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Abstract

Trihalomethanes (THMSs) are regulated disinfection by-products generated when chlorine reacts with natural organic matter and
other reactive precursors in water. Their formation and speciation depend on hydrochemical conditions, halide availability,
climate, and operational disinfection practices. This review examines the interacting factors that may control THM formation in
Zanzibar groundwater, a tropical coastal aquifer system affected by seawater intrusion, sanitation-related pollution, agricultural
activities, high temperatures, and seasonal variability. Peer-reviewed studies published from 2010 to 2025 were synthesized
thematically, with emphasis on seawater intrusion, organic matter and nutrient pollution, climate variability, water hardness and
inorganic chemistry, and local chlorination practices. The evidence indicates that bromide enrichment from saline mixing can
shift THM speciation toward more toxic brominated compounds, while natural and algal organic matter provide reactive carbon
precursors. Warm conditions accelerate halogenation reactions, and carbonate alkalinity and hardness stabilize the chemical
environment in which chlorine reacts with organic matter. Inconsistent chlorine dosing, limited monitoring, and inadequate
precursor removal may further increase disinfection by-product risks. The review identifies major local gaps, particularly the
limited routine measurement of bromide, THMs, and organic-matter reactivity. It concludes that Zanzibar requires
hydrochemically informed monitoring, improved source protection, precursor-removal measures, and adaptive disinfection
strategies that account for spatial and seasonal water-quality variability while maintaining effective microbial control.
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1. Introduction

Trihalomethanes (THMSs) are a major class of disinfection reproductive effects, and organ toxicity [3-5]. The four prin-
by-products (DBPs) formed when chlorine-based disinfect-  cipal THM species, chloroform (CHCIs), bromodichloro-
ants react with natural organic matter (NOM) in water [1-3]. methane (CHBTrCIy), dibromochloromethane (CHBrCl), and
Their occurrence in drinking water systems has raised global bromoform (CHBr3), are commonly detected and regulated in
concern due to established associations with carcinogenicity,  drinking water systems worldwide [6].
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The formation of THMs is governed by a complex interplay
of physicochemical and operational factors, including disin-
fectant dose, pH, temperature, reaction time, halide concentra-
tion, and the composition and reactivity of NOM [1, 7]. Mech-
anistically, THMs are generated via electrophilic substitution
and oxidative degradation pathways involving hypochlorous
acid (HOCI) and, in bromide-rich environments, hypobro-
mous acid (HOBr), which is more reactive toward organic pre-
cursors [8-10]. Consequently, the presence of bromide signif-
icantly alters THM speciation toward more toxic brominated
compounds [11].

Tropical coastal aquifers represent high-risk environments
for THM formation due to the convergence of hydrochemical
and climatic factors. Seawater intrusion introduces halides
such as bromide and iodide, while elevated temperatures en-
hance reaction kinetics, and seasonal variability alters NOM
composition and concentration [12, 13]. These conditions are
particularly pronounced in small island systems, where shal-
low aquifers are highly vulnerable to contamination and sali-
nization [14].

Zanzibar, an archipelago in the Indian Ocean, relies pre-
dominantly on groundwater for domestic and economic activ-
ities [15]. However, groundwater quality is increasingly com-
promised by seawater intrusion, agricultural runoff, inade-
quate sanitation, and climate variability [16-23]. While chlo-
rination is widely promoted to ensure microbial safety, limited
monitoring and inconsistent application practices raise con-
cerns regarding unintended THM formation under these hy-
drochemical conditions.

Despite growing global research on THM formation, there
remains a lack of localized synthesis addressing the combined
influence of environmental drivers and operational practices
in Zanzibar groundwater systems. This review aims to bridge
this gap by critically examining the mechanistic pathways and
contextual factors influencing THM formation, with particular
emphasis on seawater intrusion, organic pollution, climate
variability, inorganic chemistry, and disinfection practices.
The study further identifies research gaps and proposes adap-
tive strategies for integrating THM risk management into Zan-
zibar’s water safety framework. The synthesis shows that bro-
mide enrichment, reactive organic precursors, warm tempera-
tures, buffering chemistry, and poorly controlled chlorination
interact to increase both THM formation and bromination.

1.1. Review Scope

This review used a systematic thematic approach to synthe-
size literature on THM formation in tropical coastal ground-
water, with specific emphasis on Zanzibar. Peer-reviewed
studies published from 2010 to 2025 were identified through
Scopus, ScienceDirect, and Web of Science using combina-
tions of the terms “trihalomethane”, “bromide”, “natural or-
ganic matter”, “chlorination”, “coastal groundwater”, and

"Zanzibar groundwater”. Studies were retained when they ad-
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dressed environmental or chemical controls on THM for-
mation, provided mechanistic insight, or reported groundwa-
ter-quality conditions relevant to tropical or coastal aquifers.
Evidence was synthesized around five themes: seawater intru-
sion; organic matter and nutrient pollution; climate variability
and elevated temperature; water hardness and inorganic chem-
istry; and local disinfection practices. Supplementary infor-
mation from the Zanzibar Water Authority and the Zanzibar
Water Investment Programme (2022-2027) was used to con-
textualize gaps in local monitoring and treatment.

1.2. Guiding Questions

The review was guided by three questions: (1) how do sea-
water intrusion and halide enrichment influence THM for-
mation and speciation; (2) how do organic pollution, climate
variability, and inorganic water chemistry modify precursor
availability and reaction conditions; and (3) how do local
chlorination practices interact with these hydrochemical con-
ditions, and what monitoring and management gaps remain?
Figure 1 locates Zanzibar and selected groundwater study lo-
cations represented in the reviewed evidence.
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Figure 1. Location of Zanzibar (Unguja and Pemba Islands) and se-
lected groundwater study locations discussed in the reviewed litera-

ture. Locations are shown for spatial orientation and are approxi-
mate.
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2. Evidence Synthesis and Critical
Discussion

2.1. Seawater Intrusion

Seawater intrusion is a critical hydrogeological process in
coastal aquifers, occurring when saline water encroaches into
freshwater systems due to groundwater over-abstraction, re-
duced recharge, or sea-level rise [11, 24]. This process alters
groundwater chemistry by increasing salinity and introducing
elevated concentrations of major ions, including chloride (CI'),
sodium (Na’), and magnesium (Mg as well as halides such
as bromide (Br) and iodide (I'). These halides play a pivotal
role in the formation of disinfection by-products (DBPs), par-
ticularly in chlorinated drinking water systems [12, 25].

Among these, bromide is particularly important due to its
strong influence on THM speciation. During chlorination, hy-
pochlorous acid (HOCI) rapidly oxidizes bromide to hypobro-
mous acid (HOBr), a more reactive halogenating agent [12,
26]. HOBr preferentially reacts with electron-rich moieties in
natural organic matter (NOM), leading to increased formation
of brominated THMs such as bromodichloromethane and bro-
moform, which are generally more cytotoxic and genotoxic
than their chlorinated counterparts [27, 28]. Consequently,
even relatively low bromide concentrations can significantly
shift DBP speciation and increase overall toxicity [25, 29].

Beyond halide chemistry, seawater intrusion increases the
ionic strength of groundwater, which can influence NOM
structure and reactivity [12]. Elevated ionic strength reduces

electrostatic repulsion between NOM molecules, thereby en-
hancing aggregation and exposing reactive functional groups,
such as aromatic and phenolic sites, to halogenation reactions
[26]. This process facilitates both electrophilic substitution
and oxidative degradation pathways, thereby increasing THM
formation potential [10, 11].

Zanzibar's hydrogeological setting makes it particularly
vulnerable to seawater intrusion. The island's aquifers are pre-
dominantly shallow and composed of highly permeable coral
rag formations, which allow rapid movement of saline water
through fractures and dissolution features [30]. Increasing
groundwater abstraction driven by population growth and
tourism further disrupts the freshwater-seawater equilibrium,
promoting inland migration of saline water [19].

Hydrochemical data from boreholes across Zanzibar (Table
1) provide clear evidence of ongoing seawater intrusion. Ele-
vated electrical conductivity, total dissolved solids, and chlo-
ride concentrations have been reported in multiple locations,
particularly in coastal and urban areas such as Beit-el Ras,
Gongoni, and Mbweni [19-21, 31]. These indicators not only
reflect salinity intrusion but also indicate the presence of bro-
mide, which is rarely directly monitored but is strongly corre-
lated with chloride in coastal systems. Beyond the typical in-
dicators of intrusion, Mato [20] reported direct evidence of sa-
linity in boreholes across Zanzibar lIsland, particularly in
coastal wards such as Beit-el-Ras, Mbweni, Gongoni, and Ma-
lindi (Figure 2). This salinity reflects the mixing of seawater
with freshwater, confirming that intrusion is not only incipient
but already affecting water quality in localized aquifers.

Table 1. Hydrochemical indicators of seawater intrusion and implications for THM formation in Zanzibar groundwater.

. EC TDS Chloride . . o
Location (LS/cm) (mg/L) (mg/L) Intrusion Level THM Formation Implication Reference
Gongoni 2080 1039 1040 Moderate Elevated bromide = increased THM [20]
precursors
Beit-el Ras 8360 4889 4460 Severe High brominated THM formation potential ~ [20]
Malindi 1520 754 500 Low-Moderate Moderate DBP formation risk [20]
Mkoani 4430 2510 1150 Moderate-High Enhanced halogen substitution reactions [19]
Msuka 1751 901 711 Moderate Bromide-driven THM shift likely [21]
Mbweni 2368 1539 260 Low-Moderate Potential THM formation under chlorina- [31]

Despite this situation, routine monitoring of bromide and
THMs is currently limited in Zanzibar, hindering effective pre-
diction and management of DBP risks. Critically, existing water
treatment practices in Zanzibar do not adequately account for
spatial variability in salinity and halide concentrations. Uniform
chlorination strategies applied across boreholes with differing
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hydrochemical conditions may inadvertently increase THM
formation in high-risk areas. This highlights the need for adap-
tive disinfection approaches that account for bromide levels, op-
timize chlorine dosing, and incorporate pre-treatment or alter-
native disinfection strategies when necessary. Overall, seawater
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intrusion represents a key environmental driver that not only de-
grades groundwater quality but also fundamentally alters the
chemical pathways governing THM formation. Addressing this
issue requires integrated management approaches that combine
hydrogeological monitoring, chemical risk assessment, and
adaptive water treatment strategies tailored to coastal aquifer
conditions.
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Figure 2. Spatial distribution of salinity in selected Unguja locations.

2.2. Organic Matter and Nutrient Pollution

The presence, composition, and reactivity of organic matter
in groundwater are primary determinants of trihalomethane
(THM) formation during chlorination. Organic matter is com-
monly characterized using chemical oxygen demand (COD),
dissolved organic carbon (DOC), and total organic carbon
(TOC), whereas dissolved oxygen (DO) is better interpreted
as a complementary indicator of aeration and redox conditions
rather than as a direct measure of organic matter [32, 33]. To-
gether, these parameters help describe the quantity and trans-

formation state of potential disinfection by-product precursors.

Natural organic matter originates from the decomposition
of plant material, soil organic carbon, and microbial biomass,
and is characterized by a heterogeneous mixture of humic sub-
stances, fulvic acids, and low-molecular-weight organic com-
pounds [34]. The reactivity of NOM towards chlorine is
strongly dependent on its structural characteristics, particu-
larly aromaticity and the presence of electron-rich functional
groups such as phenolic and activated carbon sites. These
functional groups readily undergo electrophilic substitution
with hypochlorous acid (HOCI), forming halogenated inter-
mediates that subsequently decompose into THMs [35]. In ad-
dition to terrestrial NOM, algal organic matter (AOM) plays a
critical role in nutrient-enriched systems. AOM is typically
more hydrophilic and contains higher proportions of proteins,
amino acids, and polysaccharides, which exhibit enhanced re-
activity toward both HOCI and hypobromous acid (HOBr) [8].
Consequently, AOM has been shown to produce higher yields
of brominated and nitrogenous DBPs compared to NOM, par-
ticularly in bromide-rich environments characteristic of
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coastal aquifers [36].

The mechanistic pathways of THM formation from organic
matter involve two dominant processes: electrophilic substi-
tution and oxidative degradation. In the substitution pathway,
HOCI reacts with activated aromatic structures in NOM, lead-
ing to progressive halogenation and cleavage of carbon bonds
[9, 37]. In parallel, oxidative degradation pathways involve
the breakdown of carbonyl and carboxylic groups into smaller
halogenated intermediates, such as trihaloacetaldehydes and
haloacetic acids, which can further decompose into THMs [38,
39]. The relative contribution of these pathways depends on
NOM composition, chlorine dose, and environmental condi-
tions such as pH and temperature [40].

In Zanzibar, groundwater systems are increasingly affected
by organic and nutrient pollution arising from both natural and
anthropogenic sources [15]. The widespread use of onsite san-
itation systems, including pit latrines and septic tanks, contrib-
utes to the infiltration of organic-rich leachate into shallow ag-
uifers, increasing dissolved organic carbon (DOC) and en-
hancing the availability of THM precursors [18]. Agricultural
activities also represent a significant source of nutrient loading,
particularly nitrogen and phosphorus from fertilizer runoff
(Table 2) [23]. These nutrients stimulate algal growth in re-
charge zones and surface-connected groundwater systems.
Upon decay, algal biomass releases AOM, which is highly re-
active during chlorination and can substantially increase THM
formation potential [34]. This interaction between nutrient en-
richment and organic matter production highlights a critical
indirect pathway through which agricultural practices influ-
ence DBP formation [36].

Reported DO and COD values vary substantially among the
Zanzibar groundwater locations summarized in Figure 3. This
variability likely reflects differences in recharge and aeration,
groundwater residence time, organic inputs from sanitation
and runoff, and local redox conditions [18, 31, 33]. Rapidly
recharged or well-aerated shallow groundwater may retain rel-
atively higher DO, whereas groundwater receiving greater bi-
odegradable organic inputs may experience stronger oxygen
consumption. The exceptionally high DO value reported for
Fuoni should therefore be interpreted cautiously because the
figure synthesizes values reported by different source studies
and may include differences in sampling time, field conditions,
and analytical procedures. COD also varies spatially; higher
COD indicates a greater oxidizable organic-matter load and,
consequently, a larger pool of material that may contribute to
THM precursor formation. These contrasts demonstrate that
precursor availability and redox conditions are spatially heter-
ogeneous across Zanzibar and should be evaluated using mul-
tiple water-quality indicators rather than a single parameter.

Despite THM risks, there is limited characterization of
NOM composition and reactivity in Zanzibar groundwater
systems. Advanced analytical techniques, such as UV254 ab-
sorbance, specific ultraviolet absorbance (SUVA), and excita-
tion-emission matrix (EEM) fluorescence spectroscopy, are
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widely used to assess NOM quality and predict THM for-
mation potential in other regions. The absence of such anal-
yses in Zanzibar represents a significant knowledge gap that
constrains effective risk assessment and treatment optimiza-
tion. To mitigate THM formation, source control strategies are
essential, including improvements in sanitation infrastructure,
regulation of agricultural runoff, and protection of recharge

mg/L

zones. In parallel, treatment approaches should incorporate
precursor-removal processes, such as coagulation, adsorption,
or membrane filtration, prior to chlorination. Integrating these
strategies into Zanzibar's water management framework will
be critical for reducing organic precursor loads and minimiz-
ing DBP formation while maintaining effective disinfection.
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Figure 3. Variation of organic-matter indicators in Zanzibar groundwater: (a) dissolved oxygen and (b) chemical oxygen demand.

Table 2. Linkage between environmental indicators and THM formation mechanisms in Zanzibar groundwater.

Indicator Source in Zanzibar Chemical Role
COoD Sewage, runoff Organic load
DO Recharge/aeration and or- Redox indicator

ganic-matter degradation

Nutrients (N, P)  Agriculture, sanitation

Soil, vegetation, algal bio-
mass

NOM/AOM
sor

2.3. Climate Variability and Elevated
Temperature Effects on THM Formation

Climate variability plays a significant role in shaping
groundwater chemistry and, consequently, the formation of
trihalomethanes (THMSs) in tropical coastal aquifers. In re-
gions such as Zanzibar, characterized by high ambient tem-
peratures and pronounced seasonal rainfall patterns, climate-
driven changes influence both the availability of organic pre-
cursors and the kinetics of disinfection by-product (DBP) for-
mation [13, 41].

AOM production

Primary precur-
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Mechanistic Effect on THM Formation ;ec); Refer-
Provides reactive carbon for halogenation [32]
Indicates spatial redox conditions that in flu-
ence precursor transformation; not a direct [33]
THM precursor
Enhances formation of reactive organic precur-
[36]
sors
Undergoes substitution and oxidation reactions  [34]

Temperature is a key factor governing THM formation be-
cause it directly affects reaction kinetics. Elevated tempera-
tures generally accelerate electrophilic substitution and oxida-
tive degradation reactions between chlorine species and natu-
ral organic matter, which can increase THM formation rates
and vyields [42]. Chlorine speciation between hypochlorous
acid (HOCI) and hypochlorite (OCl-), however, is controlled
primarily by pH; temperature modifies the equilibrium only
secondarily. Thus, the principal effect of the persistently warm
tropical conditions in Zanzibar is faster reaction kinetics and
more rapid transformation of reactive organic precursors,
while the relative abundance of HOCI and OCl— remains
strongly pH-dependent [43].
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Seasonal variability further modulates THM formation
through its influence on both salinity and organic matter dy-
namics [35]. During wet seasons, increased recharge intro-
duces fresh, low-molecular-weight NOM derived from soil
leaching and surface runoff. This NOM is typically more hy-
drophilic and contains reactive functional groups, such as car-
boxylic and phenolic moieties, which are readily halogenated
during chlorination, thereby increasing THM formation po-
tential [13, 41]. In contrast, dry seasons are often associated
with reduced recharge, enhanced evaporation, and intensified
seawater intrusion, leading to elevated concentrations of bro-
mide and dissolved salts [7].

This seasonal dichotomy creates two distinct but comple-
mentary pathways for THM formation. During wet periods,
THM production is primarily driven by increased availability
and reactivity of organic precursors, leading to higher overall
THM yields [44]. Conversely, in dry periods, bromide enrich-
ment promotes the formation of hypobromous acid (HOBr),
which enhances halogen substitution reactions and shifts
THM speciation toward more toxic brominated compounds
[43]. As a result, while total THM concentrations may vary
seasonally, the toxicity profile of THMs is often greater during
dry seasons due to increased bromination.

In Zanzibar, these processes are strongly influenced by the
bimodal rainfall pattern, consisting of the long rains (Masika)
and short rains (Vuli), interspersed with extended dry periods
[45]. Climate variability and elevated temperatures signifi-
cantly influence groundwater quality and trihalomethane
(THM) formation in Zanzibar. A seasonal study by [46]
demonstrated that during the rainy season, increased recharge
enhances the infiltration of organic matter into aquifers, rais-
ing dissolved organic carbon (DOC) and THM precursor
availability. Similar observations have been reported in Un-
guja coastal aquifers, where seasonal changes affect key phys-
icochemical parameters, including salinity and organic-re-
lated indicators [22]. In contrast, dry-season conditions are as-
sociated with increased salinity and seawater intrusion, partic-
ularly in coastal zones, leading to elevated bromide concen-
trations [20, 22]. These elevated bromide levels play a critical
role in THM formation by reacting with chlorine to form hy-
pobromous acid (HOBTr), a more reactive species than hypo-
chlorous acid (HOCI). HOBFr preferentially reacts with natural
organic matter (NOM), promoting the formation of bromin-
ated THMs.

Currently, water treatment practices in Zanzibar do not ac-
count for seasonal variability in groundwater quality. Chlorin-
ation is typically applied uniformly throughout the year, with-
out adjustment for changes in organic matter, bromide levels,
or temperature. This lack of adaptive management may result
in suboptimal disinfection during wet seasons and increased
DBP formation during dry periods, particularly in bromide-
rich aquifers. From a risk management perspective, integrat-
ing climate variability into water safety planning is essential.
Monitoring programs should incorporate seasonal data on
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temperature, salinity, and indicators of organic matter to ena-
ble predictive assessment of THM formation potential. Adap-
tive disinfection strategies, including seasonal adjustment of
chlorine dose, optimization of contact time, and consideration
of alternative disinfectants such as chloramines or ultraviolet
(UV) treatment, may significantly reduce DBP formation
while maintaining microbial safety. The combined effects of
elevated temperature, seasonal organic matter inputs, and bro-
mide enrichment create a dual pathway that enhances both the
quantity and toxicity of THMs. Addressing these challenges
requires a shift from static to climate-responsive water treat-
ment strategies that reflect the temporal variability of ground-
water quality.

2.4. Water Hardness and Inorganic Chemistry

Water hardness and inorganic chemistry play a fundamental
role in regulating trihalomethane (THM) formation by influ-
encing pH, buffering capacity, and chlorine speciation [47].
Hardness in groundwater is primarily governed by the pres-
ence of divalent cations, particularly calcium (Ca?") and mag-
nesium (Mg?), while carbonate (CO3*) and bicarbonate
(HCO3") ions contribute to alkalinity and pH stabilization [48].
These parameters collectively define the chemical environ-
ment in which chlorination reactions occur.

A key link between inorganic chemistry and THM for-
mation lies in chlorine speciation, which is strongly pH-de-
pendent. When chlorine is added to water, it exists mainly as
HOCI and OCI-. At the lower end of the typical drinking-wa-
ter pH range, HOCI constitutes a larger fraction, whereas
OCI— becomes increasingly important as pH rises. Because
HOCI is the more reactive disinfecting species, changes in pH
alter the kinetics and pathways of chlorine reactions with nat-
ural organic matter [47, 49]. Accordingly, alkalinity is im-
portant mainly because it buffers pH and can maintain rela-
tively stable reaction conditions during chlorination; it should
not be interpreted as making HOCI predominant throughout
the entire pH 7-8.5 range.

The spatial variability of hardness, carbonate, and bicar-
bonate shown in Figure 4a [19, 31] reflects site-specific dif-
ferences in aquifer mineralogy, carbonate dissolution, sea-
water mixing, recharge, and groundwater residence time.
Higher bicarbonate at M/Kwerekwe (310 mg/L) and Mkoani
(263 mg/L), together with elevated carbonate reported at
Mbweni (253 mg/L) and M/Kwerekwe (288 mg/L), indicates
substantial buffering at these locations. Such differences can
maintain distinct pH and ionic strength conditions among
boreholes and thereby influence chlorine reactivity and THM-
forming pathways. The observed spatial variation therefore
provides a hydrochemical explanation for why a uniform chlo-
rination practice may not produce the same disinfection-by-
product response at every groundwater source.

The markedly high hardness reported for Mkoani (602.5
mg/L) compared with locations such as M/Kwerekwe (73.5
mg/L) further illustrates this heterogeneity (Figure 4b) [19, 31,
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50]. The higher value at Mkoani is consistent with stronger
mineral-water interaction and possible saline influence, both
of which can increase the abundance of hardness-forming
Ca2+ and Mg2+ ions. Divalent cations can alter natural or-
ganic matter conformation, aggregation, and complexation,
thereby modifying the accessibility of reactive functional
groups to HOCI and HOBr [48]. Consequently, hardness
should be viewed as an indirect hydrochemical modifier of
THM formation rather than as a THM precursor itself. Its ef-
fect will depend on co-occurring pH, alkalinity, bromide, and
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organic-matter characteristics.

Given these interactions, continuous monitoring of pH,
hardness, and alkalinity is essential for optimizing disinfection
while minimizing THM risks. Treatment strategies such as pH
adjustment or softening can suppress THM-forming condi-
tions by shifting chlorine speciation or reducing NOM reac-
tivity. Integrating hydrochemical monitoring into local water
management practices will be critical for balancing effective
disinfection with public health protection.
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Figure 4. Spatial variation of (a) hardness, carbonate, and bicarbonate and (b) magnesium and calcium concentrations in Zanzibar ground-

water.

2.5. Disinfection Practices

Chlorination remains the most widely applied disinfection
method in drinking water treatment due to its proven effec-
tiveness in inactivating pathogenic microorganisms and
providing residual protection within distribution systems [51,
52]. However, chlorine reacts with NOM and other precursors
to form disinfection by-products, including trihalomethanes [1,
4,53, 54].

Upon dissolution in water, chlorine forms hypochlorous
acid (HOCI), which acts as a principal reactive disinfecting
species. HOCI reacts with electron-rich functional groups in
natural organic matter, including aromatic and phenolic struc-
tures, producing halogenated intermediates that can subse-
quently degrade to THMs [3, 42, 55]. Oxidative degradation
pathways can also transform carbonyl- and carboxyl-contain-
ing compounds into intermediates, including trihaloacetalde-
hydes and haloacetic acids, some of which may undergo fur-
ther reactions that contribute to THM formation [56, 57].
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In Zanzibar, chlorination is widely used as the primary
method to ensure the microbial safety of drinking water sys-
tems, particularly as a public health response to recurrent out-
breaks of waterborne diseases such as cholera. Several
groundwater studies in Zanzibar [18, 21, 31, 58] consistently
report significant microbial contamination in groundwater
sources, with elevated coliform counts frequently exceeding
WHO drinking water standards (Table 3). These values far ex-
ceed the World Health Organization guideline of zero coli-
forms in drinking water, confirming that many groundwater
sources in Zanzibar are vulnerable to microbial contamination.
The study further demonstrated that contamination levels are
strongly influenced by the proximity of pit latrines to water
sources, particularly in densely populated areas where sanita-
tion facilities are poorly regulated [18, 21, 31]. The presence
of these microorganisms underscores the potential health risks
of untreated groundwater and the need to disinfect it prior to
consumption [58].
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Table 3. Microbial contamination levels in groundwater sources in Zanzibar.

Study Area Reference  Method Microbial Indicator
Pemba Island  [21] Meml?rane Total coliform
filtration
Pemba Island  [21] til\/:)enmbrane filtra- Fecal coliform
Unguja Is- .
[18] MPN Total coliform
land
Unguja Is- [18] MPN Fegal coliform
land coli)

Consequently, chlorination is commonly practiced at both
household and community levels. However, this process is of-
ten carried out without adequate technical guidance, including
proper dosing, sufficient contact time, and essential pre-treat-
ment steps such as filtration to remove natural organic matter
(NOM). In Zanzibar, chlorine is also often distributed to com-
munities without sufficient instruction on appropriate use,
leading to inconsistent and sometimes excessive application.
Under these conditions, untreated NOM and uncontrolled
chlorination can significantly increase trihalomethane (THM)
formation. This not only compromises treatment efficiency
but also increases the potential health risks associated with ex-
posure to disinfection by-products, highlighting the need for
improved public awareness and better water treatment prac-
tices in Zanzibar. Current disinfection practices in Zanzibar
are largely uniform and do not account for variations in water
chemistry, seasonal changes, or site-specific risks. This lack
of adaptive management may lead to both under-disinfection
in some cases and excessive DBP formation in others. As such,
there is a need to shift from generalized chlorination ap-
proaches to more targeted, optimized disinfection strategies.

In many cases, disinfection practices are a critical control
point in THM formation in Zanzibar groundwater systems.
While chlorination remains indispensable for protecting pub-
lic health, its application must be carefully managed to bal-
ance microbial safety with chemical risk. Achieving this bal-
ance requires improved monitoring, optimized treatment pro-
cesses, and context-specific management strategies tailored to
Zanzibar's unique hydrochemical conditions.

E.
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Concentration Range / Value  WHO Compliance

Above WHO (0 CFU/100
mL)

Above WHO (0 CFU/100
mL)

Above WHO (0 CFU/100
mL)

Above WHO (0 CFU/100
mL)

2-93 CFU/100 mL
0-32 CFU/100 mL
31.2-688 CFU/100 mL

124-667 CFU/100 mL

2.6. Conceptual Pathway of THM Formation in
the Zanzibar Groundwater System

The conceptual pathway for THM formation in Zanzibar
groundwater (Figure 5) highlights the interconnected environ-
mental, chemical, and anthropogenic drivers that influence
disinfection by-product formation. Seawater intrusion con-
tributes to elevated bromide concentrations, which promote
brominated THM formation during chlorination. Simultane-
ously, organic and nutrient pollution from pit latrines and ag-
ricultural activities increases dissolved organic carbon (DOC)
and assimilable organic matter, providing essential precursors
for THM formation.

Climate variability, including elevated temperatures and
seasonal wet—dry cycles, further modulates these processes by
influencing organic-matter inputs and salinity dynamics. In
addition, hydrochemical conditions such as hardness and al-
kalinity influence pH, ionic strength, and chlorine speciation.
Under these conditions, reactions among HOCI/HOBr, NOM,
and halide ions proceed through electrophilic substitution and
oxidative degradation pathways, resulting in the formation of
both chlorinated and brominated THMs.

As shown in Figure 5, the combined influence of these fac-
tors ultimately contributes to potential health risks, including
toxicity and carcinogenicity. This integrated framework
demonstrates that THM formation in Zanzibar is driven by the
interaction of multiple processes rather than a single factor,
emphasizing the need for integrated water quality manage-
ment strategies.
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Figure 5. Integrated pathways of THM formation in the Zanzibar groundwater system.

3. Conclusions

This review demonstrates that THM formation potential in
Zanzibar groundwater is governed by interacting environmen-
tal, hydrochemical, and operational factors. Seawater intru-
sion, nutrient and organic pollution, climate variability, and
water chemistry collectively create conditions that can influ-
ence both THM formation and speciation. In particular, bro-
mide enrichment and reactive organic matter can promote a
shift toward brominated THMs when the groundwater is chlo-
rinated.

Current disinfection practices, often characterized by lim-
ited monitoring and non-optimized chlorine application, fur-
ther amplify these risks. The lack of routine assessment of
THMs, bromide, and organic precursors represents a signifi-
cant gap in Zanzibar's water management framework. Ad-
dressing these challenges requires integrating hydrochemical
monitoring, adaptive disinfection strategies, and improved
public awareness.

Future research should prioritize direct measurement of
bromide and THM occurrence, detailed characterization of
natural organic matter, and evaluation of locally appropriate
treatment and disinfection strategies for tropical coastal aqui-
fers. Context-specific water-safety planning that balances mi-
crobial protection with chemical risk will be essential for safe
and sustainable groundwater use in Zanzibar.
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Abbreviations

AOM  Algal Organic Matter
DBPs  Disinfection By-products
DO Dissolved Oxygen

DOC  Dissolved Organic Carbon
EC Electrical Conductivity
HOBr Hypobromous Acid
HOCI  Hypochlorous Acid
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TDS Total Dissolved Solids
THMs Trihalomethanes

TOC  Total Organic Carbon
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