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Abstract

Potable water security represents one of the most critical public health challenges in coastal Sub-Saharan Africa,
yet the shallow unconfined aquifers of the Niger Delta Basin remain among the least-protected freshwater systems
on the continent. This review synthesizes hydrogeochemical and bacteriological data from hand-dug wells and
riverine systems across four communities in the Obio/Akpor Local Government Area, Rivers State, Nigeria—Choba,
Rumuokparali, Rumuekini, and Ozuoba—with the objective of characterizing the compounded threat landscape
confronting the Benin Formation aquifer. Measured pH values ranging from 4.60 to 5.78 confirm a state of critical
aquifer acidification that falls far below World Health Organization (WHO) and Federal Ministry of Environment
(FMEnv) permissible thresholds. This review advances a novel synthesis of gas flaring-induced atmospheric
acidification as a primary geochemical driver for groundwater pH depression and the consequent mobilization of
neurotoxic Lead (Pb) at concentrations reaching 9.87 mg/L—approximately 987 times the WHO guideline of 0.01
mg/L—and Manganese (Mn) at up to 1.50 mg/L. The bacteriological analysis reveals a "Pathogenic Shortcut"”
mechanism whereby unlined septic systems and active sand-dredging operations collectively circumvent natural soil
filtration, producing Total Coliform counts as high as 140 MPN/100 mL in the Choba River. A systematic
evaluation of Nigeria's National Water Resources Bill (2021) identifies critical governance deficiencies, particularly
the inadequate provision for monitoring the informal groundwater sector. The synthesis underscores the urgent
imperative for Integrated Water Resources Management (IWRM), atmospheric emission controls targeting gas
flaring, and policy reform, to mitigate the escalating neurotoxic and enteric disease burden across the Niger Delta's
deltaic peri-urban communities.
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I.  Introduction: The Groundwater Vulnerability Paradox

Globally, access to safe drinking water remains one of the most pressing socio-environmental challenges of
the twenty-first century. Almost 90% of diarrhoea-related deaths are directly attributable to unsafe or inadequate
water supplies and deficient sanitation infrastructure (WHO, 2004). Within the context of Sub-Saharan Africa, this
crisis manifests with particular severity in coastal deltaic environments, where the intersection of rapid urbanization,
industrial expansion, and inadequate governance creates a compounding pollution nexus that systematically
degrades groundwater quality. The Niger Delta of Nigeria—the sixth-largest delta system in the world—represents a
paradigmatic case of this phenomenon. High industrial activity from petroleum extraction, gas flaring, and ancillary
industries co-exists with dense informal settlements where hand-dug wells constitute the primary or sole drinking
water source for millions of residents (Etu-Efeotor & Akpokodje, 1990).

Although approximately 75% of the Earth's surface is covered by water, only about 1% exists as accessible
freshwater suitable for human consumption (Appelo & Postma, 2005). This limited resource is classified into
surface water and groundwater. In natural systems, water quality is governed by bedrock mineralogy, atmospheric
deposition, and biological cycling. In the Niger Delta, however, these natural processes are profoundly overprinted
by unregulated anthropogenic activities—petroleum extraction, gas flaring, urban waste disposal, and industrial sand
dredging—whose cumulative impacts on groundwater have received insufficient integrated analysis in the peer-
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reviewed literature. A recurring theme in regional hydrogeological studies is the tendency to address individual
contaminant pathways in isolation, thereby underestimating the synergistic amplification that occurs when multiple
stressors operate simultaneously (Nwachukwu et al., 2021).

This review addresses that critical research gap by providing a holistic, multi-driver synthesis of water
quality deterioration in the Choba community of Rivers State, Nigeria. Specifically, it introduces the under-
examined role of gas flaring-generated atmospheric acidification (acid rain) as a primary geochemical forcing
mechanism for aquifer pH depression and subsequent heavy metal mobilization—a synergy that remains
insufficiently documented in existing literature on the Benin Formation aquifer system. The study further introduces
the concept of the "Pathogenic Shortcut"—a mechanistic framework describing the direct contamination pathway
between unlined sanitation infrastructure and shallow hand-dug wells in porous sandy aquifers. The policy
dimension is addressed through a critical evaluation of the National Water Resources Bill (NWRB, 2021),
identifying governance deficiencies that perpetuate community vulnerability to unsafe water in informal settlements.

Il.  Study Area and Climatic Drivers
The study encompasses the communities of Choba, Rumuokparali, Rumuekini, and Ozuoba within the
Obio/Akpor Local Government Area of Rivers State, Nigeria. The area is geographically bounded between latitudes
4°47'N to 4°54'N and longitudes 6°57'E to 7°43'E, placing it within the active depozone of the Niger Delta
sedimentary basin (Short & Stauble, 1967). The communities are characterised by dense informal settlements,
growing commercial activities, and a near-total absence of formal municipal water supply infrastructure, rendering
shallow hand-dug wells the de facto primary water source for an estimated 70-80% of the resident population.

2.1 Climatic Context and the Acid Rain Variable

Port Harcourt exhibits a humid tropical climate with mean annual precipitation of approximately 2,708
mm, sustained rainfall for most months, and a mean annual temperature of 26.4°C with minimal seasonal variation
(x2.4°C). This high-humidity, high-precipitation environment has a direct bearing on groundwater recharge
dynamics. Of critical geochemical significance—and frequently overlooked in regional water quality assessments—
is the synergy between heavy rainfall and the Niger Delta's status as one of the world's most active gas-flaring
hotspots (NOAA, 2022). Nigeria accounted for approximately 7.7 billion cubic metres of flared gas in 2022 alone
(World Bank GGFR, 2023), releasing massive quantities of sulfur oxides (SOx) and nitrogen oxides (NOXx) into the
lower troposphere.

When these reactive trace gases dissolve in atmospheric moisture and interact with precipitating rainwater,
they generate sulfuric and nitric acids—the fundamental chemistry of acid rain. This acidic precipitation functions as
a continuous, diffuse recharge vector for the unconfined Benin Formation aquifer, lowering the groundwater pH far
below natural background levels and triggering secondary geochemical reactions that mobilize toxic trace metals
from soil and sediment matrices. The key atmospheric acid-forming reactions are described in Equations 1 and 2
below.

Equation 1 (Sulfuric Acid Formation):

SOs(g) + HO() — H,504(aq)
Equation 2 (Nitric Acid Formation):

I11.  Geological and Stratigraphic Architecture of the Niger Delta
The study area is situated within the Tertiary Niger Delta sedimentary basin—one of the most prolific
hydrocarbon-bearing basins in the world and a sedimentary sequence that also hosts a critical shallow freshwater
aquifer system. The basin was formed through the progressive deltaic progradation of sediments transported by the
Niger and Benue Rivers from the Paleocene to the present day (Short & Stauble, 1967; Nyong, 1985). Three
principal lithostratigraphic formations define the sub-surface architecture of the basin.
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3.1 Stratigraphy of the Niger Delta
Table 1. Lithostratigraphic Units of the Niger Delta Basin (After Short & Stauble, 1967; Nyong, 1985).

Formation Age Lithology and Hydrogeological Significance

Benin Formation Miocene—Recent Coarse fluvial sands with minor clay lenses; highly permeable unconfined
aquifer; primary freshwater source.

Agbada Formation Eocene—Recent Alternating paralic sands, silts, and shales; primary hydrocarbon reservoir;
partial aquifer confinement.

Akata Formation Paleocene—Recent Dark-grey to black marine shales with high organic content; primary
hydrocarbon source rock.

The Benin Formation—Ilocally designated the "Coastal Plain Sands"—constitutes the most
hydrogeologically significant unit in the context of this study. It is composed predominantly of coarse, poorly sorted,
gravelly sands with intercalated silt and clay lenses, overlain by Quaternary alluvial and colluvial deposits ranging in
thickness from 40 to 150 m (Etu-Efeotor & Akpokodje, 1990). Its characteristically high porosity (30—40%) and
hydraulic conductivity (10~ * to 10~ 2 m/s) render it an exceptionally productive aquifer—but these same properties
make it extraordinarily susceptible to contamination. In essence, the Benin Formation acts as an unimpeded conduit
for surface-derived pollutants to reach the water table with minimal natural attenuation or filtration, a vulnerability
that is central to the findings of this review.

IV.  Materials and Methods: Synthetic Assessment Framework
This review synthesizes primary physicochemical, heavy metal, and bacteriological data originally
collected from hand-dug wells and riverine systems across four target communities in Obio/Akpor LGA. The
methodology follows standard protocols established by the American Public Health Association (APHA), the WHO,
and the Nigerian Federal Ministry of Environment (FMEnv), ensuring comparability with international benchmarks.

4.1 Study Site Selection and Sampling Strategy

Four sampling locations (LC1-LC4) were selected based on three criteria: (1) current active use by resident
populations; (2) proximity to identified pollution sources including automobile workshops, unlined dumpsites, and
informal septic systems; and (3) spatial distribution across the study communities to capture areal variability. Two
hand-dug wells (LC1 and LC2) and two river sites—the Choba River (LC3) and Rumuokparali River (LC4)—were
sampled. A control sample was collected from a borehole in a relatively uncontaminated zone to establish a local
chemical baseline. Water samples were collected in pre-cleaned, sterilized 500 mL polyethylene bottles, maintained
at 4°C in an ice-cooled sample box, and transported to the laboratory within 24 hours of collection, in accordance
with standard preservation protocols (APHA, 2012).

4.2 Laboratory Analytical Techniques

Physico-chemical parameters—including pH, temperature, electrical conductivity (EC), and total dissolved
solids (TDS)—were determined in the field and laboratory using calibrated instruments. pH was measured on-site
with an Exstik™ portable pH meter calibrated against NIST-traceable pH 4.00 and 7.00 buffer solutions. Electrical
conductivity was measured using a HANNA HI 98311 conductivity meter. Heavy metal analysis (Pb, Mn, Fe, Zn,
Cu, Cr) was performed using Atomic Absorption Spectrophotometry (AAS) following wet acid digestion procedures
conforming to APHA Standard Method 3110 (APHA, 2012). Bacteriological quality was assessed using the Most
Probable Number (MPN) method for total and faecal coliforms, employing MacConkey broth in a five-tube
fermentation series incubated at 37°C for 48 hours, with positive tubes confirmed by Eijkman test (Oluwasanya et
al., 2011). Total heterotrophic bacteria (THB) were enumerated on Nutrient Agar by the standard plate count method
at 37°C for 24-48 hours. All analytical results were evaluated against WHO (2011) drinking water guidelines and
FMEnv standards for Nigeria.

V.  Physicochemical Landscape: Results and Geochemical Analysis
The laboratory results (Table 2) document a groundwater system in a state of advanced chemical
disequilibrium, characterized by extreme acidity, elevated heavy metal concentrations, and elevated ionic loading
relative to potable water standards.
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Table 2. Physicochemical and Heavy Metal Analytical Results for Water Samples from Obio/Akpor LGA,
Rivers State, Nigeria.

Location EC Lead Mn Nitrate (mg/L) = Risk
Parameter (uS/em) (mg/L) (mg/L)

LC1 (Well 1) 5.78 27.04 20.00 10.00 7.83 1.50 24.30 CRITICAL
LC2 (Well 2) 4.60 26.80 562.00 281.00 9.87 0.88 452 CRITICAL
LC3 (River 1 - 464 27.03 377.00 189.00 2.26 1.06 9.58 HIGH
Choba)

LC4 (River 2 - 471 27.13 380.00 190.00 0.88 0.12 5.77 HIGH
Rumuokparali)

Control (Borehole) 6.35 27.06 110.00 55.00 0.88 0.01 12.50 LOW
WHO (2011) 6.5-85 <25.0 <500 <500 0.01 0.40 50.0 Reference
Guideline

Note: Values exceeding WHO guidelines are shown in red-shaded cells. EC = Electrical Conductivity; TDS = Total
Dissolved Solids; Mn = Manganese. LC = Location Code.

5.1 Acidification and Heavy Metal Mobilization

The recorded pH range of 4.60-5.78 across all sampling locations is profoundly acidic and constitutes a
critical threat to aquifer integrity. These values are consistent with the documented pH of acid rain precipitation in
gas-flaring-impacted deltaic environments, where SOx and NOx emissions from industrial combustion and flaring
dissolve in precipitation to form dilute sulfuric and nitric acids (Nwachukwu et al., 2021; Rim-Rukeh, 2015). Under
acidic conditions, heavy metals that are otherwise immobilized in soil-adsorbed phases enter the dissolved state,
making them bioavailable and transportable through groundwater flow. This geochemical process is described by
the Lead dissolution reaction presented in Equation 3.

Equation 3 (Lead Dissolution Kinetics in Acidic Groundwater):

PbO(s) + 2H*(aq) — Pb**(aq) + H,O()

Lead concentrations at LC2 (9.87 mg/L) exceed the WHO drinking water guideline (0.01 mg/L) by a factor
of approximately 987—a finding that must be characterized as a public health catastrophe. Manganese
concentrations reaching 1.50 mg/L similarly exceed the WHO guideline (0.40 mg/L) by a factor of 3.75. The
simultaneous elevation of both metals at all contaminated sites strongly implicates acidification as the primary
mobilization driver, acting upon background metal concentrations in soils enriched by industrial waste deposition
and hydrocarbon spill residues (Atekwana & Atekwana, 2010; Tume et al., 2021). This acid-metal interaction
represents a geochemical cascade where atmospheric pollution (gas flaring — acid rain) amplifies the toxicological
burden from terrestrial pollution sources (industrial waste — heavy metals), generating a synergistic health threat far
greater than the sum of its individual components.

VI.  Bacteriological Quality: The Pathogenic Shortcut Mechanism
The assessment of microbiological quality reveals a pervasive and multi-site pattern of faecal
contamination that operates through a distinct and spatially coherent contamination pathway. Human senses are
wholly inadequate for detecting bacteriological hazards in water; even visually clear water can harbor pathogenic
microorganisms at concentrations sufficient to cause acute gastroenteritis, typhoid fever, cholera, and dysentery
(WHO, 2011). The bacteriological results are presented in Table 3.
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Table 3. Total Heterotrophic Bacteria (THB) and Total Coliform Counts Across Sampling Locations with
WHO Risk Classification.

| |
Sample Code / Location THB (cfu/mL) Total Coliform | WHO Guideline | Risk Classification
(MPN/100 mL) (MPN/100 mL)

LC2 (Well 1 — Choba) 3.6 x 104 <2 0 (drinking) Moderate
LC5 (Well 2) 3.5 x 104 12 0 (drinking) High

LC1 (Choba River) 7.8 x 104 140 <10 (recreation) EXTREME
LC6 (Rumuokparali River) 2.2 x 104 14 <10 (recreation) High

The "Pathogenic Shortcut™ framework describes the mechanism by which faecal pathogens bypass natural
soil filtration and enter shallow groundwater systems with negligible attenuation. In Choba, hand-dug wells are
typically unlined, range from 5 to 15 m in depth, and are situated within 5-10 m of unlined pit latrines or septic
tanks. The Benin Formation's high hydraulic conductivity (10~ * to 10~ 2 m/s) and minimal clay content enable
leachate from sanitation infrastructure to migrate horizontally through the saturated zone and enter the unprotected
well annulus. This process is strongly analogous to the "sewer seepage™ contamination pathway documented in other
peri-urban West African groundwater systems (Lapworth et al., 2017; Oluwasanya et al., 2011). The presence of E.
coli and other enteric bacilli at counts of up to 140 MPN/100 mL in the Choba River—fourteen times the WHO
guideline for recreational water—confirms that untreated human waste is the predominant source of biological risk.

VII.  Industrial Synergy: Sand Dredging, Urbanization, and Aquifer Destabilization
Beyond chemical and bacteriological contamination, the Choba and Rumuokparali rivers are subject to
intensive sand dredging operations that compound aquifer vulnerability through physical and hydrological
mechanisms. Sand dredging is widespread across the Niger Delta region, driven by construction demand in rapidly
urbanizing cities. The hydrogeological consequences of dredging, however, are rarely assessed in formal
environmental impact contexts—a gap that this review addresses directly.

7.1 The Dredging-TSS Correlation and Hyporheic Zone Disruption

Mechanical dredging operations agitate the riverbed and riparian bank sediments, significantly elevating
Total Suspended Solids (TSS). Sample LC3 (Choba River) recorded a TSS of 15.50 mg/L. While this value falls
within some industrial discharge limits, its hydrogeological significance lies in the destruction of the hyporheic
zone—the biologically active transition layer between the river bed and the groundwater table, in which organic
matter is mineralized, nutrients are cycled, and microbial filtration attenuates pathogen loads (Krause et al., 2011).
Disruption of the hyporheic zone eliminates this natural biogeochemical filter, enabling direct, unattenuated
hydraulic connectivity between the polluted surface water and the shallow aquifer. This process explains the high
coliform counts and elevated heavy metal concentrations observed at riverbank well locations downstream of active
dredging sites.

The dependence of rural and peri-urban populations on untreated river water—which is simultaneously
impacted by acid-metal chemistry, faecal contamination, and dredging-induced turbidity—reflects a multi-stressor
exposure scenario with cumulative health impacts that significantly exceed what any single contaminant assessment
would capture. This multi-driver contamination nexus is presented conceptually in Figure 5.

VIIl.  Water Governance and the National Water Resources Bill: A Critical Evaluation
The hydrogeochemical and bacteriological evidence synthesized in this review does not represent merely a
local environmental anomaly—it is, in substantial measure, a product of regulatory failure. Effective governance
frameworks for water resources management are a prerequisite for sustainable water security, particularly in rapidly
urbanizing contexts where informal water infrastructure predominates (Gleick, 2018; UNEP, 2006). Nigeria's
regulatory landscape for water governance has long been fragmented across federal, state, and local government
jurisdictions, with enforcement capacity severely constrained.

8.1 Governance Failures and the NWRB Controversy
The National Water Resources Bill (NWRB), which has been subject to recurring parliamentary debate
since 2020, seeks to consolidate the management of all surface water and groundwater resources under a unified
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federal regulatory framework. While the stated objective of harmonizing standards and eliminating inter-agency
fragmentation is laudable, a critical analysis of the Bill's provisions in light of this study's findings reveals three
substantive deficiencies.

First, the NWRB does not establish a credible monitoring or regulatory mechanism for the informal water
sector—specifically the network of hand-dug wells that serve an estimated 60-80% of peri-urban Niger Delta
residents (Murcott, 2007). Centralizing regulatory authority at the federal level, without a corresponding
decentralization of monitoring and enforcement to the community or local government level, creates an
accountability vacuum in which the most vulnerable water users receive the least protection. Second, the Bill lacks
specific, enforceable minimum setback distances between sanitation infrastructure and water extraction points for
the hydrogeological conditions of highly permeable coastal plain aquifers. Given the Benin Formation's
demonstrated hydraulic connectivity, a minimum setback of 30 m between any unlined latrines or septic systems and
hand-dug wells should be considered a regulatory baseline—a standard widely adopted in comparable
hydrogeological settings across Sub-Saharan Africa (Lapworth et al., 2017). Third, the Bill provides licensing
mechanisms for dredging operations but fails to mandate post-dredging hydrological impact assessments or impose
binding restrictions on dredging proximity to active water supply sources.

The overarching governance failure identified in this study is a fundamental misalignment between the
Bill's orientation toward "Ownership Control" of water as a national resource, and the urgent practical imperative of
"Quality Protection" of water at the point of use in informal communities. This realignment—from resource
ownership to health protection—must be the central organizing principle of any water governance reform in the
Niger Delta context.

IX.  Public Health Implications: The Double Burden of Neurotoxicity and Enteric Disease
The populations of Choba and its neighboring communities are subjected to a documented "Double
Burden" of overlapping chemical toxicity and infectious disease risk from their primary water source. This dual
exposure profile is characteristic of environments where uncontrolled industrial activity operates in direct proximity
to inadequately provisioned informal settlements—a recurring condition across the Niger Delta (Nwachukwu et al.,
2021).

9.1 Lead Neurotoxicity

There is no established safe level of lead exposure in humans. Lead concentrations of 9.87 mg/L—987
times the WHO maximum permissible guideline of 0.01 mg/L—represent a catastrophic neurotoxic exposure risk.
Chronic ingestion of lead-contaminated water is causally associated with irreversible cognitive impairment and
intellectual disability in children, peripheral neuropathy, hypertension and cardiovascular disease in adults, and
chronic nephrotoxicity leading to renal failure (Lanphear et al., 2005; WHO, 2011). Children under five years of age
are disproportionately vulnerable due to higher gastrointestinal absorption rates and incomplete development of the
blood-brain barrier. In communities where no alternative water source is available, this level of lead exposure
constitutes an ongoing public health catastrophe.

9.2 Manganese Neurotoxicity

Manganese (Mn) at concentrations exceeding 0.40 mg/L (WHO guideline) is associated with
"Manganism"—a chronic neurological disorder clinically resembling Parkinson's disease and characterised by
extrapyramidal dysfunction, cognitive decline, and psychiatric manifestations (Bouchard et al.,, 2011). High
manganese exposure during childhood is additionally linked to deficits in intellectual function and academic
performance. Observed concentrations of 1.50 mg/L at LC1 exceed the WHO guideline by a factor of 3.75.

9.3 Waterborne Enteric Disease Burden

Total Coliform counts of 140 MPN/100 mL in the Choba River—and confirmed faecal coliforms in well
samples—are directly predictive of epidemic enteric disease risk. WHO (2011) drinking water guidelines require
zero detectable coliforms in treated drinking water. Even at recreational water contact standards (<10 MPN/100 mL
for primary contact), the Choba River exceeds permissible levels by a factor of 14. The health outcomes associated
with such contamination include acute gastroenteritis, bacillary dysentery, typhoid fever, hepatitis A, and cholera—
all of which are preventable with adequate water treatment and sanitation infrastructure (Priiss-Ustiin et al., 2019).
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X.  Contributions to Existing Knowledge

This review makes several distinct contributions to the existing body of knowledge on groundwater quality
in the Niger Delta and, more broadly, to hydrogeochemical science in Sub-Saharan coastal deltaic environments.

First, it introduces and operationalizes the concept of gas flaring as a primary, systemic driver of aquifer
acidification—moving beyond the established literature's treatment of acid rain as an atmospheric phenomenon and
establishing it as a direct hydrogeochemical forcing mechanism in groundwater systems. While individual studies
have documented low pH in Niger Delta wells and rivers (Etu-Efeotor & Akpokodje, 1990; Osayande et al., 2015),
this review is among the first to synthesize the complete causal chain from gas flaring emissions to aquifer
acidification to heavy metal mobilization as an integrated geochemical cascade.

Second, the "Pathogenic Shortcut" conceptual framework provides a spatially grounded mechanistic model
for bacterial contamination in shallow aquifers that synthesizes hydrogeological, sanitation infrastructure, and public
health dimensions in a manner not previously articulated for Benin Formation settings.

Third, the critical evaluation of the National Water Resources Bill against field-evidenced community
vulnerability provides empirical grounding for policy critique that is frequently absent from hydrogeological
literature, thereby extending the contribution of this review to the water governance literature.

XI.  Conclusion and Strategic Recommendations

The water quality assessment synthesized in this review reveals a multi-dimensional and compound
environmental emergency in the peri-urban communities of Obio/Akpor LGA. The synergistic interaction of gas
flaring-generated atmospheric acidification, unregulated industrial effluence, inadequate sanitation infrastructure,
and mechanically destabilizing sand dredging has produced a water supply system that is simultaneously chemically
toxic and microbiologically hazardous. The documented Lead concentrations of up to 9.87 mg/L and Total Coliform
counts of up to 140 MPN/100 mL do not represent isolated anomalies—they represent the predictable, systemic
outcome of governance failure in a high-vulnerability environment.

Four strategic recommendations are advanced on the basis of this synthesis:

1. Point-of-Use Treatment: Residents must be provided with access to and training in cost-effective point-of-use
treatment technologies, including solar disinfection (SODIS), slow sand filtration, and limestone/activated
carbon filters, which simultaneously neutralize pH and reduce lead concentrations.

2. Well Construction Standards: All new hand-dug wells must be constructed to minimum standards including
concrete lining, raised headwalls, tight-fitting sanitary covers, and a minimum setback of 30 m from all
sanitation infrastructure—a standard that should be codified in the revised NWRB.

3. Policy Reform of the NWRB: The Bill must be amended to redirect its primary orientation from federal
resource ownership to community-level water quality protection, with mandatory provisions for monitoring
informal water supply infrastructure, enforcement of setback regulations, and binding environmental impact
assessments for all dredging operations proximate to water sources.

4. Atmospheric Emission Control: The termination of routine associated gas flaring—for which the technology
and economic framework already exist through gas-to-power and gas-to-LNG conversion—represents the
single most impactful upstream intervention for reversing aquifer acidification and heavy metal mobilization in
the Niger Delta. Nigeria's obligations under its Flare-Out Programme should be reaffirmed and enforced.

In conclusion, water security in the Niger Delta demands an integrated, multi-scalar response that
simultaneously addresses the atmospheric, geochemical, biological, and governance dimensions of aquifer
vulnerability. The evidence synthesized in this review demonstrates that treating these dimensions in isolation is
both scientifically inadequate and practically ineffective. An Integrated Water Resources Management (IWRM)
approach, anchored in robust policy enforcement and community engagement, offers the most viable pathway to
sustainable water security for Niger Delta communities.
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