chronic dermal exposure has been linked to
conditions such as acrodynia, characterized by gkik discoloratia, swelling, and

pain(Balali-Mood et al., 2021; WHO, 2011)

Lead

Lead is a heavy metal that has been widely used in various industrial applications,
including batteries, paints, and gasoline additives. Exposure to lead can occghthrou
ingestion of contaminated food or water, inhalation of lead particles, or ingestion-of lead
based paint chips, particularly in older buildifgd SDR, 2020) Lead poisoning affects
multiple body systems, with the nervous system being the most sensitive. In children,
lead exposure can result in developmental neurotoxicity, leading to cetfpcattention
deficits, and behavioural problems. In adults, lead exposure is associated with
hypertension, renal impairment, and reproductive toxiajali-Mood et al., 2021)
While ingestion is the prinmg route of exposure, dermal absorption of lead is generally
low but can occur, especially in occupational settings or through contact with lead

contaminated soil or watéSEPA, 2011)
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Cadmium

Exposure to cadmium can occur through inhalation of contaminated air, ingestion of
contaminated food (particularly leafy vegetables and grains), and tobacco smoke.
Cadmium is highly toxic to the kidneys, where it accumulates and can cause renal
dysfunction. It also affects bone metabolism, leading to osteomalacia and osteoporosis,
increasing the risk of fracturéRezaei et al., 2019 hronic cadmium exposure has been
linked to an inceased risk of cancer, particularly lung cancer. Dermal exposure to
cadmium is less common but can occur, leading to skin irritation and allergic reactions
(Balali-Mood et al., 2021)Occupational settings ioWwing cadmium use present higher

risks for dermal exposure.

In the context of Mt. Suswa, Kenya, fumarolic condensates may contain these heavy
metals, posing potential health risks to local communities. Ingestion pathways could
include consuming contamined water or food, while dermal contact might occur
through direct contactwith contaminated soil or water sources. Assessing the
concentrations of these metals in fumarolic condensates and understanding the exposure

pathways are crucial steps in evalugtand mitigating health risks in the region.

2.7.2Mechanisms of Heavy Metal njection into Human Bodies

Heavy metals, ubiquitous in various environmental matrices, can enter the human body
through different pathways, each influencing the extent and sewdrexposure. This
literature review examines the primary mechanishys which heavy metals are
introduced into the human badfocusing on ingestion, inhalation, dermal absorption,

and less conventional routes.
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i) Ingestion
Ingestion remains the primanathwayby which humans are exposed to heavy metals,
primarily throughcontaminated food and drinking water. Among these contaminants,
lead in drinking wateremains a major public health concern, often originating from
corrosion or leaching fronaging plunbing systems. Studies across different regions
have shown that lead concentrations in distribution networks can exceed safe drinking
water limits, posing chronic health risks, particularly to vulnerable populafiwaseem
et al., 2025) Arsenic, naturally found in groundwater, especially in argash as
Bangladesh and parts of the United States, poses chronic exposure risgs tineu
consumption of contaminated wat@fao et al., 2024) These studies underscore the
critical role of environmental monitoring and regulation in mitigating ingesetated

exposureisks.

Inhalation

The inhalation route is particularly significant near industrial sites and urban areas with
high vehicular emissions. Particulate matter in the air can carry heavy metals like
cadmium, lead, and nickel, which are then inhaled and de@ositehe respiratory
system. Occupational exposure also contributes significantly, with workers in industries
such as battery manufacturing, mining, and metal smelting at higher risk of inhaling
heavy metaladen dust and fume@ajewski et al., 2023)Research has shown that
inhaled particlegancause severe health effects, including respiratory and cardiovascular
diseases, unders@og the need for stringent occupational safety meag@aali-Mood

et al., 2021)

Dermal Absorption
While dermalabsorption is generally a less common route for heavy metals to enter the

body, certain compounds, such as those of mercury and arsenic, can penetrate the skin
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barrier. Instances of dermal exposure are more prevalent in occupational settings where
workershandle metals without adequate protective gear. The solubility and formulation
of the heavy metal compound significantly influence dermal absorption rates. Studies
have also explored the role of consumer produsiish as cosmetics and paints, in
facilitating dermal exposure to metals like lead and mercury, undergcdhe

importance of regulation and consumer aware(i€salili et al., 2019)

Less Conventional Routes

Emerging research has explored other potential routes of heavy metal exposure, albeit
less documented, such as intravenous administration through contaminated medical
products. Historically, incidents of contaminated pharmaceuticals or improper use of
metl-based medical devices have led to direct injection of metals into the bloodstream
(Abd Elnabi et al., 2023)Additionally, certain traditional medicines and remedies have
been found to contain high levels ofdvy metals, posing risks of both ingestion and

systemic exposur@.uo et al., 2021)

The literature suggests a complex interpd@yong environmental sources and exposure
pathways that enables heametals to enter the human bodggestion and inhalation

remain the most significant routes of exposure, influenced by environmental
contamination and occupational hazards. Dermal absorption, though less common,
remains a critical exposure route in spacifontexts, underscoring the need for stemg
occupational and consumer product safety standards. Understanding these mechanisms is
vital to developing effective public health interventions and regulatory policies to
minimize human exposure to heavy mstaContinued research and monitoring are

essential to address emerging exposure risks and protect public health.
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2.8 Health Risks of Heavy Metal Contamination in Fumarolic Condensates

The exclusive use of fumarolic condensates from Mt. Suswa as theatelesaurce for
domestic and livestockise poses substantial health risks due to contamination with
heavy metals such assenic (As), mercury (Hg), lead (Pb), and cadmium (Cd). These
metals induce nenarcinogenic effects, such as neurological impairnihbt Hg), renal
dysfunction (Cd), and gastrointestinal distress (As), as well as carcinogenic risks via
ingestion (drinking) and dermal exposure (bathing, washing), including skin and bladder
cancer (As) and kidney cancer (Cd). These health risks underfwimportance of
assessing contamination levels in areas where populations rely on geologically sourced

water(Gong et al., 2022; USEPA, 2011; Waetdal., 2023)

2.8.1Health Risk Assessment (HRA) Models

The U.S. Environmental Protection Agency (USEPA) He&isk Assessment (HRA)
models specifically the Hazard Quotient (HQ) and Hazard Index (HI) for-non
carcinogenic risks, and Lifetime Cancer R{EKCR) for carcinogenic riskguantify these
threats through ingestion and dermal exposure pathways, thereby guiding mitigation
efforts. These models provide a robust framework for evaluating human health risks

associated with environmental contamingbtSEPA, 2011)

Carcinogenic Health Risk Assessment

Carcinogenic health risk assessment evaluates the likelihood of cancer development from
chronic exposure to metalike arsenic (As) and cadmium (Cd), classified as Group 1
carcinogens by the International Agency for Research on Cancer (IARC). As is linked to
skin, lung, and bladder cancers, while Cd is associated with kidney and lung cancers
(Khatoon et al., 2024). EhLifetime Cancer Risk (LCR) quantifies this probability, with

USEPA risk thresholds defining negligible (LCR < 1 xu)® acceptable (1 x 19®
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LCR<1x1@w, and unaccep whaisk leels(Nk@Rd eCal.,2023; 10

USEPA, 2011; WHO, 2011b)

2.9Research Gap

From the reviewed empirical evidence, critical kihexlge gaps emerge. First, there has
been limited focus on fumarolic condensates as a contamination pathway. While
geothermal research in Kenya and across the East African Rift has examined hot springs,
groundwater, and soils, fumarolic condensates reraagely overlooked despite being a
primary water source for communities in Suswa and other geothermal regions. Second,
there is insufficient spatial mapping of contamination patterns, as few studies have
systematically measured and mapped heavy metal dovattens around fumarolic

vents.

This has left uncertainties regarding localized hotspots of contamination and the
influence of proximity to vents on exposure risks. Third, seasonal variations in heavy
metal emissions and their implications for exposureehnot been adequately explored,
particularly i n Mt . S ute-seraidrid climatici @bntextwhere rainfall and
evaporation strongly influence water quality. Finally, there has been a neglect of
communitybased exposure data, since most studies raredgrate household surveys
and interviews to document how local populations use fumarolic condensates, the
frequency of contact, and their perceived health impacts. Without such participatory
approaches, assessments of exposure pathways remain incoifipdsts gaps provided

the foundation for the present study, which uniquely integrates chemical analysis,

geospatial mapping, household surveys, and health risk assessment.
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2.10Conceptual Framework

Following a comprehensive review of relevant literatune #he identification of the
research problem, a conceptual framework was developed to illustrate the
interrelationships among the key variables in this study. The framework is structured
around three categories of variablesdependent, intervening, andependentthat
collectively guide the assessment of spatasonal variations in heavy metal

contamination, while integrating health risk assessment and community perceptions.

The independent variables comprise geothermal activity, geological compoaitidn,
seasonal variations, which act as the primary drivers of heavy metal contamination in
fumarolic condensates. Geothermal processes such as fumarole emissions ialodKluid
interactions mobilize trace metals into the environment, while geological iinpo
contributes through mineral leaching and fioglter interactions. Seasonal variations,
particularly rainfall during wet periods, affect the dissolution, mobilization, and transport

of heavy metals.

Intervening variables function as mediatarsodifying contamination levels and shaping

the extent of associated health risks. Hydrogeological patterns, including groundwater
flow and infiltration rates, affect the transport and distribution of metals, while
geochemical interactions such as metal speciaiind adsorptiGrdesorption regulate

their bioavailability and toxicity. At the community level, behaviors related to water use,
cultural practices, and reliance on fumarolic condensates for domestic needs influence
exposure pathways. Moreover, commuratyareness and local mitigation strategies can

reduce risks.

The dependent variables include the concentrations of heavy metals in fumarolic

condensates, their spateasonal distribution, and the corresponding health risks. These
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are measured outcomesthorm the empirical basis for assessing contamination levels.
Health implications are evaluated through toxicological indices, including carcinogenic
risk (CR), in line with the third study objective, which is to evaluate the potential human

health riskgposed by exposure to hgametals in the Mt. Suswa area.

Integrating household survey data on water use practices, exposure frequencies, and
community perceptions, the framework ensures that both quantitative measurements and
qualitative insights informhe risk assessment procefke framework demonstrates the
dynamic interplay between geothermal processes, geological and seasonal factors,
environmental mediators, and community practices, all of which converge to influence

heavy metal contamination anddith risks.
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2.11Conceptual Framework

Figure 1

Diagram Representation of Proposed Conceptual Framework

Indepenlent Variables Intervening Variables Dependent Variables
Spatial Factors Contamination Outcomes
9 Location of fimaroles Vv Concentration_ of specific heavy
. metals (Arsenic, Mercury, Lead,
{1 Geological features (faults, = > Cadmium)
fractures, rock type) V Spatial/Temporal distribution
patterns
Temporal Factors Health Risk andCommunity Impact
f Seasonal variations V Carcinogenic risk assessment
outcomes

V Community perceptions and reporte
health concerns

Environmental Factors
V pH, TemperatureWaterrock
interaction
V Precipitation
Socioeconomic and Behaviora
Factors
V Community awareness and
percetions

SourceResearchef2024)

2.11.1Conceptual Flow and Relationships

The conceptual frameworkagram (Figurel) illustrates the complex interactions among
factors influencing heavy metal contamination in &rolic condensates at Mt. Suswa. It
begins with independent variables, which include spatial and geological factors such as
the location of fumaroles, underlying rock types, mineral composition, and structural
features such as faults and fractures. Tenmyr@amics, particularly seasonal variations

between wet and dry periods, also play a critical role in determining fluctuations in
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heavy metal concentrations over time. These spatial and temporal factors form the

primary drivers of contamination variabylitvithin the geothermal system.

The influence of these independent variables is shaped by intervening variables, which
represent environmental, geochemical, and social processes that either amplify or
mitigate contamination levels. Climatic factorsuch a precipitation and ambient
temperature, along withwateii rock interactions and pH conditions, regulate the
mobility, solubility, and deposition of heavy metals. Geochemical processes, including
adsorption and desorption mechanisms, further determine ib&vadability of
contaminants. At the community level, behavioedated to the use of fumarolic
condensates, cultural perceptions of water quality, and access to healthcare services serve
as additional moderating factors, directly influencing exposutterpaand shaping the

eventual health risks associated with contamination.

The dependent variables constitute the measurable outcomes of the study. These include
the concentrations of arsenic (As), lead (Pb), mercury (Hg), and cadmium (Cd) in
fumarolic codensates, analyzed to reveal spatial and seasonal variations in
contamination. Beyond these direct measurements, dependent outcomes also encompass
health risk assessment indices derived from toxicological models, as well as community
perceptions and opions regarding the quality and safety of condensed steam. Together,
these outcomes provide a holistic understanding of contamination risks and their

implications for both environmental and human health.

The directional arrows in the conceptual frameworkgien demonstrate how
independent variables (spatial and temporal drivers) exert direct influence on
contamination levels while intervening variables(environmental factors and

Socioeconomic and Behavioral Facjorsoderate these relationships. The comibine
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effect ultimately shapes both the distribution of heavy metals in fumarolic condensates

and the degree of health risk to the surrounding communities.
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CHAPTER THREE

RESEARCH METHODOLOGY
3.1Introduction
This chapter outlines the methodologged to asss the presence and behaviour of
dissolved heawynetal ionsin fumarolic condensates within the Mt. Suswa geothermal
system. The study focused on metals originating fromigielam interactionsn which
high-temperature fumarolic emissions leach tracenel@s from surrounding volcanic
rocks and mobilize them into the condensatesatuble ionic (oxidized) forms. The
chapter details the research desitdpg study area, the target population, the sampling
procedures, and theample size determination. It rfber presents the pilot study
proceduresthe approaches used to ensure the validity and reliability of the research
instruments, the data collection methods, including the acquisition of condensate samples
for heavymetal and physicochemical analysisand the analytical techniques applied to
guantify dissolved ions. Finally, the chapter outlines the data anahgtisodsand the

ethical considerations observed throughout the research process.

3.2Research Design

This study employed a mixedethods desigho assess heavy metal concentrations in
fumarolic condensates at Mt. Suswa, examine their spatial and seasonal variations and
distribution, andevaluate associated human health rigke methodological framework
integrated field sampling, laboratory aysik, and health risk modeling to generate a

robust dataset that provided both environmental and public health insights.

According to (2023), a research design refers to the arrangement of conditions for the
collection and analysis of data in a mannet thias to balane relevance to the research

purpose with economy and proceduBgounded in this framework, the study employed
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a crosssectional mixeenethods field design, deliberately integrated to capture

environmental measurements and commuleitael cata simultaneously and efficiently.

Fieldwork was conducted during two distinct seasons: the dry season (Jataraty
2025) and the wet season (Mauly 2025). This seasonal stratificati@mabled a
comparative evaluation of heavy metal concentrations emstciated exposure risks

acrossvarying hydrological and climatic conditions.

The quantitative component of the study followed a longitudinal design in which heavy
metal concentrations were measured across different fumarolic sites and compared
between sasons. This approach enabled the identification of contamination trends, the
development of evidendeased mitigation strategies, and the generation of data relevant

for policy formulation and decisiemaking(lnostoza et al., 2022)

Complementing the quantitative analysis, the qualitative component employed structured
guestionnaires administered to local residents. These were designed to capture
community perceptiorigpinions on the quality of condensed steand lived
experiences associated with environmental contamination. Insights from these
interactions enriched the study by elucidating exposure pathways aneesonmmic
factors that potentially amplified health riskdgwenya et al., 2024 By triangulating
guantitative and qualitative data, the mixedthods approach provided a holistic

understanding of the contaminatitv@alth nexus within the study area.

3.3Study Area

The study was carried out at Mt. Suswa, situated in Kajiado County within the East
African Rift System (EARS®) a tectonically active continental rift extending from the
Afar Triple Junction in northeastern Africa to Mozambique. Mt. Sussvgart of

Kenyads g¢eot nahismazbne(lRENAe2020) M. ISuswa Figure 2J lies
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approximately 120 km northwest dflairobi, the capital city of Kenya, between
|l ongitudes 34A45N) E and 36A00pngek eaa.d | at i

2017)

Mt. Suswa is a dormant volcanic complex within the Kenyan Rift Valley, distinguished
by its unique doublealdera structure that was formed through multiple episodes of
volcanic activity. The innecaldera is steewalled, whereas the outer caldera hosts
diverse geothermal features such as fumarolesbdiatd groundsand hydrothermal
vents. The volcanic terrain is predominantly composed of porous lava flows and
pyroclastic deposits, which limithé retention and storage of groundwatRENA,

2020; Kipngok et al., 2017)

Climatically, Mt. Suswa, situatedvithin the Greater Mai&erengeti Ecosystem,
experiences a bimodal rainfall pattern typical of Eastern Africa. The long rains occur
from April to July, while the short rains are experienced from September to November.
The dry season extends from JanuaryMarch. These rainfall dynamics are strongly
influenced by regional climate phenomemsach as the El Nificouthern Oscillation
(ENSO) and the Indian Ocean Dipole (IOD), both of which significantly influence

rainfall distribution and variability acrosseegion(Zhu et al., 2022)
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Figure 2

A Map showing The Study Location and Fumarole Sites
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The area is sparsely populatadd predominantly inhabited by the Maasai community,
whose primary economic activity is pastoralism. In addition to its geothermal potential,
Mt. Suswa also holds ecological and cultural significance. For instance, the Suswa caves
within the caldera servas sites for traditional Maasai ceremonies and other cultural

practicedJames et al., 2021)

The prevailing arigo-semiarid conditionsn Mt. Suswa, coupled with the absence of
perennial rives, dams, or lakes, severely constrain water availability for the local
community. Rai nwater harvesting is practic

erratic rainfall patterns, making fumarolic condensates the principal and often the sole
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source dwater for domestic use. These condensates are obtained directly from steaming

fumaroles, where vapor is visibly emitted from the geothermal vents (Plate 1).

Plate 1: Steaming~umarolegResearcher,2025)

In response tgressing \ater needs, some fumaroles have been modified to channel
condensed steam to collection points, enaliagjer access and improved storage (Plate
2). Once collected, the condensates are stored in reservoir tanks situated within
homesteads or communal areaproviding a dependable (though chemically
unmonitoredl source of water for drinking, cooking, and other domestic purposes (Plate

3).

Plate 2: A Modified fumarole vent (Researcher, 2025)
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Plate 3: A Photoshowing collection o€ondensates in a reservoir tank
(Researcher,2025).

The reliance on these condensates highlights the close interaction between geothermal
activity and human livelihoods in the area. The vast scale of the Mt. Suswa volcanic
system, wih outer and inner calderas measuring approximately 14 km and 10 km in
diameter respectively, underscores the magnitude of geothermal processes shaping both

the natural environment and community resource dependiimmegok et al., 2017)

3.4 Target Population

The study population comprised household heads in Kisharlosation, Mt. Suswa,

who rely on condensates fraen (10) modified fumarolic vents for their domestic water
needs. According to the 2019 Kenya Population and Housing Census, Kisharu sub
location had a population of 720 peofk&\BS, 2019) with household heads serving as
the critical unit of analysis due to their direct exposure to potential heavy metal

contamination. These households were therefore selected as the primary amtgsid
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In contrast, sixteen (16) of the twergix (26) fumaroles in the study area, which were in
rugged terrain and distant from human settlements, had not been modified for
community use. For these fumaroles, the study focused exclusively on asskesing

extent of heavy metal contamination in their condensates.

To enrichhouseholdevel data and provide deeper contextual insights, key informants
were engaged to exploreommunity perceptions, watese practices, levels of
awareness, and coping and pidéion strategies. These informants comprised local
administrators (chief, suthief, and village elders)nd healthcare professionals at
Kisharu Dispensary.Their perspectives were essential in clarifying community
perceptions, watemse practices, levelof awareness of contamination risks, and coping

or adaptation strategies in response to water scarcity and potential health hazards.

A total of twentysix (26) fumaroles were identified in the Mt. Suswa study area during
field reconnaissance. Out of tleesten (10) fumaroles had been modified for direct
community use, with one located inside the caldera and nine outside. These modified
vents were equipped with collection systems and served as critical domestic water
sources. An additional nine (9) unmadd fumaroles located in rugged or distant terrain
were included in the sampling, bringing the total number of sampled fumaroles to
nineteen (19). Seven fumaroles were not sampled due to inaccessibility or inactivity at
the time of fieldwork. To provide aonfumarolic comparison, one control sample was
obtained from tap water at Suswa Trading Centre, located approximately 12 km away.
This classificationas shown inTable 1 below ensured that both environmental and
communityuse perspectives were capturedhiley offering a comprehensive

representation of the geothermal system.
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Table 1

Classification and Sampling Status of Fumaroles in the Mt. Suswa Study Area

Fumarole Category Location Number of Description
Fumaroles
Modified fumaroes Inside caldera 1 1 Equipped with collection
(community use) system
Outside 9 1 Directly used by households
caldera for domestic water.
Unmodified Rugged/distan 9 1 Vents not modified
fumaroles (non terrain 1 But accessible for sampling.
community use)
Total fumaroles | 19 1 Subset of fumaroles (10
sampled modified + 9 unmodified)
Not sampled Inaccessible/ 7 1 Vents located in rugged
fumaroles inactive terrain or not actively
emitting at the time of
fieldwork.
Control sample Suswa trading 1 1 Tap watelocated ~12 km
centre from the study area.

1 Represents aonfumarolic
domestic source.
Total fumaroles T 26 91 All fumaroles recorde in the
identified Mt. Suswa study area.

3.5Sampling Design, Procedure and Sample Size
This section describes the sampling feawork used to obtain representative fumarolic

condensate samples and household data for the study.
3.5.1Sampling Design

A purposive random sampling design was employed to ensure representative coverage of
fumarolic condensates across Mt. Suswa. The approansidered both environmental
heterogeneity and human exposure risks by integrating the geological distribution of

fumarolic vents with community waterse patterns.

The visibility of active steam emissions and accessibility guided site seleOubiaf the

targeted fumaroles, nineteen (19) were successfully sampled based on accessibility
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constraints and their relevance to local waige practices. Within this group, ten (10)
fumaroles actively utilized by households were prioritized for detailed sinatijpe to

their heightened significance for human health exposure pathways.

This design ensured that both environmentally significant fumaroles and those directly
linked to community water consumption were represented. As a result, the sampling
framework provided sufficient spatial and social coverage to capture contamination

variability while reflecting real exposure risks faced by residents.

3.5.2Sampling Procedures for the Condensates

Samples were collected randomly from discharging fumaroles antladstandensation

tanks using clean, acidashed polyethylene bottles that had been rinsed with fumarolic
condensates prior to collection to minimize contamination. Each bottle was clearly
labeled with the site code, date, time, and other relevant samgétajls. The
geographical coordinates of each sampling site were recorded using a handheld GPS

device for accurate geospatial referencing.

To ensure analytical accuracy and reliabilitiplicate samples were collected from each
fumarole during every sguting event.Sample in bottle 1 was acidified in the field with

1 mL of concentrated nitric acid (HN{pPto lower the pH to below 2, thereby preventing

the adsorption of metals onto the container walls and preserving dissolved metals for
traceelement and @jor-cation analysesThe second sampleas left unacidified for the
analysis of major anions. The thighmplewas reserved fom situ determination of
physicachemical parameters, including temperature (T), pH, and electrical conductivity

(EC), using aalibrated thermocouple and a multiparameter pH/EC/TDS meter.

Fieldwork was conducted during two distinct seasons to account for temporal variability

in heavy metal concentrations. The seasonal stratification provided a comprehensive
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datasethat capturec¢thanges in contamination patterns acnaaying hydrological and

climatic conditions.

Immedidely after collection, all samples were preserved at approximately 4°C to
maintain their integrity. Samples were transported within 24 hours in insutatedoler

boxes to the Geothermal Development Company (GDC) Laboratory at Menengai, where
they were stored at 4°C until analysisampling and ralytical procedures followed

standard protocols as defined by the American Public Health AssoqlaiéiA, 2022)

SamplingFumarolic Condensates

Prior to sampling, @mperatures at various points within each fumarolic vent were
measured to iddify the optimal spot for condensate collection, thereby ensuhag

most representative gas flow was captured. Once the appropriate point was identified, a
funnel was placed upside down over the mapfiow of the fumarole vent. The edges of

the funnelwere tightly sealed with mud or clay to prevent the intrusion of atmospheric
air, thereby minimizing contamination and ensuring that the collected condensates were

representative of geothermal emissions.

In this study, fumarolic steam was collected by dirgy the gas through a funnel
connected to a prevacuated, doublport collection bottle, which was kept in a bucket

of cooling water to promote rapid condensation. The bottle was linked to the funnel
using flexible Teflon or silicone tubing, allowingethvacuum within the container to

draw fumarolic gases into the systaw illustrated in Figur8. As the steam cooled, it
condensed within the evacuated bottle, after which the condensate was transferred into
sterile containers for preservation and labamat analysis. Comparable steam
condensation sampling approachesng evacuated vessels, cooling baths, and inert

tubinghave been documented in recent geothermal st(daggichi et al., 2025)
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Figure 3

Sampling Scheme for Condensate Collection

flexible
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Source:Modified from Zelenski et al.(2013)

3.5.3Sample Size Determination for Key Informants

Determining an appropriate sample size was essential to ensure the reliability and
validity of the research findings. The process involved selecting a sufficient number of
participants to adeqtely represent the target population while balancing practical
constraints such as time, cost, and ethical considerations. Sample size determination was

guided by three key aspecarg et al., 2024)

First, the \ariable of interest in this study was community perceptarthe quality of

water for various usaga Kisharu SuHocation. Ensuring t sample was representative

of the population enabletheaningful analysis and reliable conclusions. Second, the
desiral level of confidence reflected the degree of certainty that the sample outcomes
mirrored the true population characteristics. Studies requimglger confidence levels

generally requi larger sample sizes to minimize sampling error. Third, the acceptabl
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margin of error defined the allowable deviation from the true population parameter,

directly influencing the precision of the findings.

According to the 2019 Kenya Population and Housing Census, Kishaxdo&ition had

a total population of 720 individus (KNBS, 2019) With an average household size of

four persons, consistent with regional estimates fromUhied Nations (2022)this

transl ated t o approxi mately 180 househol c

population.

To determine the statistically v(&dchra, s ampl
1977) for continuous data was applied. This method is widely used inhkretdted
researchto estimate prevalence rates and other proportionsedelat environmental

exposurgChihobve, 2022) It is expressed as:
nn:%ééééééééééééééééé ......... eééeéeée. . éée. Eq (3.1
Where

np= The initial sample size for an infte population

z = The zvalue corresponding to confidence level (typically 1.96 for 95% confidence)

p = Estimated proportion of the population with the characteristic (health outcome
prevalence, assumed 0.5 for maximum variability)

g =171 p (complementary proportion)

E = Margin of error (0.05 for £5% precision)

Substituting these values:

N = 1.56% x0.5x0.5 _ 3.8416x0.25 _ 0.9602
0 0.52 0.0025 0.0025

=384

Since the target population (N = 180) was finite, thet&iRopulation Correction (FPC)

was applied using Eq. 3(Althubaiti, 2023)
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n='—[:m-1]—}eeeeeeeeeeeeeeeeeee. .eééee Eq (3.2)
N

L3
Substituting values:

3z4 354 354 3g4
n= Tema—l1. — .. B8E. — 7 = - =122.777
;1+[- —]} [1+4—1 {1+212777 {3.12777}
180 18D

Thus, the adjusted sgue size for household heads was 123 respondents. This sample
size was deemed sufficient to ensure robust representation of the study population, while
maintaining statistical reliability and precision in data collection and analysis. The
determination agined with current methodological standards for environmental health

research(Lakens, 2022)

Assumptions for Computation
Following Nanjundewaraswamy & Divakar (202,1bhe assumptions are:
i. A 95% confidence level (z = 1.96) ensures statistical reliability within this
interval.
ii.  An estimated prevalence (p) of 0.5 is assumed, maximizing sample size in the
absence of prior health data from Kash, withq = 0.5
iii. A 5% margin of error (E = 0.05) balances precision and feasibilitpaith risk

estimation. These assumptions ensure robust and representative data collection.

Sampling Respondents

An equal allocation approach was adopted ettsure a balanced distribution of
respondents across the ten (10) modified fumarolic vents in Kisharlocation, Mt.
Suswa. Each vent formed a stratum, from which household heads were proportionately
selected using stratified random sampling. The Hualde head was the preferred
respondent; however, in the absence of the head, any adult household ngadldes ar

older was sampledAccording toLemeshow & Ferketich (20203his method ensures
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that all eligible indviduals have an equal chance of selection, minimizing Wiaite

maintaining consistency in capturing houseHelk! information

The distribution of respondents across the selected samplingisiptesented in Table

2. A total of 119 households werelscted across the ten modified vents. To achieve
fairness, nine vents each contributed 12 respondents, while one vent contributed 11
respondents, making a total of 119. This allocation ensured that households relying on

fumarolic condensates for their destic water needs were equitably represented.

In addition to household respondents, four key informants were purposively selected to
enrich the study witlperspectives on governance, culture, and heéhbse included the

area chief, a subhief, one vilage elder, and a nurse from Kisharu Dispensary. Their
input provided critical contextual insights into commurajyinions local governance,

and health concerns associated with heavy metal contamination.

Table 2
Distribution of Respndents
Category Number of Respondents per Total
Vent Respondents
Households Using Fumaroli 12 households x 9 vents; 11 119
Condensates households x 1 vent
Key Informants T 4
Chief 1 1
SubChief 1 1
Village Elder 1 1
Healthcare Professional (Nurse) 1 1
Total Sample Size T 123
Modified vents to be sampled T 10
Unmodified vents to bessessed T 9
Total Vents T 19
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This sampling framework ensured that both households and key informants were
adequately representehd incorporatecenvironmental samimg from both modified
and unmodified fumaroles. The study systematically captured household perspectives,
governance insights, and geochemical data, providing a holistic assessment of the
environmental and health implications of fumarolic condensateuogutton in Mt.

Suswa.

3.6Instrumentation

This study employed a combination of analytical instruments and social research tools,
including structured questionnaires and interviews, to assess the -sgmdmnal
variations in heavy metal contamination atf associated health risks in fumarolic

condensates at Mt. Suswa.

3.6.1Analytical Instruments for Physico-Chemical and Heavy Metal Analysis

To measure physicochemical parameters and elemental concentrations, standardized
instruments were employed. A HannHI935002 thermocouple thermometer
(Woonsocket, United States) was used to measure temperature, while a Jenway 430
pH/Conductivity meter (London, United Kingdom) determined pH and electrical
conductivity. Fluoride concentrations were analyzed using an 9801 ion meter
(London, United Kingdom). Selected heavy metals (arsenic, lead, cadmium, and
mercury) as well as major cations (sodium, potassium, calcium, and magnesium) were
guantified using an Agilent 5110 Inductively Coupled Plad0pical Emission
Spectrometer (ICROES) (Santa Clara, United States). Sulphate concentrations were
determined through turbidimetric analysis with a Shimadzull890 spectrophotometer

(Kyoto, Japan). In addition, titrimetric analyses for total carbonates, bicarbonates, and
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chloride ions were conducted using a Metll@edo Titroline7800 autetitrator

(Columbus, United States).

All laboratory analyses utilized analytical grade (AR) reagents obtained from Chemo
Quip Scientific Limited, Kenya, including nitric acid, hydrochéoacid, pH buffers, zinc
acetate, silver nitrate, potassium chromate, barium chloride, and certified 1000 ppm
standard solutions for K, Mg, Ca, Na, 8@ F» As, Pb, Cd, and Hg. Deionized water
was used throughout to maintain sample integrity and mieircantamination risks

(APHA, 2022; Pardis et al., 2022; Riebesell et al., 2023; X. Zhao & Dou, 2024)

3.6.2Questionnaires and Structured Interviews

To assess communitypinions on the quality of water and itseupractices, and health
related experiences, structured questionnaires were administered to household heads in
Kisharu suHocation, targeting residents who fetehter from the 10 fabricated vents

addition, structued interviews were conducted with key informants, including local
administrators (chief, suthief, and village elder) and a healthcare professional (nurse).
These tools were designed to capture qualitative insights into community awareness,
cultural pradces, and perceived health implications associated with fumarolic

condensate consumption.

3.6.3Toxicological Risk Assessment Models

To evaluate the potential health risks associated with heavy metal exposure,
toxicological risk assessment models were iggplThe Hazard Quotient (HQ) was used

to estimate nowarcinogenic risks, while the Carcinogenic Risk (CR) index was
employed to estimate lifetime cancer risk attributable to ingestion of contaminated
condensates. These models provided quantitative e@ssnash potential health impacts,

complementing the qualitative data obtained through questionnaires and interviews.
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3.6.4Pilot Study

A pilot study was conducted to evaluate the feasibility and effectiveness of the proposed
sampling, analytical proceduremd data collection methods. A small subset of three (3)
fumarolic vents was selected to test the efficiency of the sampling protocol and the
analytical techniques for detecting heavy metal concentrai{iBiiya et al., 2022)
Preliminary sampling was undertaken during one anet one dry seasdo evaluate the

robustness of the proderes under varying climatic conditions.

The pilot also inluded a qualitative component, with structured questionnaires and key
informant interviewsadministered to a small group of local residents. This exercise
helped to test the clarity, relevance, afféctiveness of the questionnaires in capturing

community perceptions and condedsise practices.

In addition, the pilot study assessed logistical aspects, including accessibility of
fumarolic sites, equipment functionality, sample preservation andpwaiation, data
recording procedures, and coordination with local stakeholders. The outcomes of the

pilot informed refinements to the main study design

3.6.5Validity of the Instrument

The validity of the instruments used in this study was ensured througtiple
approaches that addressed both environmental and social research components. For in
situ measurements, instruments such phHEC/TDS meters were calibrated with
certified reference materials to ensumaccuracy and reliability. Laboratebpased
analytical instruments, including the iaelective electrode (ISE), UVis
spectrophotometer, and the KCES (Agilent 5110), were validated against known

standards for heavy metal and major cation analysis. This process established construct
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validity and precision in the detection of trace elementgluding arsenic, cadmium,

lead, and mercury.

For the qualitative component, content and face validity were established-tas{img
structured questionnaires and interview guides with a small group ofésidénts. This
exercise ensured that the questions were clear, relevant, and effective in capturing
community perceptions regarding watgrality anduse, contamination awareness, and
health concerns. Feedback obtained during thegstanformed refinments to the tools,

enhancing their accuracy and appropriateness for thedalé study.
3.6.6Reliability of the Instruments

According tq reliability reflects the extent to which a measurement tool controls for
random error, thereby ensuring that olbsdrmeasurements reflect true valugssuring
reliability was essential in this study to minimize random errors and strengthen the

credibility of the findings

For the environmental componetttge reliability of laboratory instruments was ensured
through repeated analyses and thase of control samples. The WWis
spectrophotometer antCP-OES (Agilent 5110) were used to analyze replicate samples
under identical conditions at different time intervals to verify consistency in results.
Certified heavy metastandards were analyzed alongside test samples to monitor
instrument stability and reproducibility. Similarly, the reliability of field instrunsent
used for in situ measurementmperature, electrical conductivity (EC), anddpitas
evaluated by conductin repeated readings at the same fumarolic site. Stable and

consistent readings across multiple trials confirmed the reliability of these instruments.

Structuredquestionnaires administered to household heads wereegiezl during the
pilot study to ensurelarity, coherence, and internal consistency in capturing community
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perceptions of water quality, wateruse practices, and associated health risks.
Ambiguities and inconsistencies identified during thetpst were corrected prior to the

main survey, theeby enhancing the dependability of the tool.

Through these measures, the study ensured that both environmental and social research
instruments produced consistent, stable, and dependable results suitable for rigorous

analysis and interpretation.

3.7 Data Collection Procedure
This section outlines the procedures used to collect both field and laboratory data for the
assessment of physiahemical parameters, major ions, and heavy metal concentrations

in fumarolic condensates within the Suswa geothermal. fiel

3.7.1Determination of the PhysicaChemical Water Quality Parameters

The physicochemical parameters of the condensate samples were measured using a
combination of fieldbased and laboratotyased analyses. These measurements provided
baseline informatio on the fundamental characteristics of the fumarolic condensates

before further ionic and trace metal analyses were undertaken.

On-Site Analysis (Temperature, Ph, Total Dissolved Solids, and Electrical
Conductivity)

The temperature, total dissolved sol{d®S), electrical conductivity (EC), and pH of

the fumarolic condensates were determined in the field following the standard protocols
outlined by the American Public Health Associat{&®HA, 2022) A Hanna Hi935002
thermocouple thermometer (Woonsocket, United States) was used to measure
condensate temperature, while a Jenway 430 pH/Conductivity meter (London, United

Kingdom)was employed to measure pH, EC, and TDS.
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Prior to use, the Jenway 430 meter was calibrated with standard buffer solutions at pH 4,
7, and 10. The electrode was rinsed with distilled water and blotted dry before being
immersed in the pH 7 buffer solutioand the meter was adjusted to read 7.0. The
electrode was subsequently rinsed and immersgaHid and pH 10 buffer solutions,

with adjustments made as needieensure accurate calibration. This process guaranteed

precise and reliable pH readings.

For pHdetermination, the electrode was immersed in each fumarolic condensate sample,
and the reading was recorded after stabilization. For EC measurement, the conductivity
electrode was rinsed, immersed in the sample, and allowed to stabilize before recording
the measurement. The EC readings indicated the concentration of dissolved ions,
refl ecting the wat er 0 andditedtly dorrelatingvith iodco n d u c t
strength(Zhang et al., 2023)The Jenway 430 meter also automatically converted EC
valuesto TDS, expressed in parts per million (ppm), providing a measure of the total

dissolved solids concentratiomthe condensates.

3.7.2Determination of Selected Heavy Metals and Major Cation Levels

Analytical Principle

The dissolved concentrations afsenic (As), lead (Pb), cadmium (Cd), mercury (Hg),
sodium (Na), potassium (K), calcium (Ca), and magnesium (Mg) in fumarolic
condensates were determined at the Kenya Bureau of Standards (KEBS) laboratory using
an Agilent 5110 Inductively Coupled Plasi@ptical Emission Spectrometer (IEPES;

Santa Clara, United States). KKEES was selectefr its high sensitivity, broad linear
dynamic range, precision, arability to simultaneously analyze multiple elements in
complex geothermal matriceSenila, 2024) In this technique, liquid samples are

nebulized into an argon plasma, where atoms and ions are excited. The resulting
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elementspecific emission intensities are detected and quantified, with the signal

intensitydirectly proportional to the analyte concentration.

Sample Handling and Preparation

Condensates were collected in asidshed, highdensity polyethylene bottles and stored

at O4 AC to preserve their sampleswgaerdlfared. Up on
through a 0.45 pm membrane filter prior to KOES analysis to remove suspended
particulates and ensure sample homogen@i et al., 2022; Douvris et al., 2023)his

preparation step is essential feonaintaining analytical accuracy and protecting
instrument componentsiltrates were then acidified to pH < 2 using ul@e nitric

acid (65% HNQ) to stabilize dissolved metals and prevent adsorption or precipitation.

Standard Solutions, Reagents, and Calibration Curves

The working standards were prepared by serial voltonw®lume dilutions in
polypropylene vials, using micropipettes for pregmpetting. All reagents and acids
were of analytical grade and used without further purification, while deionized water was

employed for the preparation of all solutions.

For trace elements, mixed standard solutions were first prepared by transfei@imgL10.

aliquots of arsenic (As), mercury (Hg), lead (Pb), and cadmium (Cd) stock solutions into

100 mL volumetric flasks. These were diluted to volume with 5% nitric acid (Bl
homogenized. From this stock, serial working solutions of 1.00, 3.00, 5.00, 10.00, and

20. 00 eg/ mL were prepared by pipetting t he
volumetric flasks and diluting to the mark with 5% HN@or the major catios (Ca,

Na, K, and Mg), standard solutions were prepared at concentrations of 5, 10, 25, 50, and

100 mg -1 usng the same procedure. A 5% HN&blution served as the reagent blank.
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The determination of As and Hg was carried out using@R®eOES hydridegeneration
system Standard solutions of Hg and As were prepared in 5% HCIthieégks analysis,

1.0 mL of a reducing mixture of ascorbic acid and KI (5 g each dissolved in 100 mL
ultrapure water) was added to the samples in 5% HCI. Fori3gd@dps of KMnO®(5%

w/v) were added. Sodium borohydride (NaBhvas used as the reductant in all hydride
generation experiments. Standards and samples diluted with HCI (1:1, v/ivheatesl

to 90 °C in a water batlor 20 minutes to facilitate hydride formation.

For eaxh analyte, a fivgoint calibration was constructed by plotting emission intensity
against concentratiogpnsistent with methods demonstrated3apzkoohi et al. (2023)
Linearity of the ICPOES calibration curves was rigorously verified by ensuring the
coefficient of determin&n (R2?) remained above 0.99, a level recognized for
maintaining high analytical accuracy. For instan¢2021) achieved Rz = 0.9990 across
multiple analytes, while Provete et al. (2024) reported Rz > 0.99 aatbdgsested

conditions

Instrument calibrdon was verified using an initial calibration verification (ICV)
standard, while continuing calibration verification (CCV) standards were analyzed every

10 samples to confirm stabiliftetson et al., 2021Quality control included procedural

blanks, filter blanks, laboratory control samples (LCS), matrix spikes, matrix spike
duplicates, and ftpilicate field samples. Acceptance limits werei B20% for spike
recoveries, O20% relative percent differer
for calibration verification standards. Certified reference materials (CRMs) were
analyzed to further valate accuracy, and triplicate measurements were performed for

reproducibility.
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Deionized water acidified with nitric acid was used as both the calibration blank and the
diluent for all solutions. Calibration curves for all analytes were linear, with atioel

coefficients (R?) of 0.999.

Analytical Procedure & Instrument Operating Conditions

The blank solution, calibration standard solutions, and sample solutions were
sequentially introduced into the ICPOES instrument. Under optimized instrumental
parametes (RF power: 1150 W, auxiliary gas flo@:5 L/min, nebulizer gas flow: 1.0
L/min, observation height: 12 mm), the instrument software automatically generated the

calibration curve and calculated element concentrations.

The Agilent 5110 ICFOES was operat in both axial and radial viewing modes, with

the axial view enhancing sensitivity for trace metals (As, Pb, Cd, Hg), while the radial
view minimized matrix effects for major cations (Na, K, Ca, Mg), consistent with best
practice for multielemental angbis (Senila, 2024) Analytical wavelengths were
carefully selected to minimize spectral interferences for sodium (589.592 nm), potassium
(766.491 nm), calcium (317.933 and 396.847 nm), magnesium (279.553 nemjc ars
(188.980 nm), lead (220.353 nm), cadmium (228.802 nm), and mercury (194.164 nm)

(Manousi et al., 2022)

Limit of Detection (LOD) and Limit of Quantification (LOQ)

The Limit of Detction (LOD) and Limit of Quantification (LOQ) are essential analytical
parameters that define the sensitivity and reliability of an analytical method. The LOD is
the lowest analyte concentration distinguishable from background noise, though precise
guantfication may not be assured, while the LOQ refers to the lowest concentration that

can be quantified with acceptable accuracy and preqigi@ina et al., 2023)
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In this study, the LOD and LOQ for cadmium (Cd), lead (Pb), mercury (Hg), arsenic
(As), potassium (K), sodium (Na), magnesium (Mg), and calcium (Ca) were determined
using the Agilent 5110 IGP®ES instrument. Thealculations were based on the slope of
calibration curves and the standard deviation of blank measurements, a procedure

consistent with established best practid¢danousi et al., 202).

As presented in Tablg the LODs for the analysed elements ranged fromm@l™* for
K, Na, Mg, and Ca to 0.figL*for Cd, while the LOQs ranged from ®3ngL™ for K,
Ca and Mg 0.33mgL™ for Na, t01.01 pgL*for As. Among the toxic heavy metal€d
exhibited the lowest detection limits (LOD =1QugL™; LOQ = 033 pgL™), indicating

the high sensitivity of the IG®ES method for these elements.

For data interpretation, any element concentration below its respective LOQ was

reported as belothe Quantification limit (BQL)

Table 3
Detection and quantification limits of heavy metals
Element Cd Pb Hg As K Na Mg Ca

gD (gD (gD (€gh (moL") (mgL?) (mgL?) (mgL?)

Wavelengt 228.80 220.35 194.16 188.98 76649 589.59 279.55 396.84

h (nm) 2 3 4 0 1 2 3 7
LoD 01 0.2 011 0.3 0.15 0.11 012 0.1
LoQ 0.33 067 0.35 0.98 0.49 0.3 04 0.33

Precision and AccuracyValidation of Results

The procedure and method for analysesre validatedusing standard spiking, where a
known anount of the constituent being determined was added to the sample (spiked with
a standard at 5 ppbyhich was then analysed for the total amount of the constituent

present. The difference between the analytical results for samples with and without the
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addel constituent was calculated, and then the percentage recovery was calculated from

equation3.4

F-NP o unmm 2 £ 42 4 £ 2 2 2 7z « s s 2 s osr oz .
PX1006 6é6é6é666éé6é. . . € € € e& & Equation3.1

Y% recovery =
Where F = Spiked sample concentration
Np = Un spiked sample concentration

A = Conentration of Analyse added to the spiked portion

This spikerecovery approach is widelysed in ICPOES method validation to confirm
accuracy and precision, with recent studies reporting recovefie85 105% as
acceptable for most analytg$SzymczychaMadeja et al., 2021) The percentage

recoveries are given ihiable4.

Table 4
Percentagdrecoveries

Sample Unspiked ¢ g1}  Spike Added€ g1) Spiked(e g} % Recovery

Pb 1.24 5.00 6.22+0.03 99.6
As 3.2 5.00 8.3+0.08 101
Hg - - - -

Cd 1.21 5.00 6.1740.05 99.2
Mg 715.13 5.00 719.08+0.04 99
K 150.2 5.00 155.1+0.03 o8
Na 1310.33 5.00 1315.35+0.7 99.4
Ca 210.27 5.00 215.19+0.06 98.4

The precisiorand accuracy of the analytical method were assessed using the percentage
recovery (%Recovery) and the relative standard deviation (RSD) for the analysed

elements, as summarized in Table 4.1. These parameters are critical for validating the
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reliability, sensitivity, and reproducibility of the Agilent 5110 IGPES method

employed in this studgPohl et al., 2022)

Fumarolic condensate samples were spiked withgpistandard solutions of cadmium
(Cd), lead (Pb), mercury (Hg), arsenic (As), potassium (K), sodium (Najnesium

(Mg), and calcium (Ca) to evaluate method accuracy. The resulting %Recovery values
ranged from 98% (K) to 101% (As), consistent with recent-pmaewed watematrix
validations that report recoveries within +930%, supporting the suitabilitgf our
preparation and IGBased analytical procedures for accurate quantificdRusiniak et

al., 2024) This indicates that the sample preparation and analytical presceere

suitable for accurate quantification of these elements in fumarolic condensates.

Determination ofMajor Anion Levelsin Fumaroles Condensates (GiF", SO¥)

The concentration of chloride ions (lin fumarolic condensates was determirsd
argentometric titratiorwith 0.1 N silver nitrate (AgN@) and 5% potassium chromate
(KFCrOY as an indicator, following the procedure outlined by the Amerkablic
Health Association(APHA, 2022) This procedure, commonly known as the Mohr
method, has beenidely applied in enviromental and water chemistry fiis accuracy

and reproducibility.

For the analysis, 10 mL of each fumarolic condensate sample was transferred into a clean
titration flask, after which 112 mL of a 5% potassium chromate indicator solution was
added. Titratio was then performed using 0.1 N AgN®olution delivered from a
burette while the sample was continuously swirled. During the titration, Agl&rted

with chloride ions to form a white precipitate of silver chloride (AgCl). The endpoint

was marked by theppearance of a permanent reddisbwn colour, caused by the
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formation of silver chromate (A¢rO4, which indicated that all chloride ions had

reacted.

The volume of AgN@ dispensed was recorded, and chloride concentrations were
calculated based on th#rant volume, the normality of the silver nitrate solution, the

sample volume, and the molar mass of chloride (35.45 g/mol). To improve reliability, the
analyses were carried out in triplicatend the average values were used for subsequent

calculationgEq 3.5)(Mukromin & Wibowo, 2023)

Calculating Chloride @ncentration

ChlorideConc.(mgL?) = (X282 £ B4M0: ¥ MEL ) 3 100G .vvvvvceevnee, ¢Equatad on 3.

Vzampls

Where:
T Vagnos = Volume of silver nitrate (AgN€) used (L)
T Nagnoz = Normality of silver nitrate (AgN@ (N)
T Mg = Molar mass of chloride (35.45 g/mol)

T Vsampe= Volume of sample used (L)

Sulphate (S®u) concentrations in fumarolic condensates were determined using the
turbidimetric method with a Shiadzu U\W1800 spectrophotometer, in accordance with
the standard procedure described by the American Public Health Asso¢rsfibiA\,
2022)and supported by the methodology of Xing et al. (202®)js method relies on

the formation of an insoluble precipitate, barium sulphate (B®S@Whose induced

turbidity is directly proportional to the sulphate concentration in the sample.

For the analysis, 10 mL of each standard solution, blank, and condensate sample were
transferred into separate 100 mL volumetric flasks. To each flask, 3fralsolphate

conditioning reagent was added to enhance reaction efficiency and stabilize the
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resulting turbidity. Subsequently, a spattu#l of barium chloride (Ba() crystals was
introduced into each flaskBaCIF reacted with the sulphate ions preseiorming
BaSO4 which produced turbidity in the solution. The flasks were shaken gently to

ensure homogeneous suspension of the precipitate.

The turbidity of each solution was measured usiag Shimadzu UVL800
spectrophotometer a25 nm. The absorbancelwes recorded for the samples were
compared against those of the prepared working standards, and sulphate concentrations
were calculated accordingly. All determinations were performed in triplicate to ensure

precision and reproducibility of results.

Fluoride (Fy concentrations were determinbg potentiometry using an Elit 9801 ion
meter equipped with a fluoride ieselective electrode (ISE) and a reference electrode,
following APHA (2022) guidelines. This method is based rmeasuring electrode

potential, whichs proportional to the logarithm of the fluoride ion activityswlution.

Prior to sample analysis, the ion meter was calibrated using a series of standard fluoride
solutions of known concentrations (0.1, 1.0, andrjl™). The electrodes were rinsed
thoroughly with deionized water between standards to prevent-comgamination and

then immersed in each standard solution. The potential readings obtained were recorded
and plotted to establish calibration curve, which was subsequently used for sample

guantification.

Ten (10) mL of each sample was measured into a clean beaker. A Total lonic Strength
Adjustment Buffer (TISAB) solution was then added in equal volume to each sample,
standard, and blank. The TISAB was essential for maintaining constantstoength

and pH stabilitywhile minimizing potential interference from complexing iosg¢ch as

aluminum and iron. The fluoride ISE and reference electrode were immersed in the
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prepared solutions, ensuring that both electrodes were fully submerged wnitaking
contact with one another. The solutions were stirred gently, and the electrode potential

was recorded once stable readings were achieved.

Fluoride concentrations were calculated by comparing the recorded sample potentials
against the calibration cee. Quality assurance was ensured by periodically analyzing a
blank and a migdange standard during the measurement process. All analyses were

conducted in triplicate, and the average concentrations were used for data interpretation.

Geospatial mapping dfleavy Metal Contamination distribution

To map the distribution of heavy metal concentragiam fumarolic condensates from

Mt . Suswa, a geospati al approach was adopt
interpolation technique was employed to analyed misualize spatial and seasonal
variations in contaminant levels across the study area, a method that has proven effective

in environmental contamination studigs et al., 2024; Narayanan et al., 2025)

Fumarolic vents were sampled during both the wet and dry seasons to capture seasonal
influences on contaminant leveds each sampling locationGeographical coordinates

were recorded using a handheld Global Positioning System (GPS) device to provide
accurate spatial reference points, ensuring that laboratory measurements could be
precisely georeferenced similar fieldi lab geospatial integration has been successfully
appliedto map heavy metal groundwater contaminatiBrajapati et al., 2025)n the
laboratory, the concentrations of arsenic (As), lead (Pb), mercury (Hg), and cadmium
(Cd) were determined from the collected fumarolic conansamples. These measured
concentrations, paired with their respective coordinates and seasonal attributes, were

integrated into a spatial datag@fman et al., 2024)
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The dataset was processed and analyzed using ArcGIS software. Sepakate ID
interpolations were performedn the wet and dryseason datasets to estimate
contaminant concentrations at unsampled locations. This technique, based on the
principle that points closeogether are more similar than those farther apart, edabé
creation of continuous distribution maps for each season. These maps highlighted spatial
gradients as well as seasonal differences in heavy metal concentrations, enabling the
identification of temporal patterns in contamination dynanmicsechnique validateds

reliable for delineating spatial gradients in groundwater he@astal contamination in

European environmental studi@arkat et al., 2023)

The resulting geospatial mapsovided a clear visual representation of both spatial and
seasonal variability of heavy metals in fumarolic condensates. Hotspots of contamination
were identified for each season, allowing for comparative assessment of how
concentration levels varied beten wet and dry periods. This seasonal mapping offered
valuable insights into the influence of rainfall, dilution, and geothermal leaching
processes on heavy metal mobilizatiarphenomenon wedligned with observations in

other environmental systerfddu-Boahen & Boateng, 2021)

To ensure the reliability of the interpolated maps, validation was performed by
comparing estimad concentrations with selected field measurements. This verification
confirmed the robustness of the IDW model across both seasonal datasets and
strengthened confidence in the accuracy of the identified contamination hotspots

(Khouni et al., 2021)

Application of Health Risk Assessment Framework to Suswa Fumarolic Condensates
A health risk assessment framework was applied to fumarolic condensates from Mt.
Suswa, where local residents rely exclusively on these waters for drinking, cooking, and

bathing. This assessment was necessary to evaluate the potential health impacts
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associged with exposure to heavy metal contamination. Seasonal variations, represented
by the dry season (JanuaMarch) and the wet season (Mdyly), were incorporated

into the analysis to account for temporal fluctuations in contaminant levels, which may

be nfluenced by processes such as dilution during rainfall and concentration through

evaporation. These variations were considered likely to affect botkaramogenic and

carcinogenic health risks.

The health risk assessment was conducted using the US8twds Environmental
Protection Agency (USEPA) risk assessment framework.-¢éoanogenic risks were
evaluated using the Hazard Quotient (HQ) for individual metals and the Hazard Index
(HI) for cumulative effects, while carcinogenic risks were quantifisiehg the Lifetime
Cancer Risk (LCR) model. The exposure pathways considered in this analysis included
both ingestion and dermal absorption, as these represent the primary routes of human

exposure to fumarolic condensates in the Suswa community.

Model Appication

To assess the health risks associated with heavy metal contamination in fumarolic
condensates, a structured approach was employed following USEPA guidelines. This
involved integrating sitespecific data, conducting exposure pathway analysis, and

characterizing risks tthe resident population.

() Data Input and SiteSpecific Contamination Levels
Site-specific contamination data were obtained from fumarolic vents within the Suswa
geothermal system. The analysis focused on arsenic (As), lead (Pb), mafay and
mercury (Hg), owing to their known toxicity and potential to pose bothaancinogenic

and carcinogenic health effects. The application of the health risk assessment models
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required the use of a range of exposure and toxicity parametersedcdiagm USEPA
These included:
1 Reference Dose (RfD): Safe daily exposure level (mg/kg/day) for- non
carcinogenic effects.
1 Cancer Slope Factor (SF): Risk coefficient (mg/kg/ded)for carcinogenic
effects.
1 Exposure Factors: Ingestion rate (IR), exposure duration (ED), body weight
(BW), averaging time (AT), skin surface area, dermal permeability coefficient

(KP), exposure time (ET), exposure frequency (EF), and conversion fa&tpr (

Carcinogenic Risk Assessment
Carcinogenic risk assessment was conducted to evaluate the probability of developing
cancer over a lifetime due to lotgrm exposure to heavy metals in fumarolic
condensates. The assessment followed the USEPA methodalsigy, the Lifetime
Cancer Risk (LCR) model for both ingestion and dermal exposure patiflW&FPA,
2011).

(i) Ingestion Pathway

The Lifetime Cancer Risk via ingestion was estimated using Equation 8:

1111111111111111

Where:
1 LCRingesiion= Lifetime Cancer Risk from ingestion exposure.
1 CDlingesion= Chronic Daily Intake via ingestion (mg/kg/day), calculated using:

The CDI via ingestion was calculated using EquaBah

Cw xI[RxEFxED , , . - - 7 7z 7 7 7 7 7z 7z 7z 7 7 =«
DI =WZTTTP T 66eeéééE6Eeéééééééé. Equabon34

ingestion EW x AT
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Where:

1 CDlingestion= Chronic Daily Intake via ingestion (mg/kg/day).

1 C, = Heavy metal concentration in the contaminated medium (wateyl) t or
mg/kg).

1 IR = Ingestion Rate (L/day for water).

1 EF = Exposure Frequency {gdyear), representing how often exposure occurs.

1 ED = Exposure Duration (years), the total duration of exposure.

T BW = Body Weight (kg) of the exposed individual.

1 AT = Averaging Time (days), which depends on whether the exposure is chronic
(AT = ED x 365 @ys for norcarcinogenic effects).

SF = Cancer Slope Factor (mg/kg/daf) representing the cancer potency of the

contaminant, as provided by the USEPA Integrated Risk Information System (IRIS)

(USEPA, 2011)

(i) Dermal Pathway

The Lifetime Cancer Risk via dermal absorption was calculated using Egsidt®and

3.9

,,,,,,,,,,,,,,,,,,

T LCRgermai= Lifetime Cancer Risk from dermal exposure.
1 CDlgermar= Chronic Daily Intake via dermal abgtion (mg/kg/day), calculated
using:

Cow xSAxKEPx ETxEF xEDxCF , ., - - - 7 7 7z 72 7 =« , .
= WEAFAE AT Té6éeeééééeeéé. . é. Eqauatioon

() ;=
dermazl BW x AT

Where:
f (C): Contaminant concentration in watergL™).
1 (SA): Skin surface area (cm3).
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1 (KP): Dermal permeability coefficient for each metal (cm/h).
1 (ET): Exposure time (h/day).

1 (EF): Exposure frequency (days/year).

1 (ED): Exposure duration (years for lifetime).

1 (CF): Conversion factor (0.001 L/cm? to align units).

1 (BW): Body weight (k).

T (AT): Averaging time (days in lifetime).

Total Cancer Riskand Interpretation

The overall cumulative cancer risk from exposure to carcinogenic heavy metals in
fumarolic condensates was estimated by summing the Lifetime Cancer Risks (LCR)
from all relevant pathways, namely ingestion and dermal absorption. This total risk
provided a comprehensive estimate of the lifetime probability of developing demcer
chronic exposure to contaminants famarolic condensates. The calculation was

performed using Equatid1Q

11111111111

LCRqy = LCRyion + LCRy € € €€ €€ e e ééé. e ¢ éEquation3r

Where:

1 LCRg,,; : Total Lifetime Cancer Risk (unitless probability).
1 LCR, 0w - Lifetime Cancer Risk from ingestion exposure.
1 LCR,,,. : Lifetime Cancer Risk from dermal exposure.

The total cancer risk thereforeepresented theumulative probability of an individual
developing cancer over a lifetime due to simultaneous exposure to heavy metals through

both ingestion and dermal pathwdi&aad et al., 2021)SEPA, 2011)
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For interpretation, nogarcinogenic risks were assessed using the Hazard Quotient (HQ)
and Hazard Index (HI). An HQ or Hlalue greater than one (>1) indicaf@otential

health concerns associated with exposure to a given contaminant or combined
contaminants. Carcinogenic risks, expressed as LCR values, were interpreted against the
thresholds recommended by the United StatesirBhmental Protection Agency
(USEPA). Risks below 1 x #OLCR < 1 x 1@)9were considered negligible, while

risks equal to or greater than 1 xad L CR O w)werk cofdsllered unacceptable.
Risks falling within the range of ¥ L CR ® dveteOegarded as tolerable but
requiring careful monitoring and, where possible, mitigation meagD@sissie et al.,

2024; USEPA, 2011)

3.7.3Data CollectionTools

This section describes the instruments and tasdsl to collect qualitative field datéhe
tools were selected to ensure accuracy, reliability, and consistency in capturing
information on water quality, community percept®nand householkvel practices

related tahe use of fumarolic condensates.

Household Survey Design and Administration

Data were collected using a cresectional survey design from household heads in
Kisharu sublocation, Mt. Suswa, who rely on modifiedmarolic vents for their
domestic water needs and had voluntarily given consent to participate in the study. Each
participant signed a consent form outlining the objectives of the research and the

importance of their participation.

The survey tool was degned to capture both exposuiedated practices and community
risk perceptions associated with heavy metal contamination in fumarolic condensates. It

comprised a mix of opeanded questions, categorical yes/no options, muitiptece
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items, and percemn scales, including a thrgmint Likert scale (agree, do not know,
disagree) and a fivpoint ordinal scale to measure perceptions of contamination impacts

on household water and health.

The initial section of the questionnaif@ppendix VI) focused on @cio-economic
indicators adapted from similar environmental health stu@esliek et al., 2020)»uch

as age, education, marital status, primary occupation, and householddu#gonal

factors included the location of the homestead relative to fumamatits and the extent

of seasonal dependence on condensates, both of which influence exposure pathways and
household vulnerability. A final section invited participants to propose comraunity
driven recommendation® mitigate exposure and improaecess teafe water in Mt.

Suswa(Pahwa et al., 2023)

Structured questionnaires were administered to househiidges around ten (10)
modified fumarolic vents, where condensates were collected and channeled into
communal tanks for domestic use. The instruments were developed to complement
laboratory analyses by providing so@aovironmental data relevant to houskeh
exposure and community perceptions. They gathered information on household water
sources, frequency of reliance on fumarolic condensates, perceived health effects, levels

of awareness of contamination risks, and coping or adaptation strategies.

The adnmistration of questionnaires also captured s@aonomic characteristics such
as occupation, education, and household income, which influence exposure pathways,

vulnerability, and adaptive capacity.

To ensure systematic data collection, the househadtunaire was structured into six
sections, each designed to capture a specific dimension of exposure, perception, or

coping strategy. Tablé below outlines the structure of the survey tool, indicating the
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focus area of each section and the type of tipres applied. This design ensured that
both socieeconomic characteristics and environmental health perceptions were
comprehensively documented, providing a strong basis for triangulating survey findings

with laboratory analyses.

Table 5

Structure of the Household Survey Tool

Section Focus Area Type of Questions
A. Socieeconomic Age, gender, education, marital Closedended
Indicators status, occupation, household siz (categorical)multiple

homestead location relative to choice
fumarolic vents
B. Wateruse Sources of water, seasonal Closedended (yes/no,
Practices dependence on fumarolic multiple choice), open
condensates, modes of collection ended
and storage

C. Perceived Health Dental discoloration, Likert scale (Agree / Do
Effects gastrointestinal idcomfort, skin not know / Disagree);
irritation, general weakness openended for
elaboration
D. Awareness of Knowledge of heavy metals (As, Ordinal scale (5o0int);
Contamination Risks Hg, Pb, Cd); perception of openended responses

condensates as
nfresho

E. Coping and Practices such as boiling, mixing Closedended (yes/no);
Adaptation Strategies wi t h  r ai nwat er , openrended for
intake descriptive detalil
F. Community Suggestins for alternative water Openended; multiple
Recommendations  sources, health interventions, anc choice (ranking priority
resource management interventions)

Key Informant Interviews

These are structurgdaceto-face verbal communicatioisetween a researcher and the
respondentKey informant interviews were purposively conductedyteld in-depth
gualitative insights that complemented the household survey data (Elhami, 2022),

particularly regarding water resource availability and governance, as wasHtasuse
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practces. The informants comprised one chief, onectuéf, one village elder, and one

healthcare professional from Kisharu Dispensary.

Structured interview guides (Appendiced ¥X) were used to standardize the interview
process and ensure alignment with theidy objectives. This approach enhanced
consistency, minimized interviewer bias, and enabled comparability across interviews,
while still allowing flexibility for probing and clarification where necessary. Such an
approach was consistent with methodatagjbest practices for key informant interviews

in applied health resear¢Rahwa et al., 2023)

The inerviews focused on community watgse practices, perceptions of health risks
associated with fumarolic condensates, levels of environmental health awareness, and
local coping and adaptation strategies. Their perspectives enriched the hoimsediold
findings by highlighting broader soegzonomic and governance dimensions, thereby
strengthening the overall validity and

(Gayapersad et al., 2024)

The key informant interviews are summarized able6, which presents the roles of the
informants alongside the main themes explored. As shown, each informant brought a
unique pespective that, collectively, enriched the study by triangulating household
findings with institutional, health, and cultural insights. These interviews provided a
critical layer of contextual understanding, ensuring that the results were firmly grounded

in community realities and priorities.
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Table 6

Key Informant Interviews Roles and Thematic Focus

Informant Role Main Themes Explored
Local Chief Administrative leader Household reliance on fioarolic
and custodian of condensates; communitgvel challenges ir

community welfare ~ water access; governance and resource

management perspectives

Healthcare Frontline health Observed health issues such as dental
Professional service provider discoloration and health awaresesnong
(Dispensary) community members; recommendations 1

health interventions
Village Elder Community Traditional knowledge on water use
representative and practices; perceptions of water safety anc
cultural knowledge contamination risks; community coping

holder strategies and locally proposed solutions

Training of Research Assistants

Prior to the administration of questionnaires, research assistants were recruited and
trained to ensure consistency and accuracy in data collection. Three local field assistants
were engaged, with preference given to individuaishwvprior field experience and
proficiencyin the local language to facilitate effective communication with respondents.
The assistants were first oriented on the study objectives, the significance cketreme

and ethical considerations, including informed consent, confidentiality, and respect for

participants.

The training, which lasted one day, focused on sample identification, proper
administration of the questionnaires, propping techniques, andaéeawcording of
responses. To strengthen their skills, the assistants participated in a pilot test that exposed
them to real field conditions and improved their understanding of both the study

objectives and data collection instruments. This preparatcgycise was intended to
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minimize bias and error during data collection, thereby enhancing the reliability and

validity of the data obtained.

Questionnaire Pretesting

Prior to the main survey, the questionnaire wastgsted to evaluate its clarity,
relevance, and effectiveness in capturing the required data. THegtreeas conducted

among a small group of respondents who were not part of the final sample but shared
characteristics similar to those ofie study population. The ptest provided an
opporunity to estimate the average time required to complete the questionnaire and to
evaluate the appropriateness of the response scales. Such adjustments ensured that the
instrument was both reliable and valid for use in the main study, consistent with best

practices in survey resear@Bhalla & Kanapathy, 2023; Klockmann et al., 2023)

Sampling Procedure and Distribution

A stratified random samplingtrategy was employed to assess the health impacts of
heavy metal exposure from fumarolic condensates in Kishardosabon. The ten
modified fumarolic vents served as strata, each represdamtog s e llepéndedtson
condensates for domestic use. fication was based on vent usage, ensuring that
exposure risks were assessed according to actualusseyatterns rather than estimates

(Howell et al., 2020)

A total sample size of 123 respondents was determined using IEr andés f or mu |
sample size calculation, which is widely applied in social and environmental health
research to achieve statistically reliable estinfdaknga & Olago, 2023) This

included 119 households distributed across the ten vents, with 12 houseleitisdse

from nine vents and 11 households from one vent. The proportional allocation approach
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ensured balanced representation across all strata while accommodating minor differences

in household reliance per veitNBS and ICF, 2023)

To complement household data, key informant interviews were conducted with four

local leaders and service provideaschief, a sulzhief, a village elder, and a healthcare
professional (anurse). Within each stratum, household heads varéomly selected to

minimize bias. If a household declined participation, an alternate household from the
same vent was randomly chosen to preserve the required sample size. In the event that a
vent had fewer eligible households than allocated, the idefias proportionally
redistributed across the remaining strata, ensuring the total sample size of 123 was
maintained.This sampling strategy was consistent with methodologies reported in recent
studies, such alhnson et al. (2024yhich appled stratified random sampling based on
geographic proximity to evaluate environn

settlements.

In total, 19 fumarolic vents were assessed, comprising 10 modified vents (actively
sampled for household exposure analysand 9 unmodified vents (examined for
comparative assessment of condensate composition). This design ensured robust
representation of the ¢ ommun isgegifid gariaBoRsp 0 S U T €

in condensate composition, and strengthened tiabitéy of the risk assessment.

3.7.4Respondent Invitations and Sensitization

To facilitate data collection, the researcher first sought the approval and support of the
local administration and community leade@ommunity sensitization meetings were
hdd in collaboration with village elders and local administrgtarsapproach consistent

with recent communitpased health research that emphasizes trust building and

participatory engagement as prerequisites for successful household f#@legsda et
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al.,, 2025; Musoke et al., 2019These meetings introduced tiseudy's objectives,
highlighted the importance of commity participation, and addressed potential concerns

aboutconfidentiality and voluntary involvement.

In addition, the investigator prepared a short introductory letter outlining the purpose,
objectives, and significance of the study. The letter servedrtoally introduce the
research, reassure participants about ethical safeguards, and encourage voluntary
participation. Its distribution complemented the sensitization meetings by providing
written information that respondents could review at their caewee, thereby
reinforcing transparency and fostering trust in the research process. Household heads
were informed about the sampling procedure, the approximate time required for

participation, and their right to withdraw at any stage without penalty.

3.8 Data Analysisand Presentation

This section outlines the procedufes processing, analysing, and interpreting deden
field measurements, laboratory analyses, household surveys, and geospatial assessments.
The approach ensured that the results wergteByatically organized, statistically

examined, and presented in formats that effectively address the study ohjectives

3.8.1Data Analysis

Data collected from field measurements, laboratory analyses, and structured
guestionnaires were systematically ongad in a spreadsheet (Microsoft Excel), with
rows representing each sampling site and respondent, and columns corresponding to the

measured variables. The dataset was cleaned, coded, and prepared for statistical analysis.

Statistical methods were then #ipd to examine trends in contamination levels and to
analyze community perceptions, thereby enabling a comprehensive assessment of the
relationship between environmental exposure and public health risks. Data from field
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and laboratory measurements werganized with columns representing each variable
and rows representing each sampling site and season, allowing temporal and spatial

variations tdbe systematically compared.

Data collected from field measurements, laboratory analyses, and structured
guestonnaires were systematically organized in Microsoft Excel spreadsheets, with rows
representing each sampling site and season, and columns corresponding to the measured
physicechemical parameters, trace/heavy metal concentrations, and-esociomic
varialdes. The dataset was cleaned, coded, and prepared for statistical analysis to ensure

accuracy and completeng&harifnia & Thapa, 2025)

Quantitative data from laboratory and field analyses were subjected to descriptive
statistics (means, standard deviations) to summarize contamination levels and-physico
chemical characteristics of fumarolic condates across different sites and seasons. To
test differences in contaminant levels between the wet and dry seasons, inferential
statistical testssuch as analysis of variance (ANOVA), were applied, provided th

assumptions of normality were m{@ukwevho et al., 2025)

Relatimships among heavy metals, physatemical parameters, and spatial factors
were examined using Pearsonds or Spear man:¢
distribution(Argun, 2024) Spatial interpolation techniques, particularly Inverse Distance
Weighting (IDW) in ArcGIS Pro, were used to generatmtamination maps and

visualize hotspots of heavy metal concentrations. IDW was selected for its simplicity,
transparency, and ability to provide reliable estimates of concentration gradients by
giving greater weight to values measured closer to thegieedlocation(Khouni et al.,

2021)
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Qualitative data obtained from structured questioesaand key informant interviews

were analyzed thematically. Responses were transcribed, coded, and categorized into
emerging themes relad to watewuse practices, perceived health effects, awareness of
contamination risks, and community adaptation egias. This thematic analysis
enabled integration of community perceptions with quantitative evidence from
environmental measurements, thereby strengthening the overall assessment of exposure

and associated health rigi&raun & Clarke, 2023; Lewis et al., 2020)

The integration of quantitative statistical analysis with qualitative themasights
ensured a comprehensive understanding of both the scientific measurements of
contamination and the lived experiencestlué affected Mt. Suswacommuniy. This
triangulated approach enhanced the validity of the findings and their relevance to both

policy and practice.

3.8.2Data presentation

The analysed data are presented in tabular, graphical, and map formats for clarity and
ease of interpretation. Laboratory concentrations and statistical outputs are summarized
in tables and figures, while spatidistribution patterns are illustrated through maps.
Qualitative findings are presented as descriptive summaries, supported by direct quotes
where necessary, to highlight community perspectives. Together, these complementary
methods ensured that the resulwere not only statistically robust but also socially

grounded, thereby strengthening the validi

3.8.3Analysis of Physicechemical Parameters

To evaluate the relationships between geothermal characte(tstiggerature, pH, and
electrical conductivity [EC]) and heavy metal concentrations (arsenic, mercury, lead, and

cadmium), Pearson correlation analysis was performed using SPS&v2Z%0 et al.,
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2024;. To determine whether differences in heavy matacentrations between the wet
and dry seasons were statistically significant, a pahtedttwas conducted. Since the
same fumarolic vents were sampled in both seasons, this test was appropriate for
assessing significant changes in metal concentratiatesr wiifferent seasonal conditions,

ensuring that observed variations were not due to random c{Bundera et al., 2023)

Furthermore, to assess spatial variations between fumarolic sites, Analysis ofc¥aria
(ANOVA) with multiple comparisons was applied. This test evaluated whether
significant differences existed in heavy metal concentrations across fumarolic sites and

between seasorfsukwevho et al., 2025; Yujie et al., 2024)

3.8.4Health Risk Assessment

To assess health risks associated with heavy metal exposure, toxicological risk
assessment models were applied, including the Carcinogenic Risk (CR) Index for long
term cancer risk due to exposure to arsenic, lead, mercury, and cadmiuminticese

were computed using reference dose (RfD) values from regulatory agencies such as the
U.S. Environmental Protection Agency (USEPA). This approach provided a quantitative
estimate of potential health impacts posed by heavy metal exposure in femaroli

condensate@Nang et al., 2023; USEPA, 2011)

3.8.5Analysis of Canmunity Perceptions from Structured Questionnaires

Qualitative datafrom structured questionnaires administered to local residents were
analyzed using thematic analysis to identify common perceptions of geothermal
contamination, water es and perceived h#h effects. Responses were transcribed,
coded, and categorized into key themes such as awareness of contamamatemping

strategiegCaputo et al., 2022)
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In addition, statistical tests, includifige a r <Lhi-sqdase test of independence, were
applied to examine associations between survey responses and contamination levels.
These analyses enabled the identification of patterns and trends in community concerns
and risk perceptions. Combining thematic analysith wtatistical testing, the study
provided both qualitative depth and quantitative validation, offering a comprehensive
understanding of community perceptionswater quality an@xposure riskéMumbi &

Watanabe, 2020)

3.8.60perationalization of Variables

Operationalization of variables involved translating the study objectives into measurable
indicators that could be systematically observed, recorded, and analysed. Both
independent rad dependent variables were clearly defined, along with the methods of
measurement arttie units of analysis, to ensure the reliability and validity oréselts.
Table 7 below presents the definitions of operational variables, including objectives,

variables, measurement methods, scales of measureandrdata analysis techniques
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Table 7

Operationalization oVariables

Objective Variables Measurement Scale Data Analysis
Methods
1. Determine Physice In-situ Interval/Ratio Descriptive
physicechemical chemical instruments; stats; seasonal
characteristis parameters (T°, laboratory comparison
and seasonal pH, EC, TDS, titration, test/ANOVA)
variations anions, cations) spectrophotome
try,
potentiometry
Heavy metals Laboratory ICP Ratio Descriptive
(As, Hg, Pb, OES stats; seasonal
Cd) comparison ¢
test/ANOVA)
2. Examine Parameter Field & lab data Interval/Ratio Pearson/Spear
parameter correlations compiled in man
correlations and SPSS v29 corrdation

spatial heavy
metal patterns

3. Evaluate

potential human

health risks

Spatial
distribution of
heavy metals
Health risk
indices (HQ,
HI, CR)

Community
reliance &
perceptions

GPS mapping; Ordinal/Ratio

GIS analysis

USEPA risk
assessment
model
(ingestion &
dermal)

Structured

guestionnaires; Nominal

Klls

Ratio

Ordinal/

Geostatistics
(IDW), hotspot
analysis

HQ, HI, CR
computation

Descriptive
stats;Chi-
square;
thematic
analysis

3.9Ethical Considerations and Safety Protocols

Prior to data collection, the researcher obtainethtxoductory letter from the Institute

of Postgraduate Studies and secured ethical clearance from the Kabarak University

Scientific and Ethics Review Committee (KUREC). Subsequently, a research permit was

acquired from the National Commission for Scien@echnology, and Innovation

(NACOSTI) in accordance with national research regulations. These approvals were
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presented to relevant authorities and stakeholders to facilitate access to the study sites

and participants.

Participation was voluntary, based avwitten informed consent. Respondents were
provided with clear information about the
and benefits. They were free to withdraw at any stage without penalty. To safeguard
confidentiality, participants were ageed anonymized codes, and no identifying details

were retained in the final dataset. Data were securely stored using papswtented

files.
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CHAPTER FOUR
DATA ANALYSIS, PRESENTATION AND DISCUSSION

4.1 Introduction

This chapter presents tlsudy's reslts, along with their analysis, interpretation, and
discussion. The findings are derived from field measurements, laboratory analyses,
structured questionnaires, and key informant interviews, and are presented using tables
and figures where appropriatehd analysis integrates both quantitative datach as
physicachemical parameters, heavy metal concentrations, and modeled health risk
indices and qualitative data, including community reliance, perceptions, and coping

strategies.

The presentation of reks follows the study objectives and research questions, with the
overarching aim of assessing the spatial and seasonal variations of heavy metal
contamination in fumarolic condensates at Mt. Suswa and evaluating the associated

human health risks.

4.2 General and Demographic Information

4.2.1General Information

The number of households directly dependent on fumarolic condensates for domestic
water supply in Kisharu sdlocation, Mt. Suswa, was estimated at approximately 720

(Kenya Population and Housiige nsus, 2019) . Using Cochrané
determination, the target sample size for this study was 123 respondents at a 5% margin

of error and 95% confidence interval. After data cleaning, a total of 102 (99 household
heads and 3 key informe) valid qualitative entries were retained for analysis,

representing an effective response rate of 86%. Data were collected throuthféamse
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interviews using a structured questionnawéh support from trained research assistants

who guided resporahts as needed

According to survey methodology literatufBaherdoost & Madanchian, 2024¢sponse
rates above 80% are dered exceptional and are often required to meet publication
standards; therefore, the 86% achieved in this staslyshown in Tabl& below, was

both highly satisfactory and methodologically robust.

Prior to analysis, diagnostic checks were performed tlom dataset to confirm
completeness, consistency, and suitability for statistical procedures. The data were
screened for missing values, entry errors, and outliers, ensuring that onguiaigy

responses were processed in SPSS for both descriptiiefarehtial analyse§lzah et

al., 2024) To further guarantee accuracy and reliability, the questionnaire was pretested

and refined, with internal consistency confirmed by a Cronhad s Al pha coef f

0.69, indicating satisfactory reliability.

Data were collected primarily from household heads, as they represent the population
directly reliant on fumarolic condensates for their daily water needs. To enrich household
perspective with insghts from the institutional and community lesekey informants

were also interviewed. These included local administrators (chiehgah) and village
elders) and a healthcare professional from Kisharu Dispensary. Their perspectives were
critical for triangulating householtkvel responses with broader community experiences,
particularly regardingvateruse practices, perceived health risks, awareness levels, and

coping strategies.
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Table 8

Response Rate of AdminigidrQuestionnaires

Administered Questionnaires filled and Regponse rate (%)
guestionnaires valid
119 102 86

4.2.2Demographic and SocieEconomic Characteristics of Respondents
Thedemographic and soceconomic characteristics of responderessented in Table

and provide key insights into the study populatidousehold heads accounted for the
vast majority of participants (99 respondents; 97.1%), with only 3 key informants (2.9%)
drawn from local leadership and the health sector, confgrthiat the survey primarily

captured perspectives of the main users of fumarolic condensates.

Residence patterns showed that 35% of respondents had lived in the area for more than
40 years, while 50% reported betweeni 4@ years of residence, underscoritige
communi t ytedrs depermdenge on condensates and cumulative exposure.
Educational attainment was diverse: 15% had no formal education and 35% had only
primary schooling, suggesting that half the population may have limited awareness of
invisible conaminants. In contrast, 30% had secondary education and 20% had tertiary
education, groups more likely to engage with health and environmental risk information.
Empirical evidence indicates that individuals with higher levels of education tend to
exhibit geater environmental awareness, stronger risk perception, and an enhanced
capacity to adopt adaptive strategies, particularly in relation to water and public health
challenges. Education plays a critical role in shaping knowledge, attitudes, and
behaviourstoward environmental risks, thereby improving community resilience and

informed decisiormaking (Lambebo et al., 2025)
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Occupationally, livestock rearing (75.8%) and mixed farming (13.1%) dominated,
reflecting the communt y6s strong reliance on natur al
formal employment, offering relatively stable livelihoods less directly tied to
environmental exposure. The age structure was broad: 20% were &@edy&ars, 45%

were aged 3145 years, 20%wvere aged 40 years, and 15% were aged 6jears,

enabling the study to capture intergenerational perspectives on water use, coping
strategies, and perceived health risksidence from environmental health studies
demonstrates that demographic diversity livelihood type are important determinants

of vulnerability to watetrelated health risk€®dongo et al., 2025)

Gender distribution was relatively balanced, with 56 males (55%) afeh#es (45%),

consistent with household leadership norms observed nationally in which male headship
remains more commorthough a substantial share of households are fehealded

(KNBS and ICF, 2023)Includingw mendés voi ces e,givendheied t he
primary roles in water collection and household water management and the documented
gendered health and safety implications of water adédsam-lodhi, 2025; UNICEF &

WHO, 2023)

The findings summarized in Table 9 present a representative profile of the Mt. Suswa
community.They highlight the soci@conomic vulnerability of households and provide
a robust basis for interpreting exposure pathways, health risk perceptions, and coping

mechanisms related to heavy metal contamination in fumarolic condensates.
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Table 9

Demographic and SociBconomic Characteristics of Respondent

Variable Category Frequency (n) Percentage Notes/Interpretation
(%)
Sampling  Household head 99 97.1 Primary respondents,
Unit directly reliant on
fumarolic condensates
Key informants 3 2.9 Leadership and health
sector perspectives
Years in < 10 years 15 15.0 Recent settlers, lower
Study Area cumulative exposure
10i 40 years 51 50.0 Majority, medium to
long-term exposure
> 40 years 36 35.0 Long-term residents,
highest cumuléve
exposure
Educational No formal 15 15.0 Reflects low literacy,
Level education lower awareness of
contamination risks
Primary 35 35.0 Basic literacy level,
moderate awareness
Secondary 30 30.0 Represents educated
households
Tertiary 20 20.0 Higher literacy, greater
awareness potential
Occupation Livestock 75 758 Main livelihood, strong
rearing reliance on natural
resources
Mixed Farming 13 13.1 Subsistencéased,
vulnerable to
contamination
Formal 11 11.1 Stable income, less
employment reliance on condensate
Age Group 18/ 30 years 20 20.0 Younger adults, less
cumulative exposure
31 45 years 45 45.0 Dominant age group,
most economically
active
461 60 years 20 20.0 Mid-aged respondents
> 60 years 14 15.0 Elderly, longterm
coping strateigs and
experiences
Gender Male 56 55.0 Slightly dominant as
household heads
Female 46 45.0 Balanced
representation,

enriched dataset with
genderspecific insights
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Results of Household Survey and Key Informant Interviews

The household survey and keyfarmant interviews generated insights into watse
practices, perceived health effects, awareness of contamination risks, and
coping/adaptation strategies within Kisharu-$adation. Household heads accounted for
the majority of respondents (97.1%) ngolemented by key informants drawn from local

leadership and the health sector.

Thematic analysis revealed four major themes (Table 11). The survey results showed
heavy household reliance on fumarolic condensates, with 85% of respondents using them
for drinking, 91% for cooking, and 78% for bathing. This dependence intensified during
the dry season, with 63% reporting greater reliance when alternative sources became
scarce. These patterns reflect how culturatms and longstanding practices have

normalizedcondensate use as a routine part of daily life.

Perceived health effects were common, with 57% of households reporting dental
discoloration among children. Health workers at Kisharu Dispensary corroborated these
concerns, confirming suspected cases afrfigis consistent with the elevated fluoride
concentrations identified in laboratory results. Despite these visible symptoms,
awareness of contamination risks remained low. A majority (72%) described condensate
water as fAfresh, 0 d¢hese qualifes to gontaminatiort. @rdywdt | i n |
were aware of fluorideelated risks, and fewer than 5% recognized the possible presence

of contaminants such as arsenic or cadmium.

Households reported several coping and adaptation strategies. Nearly 49%itHmiled
condensate28% mixed it with rainwater, and only 7% attempted rudimentary filtration
with cloth or charcoal. However, both residents and key informants acknowledged that

these methods were largely ineffective against dissolved heavy natalassessme
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supported by established evidence that boiling and simple filtration do not remove

fluoride or trace metals.

Community leaders and local administrators emphasized the urgent need for alternative
safe water sources, with 94% of households expressinmgméiss to adopt piped or
treated water if available. However, 82% cited cost and 71% infrastructural limitations as

key barriers to accessing safer alternatives.

These findings provide a strong qualitative and quantitative foundation for interpreting
thelaboratory results and subsequent heattk calculations, including carcinogenic risk
(CR). The alignment between community practices, low risk awareness, observed health
effects, and the chemical composition of condensates highlights the intersestmmoof
cultural vulnerability and geothermal contamination risks within the Suswa geothermal

environment.
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Table 10

Thematic Insights from Household Surveys and Key Informant Interviews

Theme Evidence from Evidence fom Key Implications
Residents Informants

Water Use 85% drink Confirmed heavy Ingestion is the

Practices condensates; 91% reliance due to limited primary exposure
cook with them; alternatives. pathway; strong
78% bathe with sociceconomic
them; 63% rely more dependence on
in dry season. condensates.

Perceived 57% reported dental Nurse confirmed Connects fluoride

Health Effects discoloration in suspected fluorosis  data to observable
children. cases. effects; strengthens

healthrisk estimates.

Awareness of  72% perceived wate Low environmental Highlights urgent

Contamindion as fif r es h. healthliteracy need for community
9% knew fluoride reported. education and
risks; <56% aware of awareness
As/Cd. campaigns.

Coping & 49% boil water; 28% Leaders noted desire Current strategies

Adaptation mix with rainwater; for safe water but citec ineffective for metal
7% filter locally. cost/infrastructure removal; needor

constraints. safe water

interventions.

Discussion

The survey findings highlight the soeswonome¢ dependence of the Mt. Suswa
community on fumarolic condensates, despite laboratory evidence of health risks.
Reliance on condensates is not simply a matter of convenience but reflects structural
vulnerability and the absence of alternative safe watecesuThis dependency is most
pronounced during the dry season when reliance is highest, coinciding with the period of
elevated contaminant concentrations in hotspot veBisiilar patterns have been

reported in other riftvolcanic settings where househ®ldlepend on geothermal

98



influenced waters due to the absence of reliable alternatives, with documented
exceedances of fluoride and/or arsenic and observed health €Be&tehini et al.,

2020; Bonetto et al., 2021; F. Ligate et al., 2021)

Awareness of invisible contaminants such as arsenic and cadmium remained limited.
Despite arsenic concentrations reaching 5.5 lat F18 (dry season) and cadmium up

tol.4le glat F20, most residents described cond
associate their consumption with letegm risks. This aligns with findings from other
geothermal or arsen@ffected contets, where community members assess water safety

by sensory cues (taste, odor, clarity), and environmental health literacy, ieéuling to

an underestimation of health risks (Boyden et al., 2023; Watson et al., 2025)

Furthermore, the persistence of iieetive coping strategies, such as boiling or mixing
condensates with rainwatasnderscores the disconnect between community practices
and actual protective measures, since dissolved metals remain unaffected by these

interventiongGray et al., 201)

Taken together, these results demonstrate the urgent need for risk communication
strategies, targeted health education campaigns, and sustainable investment in safe water
infrastructure. Equally, they emphasize the importance of integrating community
knowledge and perceptions into geothermal governance frameworks to ensure

interventions are locally appropriate, socially accepted, and practically implementable.

4.3Findings for Objectives andResearchQuestions

This section pr esdngdisreldtitndo the spedfig doectivesaanch  f i r
research questions. The results integrate field measurements, laboratory analyses,
household survey data, and geospatial outputs to provide a comprehensive understanding

of the physicohemical characterisscof fumarolic condensates, their seasonal and
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spatial variations, associated heamgtal contamination, and communlgvel exposure

risks.

4.3.1Findings on PhysicoChemical Parameters in Fumarolic Condensates

This subsection summarizes the phystbemcal characteristics of fumarolic
condensates collected from vents across the Suswa geothermal field during both the dry
and wet seasons. The detailed resuitduding temperature, pH, electrical conductivity,
total dissolved solids, major ions, and heawtal concentrationgre presented in Table
11. These findings establish the baseline watedity conditions necessary for

subsequent correlation analysis, spatial mapping, and hresdtbvaluation.
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Table 11

Measurements dthysiceChemical Parameters in Fumarolic Condensates

FIELD AND LABORATORY DATA

pH/T°C EC TDS Na' K* Mg?* ca** F cl SO# As Pb Cd Hg
Sample ID Seasor
uS Mean +RSD (ppm=%) Mean +RSD (ppb+%)

Dry 7.19/51.414.72 7.36 12.16+0.0:11.58+0.0:1.48+0.11 1.26+0.08 1.86+0.1z 8.82+0.06 1.53+0.02 4.86+0.04 1.42+0.06 ND ND

F1
Wet 7.11/48.713.2€ 6.84 10.63+0.1:12.21+0.0'1.36+0.0< 0.93+0.051.57+0.0€ 8.91+0.12 1.38+0.07 3.24+0.09 1.25+0.08 ND ND
Dry 7.26/58.25.16 2.58 11.65+0.0:13.29+0.0'1.39+0.0¢ 1.22+0.03 1.85+0.0¢ 7.35+0.09 1.62+0.08 3.21+0.07 1.30+0.050.53+0.1. ND

F2
Wet 7.15/51.€ 4.93 2.43 9.89+0.0712.65+0.1:1.26+0.07 0.98+0.151.81+0.04 5.68+0.05 1.51+0.11 2.66+0.03 1.13+0.020.37+0.1: ND
Dry 6.68/53.113.07 6.58 12.09+0.0:12.42+0.0:1.4540.02 0.93+0.07 1.64+0.0z 9.72+0.07 5.80+0.04 4.94+0.02 1.53+0.111.17+0.0¢ ND

F3
Wet 6.81/51.412.91 6.22 12.02+0.0'12.05+0.0¢1.17+0.0< 0.78+0.031.56+0.0z 9.21+0.03 5.75+0.08 4.34+0.08 1.09+0.040.72+0.0¢ ND
Dry 6.94/64.€17.01 8.52 12.64+0.0¢13.684.011.66+0.0¢ 1.29+0.02 2.93+0.0% 11.46+0.05 1.87+0.07 3.82+0.09 1.38+0.080.39+0.0: ND

F4
Wet 6.96/62.€16.23 8.11 12.47+0.0-12.85+0.0:1.21+0.07 1.13+£0.03 2.59+0.0% 11.13+0.07 1.26+0.03 2.49+0.05 1.02+0.05 ND ND
Dry 6.44/71.:5.56 2.78 13.154+0.0:12.67+0.011.69+0.1: 2.31+0.032.58+0.11 8.52+0.11 1.91+0.08 5.16+0.04 1.41+0.021.84+0.0: ND

F5
Wet 6.47/68.5 4.94 2.43 12.97+0.0:12.26+0.0:1.37+£0.0< 2.16+0.052.49+0.07 8.13+0.06 1.52+0.03 4.83+0.08 1.07+0.091.26+0.0¢ ND
Dry 6.36/64.118.73 9.37 12.27+0.0511.27+0.0:1.71+0.0¢ 1.09+0.03 1.87+0.0¢ 7.64+0.14 0.74+0.04 2.55+0.11 1.35+0.04 ND ND

F6
Wet 6.41/60.216.23 8.05 11.13+0.0: 9.92+0.091.48+0.0¢ 0.73£0.07 1.39+0.04 6.56+0.11 0.71+0.12 2.13+0.04 1.12+0.06 ND ND
F7 Dry 7.12/63.217.33 8.67 13.61+0.@ 9.55+0.052.47+0.07 0.94+0.111.69+0.0z 8.52+0.03 3.78+0.02 2.24+0.07 0.95+0.14 ND ND
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Wet 7.37/62.415.61 7.78 13.18+0.0! 9.18+0.041.85+0.0° 0.72+0.06 1.61+0.0¢ 6.87+0.07 1.93+0.05 1.87+0.02 0.92+0.06 ND ND

Dry 6.81/53.141.4120.1713.48+0.0!13.89+0.0¢1.74+0.0+ 1.28+0.06 2.87+0.0z 8.23+0.07 1.62+0.06 3.08+0.05 1.43+0.100.61+0.0° ND

" Wet 7.14/47.36.7217.8113.22+0.0¢10.27+0.0:1.68+0.0¢ 0.97+0.04 2.03+0.04 7.36+0.03 1.38+0.07 2.92+0.08 1.38+0.050.44+0.0¢ ND
Dry 6.73/53.28.32 4.15 14.76+0.0211.64+0.0.1.65+0.0¢ 1.71+0.121.51+0.0¢ 8.724#0.05 1.15+0.11 2.71+0.08 1.03+0.080.47+0.0{ ND
™ Wet 6.78/51.2 7.57 3.76 12.34+0.0'10.18+0.0:1.62+0.0¢ 1.32+0.08 1.25+0.03 7.21#0.06 0.79+0.07 1.97+0.04 0.87+0.05 ND  ND
Dry 6.44/54.411.92 5.96 12.85+0.0¢10.88+0.0!1.38+0.0; 1.15+0.022.64+0.05 7.9440.08 3.44+0.13 3.45:0.02 1.62+0.03 ND  ND
i Wet 6.78/52.210.35 5.17 11.23+0.0:10.04+0.0'1.07+0.0< 0.83+0.092.48+0.0S 7.11+0.02 2.82+0.05 1.29+0.07 1.1740.02 ND  ND
Dry 6.88/43. 7.43 3.71 12.09:0.0512.57+0.0.2.58+0.0¢ 1.40+0.04 2.3620.07 7.6240.08 1.46+0.05 2.83+0.12 1.84+0.141.36£0.1( ND
- Wet 6.92/42.%7.18 3.58 11.32+0.0:10.83+0.0'2.34+0.0: 0.93+0.06 2.18+0.05 5.38+0.03 0.79+0.08 2.43+0.14 1.27+0.110.85+0.0¢ ND
Dry 6.75/50.2 5.05 2.52 14.42+0.0 8.76+0.021.44+0.0¢ 1.58+0.06 2.29+0.11 8.350.02 1.38+0.13 3.65+0.06 1.33+0.091.14x0.0¢ ND
i Wet 6.79/49.14.88 2.43 14.14+0.0: 8.15+0.071.31+0.0° 1.14+0.032.13+0.0€ 7.9740.05 1.02+0.07 3.31+0.04 1.37+0.090.86+0.0¢ ND
Dry 6.92/69.616.91 8.47 15.21+0.0.13.12+0.0:1.21+0.0¢ 1.46+0.033.84+0.04 7.7240.09 1.52+0.02 3.88+0.05 1.71+0.051.26+0.0¢ ND
" Wet 6.90/69.416.07 8.04 12.49+0.0(12.35+0.0!1.17+0.0¢ 0.88+0.023.58+0.0Z 5.44%0.03 1.24+0.06 2.91+0.07 1.25+0.041.03£0.0: ND
Dry 6.19/71.222.41 11.2 18.43+0.0:15.87+0.0'1.78+0.0¢ 1.74+0.112.14+0.1Z 10.5620.11 2.26+0.13 3.92+0.03 1.98+0.040.68£0.0! ND
i Wet 6.38/66.419.27 9.5 15.17+0.0!11.32+0.0!1.54+0.0¢ 1.08+0.031.91+0.04 10.17+0.05 1.92+0.08 3.39+0.04 1.83+0.030.41+0.5 ND
e Dry 6.45/63.€ 7.41 3.71 13.28+0.0:12.14+0.0i2.27+0.0¢ 1.72+0.073.49+0.04 8.56£0.06 2.49+0.11 4.63+0.08 1.50+0.080.49+0.0¢ ND

Wet 6.49/63.2 7.13 3.54 13.03+0.0:11.48+0.0:2.05+0.0¢ 1.64+0.033.32+0.05 8.27+0.04 2.43+0.08 4.56+0.05 0.81+0.03 ND ND
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Dry
F16
Wet
Dry
F17
Wet
Dry
F18
Wet
Dry
F20
Wet
Dry
CS
Wet
NEMA Limit
WHO Limit

6.27/74.£25.3812.6917.41+0.0:10.27+0.0!1.63+0.0{ 1.63+0.092.41+0.04
6.91/64.€21.4310.7117.29+0.0- 9.96+0.021.39+0.0¢ 1.47+0.05 2.30+0.02
6.39/69.725.04 12.5 14.38+0.0'12.34+0.0t1.72+0.1: 1.84+0.12 2.34+0.0%
6.44/69.:24.7712.3814.06+0.0:11.93+0.0:1.65+0.0« 1.55+0.07 2.18+0.0%
6.43/73.£51.22 25.6 19.44+0.0:14.82+0.0:1.93+0.0¢ 1.66+0.05 3.57+0.07
6.49/71.250.67 25.3319.25+0.0:14.59+0.0:1.65+0.0« 1.21+0.03 3.19+0.0%
5.52/74.221.15 10.54 17.28+0.0:13.14+0.0-2.18+0.0¢ 1.97+0.12 3.32+0.0€
5.91/68.721.02 10.51 17.22+0.0-13.03+0.0¢2.01+0.0: 1.66+0.05 3.29+004

7.69+0.03

6.78+0.06

7.92+0.03

7.46+0.04

8.22+0.01

7.88+0.03

8.27+0.05
7.14+0.03

2.85+0.03
2.76+0.05
4.63+0.07
4.32+0.02
2.84+0.05
2.32+0.04
3.98+0.14
3.54+0.06

7.29/24.6 10.0565.14 31.68+0.0217.42+0.042.13+0.04 6.43+0.05 0.82+0.(8 14.24+0.09 39.11+0.10

7.18/23.810.0265.21 33.29+0.0617.27+0.032.17+0.07 6.37+0.09 0.71+0.07 14.32+0.04 39.17+0.07

6.585 NS 1200 NS NS NS NS 15
6.58.0 NS 1000 NS NS NS NS 15

NS
NS

400
400

5.04+0.15

4.48+0.07

5.13+0.06

5.07+0.05

5.59+0.09

5.54+0.04 1.19+0.031.02+0.1:
5.35+0.04 1.52+0.031.41+0.0¢

5.23+0.03
ND

ND

10
10

1.41+0.120.60+0.1°
1.35+0.11 0.47+0.0¢
1.48+0.031.17+0.0¢
1.42+0.061.05+0.1:

1.27+0.061.22+0.0¢

1.44+0.021.27+0.0¢

ND

ND

50
10

ND

ND

10
3

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

Note: Values are representedMean £SD, SD= Relative Standard Deviatiti) = Not Detected; NS = NdBpecified; CS = Control Sample
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Discussionof the Findings

The fumarolic condensates from Mt. Suswa display mildly acidic to-neatral pH
values ranging from 5.52 to 7.37 at elevated temperaturesigB4ZC (Table 11).
Similar behaviour has been obged in East African geothermal settindsr instance, at
Menengai fumaroles, comparable pH ranges 1(®® have been reported by
Montcoudiol et al. supporting the inference that acidic gases control condensate
chemistry. Similar acidic condensates proghll by gas scrubbing are documented in
multiple geothermal settings; for example, Iceland, where condensate collected from a
high-temperature well showed pH /3 Italy (Vulcano, La Fossa), where fumarole
condensates are explicitly studied and reportegicaiic (Di Sano et al., 2023; Mller et

al., 2024)

The low Electrical conductivity (4i%1 uS cned) and total dissolved solids (225.6 mg

Ld@) remained well below WHO (1,000 mgdd. and NEMA (1,200 uS) limits.
Nevertheless, localized highvalues at vents FI1LB18 indicate zones of greater mineral
enrichment, a process intensified during the dry season due to reduced dilution. The very
low ionic strength thereforepoints to dilute, stearderived condensates rather than
saline geothermalrimes, consistent with recent observations of-temperature, steam

rich fumarolic condensates at La Soufriere (Guadeloupe, Caribbean) and with the
dominantly meteoric, sodiwalkaline waters that characterize many Main Ethiopian Rift

geothermal systems€., nonbrine, lowsalinity fluids) (Inostroza et al., 2022)

The cation composition of the fumarolic condensates was seniinand calciurpoor,

a condition that favours fluoride mobility. Sodium reached up to 19.44 shgwhile
calcium was as low as 0.72 m@iL This geochemical environment enhances fluoride
solubility because low C@activity suppresses fluorite (CBFprecipitation, preventing
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immobilization of ko (Sunkari & Ambushe, 20245imilar Naalkaline, Capoor waters

with elevated fluoride have been widely documented in volcanic/geothermal terrains,
including the Kenya/Main Ethiopian Rift and other global hotsgBtslgorski & Berg,
2022) Comparable N&K enrichment patterns have leesported in fumarolic waters
from Mutnovsky and La Soufriere conf i rming t hat Suswabos
alkali signature of volcanic steam condensd®srnside et al., 2021nostroza et al.,

2022)

Fluoride concentrations in the fumarolic condensates ranged between 1.25 andl3.84

! with most vents recording values above the World Health iirgéion (WHO) and
National Environment Management Authority (NEMA) guideline value ofgh™ for

potable water. The exceedances were more pronounced during the dry season than the
wet season, indicating dilution effects associated with rainfall reeh&xrording to the

WHO (2022) fluoride levels above 1.8gL™ pose a risk of denitéluorosis, while long

term exposure to levels exceedinm@L™ may result in skeletal fluorosis.

The elevated fluoride in these condensates reflects the typical geogenic signature of East
African Rift geothermal systems. Volcanic and fumarolic gaseemriched in halogens,
particularly HF, which dissolve into condensate waters during cooling, thus increasing
fluoride loadings (Longo et al., 2020) In addition, the condensates were
characteristically sodiufrich and calciunpoor, with N concentrations up to 19.44
mgL™ and Ca$ as low as 0.7ImgL™. Such a geochemical environment enhances
fluoride solubility because low Giactivity prevents precipitation of fluorite (CBF
thereby maintaining fluoride in solutioRodgorski & Berg (2022)emonstrated globally

that fluoride occurrence is strongly associated with high Bl&alinity, and elevated pH,

while being negatively correlated with @and Mg#®, a pattern mirrored in the Suswa

dataset.
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Similarly, Bonetto et al. (2021%locumented concentrations up tor2§L™ in the Main

Ethiopian Rift, with a strong linear relationship betweend¢ dad Fo( R a 0.8),
underscoring the control of geochemical facies on fluoride mobility. The Suswa
condensategherefore fall within the expected geogenic range but still present chronic

exposure risks to dependent communities.

Seasonal differences fadr emphasize the influence of hydrological processes. Fluoride
concentrations were consistently lower during the wet season, supporting dilution by
meteoric recharge and enhanced solubiblyring highflow periods. Comparable
observations have been madeEthiopian Rift groundwater, where wstason recharge
reduced fluoride concentrations relative to -deason valuegAbera et al., 2024)
Similarly, Kush et al., (202ZKush et al., 2022highlighted that seasonal fluctuations
influence fluoride mobility, with elevated concentrations observed in drier periods due to
limited dilution. The Suswa results are thus consistent with regional hydrogeochemical

dynamics, reinforcing the importance of seasonal monitoring.

The chloride concentrations the fumarolic condensates from Suswa ranged from
approximately 5 td4 mgL™, with the control pring exhibiting slightly higher values of
around 14mgL™. These levels are extremely wt# compared tthose of geothermal
reservoir fluids in Kenya, where chloride concentrations commonly exceed 100 mg/L
(Montcoudiol et al., 2019)Such low values are characteristic of stdsatedand
condensatelominated waters, since chloride is a conservative ion that is typically
concentrated in deep liquid phases, while rsemface steam condensates remain
depleted in Gbunless enriched by hydrochloric acid gas scrubliayorito et al., 2021;
Rouwet et al., 2021)his explains the consistently low chloride values measured across

fumarolic vents.
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The observed contrast in Sulphate concentrations between the fumarolic condensates and
the controlsample reflects fundamental differences in redox environments. In fumarolic
systems such as F3, F4, F14, and F17, condensates form through rapid cooling and steam
condensation. Under such conditions, the oxidation of hydrogen Sulphit® (&
suppressedlimiting the extent of sulphate ($&) formation. This process has been
documented in volcanic gas studies, where reduced conditions pred&van# limit

the conversion of Sulphur species to sulphi{deretti, 2022) In contrast, the control
sample (CS) interacts with meteoric recharge in an oxygenated environment, which
favors the full oxidation of HS to sulphate, »@laining the significantly higher
concentrationsRecent studies confirm that fumarolic condensates are typically suphide
dominated, while spring and aquifer waters accumulate sulphate due to enhanced

oxidation in oxygerrich conditiongSadock et al., 2023)

Taran & Kalacheva (202@Jemonstrated that agisulphate waters form when $@nd

HFS gases are absorbed into shallow aquifers, with subsequelationi producing
dissolved sulphate. Similarly(2021) and Burnside et al. (2021) reported that in the
Main Ethiopian Rift, sulphate concentrations vary with geothermal input and meteoric
mixing, reinforcing the rolesf redox and dilution processes. lekkhy ads Ol kar i a
Duku et al. (2022)inked rising sulphate levels toR3 oxidation during fluid ascent, a
mechanism comparable to the fumarsiering contrasts at Suswa. Letegm fumarole
monitoring has also shown thatilphur speciation is highly sensitive to changes in gas
flux and fCF, further confirming the role of redox conti@gusto et al., 2023)

Heavy metals were detected at low but variable concentrations. Arsenic ranged from
2.115.6 pg Lod, lead from 0.B2.0 pg Lod, and cadmium from 0.37.84 ug Ly (Table

11). All values were beloyWHO, 2022)and (NEMA, 2024)thresholds (10 pg @& for

As and Pb; 3 pg i for Cd), and mercury was not detected. Lamalienrichment of As
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and Pb near actively degassing fumaroles (F3, F5, F17, F18) suggests gas absorption and
fumarolic leaching as primary sources, with dry season concentrations elevated due to
evapaconcentration. Comparable processes have been obsénvedlkaria and
Ethiopian Rift geothermal field©uku et al., 2022Bianchini etal., 2020) However, in

other global geothermal contextsysenic contamination is more problematic in
geothermal and groundwater systems such as those in Bangladesh, Chile, and Argentina,
where concentrations frequently exceed 50 pgij posing signifiant public health risks

(Podgorski & Berg, 2022)

The absence of detectable mercury across all condensate samples corresponds with
findings in geothermal system studigslicating that mercury predominantly escapes as

a gas, with minimal retention inaqueous phases. Specifically, hydrothermal
environments appear to emit significant mercury vapor, while only trace amounts remain

in the fluid(Pan et al., 2024

Although all measurements for lead (Pb) remained below the WHO guidelinqugl.10

! fumaroles near zones of active degassBurh as F3, F5, and F17 consistently
recorded elevated Pb levels. Seasonal differences were apparent, with higher
concentrédons observed in the dry season, likely due to exapaentration and reduced
dilution from meteoric input. Similar Pb mobilization patterns have been reported in the
Olkaria geothermal field, Kenya, where boiling and cooling during fluid ascent enhance
heavy metal release into condensaf@sk( et al., 2022)Fumaroles located near active
degassing zones (F3, F5, F17) consistently displayed elevated Pb during the dry period.
This pattern may be attributed to boiling and loap effects during fluid ascent, which
enhance Pb release into condensates, while in the wet season, rainfall infiltration dilutes

Pb concentration®uku et al., 2022)

108



The sporadic occurrence of Cd, with slightly highdeluga at fumaroles such as F5 and
F18, suggests localized leaching from fumarolic deposits rather than widespread
mobilization. This trend aligns with results from other East African Rift geothermal
systems, where cadmium is typically present at tracedemed rarely exceeds health

based threshold$adock et al., 2023)

Mt. Suswa fumarolic condensates displayed relative enrichment of arsenic and lead near
actively degassing vents, while cadmium and mercury were negligible. The seasonal
patterns indicate that dilution dog the wet season reduces heavy metal concentrations,
whereas in the dry season evepocentration and reduced recharge enhance metal

levels.

The control sample (CS) clearly affirms the geogenic origin of fluoride enrichment in the
fumarolic condensates.xhibiting nearneutral pH (7.187.29), very low conductivity

(~10 pS), sukthreshold fluoride (0.710.82mgL™ and no detectable trace metals, this
sample is emblematic of background groundwater quality typical ofgeothermal
settings. These hydrocheralcharacteristics align with global observations, where non
geothermal or meteoric waters consistently exhibit low fluoride and minor element levels
(L. Liu et al.,, 2025) Moreover, comparative studies in the Qiaghibet Plateau
reaffirm that confined geothermal waters demonstrate elevated fluoride, whereas phreatic
and surface waters remain chemically benign, consistent with the background nature of

your control sampléLiu et al., 2023)

The results in Table 11 confirm that fumarolic condensates at Suswa are dilute,-sodium
alkaline fluids enriched in fluoride, with seasonal and spatial variations reflecting
evaporation, dilution, and proximity to active vents. Heavy metals occur at trace levels

below regulatory thresholds, while mercury is absent. The findings demonstrate tha
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fluori de i s t he domi nant contaminant of

answering the research question on spsgi@sonal water quality dynamics.

4.3.2Correlations and Spatio-SeasonabDistribution of Key Contaminants

To evaluate the spatseasonal behaviour of contaminants in fumarolic condensates,
inferential statistics and geospatial analyses were employed-whyoAnalysis of
Variance (ANOVA) was used to test whether the differences in fluoridg @fsenic

(As), lead (Pb), and cadmmu (Cd) concentrations across fumarolic vents and between
seasons were statistically significant. This approach has been widely applied in recent
environmental geochemistry and hydrogeochemical studies to identify spatial and

temporal variability in wateruplity (Afreen et al., 2025; King et al., 2019)

To visualize the spatial distribution of keyntaminants, Inverse Distance Wegght
(IDW) interpolationwas used in a GIS environmetDW is a deterministic geospatial
method that produces reliable distribution maps of groundwater and geothermal
contaminants by weighting concentrations based on proximity (Kumar & Krishna, 2022).
Recen applications in fluoride and arsenic risk mapping (Li et al., 2024; Das, 2025)
demonstrate its robustness for hotspot identification and for guiding risk management

strategies.

To visualize the spatial distribution of key contaminants, Inverse Distaraight&d
(IDW) interpolationwas used in a GIS environmetDW is a deterministic geospatial
method that produces reliable distribution maps of groundwater and geothermal
contaminants by weighting concentrations based on proxifRegent applications in
fluoride and arsenic risk mapping demonstrate its robustness for hotspot identification
and guiding risk management stratedi@sowdhury et al., 2024; Martingecufa et al.,

2024)
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The combined application of ANOVA, correlation analysis, and IDWeérpolation
therefore provided a comprehensive framework for understanding the seasonal drivers,
geochemical interactions, and spatial hotspotsasftamination by fluoride, arsenic,

lead, and cadmiuracross the Suswa fumarolic field.

Pearsonds Correlation

The Pearsonds correlation analysis reveal e
physicochemical parameters, major ions, and trace metals in fumarolic condensates
(Table 13; Figure 9). The combined evidence from the numerical matrix and the fneatma
underscores the role of both geochemical interactions and structural controls in

regulating contaminant mobility within the Suswa geothermal system.

A notable negative correlation was observed between fluor@ead calcium (Ca&j (r

= 170.36, p < 0.09, indicating that reduced Glaactivity suppresses fluorite (CBF
precipitation and enhances fluoride solubility in fumarolic condensates. Similar negative
relationships betweenadand Cad have been widely documented in global groundwater
and geothermagystems, where calcium depletion is a key driver of elevated fluoride

concentration®©nipe et al., 2021; Podgorski & Berg, 2022)

Arsenic (As) and lead (Pb) were positively correlated with fluoride (r = 0.59 and r =
0.55, respectivg, p < 0.05), suggesting emobilization along structurally controlled
hydrothermal pathways. Cadmium (Cd) also showed a moderate positive correlation with
arsenic (r = 0.56p < 0.05), reinforcing evidence of localized mtdtement enrichment

in fumaroic hotspots. Comparable patterns have been reported in East African Rift
geothermal fields, where fatguided fluid circulation concentratesgFAs, and Pb in

upflow zones(Bianchini et al., 2020; Bonetto et al., 2021)
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The correlation heatmap (Figure @yually illustrates these relationshjgsghlighting
clusters of elements with shared geochemicatrots. Strong positive correlations were
evident between total dissolved solids (TDS) and both sodiug) (Na 0.91,p < 0.001)

and sulfate (S&w (r = 0.91,p < 0.001), while N also showed a strong association
with Ca® (r = 0.90,p < 0.001). Theseatterns reflect a common geochemical origin
linked to alkalirich volcanic lithologies, in agreement with observations from volcanic
aquifers where Nfp Ca®, and S®wco-vary due to silicate weathering and evaporite

mineral dissolutiorfBonetto et al., 2021;iu et al., 2024.

Temperature also emerged as an important control, shatnoigg positive correlations

with fluoride (r = 0.62,p < 0.01), arsenic (r = 0.7%, < 0.01), and lead (r = 0.5p,<

0.05). This suggests that elevated fumarolic temperatures enhance the mobilization of
these contaminants by increasing mineral dissaoiwiad hydrothermal flux. Comparable
findings have been reported in the Main Ethiopian Rift and Western Sichuan geothermal
provinces, where rising geothermal gradients promote desorptiomahd-oxyanion
forming elements such as As and BBianchini et al., 2020; Sun et al.,, 2022)
Conversely, temperature was negatively associated with (€a?i 0.52,p < 0.05) and
SO#w(r =10.63,p < 0.01), reflecting the destabilization of -Gand SOtbearing phases

at higher thermal regimes.

Chloride (Cty and SQ2wshowed moderate to strong negative correlations with As, Pb,
and Cd (r =i0.46 t0710.79, p < 0.050.001), suggestinglifferences in geochemical
pathways between halogen/sulphate species and trace metals. As shown in Figore 9, ClI
and SQgwform a separate cluster from the trace metals, supporting interpretations that
their concentrations arcontrolled more by primary magmatic degassing and mixing
with shallow groundwater, rather than by the structurally guided processes that mobilize

As, Pb, and C@Awaleh et &, 2020; Yu et al., 2022)
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The correlation matrix (Table2] and heatmap visualization (Figu#¢ highlight two
dominant geochemical mechanisms: (i) the sodlmlikaline environment, characterized

by high Na and low Ca§ which drives fluoride enrichment, and (ii) structurally
controlled hydrothermal pathways that facilitate thereabilization of As, Pb, and Cd.
These findings confirm that contaminant variability in Suswa fumarolic condensates is
not randonmbut reflects systematic geochemical and structural processes consistent with

those of riftrelated geothermal systems worldwide

Table 12

Pearsonds corr el adhemical panamétersi x f or physico

ParametepH Temp EC TDS Na K Mg Ca Fo Clw SOCtw As Pb Cd

T | T . ) . .o
pH 1 0.64**0.2¢ 0.21 0.02 0.05 0.1C 0.17 70.44 0.28 0.3 0,57+ 10.45*70.4C
Temp 1 04 0 117* 10.33 '|'0.17OI11 10.52* 0.62** 10.49* 1 0.63**0.73** 0.55* 0.37
EC 1 0.29 0.18 0.28 0.0t i0.13 04 1011 70.11 0.3 0.09 o0.07
TDS 1 0.91**0.66**0.240.87*** 10.300.71*** 0,91 *** '|'0.50*0.7|4*** 10.26
Na 1 0.62**0.240.90*** 70.240.70*** 0.87*** 10.40710.66**10.12
K 1 0.14060* 0 0.62** 0.55* 10.20 10.22 0.07
Mg 1 025 10.03 0.15 0.24 70.24 70.20 70.0C
Ca 1 10.36 0.74%** 0.94*** | 0.50*0.7|4*** 10.1C
Fo 1 10.42 10.48* 0.59** 0.55* 0.46*
Clm 1 0.79***70.46*10.59**70.29
) T .
SOtw 1 0',\__)9**0.79***|0.27
As 1 0.62* 0.56*
Pb 1 0.42
Cd 1

Note: *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 4
Correlation Heatmap of PhysieGhemical Parameters in Condensates
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SpatioSeasonaMNariations of Key Contaminants

From the broader dataset presented in Tddle Table 13 was developed to focus
specifically on fluoide (R, arsenic (As), lead (Pb), and cadmium (Cd), as these
elementshave greater environmental and public health significancedtier measured
parameters. Fluoride was prioritized because it frequently exceeded the WHO/NEMA
drinking water threshold (1.5ngL™), posing risks of dental and skeletal fluorosis.
Arsenic, lead, and cadmium, though generally below their respective guideline values
(As: 10 pgLod, Pb: 10pgLws, Cd: 3 pglLws), are of concern due to their cumulative

toxicity, persistence in the envinment, and potential to bioaccumulate.

These contaminants therefore serve as sentinel indicators of hydrothermal mobilization
and potential human health risks, making them patrticularly relevant for risk assessment

in geothermal settings such as the Suswaafolic field. Tablel3 thus contrasts their
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concentrations between background vents and hotspot fumaroles across both dry and wet

seasons, highlighting the persistence of enrichment zones in structurally controlled vents.

From the broader dataset presehin Tablell, Table 13 was developed to focus
specifically on fluoride (B, arsenic (As), lead (Pb), and cadmium (Cd), as these
elementshave greater environmental and public health significancedtism measured
parameters. Fluoride was prioritizeédause it frequently exceeded the WHO/NEMA
drinking water threshold of 1.BngL™, thereby posing risks of dental and skeletal
fluorosis (WHO, 2022 Demelash et al., 2019Arsenic, lead, and cadmium, although
generdly below their respective guideline values (As: d§L, Pb: 10uglLd, Cd: 3
ugL™), remain of concern because of their cumulative toxicity, environmental

persistence, and potential to bioaccumulate in ecosystems and human tissues

These contaminants therefore serve as sentinel indicators of hydrothermkation

and groundwatégeothermal interactions, making them particularly relevant for risk
assessment in volcanic terrains such as the Suswa fumaroli@Needcki et al., 2023)
Table 13 contrasts their concentrations between background vents and hotspot fumaroles
across both dry and wet seasoas shown belowhighlighting the persistence of

enrichment zones in structurally controlledhtse
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Table13

Seasonal Mean Concentrations of Key Contaminants in Background vs. Hotspot

Fumaroles

Vent Category Sample ID Season Fm(mgL@) As (ugLws) Pb (uglLod) Cd (uglLdd)

F1 Dry 1.86 4.86 1.42 ND

Wet 1.57 3.24 1.25 ND

F2 Dry 1.85 3.21 1.3 0.53

Wet 1.81 2.66 1.13 0.37

F3 Dry 1.64 4.94 1.53 1.17

Wet 1.56 4.34 1.09 0.72

Background F6 Dry 1.87 2.55 1.35 ND

vents Wet 1.39 2.13 1.12 ND

F7 Dry 1.69 2.24 0.95 ND

Wet 1.61 1.87 0.92 ND

F8 Dry 2.87 3.08 1.43 0.61

Wet 2.03 2.92 1.38 0.44

F9 Dry 1.51 2.71 1.03 0.47

Wet 1.25 1.97 0.87 ND

F4 Dry 2.93 3.82 1.38 0.39

Wet 2.59 2.49 1.02 ND

F5 Dry 2.58 5.16 141 1.84

Wet 2.49 4.83 1.07 1.26

F13 Dry 3.84 3.88 1.71 1.26

Wet 3.58 2.91 1.25 1.03

F14 Dry 2.14 3.92 1.98 0.68

Wet 1.91 3.39 1.83 0.41

Hotspot Vents F15 Dry 3.49 4.63 15 0.49

Wet 3.32 4.56 0.81 ND

F16 Dry 241 5.04 141 0.6

Wet 2.3 4.48 1.35 0.47

F17 Dry 2.34 5.13 1.48 1.17

Wet 2.18 5.07 1.42 1.05

F18 Dry 3.57 5.59 1.27 1.22

Wet 3.19 5.54 1.19 1.02

F20 Dry 3.32 5.35 1.52 1.41

Wet 3.29 5.23 1.44 1.27

Note. Values represent mean concentrations analyse®. N Not Detected.
WHO/NEMA thresholds: &= 1.5 ugLdg, As = 10ugLay, Pb = 10 uglLas Cd = 3
HoL
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The analysis of fluoride (, arsenic (As), lead (Pb), and cadmium (Cd) revealed marked
spatial variability across the fumarolic fielimilar studies havéeendocumentedvith
pronounced spatiavariability in geothermal and volcanic terrains. For example, in
shallow aquifers of the Kenya Rift ValleyroEoncentrations in some localities exceeded

WHO limits and showed clear spatial heterogeneity related to geology an@vaeker
interaction, ofta with N&rich, Cédpoor waters in hotspot zon@eglwiathi et al., 2022)

Bennett et al(2021) also reported large differences im€oncentrations in Tanzanian
volcanic aquifers, with springs and wells in zones of active volcanic/tectonic influence
showng significantly higher B consistent with  structurally controlled

hydrothermafluid pathways.

In this study, fumarolic vents in the hotspot grotgr €xample F13 F20) exhibited B

As, Pb, and Cd concentrations about 2X6 higher than those in badkgind vents (Fb6

F9), underscoring the dominant role of localized geological structures and hydrothermal
pathways in contaminant mobilization. These patterns demonstrate that spatial
heterogeneity exerts a stronger influence on water quality than seabangks.This
pattern aligns with findings frorthe Kenya Rift and similar geothermal systems, where
geology and structure (faults, fractures) govern contaminant mobilization more strongly

than seasonal inpu(Bennett et al., 2021)

Seasonal effects were also evident but comparatively modest. Across most sites, dry
season concentrations wesepproximately 1020% higher than weteason values,
reflecting evaporative concentration during drier months dildtion by rainfall
infiltration during wetter month Despite these fluctuations, hotspot fumaroles remained
persistently enriched in all seasons, confirming that structural controls largely govern
contaminant distribution.Similar dryseason enrichmenbas been documented in
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hydrogeochemical systems where reduced recharge and higher evapotranspiration
increase solute concentrations, while \season inputs lower concentrations through
dilution (dry > wet fluoride in aquifers; spatial patterns presernoedsa seasons). These
seasonal mechanisms align with observations in fluaftécted groundwater systems

and other water bodies, where vgetason recharge dilutes solutes andséigson water

loss concentrates thefigbal et al., 2022; Kost et al., 2023)

Fluoride (R) concentrations showed widespread enrichment across the fumarolic field,
including structurally controlled fumaroles such as F13, F15, F18, andFg0re 5).
These concentrationsxcee@d the WHO and NEMA guideline of 1..hgLdd (World

Health Organizatin, 2011; NEMA, 2021). This pattern mirrors recent findings from
volcanic terrains such as the Furnas volcano in the Azores, where fumarolic waters
exhibited elevated fluoride concentrations linked to structural and geological controls

(Linhares et al., 2025)

Figure 5

Seasonal and spatial distribution of fluoridesgffeoncentrations across (FE20)

Fluoride (F-) across sampling sites (F1-F20): Dry vs Wet with error bars (+RSD)

=== WHO/NEMA threshold (1.5 mg/L)
= Dry
e Wet

Concentration (mg/L)

The arsenic (As) concentrations, although below the ptladguideline, displayed

localized hotspots at F5 and FE20, where values reachedeougLa (40i 60% of the
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permissible limit)(Figure 6) Seasonal dilutin reduced concentrations in the wet season,
yet structurally focused vents remained enriched, highlighting the importance ef vent
specific geochemical pathways in arsenic mobilizatiStudies donen the Furnas
volcano crater identified arsenic variatyliclosely tied to fumarolic and structural
featureq(Linhares et al., 2025%imilarly, regional hydrochemical surveys in -iéilated
gedhermal fields demonstrate that arsenic enrichment is driven more by nwater
interaction and faulguided degassing than by seasonal hydrological fluctuations

(Ferreira et al., 2024)

Figure 6
Seasonal and spatial distribution of arsenic (As) concentrations across fumarolic sites
(F1i F20)

Arsenic (As) across sampling sites (F1-F20): Dry vs Wet with error bars (£RSD)
10

WHO/NEMA thresheld (10.0 pg/L) | ‘ ‘
| |
l | l Wet

Concentration (ug/L)

> ({L ¢<°) @‘ (((') Q&J <<’\ QQ) {<°)

Lead (Pb) concentrations, as shown in Figdreremained well below the WHO
guideline of 10pgL™ across all fumardt sites (World Health Organization, 2011).
Nevertheless, localized enrichment was observed in structurally focused vents such as
F13 F15 and F20, where values exceededu5*. These Pb hotspots overlapped with
fluoride- and arseni@nriched fumarolessuggesting potential emobilization of trace

metals through shared hydrothermal pathways. Such patterns are consistent with studies

in other volcanic and geothermal regions where Pb and As mobilization occur
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concurrently through fractureontrolled hydrdtermal upflow and acidic fluidock
interactior{fBaba & Uzelli, 2024; Michalicova et al., 2024)

Figure 7
Seasonal and spatial distribution of lead (Pb) concentrations across fumaroli¢Fsites
F20)

Lead (Pb) across sampling sites (F1-F20): Dry vs Wet with error bars (+RSD)
10

WHO/NEMA threshold (10.0 pg/L)
Dry
Wet

Concentration (pg/L)

Cadmium (Cd) concentrations, as presented in Figureere the lowest among the
Heavy metals analysed consistently remaining well below the WHO guideline of 3
pgLos for drinking water. Despite these low overall values, localized enrichmas
detected at fumarolic vents F5, FFL3, F17, and F20. Such anomalies point to- site
specific mobilization processes, likely driven by localized hydrothermal pathways and

fracturecontrolled geochemical interactio(®aba & Uzelli, 2024)

These localized Cd enrichments align with broader patterns observed in geothermal
terrains, where Pb, As, and Cd frequentlyocour due to snilar mobilization pathways,
despite overall concentrations remaining well below guideline thresf\didglewski et

al., 2025)
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Figure 8

Seasonal and spatial distribution of cadmium (Cd) concentrations across fumarolic sites
(F1i F20)

Cadmium (Cd) across sampling sites (F1-F20): Dry vs Wet with error bars (£RSD)
3.0
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Two-Way ANOVAAnalysis

The results of the twaway ANOVA (Table 14 below) demonstrate that spatial
variability (site-to-site differences) exerted a stronger influence than seasonal variability
on most physicehemical parameters and trace metals. This indicates thaspecitic
hydrothermal processes and geological settings are the dominant controls on condensate
chemistry, a finding consistent withbservations from geothermal systems worldwide,
where fumarole composition is strongly governed by structural geology and vent

lithology (Mdiller et al., 2024)

For the physicechemical parameters, temperature, EC, and TDS showed significant
effects of both season and sipe<0.05 0.01), highlighting the combined influence of
hydrothermal variability and climatic forcing. Sodium @@aand poassium (K
exhibited significant season, site, and interaction effects@.05 0.01), suggesting that
seasonal responses are véaependent. Comparable results were observed in fumarolic

systems at Vulcano Island (Italy), where alkali element concemtsataried strongly
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with vent location and hydrothermal dynamics (Muller et al., 2023). Calciunt)(Caz
chloride (Ct), and sulfate (S®@w also showed significant seasonal and spatial variation
but without strong interaction effects, reinforcing the dosion that sitespecific

controls dominate, while seasonal dilution or concentration acts as a secondary modifier.

Among the trace contaminants, fluorides)Farsenic (As), and lead (Pb) were the most
dynamic, each showing significant season, site, atetdction effectsp(< 0.050.01).

This pattern indicates that both structural hydrothermal pathways and seasonal processes
(Evaporation, rainfall infiltration) govern their mobilization. Fluoride enrichment was
particularly evident at highlkali fumaroks (F13F18), consistent with studies in the

Main Ethiopian Rift and central Italy, where high jlaw Ca%® environments favor
fluoride accumulation and enrichme(Bianchini et al., 2020; Parrone et al., 2020)
Arsenic andPb exhibited similar clustering patterns, reflecting vaecific fluxes and
structurally guided circulation. Comparable findings have been reported from arsenic
rich geothermal fluidsvorldwide, where fault systems act as preferential conduits for

tracemetal mobilizationDurowoju et al., 2020)

Cadmium (Cd) exhibited a significant site effect orpy<(0.05), confirming localized
enrichment in fumaroles such as F5, F13, F17, and F20. This localizedelanignt
enrichment is casistent with observations at Ebeko Volcano (Kuriles), where fumarolic
pathways enriched Cd, Pb, and As in sulfur deposits due tespenific conditions

(Shevko et al., 2018)

Importantly, the Season x Site interactions reported in Tlbleere significant for Ng
K¢, Fog As, and Pb, confirming that the magnitude of seasonal variation differed by
fumarole. This suggests a synergistic effect between structural and climatic controls,

where certain fumaroles amplify seasonal enrichment patterns, while others remain
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relatively stable. Similar verdpecific seasdrsite interactions have been observed in
geothermal springs of South Africa, where Pb and Cd exhibited both spatial clustering

and seasonal variabilifpurowoju et al., 2020)

The ANOVA results confirm that spatial heterogeneity is the primary driver of
contaminant variability, while seasonal influences act as secondary modifiers that
intensify dryseason concentrations through evaporative concentration and reduce them
during wetseasondilution. These findings are consistent with geothermal studies
worldwide, which show that fumarolic systems are shaped by the interplay betveen

specific hydrothermal fluxes and seasonal rechdygamics.

Table 14
ANOVA Redis for Seasonal and Spatial Variations in Phys@@ieemical Parameters

Season Effec Site Effect Season x Site Interactic

Parameter Significance
(p) (p) (p) o

No significant

pH 0.181 (ns) 0.211 (ns) 0.263 (ns) offects

Temperatur  0.004 ** 0.009 ** 0.118(ns) Season & Site

EC 0.012 * 0.005 ** 0.087 (ns) Season & Site

TDS 0.018 * 0.003 ** 0.076 (ns) Season & Site

Nad 0.008*  0.002 ** 0.021 * Season, Site, &
Interaction

Ko 0017*  0.006 ** 0.036 * Season, Site, &
Interaction

Mgz 0.093 (ns) 0.022 * 0.127 (ns) Site only

Ca® 0.041* 0.013* 0.092 (ns) Season & Site

Foo 0.009 **  0.001 ** 0.014 * Season, Site, &
Interaction

Clw 0.022 * 0.004 ** 0.073 (ns) Season & Site

SOCtw 0.011* 0.003 ** 0.064 (ns) Season & Site

As 0.007*  0.001* 0.019 * Seasonsite, &
Interaction

Pb 0.012 * 0.002 ** 0.028 * Season, Site, &
Interaction

Cd 0.056 (ns) 0.041 * 0.081 (ns) Site only

Hg 0.447 (ns)  0.390 (ns) 0.522 (ns) No significant

effects
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Note:*p < 0.05; **p < 0.01; ns = not significant

The ANOVA results for te four key contaminants (fluoride, arsenic, lead, and
cadmium) are presented in Tall®. The analysis shows that spatial variability was
highly significant (p < 0.001) for all contaminants, confirming pronouncedtciée
differences across fumaroligents. This outcome aligns with previous studies in
geothermal fields where hydrothermal circulation, vent mineralogy, anddiaidkd
pathways create strong spatial heterogeneity in trace element concentrations (Muller et

al., 2023; Taran et al., 2018Mdller et al., 2024; Shevko et al., 2018)

The interaction effects (Site x Season) were statistically significant for fluoride, arsenic,
and lead g < 0.05), but not for cadmium. This indicates that certain fumaroles are more
responsive to seasonal hydrological variations, amplifying or suppressntgnanant
release depending on vesyiecific conditions. For example, highkali fumaroles such

as F13F18 exhibited the greatest seasonal fluctuations in fluoride and arsenic, reflecting
their geochemical sensitivity to changing wateck interaction anditions. Comparable
interaction effects have been observed in volcanic aquifers of central Italy, where arsenic
and fluoride cecontamination was vesspecific and seasonally modulatééiarrone et

al., 2020)

124



Table 15
ANOVA results for (B7As, Pb, Cd) in fumarolicondensates.

Parameter  Source of Variation df F-value p-value Significance
Fo(mgL™)  Spatial (Sites) 18 12.34  <0.001 Hokok
Seasonal (Dry/Wet) 1 4.56 0.038 *
Site x Season 18 2.11 0.015 *
As (ugL™) Spatial (Sites) 18 10.87 <0.001 rxk
Seasonal (BfWet) 1 3.95 0.048 *
Site x Season 18 1.84 0.029 *
Pb ugL™) Spatial (Sites) 18 9.41 <0.001 ok
Seasonal (Dry/Wet) 1 3.12 0.079 n.s.
Site x Season 18 1.69 0.042 *
Cd ugL?  Spatial (Sites) 18 8.02 <0.001 ok
Seasonal (Dry/Wet) 1 2.87 0.094 n.s.
Site x Season 18 1.54 0.061 n.s.

Note: df = degrees of freedom. Significance levels: *p < 0.05; **p < 0.01; ***p < 0.001;

n.s. = not significant.

Season x Site Interaction Effects

The interaction plots for sodium (fafluoride (R, arsenic (As), and lead (Pb) (Figures
10i 13) show that seasonal changes were stronglydsipeendent, consistent with the
significant Season x Site interaction effects identified in thewap ANOVA. These
results highlight the interplaybetween climatic modulation and vesgecific

hydrothermal processes in controlling contaminant variability.

Sodium (Nap) concentrations were consistently higher in the dry season tithe imet
season, with enrichment most pronouncecdhaiispot fumaroles F14, F18, and F20
(Figure 9). In contrast, background fumaroles F1 and F2 exhibited minimal seasonal

fluctuations. This indicates that Haariability is predominantly governed by vent
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specific hydrothermal inputs, with evaporative concentration effdatsng the dry

season amplifying sodium levels primarily at hotspot sites.

Figure 9
Season x Site Interaction for Sodium @gN&oncentrations Across Fumarolic Sites
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Fluoride (Fy (Figure 10) demonstrated the clearest exceedanckshealthbased
thresholds. Hotspot fumaroles (FE38) exceeded the WHO/NEMA guideline of 1.5
mgL™ in both seasons, with sharper increases observed during the dry season. In
contrast, background fumaroles such asH3land FEF7 remained closer to or losV
the permissible limit. These results suggest that while rainfall dilution redumes F
concentrations in the wet season, structural controls maintain persistently elevated levels
in hotspot fumaroles, underscoring the dominance of geogenic factors in fluoride

mobilization.
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Figure 10
Season x Site Interaction féluoride (Fay Concentrations Across Fumarolic Sites
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Arsenic (As) (Figurell) remained below the WHO guideline of ifLd$ across all sites

but exhibited marked sigpecific seasonal variability. Hotspot fumaroles such as F5,
F16, and F18 recorded contertions of 56 ugLa during the dry season, equivalent to

401 60% of the guideline value. In contrast, background sites H¥;1F6) displayed
lower concentrations with smaller seasonal shifts. These findings confirm that seasonal

influences are more pronoced at structurally enriched vents but do not alter the spatial

clustering of arsenic hotspots.
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Figure 11

Season >Site Interactiorfor Arsenic (As)Concentrations Across Fumarolic Sites

Season X Site Interaction for As
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Lead (Pb) exhibited #hlowest absolute concentrations, consistently remaining below the
10 ugLad guideline across all fumarol€Bigure ). However, localized enrichment was
evident at F1BF15 and F20, where digeason concentrations exceeded |1ghod,
compared with markedly lower levels at background vents. Seasonal differences were
modest, sugesting that Pb enrichment is primarily controlled by localized hydrothermal

pathwaysand is only weakly affected brginfall dilution.
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Figure 12

Season Site Interactiorfor Lead (Pb)Concentrations Across Fumarolic Sites

Season X Site Interaction for Pb
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GeospatiaMapping of F, As, Pb and Cd

To further assess spatial variability and contamination hotspots, the distrfwfon
fluoride (R, arsenic (As), lead (Pb), and cadmium (Cd) in fumarolic condensates were
mapped using Inverse Distance Weight{{ig\V) interpolation in ArcGISPro 3.5 IDW
estimates concentrations at unsampled locations based on the proximity and values of
measured @S, thereby providing a continuous surface of contaminant distribution
across the Suswa fumarolic field. The geospatial interpretation was based on mean

concentrationgTable16), while spatial patterns are illustrated in Figut8sl7.
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Table 16

Mean Concentrations of Key Contaminantsg&s, Pb, Cd)

Sample ID Latitude Longitude Fwm(mgLos) As (ugLwd) Pb (ugLd) Cd (uglLod)
F1 -1.227821 36.388119 1.72 4.05 1.34 ND
F2 -1.211764 36.382253 1.83 2.94 1.22 0.45
F3 -1.237729 36.354751 1.60 4.64 1.31 0.95
F4 -1.238985 36.354498 2.76 3.16 1.20 0.20
F5 -1.185491 36.325530 2.54 5.00 1.34 1.55
F6 -1.138952 36.329659 1.63 2.34 1.24 ND
F7 -1.118744 36.328995 1.65 2.06 0.94 ND
F8 -1.126760 36.338155 2.45 2.98 1.41 0.53
F9 -1.124473 36.338121 1.38 2.34 0.87 0.24
F10 -1.122380 36.342020 2.56 2.37 1.40 ND
F11 -1.123421 36.343707 2.27 2.63 1.55 1.10
F12 -1.122043 36.348539 2.21 3.48 1.35 1.00
F13 -1.121917 36.349949 3.71 3.40 1.48 1.15
F14 -1.119477 36.349475 2.03 3.66 1.91 0.55
F15 -1.121467 36.351691 3.41 2.99 1.16 0.25
F16 -1.121441 36.353@3 2.36 4.76 1.38 0.53
F17 -1.121367 36.360804 2.26 5.10 1.45 1.11
F18 -1.119023 36.367765 3.38 5.57 1.25 1.12
F20 -1.138546 36.379474 3.31 5.29 1.49 1.34

Note. Values represent the mean of dry and wet season concentrations. ND = Not

Detected.
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Figure 13
IDW Interpolation Maps Showing Spatial Distribution of FluorideyF

IDW Distribution of Fluoride (F~)
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Fluoride concentrations ranged from 1.88)Lcd (F9) to 3.71lmgLcs (F13), with the

highest values consistently located in the central and southern fumarolic zones,
particularly at F1BF20 (Table 16) These exceed the WHO/NEMA guideline o6 1.

mgL™ in both seasons. Lower concentrations (<rdLw) were confined to baseline
vents,such as F6 and F9. The IDW interpolation (Figldiehighlighted distinct fluoride

Ahot spot so coinciding wi t h structurally
reinforcing the role of fauguided degassing in mobilizinggsimilar to observations in

the Aluto Volcanic Complexwhere structural pathways and volcanic lithologies
controlled fluoride spatial distributions and in northern Tanzaviiere elevated floride

correlates with tectonic structur@sgate, 2023)
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Figure 14

IDW Interpolation Map Showing Spatial Distribution of Arsenic (As)

As (season-averaged) — Mt. Suswa (IDW)
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Note. IDW (p=2, k=12); season-averaged or seasonal values by site; axes in local km; scale bar = 1 km.

Arsenic concentrations were highest at F18 (uftw), F20 (5.29ugLw), and F17
(5.10 pgLod), with moderate enrichments at RE36 (3.404.76 pgLw). Although all
values remained below the WHO guideline ofpidl.™, these sites approached-@0%

of the threshold. Baseline vents such as F7 (@d)&3) and F9 (2.341gLw) consistently
recorded lowewralues. The IDW surface (Figudgl) confirmed spatial clustering of As
hotspots in structurally focused fumaroles, aligning with findings in Central Mexico,
where lithology and climate influenced As hotspots in groundwiMeralesdeAvila et

al., 2023)
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Lead concentrations varied between Q.8Ltsat F9 and 1.9ugLddat F14 (Table 4.9).
Localized enrichments were evident at F11 (Jughd¥), F13 F15 (1.161.48 pgLd),

and F20 (1.49gLd). Although consistently below the WHO limit of 1@Lad, IDW
interpolation (Figurel5) revealed that Pb hotsgobverlapped spatially with those afoF

and As, suggesting common hydrothermal and structural controls on their mobilization.
Similar geospatial clustering of Pb with other trace elements has been reported in
geothermal terrains of northern Tanzania #me Ethiopian Rift, where Pb enrichment
often coincides with enrichment ifluoride and arsenic due to shared tectono

hydrothermal pathwayd.igate et al., 2022; MoraledeAvila et al., 2023)

Figure 15

IDW Interpolation Map Showinthe Spatial Distributionof Lead (Pb)

Pb (season-averaged) — Mt. Suswa (IDW)
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133



Cadmium was the least abundant contaminant, ranging from below detection limits (ND)
at F1, F6, F7, and F10 to 1.pglLcdat F5. Elevated values were also observedl&t F
(1.15pgLwd), F17 (1.11ugLdd), and F20 (1.34ugLdd). All Cd values remained below the
WHO threshold of 3ugLo, yet IDW interpolation (Figurel6) indicated localized
enrichment coinciding with As and Pb hotspots, suggesting sharedpsitéic
mobilization processes within structurally enriched fumaroles. Comparable localized Cd
anomalies have been reported in volcanic groundwater systems in East Africa, where Cd
occurs at trace levels but spatially overlaps with arsenic and lead due toofatodt|ed
hydrothermal upflowgGutiérrez et al., 2025)

Figure 16
IDW Interpolation Map Showing Spatial Distributiai Cadmium (Cd)

(season-averaged) — Mt. Suswa (IDW)
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Note. IDW (p=2, k=12); season-averaged or seasonal values by site; axes in local km; scale bar = 1 km.
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Figure 17

SpatialDistribution (IDW) ofKey ParametergSeasorAveraged MultiPanel)

Figure 4.xx. Spatial distribution (IDW) — Season-averaged F -, As, Pb, Cd — Mt. Suswa
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The IDW interpolatiorsurfaces (Figure7) demonstrated thata-As, Pb, and Cd exhibit

clear spatial clustering, with the most significant contamination hotspaotsentrated in
structurally controlled fumaroles (FlB20). Seasonal dilution during the wet season
reduced concentrations slightly, but hotspot zones remained persistently elevated. These
geospatial findings corroborate ANOVA and correlation results ti@east.3.2.2

4.3.2.9, confirming that fluoride and arsenic pose the greatest risk, with lead and

cadmium presenting localized but noteworthy contamination.

The objective of mapping spatseasonal variations and identifyingpntamination

hotspots was suessfully achieved, thereby conclusively addressing the research
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qguestion ofwhether identifiable geospatial clusters of heavy metal enrichment exist in

the Mt. Suswa area.

4.3.3Human Health Risk Assessment

CarcinogenicRisk Assessment

To evaluate potentidauman health risks associated with exposure to arsenic, lead, and
cadmium in fumarolic condensates, this study integrageantitative and qualitative

strands of evidence.

The guantitative component involved laboratory analysis of condensate sampéds, wh
provided contaminant concentrations fstimating carcinogenic riskComplementing
this, the qualitative component drew on community surveys to capture-wgater

practices, perceived health outcomes, and awareness of contamination risks.

The trianguhtion of these two approaches ensured that the assessment of human health
risks wasgrounded not only in toxicological measurements but ialsbe lived realities
of the affected community, thereby reflecting seetmmnomic vulnerabilities and

behaviourabxposure pathways with greater accuracy and contextual relevance.

Carcinogenic risk (LCR) was evaluated to determine the probability of lifetime cancer
development from exposure to toxic trace elements in fumarolic condensates. The
analysis followed the hited States Environmental Protection Ageft\5sEPA, 2011)
human health risk assessment framework, where LCR is computed as the product of the
chronic daily intake(CDI) and the cancer slope factor (CSM)hich represents the
potency of the substance to induce carcinogenic effec&. EPA, 2019; Wang et al.,

2023) The calculations followed the USEPA framewosere the lifetime cancer risk

(LCR) is defined as:
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(i) Ingestion Pathway

The Lifetime Cancer Risk via ingestion was estimated using Equation 1:

////////////////

LCRection = CDIion + SFE 6 6 66666 EEEEEEEE. Pl

(i) Dermal Pathway

The Lifetime Cancer Risk via dermal absorption was calculated using Equation 9:

,,,,,,,,,,,,,,,,,,

Where CDI is the chronic daily intake (mgfk@y) of a contaminant through ingestion or
dermal pathways, and €Sis the cancer slope factor (mg/édgyd). CSF, or the
carcinogenic slope factor, the risk associated with an average lifetime exposure to a
chemical and is specific ta particular contaminantn this study, the focus was on
arsenic (As), Lead (Pband cadmium (Cd), all of which have documented slope factors

in recent literature.

According to the USEPAKamagate et al., 2025; Mohammadpour et al., 20CHF
values as a functioof metals are CSF (As) = 1.5; CSF (Pb) = 0.0085; CSF (Cd) = 1.5. If
the ILCR value is lesthan 10 © the carcinogenic risk is considered negligible. On the
other hand, if the ILCRralue is greater than 10 there is a high risk of developing
cancer in humans. The rangetween 10°nd 10 “s widely accepted as constituting an
acceptable risk to huams (USEPA, 2011 Imran et al., 2021; Mohammadpour et al.,

2023)

The parameters used in calculating LCR are present@abte 17. Importanly, these
valueswere derived from both USEPA guidelines and-specific data collected via

household surveys in the Mt. Suswa areeluding daily water ingestion, bathing
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frequency with fumarolic condensates, and exposure duration. This intentional
integration of communitpased data, rather than reliance on generic defaults, ensured

that LCR estimations authentically mirrored local practices and vulnerabilities. As noted

in the USEPAOGs EXxpos orexosiReaassesawd ager asvised domp i |
prioritize sitespecific values to reflect accurate atgpendent antlehaviouralpatterns

(U.S. EPA, 2019) Furthermore, modern risk assessment literature underscores that
customizing exposure parameters substantially improves the precision and contextual
relevance of human health risk estimaegaud et al., 2024)The inclusion of locally

derived data thus enhanced both the accuaacydefensibility of the LCR estimates in

this study, grounding them firmly in the lived exposure conditions of the Mt. Suswa

community.
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Table 17

Exposure Parameters by Receptor Group

Paramete Description Units Children Adult MalesAdult Female: Source
Ingestion Study area (field
IR ra?e Liday 1 15 15 survey),(ATSDR,
2023)
ED Expo_sure vear 12 40 40 Study area (field
duration survey)
- (USEPA, 2011
BW Body weigh:  Kg 15 70 55 ATSDR, 2023)
Average
. (USEPA, 2011
AT tl_me_ Day 25,550 25,550 25,550 ATSDR, 2023)
(lifetime)
EF EXposure Daylyea 365 365 365 (ATSDR, 2023)
requency
Fraction of
F skin surface Unitless 1 1 1 (USEPA, 201}
contact
SA Skinsurface .., 6597 18085 15475
Daily Study area (field
EV exposure Unitless 1 1 1 survey),(USEPA,
events (skin 201))
Skin
K permeability cm/h  0.001 0.001 0.001 (USEPA, 201}
coefficient
Contact Study area (field
Time duration per h/day 0.13 0.1 0.17 survey),(ATSDR,
day 2023)
Height (for
H SA cm 99.4 165.3 153.4 (USEPA, 201}
calculation)
CF fca‘;?c‘)’rers'on Unitless 0.001  0.001 0.001  (USEPA,201)

Results of LCR Calculations

The measured concentrations of arsenic (As), lead (Pb), and cadmium (Cd) from
fumarolic vents (Tablell, Field Data FLF20) were used to compute chronic daily
intake (CDI) values for each receptor group. These CDI salwerecombined with
cancer slope factors (CSFs) to estimate lifetime cancer risk (LCR) via ingestion and
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dermal exposute The outcomes are presented Trable 18, which summarizes
carcinogenic risks for children, adult males, and adult females acrossiryadind wet
seasons. The risks are disaggregated by pathway (oral ingestion, dermal contact) and

expressed as total lifetime cancer risk (L&

The sitespecific results in Tabl&8 show clear variation in carcinogenic risk (CR) across
fumaroles, reeptor groups, and seasons. For example, in the dry season at F1, children
recorded a total CR of 4.18 xt(Bcompared with 8.95 x @@ adult males and 1.14 x

l0wiwon adult females. At F 3reachedbi2b >db9@vhilé s CRt ¢
adult males and females recorded 1.13 w @hd 1.43 x 1@ wespectively. The highest

risks were generallylserved in fumaroles with elevated As concentrations, such as F17

and F18, where adult females recorded total CRs of 1.950@h@ 2.02 x 1& auring

the dry season. By contrast, lower risks were observed at fumatabsas F7, where

children recorde@.12 x 1@ &nd adult females recorded 4.84 xul®
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Table 18

CarcinogenicHealth Risks Indies forChildren, Adult MalesandAdult Females

Season Sample  Receptor As (ppb) Pb (ppb) Cd (ppb) LCRing LCRgermai  LCRital
Adult female 4.86 1.42 0 1.1404 2.00E07 1.14E04

F1 Adult male 4.86 1.42 0 8.94E05 1.08E07 8.95E05
Children 4.86 1.42 0 4.17E05 7.16E08 4.18E05
Adult female 3.21 1.3 0.53 8.76E05 1.54E07 8.78E05

F2  Adult male 3.21 1.3 0.53 6.88E05 8.3(E-08 6.89E05
Children 3.21 1.3 0.53 3.21E05 5.51E08 3.22E05
Adult female 4.94 1.53 1.17 1.43E04 2.51E07 1.43E04

F3  Adult male 4,94 1.53 117 1.12E04 1.35E07 1.13E04
Children 4.94 1.53 1.17 5.24E05 9.00E08 5.25E05
Adult female 3.82 1.38 0.39 9.86E05 1.73E07 9.88E05

F4  Adult male 3.82 1.38 0.39 7.75E05 9.34E08 7.76E05
Children 3.82 1.38 0.39 3.62E05 6.20E08 3.62E05
Adult female 5.16 1.41 1.84 1.64E04 2.87E07 1.64E04

F5 Adult male 5.16 141 1.84 1.29E04 1.55E07 1.29E04
Children 5.16 141 1.84 6.01E05 1.03E07 6.02E05
Adult female 2.55 1.35 0 5.98E05 1.05E07 5.99E05

F6 Adult male 2.55 1.35 0 4. 7005 5.66E08 4.70E05
Children 2.55 1.35 0 2.19E05 3.76E08 2.20E05
Adult female 2.24 0.95 0 5.25E05 9.21E08 5.26E05

Dry F7 Adult male 2.24 0.95 0  4.12E05 4.97E08 4.13E05
Children 2.24 0.95 0 1.92E05 3.30E08 1.93E05
Adult female 3.08 1.43 0.61 8.64E05 1.52E07 8.66E05

F8 Adult male 3.08 1.43 0.61 6.79E05 8.19E08 6.80E05
Children 3.08 1.43 0.61 3.17E05 5.44E08 3.18E05
Adult female 2.71 1.03 0.47 7.45605 1.31E07 7.46E05

F9  Adult male 2.71 1.03 0.47 5.85E05 7.06E08 5.86E05
Children 271 1.03 0.47 2.73E05 4.68E08 2.74E05
Adult female 3.45 1.62 0 8.09E05 1.42E07 8.10E05

F10 Adult male 3.45 1.62 0 6.35E05 7.66E08 6.36E05
Children 3.45 1.62 0 2.97E05 5.09E08 2.97E05
Adult female 2.83 1.84 1.36 9.82E05 1.72E07 9.84E05

F11 Adult male 2.83 1.84 1.36 7.72E05 9.30E08 7.72E05
Children 2.83 1.84 1.36 3.60E05 6.18E08 3.61E05
Adult female 3.65 1.33 1.14 1.12E04 1.97E07 1.12E04

F12 Adult male 3.65 1.33 1.14 8.81E05 1.06E07 8.82E05
Children 3.65 1.33 1.14 4.11E05 7.05E08 4.12E05
Adult female 3.88 1.71 1.26 1.20804 2.11E07 1.21E04

F13 Adult male 3.88 1.71 1.26 9.46E05 1.14E07 9.47E05
Children 3.88 1.71 1.26 4.41E05 7.57E08 4.42E05
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Wet

F14

F15

F16

F17

F18

F20

F1

F2

F3

F4

F5

F6

F7

F8

F9

Adult female
Adult male
Children
Adult female
Adult male
Children
Adult female
Adult male
Children
Adult female
Adult male
Children
Adult female
Adult male
Children
Adult female
Adult male
Children
Adult female
Adult male
Children
Adult female
Adult male
Children
Adult female
Adult male
Children
Adult female
Adult male
Children
Adult female
Adult male
Children
Adult female
Adult male
Children
Adult female
Adult male
Children
Adult female
Adult male
Children
Adult female
Adult male

3.92
3.92
3.92
4.63
4.63
4.63
5.04
5.04
5.04
5.13
5.13
5.13
5.59
5.59
5.59
5.35
5.35
5.35
3.24
3.24
3.24
2.66
2.66
2.66
4.34
4.34
4.34
2.49
2.49
2.49
4.83
4.83
4.83
2.13
2.13
2.13
1.87
1.87
1.87
2.92
2.92
2.92
1.97
1.97

1.98
1.98
1.98
15
15
15
141
141
141
1.48
1.48
1.48
1.27
1.27
1.27
1.52
1.52
1.52
1.25
1.25
1.25
1.13
1.13
1.13
1.09
1.09
1.09
1.02
1.02
1.02
1.07
1.07
1.07
1.12
1.12
1.12
0.92
0.92
0.92
1.38
1.38
1.38
0.87
0.87

0.68
0.68
0.68
0.49
0.49
0.49
0.6
0.6
0.6
1.17
1.17
1.17
1.22
1.22
1.22
141
1.41
1.41

0.37
0.37
0.37
0.72
0.72
0.72

1.26
1.26
1.26

o O O O

0.44
0.44
0.44

1.08E04
8.47E05
3.95E05
1.20E04
9.42E05
4.40E05
1.32E04
1.04E04
4.84E05
1.47E04
1.16E04
5.41E05
1.59E04
1.25E04
5.84E05
1.58E04
1.24E04
5.80E05
7.59E05
5.96E05
2.78E05
7.10E05
5.58E05
2.60E05
1.18E04
9.31E05
4.34E05
5.83E05
4.58E05
2.14E05
1.43E04
1.12E04
5.23E05
4.99E05
3.92E05
1.83E05
4.38E05
3.44E05
1.61E05
7.87E05
6.19E05
2.89E05
4.62E05
3.63E05

1.89E07
1.02E07
6.78E08
2.10E07
1.14E07
7.54E08
2.32E07
1.25E07
8.30E08
2.59E07
1.40E07
9.27E08
2.79E07
1.51E07
1.00E0Q07
2.78E07
1.50E07
9.95E08
1.33E07
7.19E08
4.77E08
1.24E07
6.72E08
4.46E08
2.08E07
1.12E07
7.45E08
1.02E07
5.53E08
3.67E-08
2.50E07
1.35E07
8.96E08
8.76E08
4.73E08
3.14E08
7.69E08
4.15E08
2.76E08
1.38E07
7.46E08
4.95E08
8.10E08
4.37E08

1.08E04
8.48E05
3.96E05
1.20E04
9.43E05
4.40E05
1.32E04
1.04E04
4.85E05
1.48E04
1.16E04
5.42E05
1.60E04
1.25E04
5.85E05
1.59E04
1.24E04
5.81E05
7.60E05
5.97E05
2.79E05
7.11E05
5.58E05
2.61E05
1.19E04
9.32E05
4.35E05
5.84E05
4.59E05
2.14E05
1.43E04
1.12E04
5.23E05
5.00E05
3.93E05
1.83E05
4.39E05
3.45E05
1.61E05
7.89E05
6.19E05
2.89E05
4.62E05
3.63E05
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Children 1.97 0.87 1.69E05 2.90E08 1.70E05
Adult female 1.29 1.17 3.03E05 5.32E08 3.04E05
F10 Adult male 1.29 1.17 2.38E05 2.87E08 2.38E05
Children 1.29 1.17 0 1.11E05 1.91E08 1.11E05
Adult female 2.43 1.27 0.85 7.68E05 1.35E07 7.70E05
F11 Adult male 2.43 1.27 0.85 6.04E05 7.28E08 6.04E05
Children 2.43 1.27 0.85 2.82E05 4.83E08 2.82E05
Adult female 3.31 1.37 0.86 9.77E05 1.71E07 9.78E05
F12 Adult male 3.31 1.37 0.86 7.67E05 9.25E08 7.68E05
Children 3.31 1.37 0.86 3.58E05 6.14E08 3.59E05
Adult female 2.91 1.25 1.08 9.23E05 1.62E07 9.24E05
F13 Adult male 291 1.25 1.08 7.25E05 8.74E08 7.26E05
Children 291 1.25 1.03 3.38E05 5.80E08 3.39E05
Adult female 3.39 1.83 0.41 8.91E05 1.56E07 8.92E05
F14 Adult male 3.39 1.83 0.41 7.00E05 8.44E08 7.01E05

o O O

Children 3.39 1.83 0.41 3.27E05 5.60E08 3.27E05
Adult female 4.56 0.81 0 1.07E04 1.87E07 1.07E04
F15 Adult male 4.56 0.81 0 8.38E05 1.01E07 8.39E05
Children 4.56 0.81 0 3.91E05 6.71E08 3.92E05

Adult female 4.48 1.35 0.47 1.16E04 2.03E07 1.16E04
F16 Adult male 4.48 1.35 0.47 9.11E05 1.10E07 9.12E05
Children 4.48 1.35 0.47 4.25E05 7.29E08 4.26E05
Adult female 5.07 1.42 105 1.43E04 2.51E07 1.44E04
F17 Adult male 5.07 1.42 1.05 1.13604 1.36E07 1.13E04
Children 5.07 1.42 1.05 5.25E05 9.01E08 5.26E05
Adult female 5.54 1.19 1.02 1.54E04 2.69E07 1.54E04
F18 Adult male 5.54 1.19 1.02 1.21E04 1.45E07 1.21E04
Children 5.54 1.19 1.02 5.63E05 9.65E08 5.64E05
Adult female 5.23 1.44 1.27 1.52E04 2.67E07 1.52E04
F20 Adult male 5.23 1.44 1.27 1.20E04 1.44E07 1.20E04
Children 5.23 1.44 1.27 5.58E05 9.57E08 5.59E05

Table 19 provides the seasahaverages across all fumaroles. During the dry season,
children exhibited average CR values of 4.09 & ®tal), adult males 8.76 x )éand
adult females 1.14 x t@aun the wet season, mean CRs decreased to 2.8108d0
children, 5.97 x 1@ &or adult males, and 7.60 x @®or adult females. Dermal
contributions remained negligible in both seasdgpically between 1@ Yand 1@o,Y

representing less than 1% of total CR values.
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Table 19

CarcinogenicRisk(CR)Vaues for As, Cd, and Pb i@ondensates Across Seasons

Season Parameter Value
CRoral Children 4.08E05
CRdermalChildren 7.01E08
CRtotal Children 4.09E05
CRoral Adult male 8.75E05

Dry  CRdermal Adult male 1.06E07
CRtotal Adult male 8.76E05
CRoral Adult female 1.11E04
CRdermal Adult female 1.95E07
CRtotal Adult female 1.12E04
CRoral Children 3.36E05
CRdermal Children 5.77&08
CRtotal Children 3.37E05
CRoral Adult male 7.21E05
Wet  CRdermal Adult male 8.69E08
CRtotal Adult male 7.21E05
CRoral Adult female 9.17E05
CRdermal Adult female 1.61E07
CRtotal Adult female 9.19E05

Discussionof LCR Indices Values

The CR values demonstrate that oral ingestion is the dominant carcinogenic pathway,
while dermal exposure contributes negligibly. For instance, at F3 (dry season), children
recorded CRa= 5.24 x 100 &nd CRema = 9.00 x10w,Yielding a total of 5.25 x 10.6

Adult males at the same site recorded a total CR of 1.13mufi®arly double that of
children, yet with dermal exposure still accounting for less than O0A9%imilar
dominance of oral exposure has been widely mtegoin groundwater and geothermal
healthrisk studies, where ingestion accounted for over 95% of total wiskke dermal

contact was negligible
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The casestudy of the Koche River by Temesgen et al. (2024) found that oral ingestion
contributed approxintaly 99.55% of the total carcinogenic and reamcinogenic risk in

adults and 97.85% in children, with dermal exposure accounting for only a marginal
fraction of therisk. Their study confirmed that ingestion remains the critical pathway of
concern in commnities reliant on contaminated waters. Similarl2024), while
assessing the health risks of trace metals in the drinking water of Isfahan, Iran, reported
that ingestion exposure pathways dominated carcinogenic risk calculations, whereas

dermal exposurevasseveral orders of magnitude lower.

At F18 (dry season), adult females recor@®d,, = 2.02 x 1@ éompared withCRyermal

= 3.39 x 1@0,¥showing dermiacontact contributed less than 0.2¥hese patterns align

with findings in Italy and Iran, where dermal pathways contributed on average less than

5% of carcinogenic riskAlidadi et al., 2019; Cocca et al., 202@hildren consistently

exhibited higher risks relative to body size. For example, at F5 (dry season), children
recordedCRy, = 6.87 x 1@0,8while adult males recorded 1.49 xui@Although adult

ri sks appear higher in absolute terms, chi

perkilogram exposure is proportionally greater, making them the more vulnerable

group.

Among adults, femals exhibited the highest absolute CR values across both seasons.
This outcome is largely due to parameter differences in the exposure model. Feadales

alower average body weight (55 kg) than males (7Q kgj the same ingestion rate (1.5

Lday™). As aresult, the same intake translates into a higher dose per kilogram of body
mass, elevating risk estimates. For instance, in the dry season, adult females averaged
CRora = 1.14 x 100 @ompared to 8.76 x @& males (Table 42) . This a30% h

risk reflects the weighnormalization effect rather than differences in intake volume.
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Comparable patterns of higher female fislkve also been observed in Italy, attributed to
lower bodymass and &igher effective dose per unit intakéocca et al., 2024While
dermal exposure contributes minimally, the larger skin surfacarafemales relative to

body mass further enhances thesk marginally.

Seasonal variation was also evident. I9eason risks were consistentlyi 30% higher
thanwetseason risks across receptor GRfaOUPS.
decreased from 4.09 x @0gdry) to 2.81 x 16 Gwet), while adlt females dropped from

1.14 x 1@ @ry) to 7.60 x 16 @wet). Highrisk fumaroles included F17 and F18, where
adult female totals exceeded 1.9 >wl@vhereas lowisk fumaroles such as F6 and F7
recorded chil dr enos w6HRr examje,(2022), foura Ithatin a2 . 5
rural village in the Eastern Cape, South Africa, several metals (Arsenic, chromium,
vanadium) showed elevated concentrations and health risk indicessealign samples

relative to wetseason samples.

The findings highlight thiachildren are the most vulnerable group relative to body size,
while adult females exhibit the highest absolute risks due to lower body weight and
consequent higher exposure per unit mass. Dermal contributions remained negligible

across all cases, undessing ingestion as the principal exposure route.

Table20 below provides an integrated classification of fumarolic vents into Background,
Moderate, and Hotspot clusters based on recepecific and seasespecific total
lifetime cancer risk (CRw). The classification employed USEPA thresholds, where CR
values < 1.0 x 1 &re negligible, between 1.0 x @i@nd 1.0 x 1@ @re considered

acceptable, and > 1.0 x@@ire categorized as high rifdSEPA, 2011)

The results demonstethat no fumarole felhto the negligible risk category, indicating

that all vents posseome carcinogenic risk to exposed populations. The majority of vents
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were clustered in the Moderate (acceptable) category, with CR values ranging between
10w And 1@wo These vents, located mainly in the outer caldera and peripheral zones (F2,
F4, F6 F9, F10, and F11), therefore represent sites where the risk, whiieegbgible,

is still within an internationally recognized range of tolerabilBomparable findings

have beemeported in groundwater and geothermal systems in Iran and Ethiopia, where
most sites were classified in the moderate CR band, yet remaiboee negligible risk
(Moradnia et al., 2024; Temesgen et al., 208)ch vents can therefore serve as
background sites, providing benchmarks for lbeign monitoring and comparative

analysis.

In contast, Hotspot vents (notably F5, F17, F18, and F20) consistently exceeded the
10w dhreshold, especially during the dry season. These vents are concentrated in the
inner caldera, an area of high geothermal intensity and active hydrothermal alteration.
The elevated CR values are largely ingestiomen, a trend consistent with studies

the Wairakei (New Zealand) geothermal field, where hydrothermal discharges led to
elevated arsenic and fluoride ingestion risks that surpassed USEPA thrdstmolliss

et al., 2011) Their classification as hotspots underscores their significance as priority

sites for public health interventions, since the risks exceedPUSBEs upper acce

limit (Kumar et al., 2025; Molin&rechero et al., 2020)

The classifiation reinforces the need for sipecific management strategid¢wtspot
vents require immediate mitigation measures, such as health risk communaradion
alternative water provision, while background vents should be maintained as sentinel

monitoring sies for longterm environmental surveillance.
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Table 20

Season/Receptddased Clustering of Fumaroles According to Carcinogenic Risk

Risk Risk
Seasol Receptor CRtotal Cluster Samples
Limit Category
Adult 1.35E _ F1, F12, F13, F14, F15, F16
Dry > 1.0e04 Hotspot High
female 04 F17, F18, F20, F3, F5
Adult 7.99E 10 © F10, F11, F2, F4, F6, F7, F8
Dry -, Moderate Low
female 05 10 F9
1.19E _
Dry  Adult male 04 > 1.0e04 Hotspot High F16, F17, F18, F20, F3, F5
7.34E 10 © F1, F10, F11, F12, F13, F14
Dry  Adult male -, Moderate Low
05 10 F15, F2, F4, F6, F7, F8, F9
] F1, F10, F11, F12, F13, F14
_ 4.09E 10 °-
Dry  Children 05 10 Moderate  Low F15, F16, F17, F18, F2, F20
F3, F4, F5, F6, F7, F8, F9
Adult 1.33E . F15, F16, F17, F18, F20, F3
Wet > 1.0e04 Hotspot High
female 04 F5
Adult 6.76E 10 ° F1, F10, F11, F12, F13, F14
Wet -, Moderate Low
female 05 10 F2, F4, F6, F7, F8, F9
1.16E _
Wet  Adult male 04 > 1.0e04 Hotspot High F17, F18, F20, F5
] F1, F10, F11, F12, F13, F14
6.04E 10
Wet  Adult male 05 10 Moderae Low F15,F16, F2, F3, F4, F6, F7,
F8, F9
i F1, F10, F11, F12, F13, F14
_ 337E 10 &
Wet  Children 05 10 Moderate  Low F15,F16, F17, F18, F2, F20,

F3, F4, F5F6, F7, F8, F9

Figurel8illustrates the sitspecific carcinogdn risk classification of fumarolic vents at
Mt. Suswa during both dry and wet seasons, based on total lifetime carcinogenic risk
(CRwta)- The classification follows the USEPA thresholds: negligible risk 30

acceptable risk (I0RL0w)pand high rik (>10w)w
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The analysis reveals that no fumarolic vent falls within the negligible category,
underscoring that all condensates pose-tngral carcinogenic risks. The majority of
vents, particularly those situated along the outer caldera and peripheesl &1, F2,

F4, FG F10, F11, F12, F13, F14, and F15), fall within the acceptable risk rangad(10
10m)wThese vents, represented by orange bars, establish the baseline or background risk

against which elevated risk sites can be compared.

Conversely, fumalic vents located within the inner caldera (F5, F17, F18, and F20)
consistently exceed the @athreshold, classifying them as higkk hotspots. These
sites, indicated in red, exhibit carcinogenic risks primarily driven by elevated
concentrations of A®b, and CdThe persistence of higlisk levels across both seaspns
though more pronounced in the dry season due to evaporative concentration

demonstrates the stability of hotspot conditions.

From a spatial perspective, the clear separation between caltiera (acceptable) and
inner caldera (hotspot) vents reflects the strong influence of geothermal intensity and
hydrothermal activity on contaminant mobilization. From a seasonal perspective, most
acceptable vents show slight decline€iRqt duringthe wet season, reflecting dilution
by rainfall recharge, while hotspot vents remain persistently above theriskgh

threshold.
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Figure 18

Site Specific Risk Classification of Fumarolic Vents during Dry and Wet Seasons
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The objective of this study was to evaluate the potential human health risks posed by
exposure to heavy metals (arsenic, mercury, lead, and cadmium) present in fumarolic
condensates within the Mt. Suswa area. This was operationalized through caicinoge
risk assessment (Tablé3i 20; Figures19) that integrated sitspecific concentrations,

receptor exposure parameters, and USEPA risk thresholds.

Accordingly, the research objective has been fully achiethesl study has quantified
carcinogenic risksidentified the most vulnerable receptor groups, and differentiated
between background and hotspot vents. Likewise, the research qu¥¢hahare the
potential human health risks associated with exposure to heavy metals in fumarolic
condensates within thdt. Suswaarea?) has been conclusively answered. The evidence
indicates that fumarolic condensates in Mt. Suswa presernegiigible to high health
risks, particularly ingesticdriven cancer risks at hotspot vents, thereby providing a
clear scientificbasis for risk management, policy interventions, and community health

protection in thestudy area.
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Triangulation of Quantitative andQualitative Findings

The triangulation of laboratory results with community narratives provides a coherent
understandingfeexposure and vulnerability in Mt. Suswa. Quantitative analyses showed
that arsenic (As) and cadmium (Cd) ingestion contribute most to carcinogenighrikek
fluoride dominates noenarcinogenic outcomes. These patterns are similar to findings by
(2023), who report that children face elevated A@mcinogenic risks from ingesting
fluoride in geothermal waters, and by Abdipour et al., who identify that rural water
supplies exceed WHO fluoride guidelines and affdetmales and children

disproportionately.

For example, hotspot vents recorded the ésglexceedances: fluoride concentrations
reached 3.84ngL™* at F13 (dry), 3.5TngL™ at F18, 3.32ngL™" at F2® each more than
double the WHO 1.5mgL™ guideline. These findings were reinforced by household
survey data on daily ingestion of condensates d&ydwidespread reports of dental
fluorosis in both children and adult€Community reports of tooth discoloration and
suspected fluorosis in both children and adults ediservations of endemic fluorosis in
QinghaiTibet geothermal areas, where fluoride disvin confined geothermal water

exceedsafe levelgLiu et al., 2023)

Arsenic concentrations at F18 (5.6 L™ dry) and F20 (5.3%g L™ dry) approach half
the WHO limit (10pg L™), leading to LCR values up to 2.3 xi@or adult femaled
above the USEPA i uplpewThisaarespgnds ad findingky o f
KhosraviDarani et al. (2022)n studiesrelated toArsenic Exposure via Contaminated
Water and Food Source®022) , which underscore arsenic ingestion as a primary

cancer risk driver in many exposed populations

The carcinogenic risk (CR) analysis demonstrated #dult females bore the highest

absolute risk values (1.12 x @w@in the dry season; 9.19 x @w®n the wet season),
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followed by adult males (8.76 x @0&8ry seasohand children (4.09 x 10 & thedry).
These differences are consistent with previous risk assessments showing thatagehder
agerelated physiologicatlifferences (lower body mass in females and higher iriake
weight ratios in children) amplify exposure burdens in vulnerable gr(Rgisva et al.,

2023)

Despite these elevated risks, community awareness of invisible contaminants such as
arsenic and cadmium remained very low. Residents frequently described condsnsate
Afresho or @ s akidted heodausa tiid abserce of altercadve gake water
sources. Reported coping measures, including boiling or dilution with rainwater, were
ineffective in reducing heavy metal risks because dissolved contaminants are not

removed by these practices.

Thetriangulated analysis validated the robustness of the risk assessment while anchoring
the results in the realities of household water use in Mt. Suswa. This enhances the
validity, policy relevance, and applicability of the findings, providing a strong basis

interventions that combine technical solutions (water treatment and alternative supply

systems) with communitgentered strategies (education, participation, and governance).
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CHAPTER FIVE

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

5.1Introduct ion

Thi s chapter presents a synthesis of t he
recommendations. The discussion is structured to align with the study objectives and
builds on the results and analyses presented in Chapter Four. Section 5.2 suminearizes t
major findingsfor each research objective; Section 5.3 draws conclusions based on both
guantitative and qualitative evidence; aSdction 5.4 outlines recommendations for

policy, practice, and future research. This structured approach ensures cola@ence
provides a logical link between the study objectives, findings, and their broader

implications.

5.2Summary of the Findings

5.2.1PhysicaChemical Parameters and Heavy Metal Concentrations

The studyfound that fumarolic condensates from vents witlitn Suswa exhibited pH
values ranging from moderately acidic to reautral (5.527.37) and temperatures from
42.3°C to 74.5°Ccharacteristic of geothermal systems. Electrical conductivity varied
between 4.9351.22 pS, while total dissolved solids rangedm 2.4325.6 mgL™
reflecting different levels of mineralization across vents and seasons. Major csitioms

as sodium, potassium, calcium, and magnesium, were detected at appreciable levels, with
sodium concentrations reaching 33.29 iy Among tte anions, fluoride levels were
consistently elevated, peaking at 3r8gL™ at F13 during the dry seas@xceeding the
WHO/NEMA permissible limit of 1.5 mgll by more than twiceHeavy metal analyses
further revealed the presence of arsenic (5&@pug L™), cadmium (0.371.41pg L™,

and lead (0.811.98ug L) across most vents, while mercury remained below detection
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limits. Although arsenic and cadmium values did not exceed WHO guidelines, several
readings approached critical thresholds, highlighting potential for chronic health

risks.

5.2.2Correlations and Hotspot Identification through Geospatial Analysis

Correlation analysis revealed significant associations among selected parameters,
particularly between fluoride and other anions (chloridel aulphate), indicating
common geochemical mobilization pathways within the fumarolic system. Geospatial
analysis using Inverse Distance Weighting (IDW) interpolation identified distinct
contamination hotspots at vents F13, F18, and F20, which consistxhilyited the
highest fluoride (>3mg L%), arsenic (>5pg L?%), and cadmium (>1pg L%
concentrations. In contrast, background vents such as F1, F2, and F6 showed relatively
lower values but still recorded fluoride levels above the WHO limit, suggesting
widespread baseline exposure risk. Seasonal variations were also observed, with higher
contaminant concentratiorturing the dry season, likely due to reduced dilution from
rainfall and greater household rel@ on condensates. The spatial distributions
confirmed that exposure risks are clustered around hotspot vents but extend across the

broader fumarolic field.

5.2.3Human Health Risk Evaluation

The human health risk assessment demonstrated that ingestion was the dominant
exposure pathway, while ednal contact contributed negligibly to overall risk.
Carcinogenic risk (CR) values for arsenic and cadmium ingestion indicated elevated
risks across receptor groups. For children, CR values ranged between 3.@&wel0
season) and 4.09 x @0gdry seaen), while adult males recorded values of 7.21 & 80

(wet season) and 8.76 xui@dry season). Adult females exhibited the highest absolute

risk, with a CR value of 1.12 x tdauring the dry season, exceeding the USEPA upper
154



acceptable threshold of 1 %0w.wThese quantitative results were reinforced by
qualitative findings: household surveys confirmed daily reliance on fumarolic
condensates for drinking and cooking, widespread reports of dental discoloration and
suspected fluorosis, and low awarenessneisible contaminants such as arsenic and
cadmium. Coping mechanisms such as boiling or mixing condensates with rainwater

were ineffective, leaving households structurally vulnerable to exposure.

5.3Conclusions

This study set out to assess the spsg@sonal variations in heavy metal contamination
and the potential health risks associated with fumarolic condensates in Mt. Suswa. The

findings lead to several important conclusions.

Based on the findings of objective one, the study concluded that theguhemical
characteristics of fumarolic condensates at Mt. Suswa vary significantly across vents and
seasons. The condensates were moderately acidic to near neutral, with elevated
temperatures and variable mineralization. Fluoride levels frequently escc&¢HO and

NEMA limits, while arsenic, cadmium, and lead were also detected at concentrations
approaching guideline thresholds. These results demonstrate that the condensates are
chemically enriched and may pose health risks when relied upon as domdstic wa

sources.

As regards to objective two, it was concluded that heavy metal contamination showed
clear spatial and seasonal variability, with geospatial analysis identifying contamination
hotspots at vents F13, F18, and F20. Contaminant concentrationscaresistently

higher during the dry season, likely due to reduced dilution from rainfall and increased

dependence on condensates. Even vents considered to have lower contamination
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exceeded safe fluoride limits, indicating that exposure risks are widesanehdot

confined to the most contaminated sites.

Based on the findings of objective three, the study concluded that communities that
dependon fumarolic condensates are exposed to significant health risks, primarily
through ingestion. Carcinogenic risk lwves, especially for adult females, exceeded
USEPAOGsSs acceptabl e | i mit scardinogenicirigks linkedtod r y
fluoride were notably high in hotspot vents. These risks aligned with community
reported symptoms such as dental discolonadnd suspected fluorosis. Low awareness

of invisible contaminants like arsenic and cadmium, coupled with ineffective coping

strategies such as boiling or mixing condensates, further heightened vulnerability.

The studyestablishes that fumarolic condetesain Mt. Suswa are enriched with
contaminants, vary acros@nts and seas@) and pose significant health risks to the
dependent community. The integration of quantitative laboratory analyses with
gualitative community evidence confirms that risk is boteasurable and observable,
reinforcing the urgency for interventions. Addressing these risks requires not only
technical solutionssuch as the provision of alternative water supplies and treatment
technologies, but also communitgntered strategies, inding health education,

awarenessaising and participatory governance frameworks.

5.5Recommendations

The findings and conclusions of this study highlight the urgent need for coordinated
interventions to address the environmental and public healtls Askociated with
reliance on fumarolic condensates in Mt. Suswa. To safeguard community health and

promote safer wateuse practices, the following actions are recommended:
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Provide safe alternative water sourcesch as boreholes, piped water systems,
ard rainwater harvesting facilities, to reduce net@ on contaminated
condensates.

Install communitylevel water treatment systems and promote affordable
householescale technologies capable of removing fluoride and trace metials

as the use of bone @h

Strengthen the mapping and monitoring of contamination hotspots, supported by
an earlywarning system and enhanced seasonal surveillance of fumarolic
condensates.

Implement comprehensive public health educatiawareess and risk
communication progragrelated to exposure to heavy metals.

In future studies, conduct ecological resealevaluate the impacts of heavy
metal deposition on soil, vegetation, and local wildlife, thereby expanding

scientific understanding of broader environmental risks.
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APPENDICES

Appendix I: Introductory Letter

Dear Participant,

My name isGideon Yator, a Master of Science in Environmental Science student at
Kabarak University. | am condughg a research study titted:As sess men-t of S
Seasonal Variations in Heavy Metal Contamination and Health Risks of Fumarolic

Condensates in Mt. Suswa, Kajiado County,

This study aims to gather infor mmardimn on
condensate water sources, patterns of use, and potential health risks associated-with long
term exposure to heavy metals. The information collected through this questionnaire will

be used strictly for academic and scientific purposes to help tadérenvironmental

and public health risks and support sustainable water resource management.

Your participation in this research is entirely voluntary, and your responses will remain
strictly confidential. No names or identifying personal information télused in the

reporting of findings.

Thank you for taking the time to contribute to this important research.

Yours sincerely,

Gideon Yator
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Appendix Il : Household Head Survey Questionnaire for Kisharu Residents

Introduction

Dear Respondent,

Thankyou for participating in this survey. We are studying the potential health effects of
consuming water from fumarolic condensates in your area. Your responses will help us
understand community experiences and improve local health and environmental
knowledge Participation is entirely voluntary. You may skip any question or stop the
survey at any point without any consequenédlsanswers are confidential and will be
used only for research purposes. This will take aboditSlMinutes.

Date:
Household Head D:

Location:
SECTION A. Demographic and Water Usage Patterns

Pl ease tick (&) the appropriate response.

1. What is your age, sex, and primary occupation?

Age: years

Sex: Mal e Femal e Ot her
Level of Education: No f or mal educati on Primary
Occupation: Far mer Her der H oS eundaeknet r Tr ad

Ot her (speci fy):

2. How far is your home from the nearest fumarole vent?
Less t hia2rkm 1 i&km Madre than 5 km

3. What is your householdés primary drinki

Fumarole condensate (specMent v3ent:Oth
_ )

Tap water Borehol e Bottled water
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4. How often and how much does your household use fumarolic condensate?

Frequency of drinking: Dai | vy Weekl y Rarely N €
Amount daily: Less t tera n-4 latere -B Liters Mor e than
Liters

Otheruses: Bat hi ng Washing Cooking Ot h

5. How long have you been using this condensate as a water source?

Less t hahyeds vyi&Oayears More than 10 years
B. Exposure Pathways and Risk Perception

6. Do you treat fumarolic condensate before drinking it?

Yes, I boi l it Yes, [ filter it Y

7. How often do you bathe or wash with fumarolic condensate?

Once a day Than twiee aday d &®*@ar el Mor e Never

Average duration per session:
Less thal®mid mMor e thhan 10 min

8. What do you think about the safety of fumarolic condensate?
Do you believe fumarolic condensate is safe to drink??

Very safe Sbnnseawfhea t Dsoanféet k n o w

Are you aware of any health riskéof example heavy metals) linked to

fumarolic condensate?

Yes (source: Family Heal t h worker
N o Unsur e
9. Are there cultural or spiritual beliefs about fumarolic water in your
community?
Y eFer.examfiple healing powers, Explain: ) No Unsur e

C. Health and Environmental Concerns

10.Have you or your household experienced these symptoms since using

fumarolic condensate? (Check all that apply)

He aed acMhausea Skin rashes Kidney p:
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St omach pain Breathing difficulties

If yes, when did the symptoms begin? (Month/Year):

11.Do symptoms vary by season??

Yes, worse in fHRmuag)ry season (January
Yes, worse in itApri@ wet season ( March
No change Unsur e

If yes, describe the differences:

12.Have you sought medical help for these symptoms?

Yes N o

If yes, what diagnosis or treatment was priésct?

13.Has anyone in your household been diagnosed with a chronic condition?

Yes (Age: ____, Condition: _
Prefer not to say
14.How concerned are you about health risks from water use?
Not concerned Slightly Moderately Very Extremely

D: Socio-Economic Factors and Solutions

15.Does your household have access to alternative water sources?

Yes, al ways Yes, someti mes N o
16.How much does your household spend on water each month?
Not hi ng s f rLeees ss otuhracne KS HIO®O O Mo r & StHh &
KSH 1000
17.How difficult is it for your household to afford safe drinking water?
(For example filtered, boiled, bottled, or piped wader
Not difficult Slightly Moderately Very Extremely
18.What would you do to ensure safer water? (Check all that apply)

Switch water sour ce Treat water
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|l s there anything el se youoddhedth d¢omcerns o

observations, or suggestions?

s h a

Appendix II: Interview Guide for Village Elder in Kisharu Siimcation

Introduction (to be read to the informant)

Thank you for agreeing to participate in this interview. | am researching the potential
health effects of heavy metal exposureni fumarolic condensates used as a water
source in Kisharu sulmcation, which has a population of 720 people across three
villages. As a respected elder and community leader, your knowledge of household
practices and experiences is invaluable in helpisgunderstand how the use of
condensate water from the five local vents may affect health. This interview will take
approximately 2030 minutes. Your responses will be kept confidential and will be used
solely for research purposes. Please feel free te stoarr insights openly.

Date:

Interviewer:

Informant Name & Role:

Village Represented:

Section A: Background and Context
1. Canyou describe your role in the village and how long you have served as a

leader or eld&r

2. Wha is the history cultural beliefsof households using water from the ten

fumarolic vents in Kishar
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Section B: Community Practices and Condensate Use
3. How common is it for households in your village to rely on condensates from the

vents as a water soufte

4. Are thereany traditional or cultural beliefs in your community about the use of

condensate water from these vénts

5. Have you observed any changes in how households use condensate water from

the vents over the pastB) year8

Section C: Health Perceptions andcCommunity Awareness

6. Have people in your village ever mentioned health problems they think might be

related to drinking or using condensate water from the vents?

7. Do you observe differences in health complaints between the dry and wet seasons

that may be related to condensate?use

8. Have there been any serious illnesses or deaths in your village that people

attribute to water from the vents, even informally?

Section D: Community Awareness and Responses
9. How aware do you think your village is of potential risks from using fumarolic

condensate water, suak heavy metal contamination?
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10.When people suspect illness from the water, what actions do they usually take?

(home remedies dalth facility visits, cultural practices)

Section E:Coping Strategies and Recommendations
11.What traditional or practical method® households use to make condensate
water safer for example boiling, mixing with other water sources, limiting

chil drenbés wuse)?

12.What do you think could be done to improve water safety in your village?

13.Whatrole do elders and cultural leaders play in guidimg community on safe

water practices?

Section F: Closing
13.Is there anything else you would like to share about water use, kealtkerns, or

community experiences in Kisharu that has not been covered?

Closing Statement:

Thank you for your time and wisdom. Younsights will greatly enhance our
understanding of how condensate use might affect health in Kisharu and help guide
potential solutions.

If follow -up questions arise, may | contact you again? [Record resgpngesny No]
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Appendix I'V: Interview Guide for the Chief in Kisharu Sddocation

Introduction (to be read to the informant)

Thank you for taking the time to participate in this interview. | am conducting research
on the potential health effects of heavytah@xposure from fumarolic condensates used
as a water source in Kisharu sialcation, which has a population of approximately 720

people across three villages.

As a senior local administrator, your insights are essential in understanding community
goverrance, water use practices, health concerns, and any interventions in place to
address potential risks. This interview will take approximately8BR0minutes, and your
responses will remain confidential, used solely for research purposes. Please feel free to
share your perspectives openly

Date:

Interviewer:

Informant Name & Role:

Village Represented:
Section A: Background and Administrative Responsibilities

1. Can you describe your role as chiefrelation to water accessid how long you
have served in thigosition?

2. From your perspective, what is the history of households using water from the ten

fumarolic vents in this area?

3. How widespread is household reliance on fumarolic condensates today?
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Section B: Community Practices and Challenges
4. What challenges have you observed in water access for households in Kisharu

(for example, shortages, seasonal dependence, cost)?

5. Are there any cultural or community practices that shape how households use

condensate water from the vents?

6. Have you noticed any changes in water use patterns over the years?

Section C: HealthConcerns and Reports
8. Have you received any reports or complaints from residents about health issues

they associate with using condensate water?

9. Are there any observed differences in health concerns between the dryasshson

the wet seas®

10.From an administrative perspective, have there been cases of illness or deaths that

residents informally attribute to condensate water?

Section D: Community Awarenessand Governance
11.How aware do you think community members are of potential risks, such as

contamination of fumarolic condensates?
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12.What steps, if any, has the local administration taken to educate the community

on water safety and potential health risks?

13.Have government agencies or NGOs ever raised concerns or conducted

interventions regarding water from fumarolic vents in this area?

Section E: Policy and Recommendations
15.From your perspective, do you think condensate water from the vents affects

peopl eds health in Kisharu? Why or why

16.What interventions or policies would you recommend to improve safe water

access in your community?

17.In your view, what roles should local leadership, public health officers, and

government agencies play in addressing these challenges?

Section F: Closing

19.Is there anything else you would like to add regarding water use, community

health, or governance challenges in Kisharu?

Closing Statement
Thank you for your time and valuable insights. Your perspectives will greatly contribute

to understanding the impact of fumarolic condensate use on community health and help

guide futue interventions.
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Appendix V: Interview Guide for Health Professionalssharu Dispensary

Introduction (To be Read to the Informant)

Thank you for taking the time to participate in this interview. | am conducting research
on the potential health effeat$ heavy metal exposure from fumarolic condensates used
as a water source in Kisharu siaoation. Given your role in healthcare service delivery,
your insights are essential in understanding the health conditions affecting residents and

any potential liks to water quality.

This interview will take approximately 280 minutes. Your responses will remain
confidential and will be used solely for research purposes. Please feel free to share your
perspectives openly

Date:

Interviewer:

Informant Name & Role:

Facility Name:

Years of Experience in Kisharu:

Section A: General Health Trends in the Community
1. Have you observed common health conditions among patients that may be linked
to water use, particularly fumarolic condensatef®r (example, dental

discoloraton)?

2. Do patients ever mention water from fumarolic vents as a possible cause of

illness?

3. Are there differences in the types or frequency of health complaints between the

dry season and the wetason?
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Section B:Awareness and Community Health Education
4. In your opinion, how aware are community members of the potential health risks

associated with using fumarolic condensate water?

5. Has the dispensary or any health authority provided health education or

awareness programs regarding safe water use in Kisharu?

Section C:Responses and Interventions
8. When patients present with symptoms potentially linked to water use, how does

the dispensary responal terms of diagnosis, treatment, or referral?

9. Have there been notable cases of chronic illness that you suspect may be related

to longterm use of fumarolic condensates?

10.What challenges do you face in managing health conditions that could be linked

to environmetal exposures such as contaminated water?

Section D:Insights and Recommendations
11.From your perspective, do you think fumacotiondensates are contributing to

health problems in this community? Why or why not?

12.What measures would you recommend to onprhealth outcomes and ensure

safer water use for residents of Kisharu?
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13. What role should healthcare providers, local legsdand government agencies

play in addressing these issues?

Section F: Closing
17.1s there anything else you would like to addjarding community health, water

quality, or disease trends in Kisharu?

Closing Statement
Thank you for your time and valuahlesights. Your perspectives will greatly contribute
to understanding the health impacts of fumarolic condensate use in Kisharu and guide

future interventions.

190



Appendix VI: Calibration Curves
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Appendix VIII: NACOSTI Research Permit
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RESEARCH LICENSE

i This is to Certify that Mr.. Gideon Yator of Kabarak University, has been licensed to conduct research as per the provision of the

. Science, Technology and Innovation Act, 2013 (Rev.2014) in Kajiado on the topic: ASSESSMENT OF SPATIO-SEASONAL
VARIATIONS IN HEAVY METAL CONTAMINATION AND HEALTH RISKS OF FUMAROLIC CONDENSATES IN MT.
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ABSTRACT

Fumarolic condensates in volcanic terrains often serve as critical water sources for nearby communities but may
contain toxic heavy metals mobilized through magmatic degassing and hydrothermal leaching. This study
evaluated the potential human health risks associated with exposure to selected heavy metals (arsenic (As),
cadmium (Cd), lead (Pb), and mercury (Hg)) in fumarolic condensates from Mt. Suswa, Kenya. Condensate
samples were collected from ten modified fumarolic vents actively used by local residents and analyzed using
an Agilent 5110 ICP-OES for trace-metal quantification. The mean concentrations of As (3.86 ppb), Pb (1.43
ppb), and Cd (0.85 ppb) were all below World Health Organization (2022) and NEMA (2024) limits, while Hg
remained undetected in all samples. The Heavy Metal Pollution Index (HPI) and Heavy Metal Evaluation Index
(HEI) indicated moderate contamination (mean HPI=20.46 + 12.75; HEI = 0.70 = 0.28), with higher enrichment
observed in inner-caldera fumaroles, reflecting stronger magmatic influence. Health-risk assessment following
USEPA (2011) methodology showed that non-carcinogenic hazard quotients (HQ) for As and Cd were below
unity for both adults and children, though relatively higher in children, indicating greater susceptibility to chronic
exposure. The carcinogenic risk (CR) for As ranged from 9.98 x 1075 (F2) to 1.00 x 10~* (F4) for adults and 9.78
x 107° (F10) to 1.92 x 10~° (F6) for children, with the former slightly exceeding the upper USEPA threshold
(1075-107*), suggesting a low but notable lifetime cancer probability from prolonged exposure. Although overall
contamination levels were low, localized enrichment and cumulative exposure may pose health risks to
vulnerable populations. These findings underscore the importance of continuous monitoring, community
education, and sustainable mitigation strategies such as alternative safe-water supplies and affordable point-of-
use treatment technologies in geothermal-affected regions.

Keywords: Mt. Suswa, fumarolic condensates, heavy metals, human health risk

INTRODUCTION

Geothermal and volcanic regions are characterized by extensive hydrothermal activity that releases gases and
condensates enriched with various trace elements and heavy metals. These condensates often provide vital
freshwater sources for surrounding communities, especially in arid or semi-arid volcanic terrains where
alternative supplies are limited. However, geothermal fluids commonly carry toxic metals such as arsenic (As),
cadmium (Cd), lead (Pb), and mercury (Hg), which originate from magmatic degassing, mineral dissolution, and
rock—water interactions (Ayari et al., 2023; Yao et al., 2024). When these metals enter fumarolic waters, they can
accumulate in biota or drinking-water systems, posing long-term health threats even at trace concentrations
(Durowoju et al., 2020; Sunguti et al., 2024)

Globally, geothermal fields such as Rotorua (New Zealand), Aluto—Langano (Ethiopia), and Larderello (Italy)
have been shown to contain elevated levels of As, Cd, and Pb in geothermal discharges that exceed international
drinking-water limits(Morales-deAvila et al., 2023; Sanjuan, 2024). Chronic ingestion or inhalation of these
metals has been linked to systemic and carcinogenic health effects, including skin lesions and keratosis, renal
tubular dysfunction, neurological impairment, and various cancers (Charkiewicz et al., 2023; kaur et al., 2024).

Page 887

195



