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Abstract

This study analyses the impact of mining activities on water scarcity in two contrasting
mining regions: Zaragoza, Colombia, and Qabatiya, Palestine. Despite significant climatic
and hydrological differences, both regions face substantial pressures on water resources
and governance systems caused by mining. To assess these pressures on water security,
the Water Poverty Index (WPI) has gained the attention as a holistic tool; however, its
application in regions dominated by informal extractive economies presents a critical
scientific gap; standard WPI methodologies rely heavily on low-resolution, macro-level
secondary data, which inherently smooths out localized socio-environmental crises and
creates a “compensation bias” in which temporary economic inflows mask severe ecological
degradation. Furthermore, conventional frameworks fail to capture the dynamics of
informal hydro-social governance, territorial conflicts, and non-conventional pollutants
that characterize data-scarce extraction zones. To address this gap, this study applied four
versions of the Water Poverty Index (WPI), Conventional, classic-inclusive, geometric, and
arithmetic, to evaluate longitudinal changes between 2010 and 2025 under counterfactual
baselines versus active extraction scenarios. The framework assessed six components:
Resources, Access, Capacity, Use, Environment, and Cohesion, integrating both quantitative
indicators and qualitative evidence. Results revealed that mining consistently reduced WPI
performance in both localities, particularly within the Environment, Use, and Cohesion
dimensions. Zaragoza exhibited a generalized decline across all WPI versions due to
mercury contamination, institutional fragility, and social fragmentation associated with
informal alluvial gold mining. At the same time, Qabatiya saw moderate infrastructure
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1. Introduction

Mining activities exert profound and multifaceted pressure on hydrological systems,
leading to the depletion of local freshwater supplies through intensive extraction and the
chronic contamination of both surface and groundwater. Key impacts include the genera-
tion of corrosive acid mine drainage, the leaching of toxic heavy metals, and the permanent
destabilization of natural hydrodynamics and sedimentation patterns [1,2]. However, con-
ventional assessment frameworks that rely primarily on water quantity indicators, often
comparing available flow against industrial demand, fail to reflect the comprehensive
magnitude of these disruptions [3,4]. Such metrics frequently overlook the long-term degra-
dation of water quality and the resulting loss of biodiversity, which can render remaining
resources unfit for agricultural or domestic use and disenfranchise local communities.
Consequently, there is an urgent need to develop and implement multidisciplinary tools
that integrate hydrochemical, ecological, and socio-economic variables. Only through such
a comprehensive stewardship approach can researchers and policymakers move beyond
fragmented data to accurately capture the cumulative impact of mining on basin health
and human well-being.

1.1. Gold Mining and Water Vulnerability in Colombia

As Colombia’s leading mineral export, gold generated USD 3,886 million from January to
November 2025—accounting for 39.9% of total mining exports—and supported 165,042 jobs
nationwide [5]. Although the subsector is an economic cornerstone, it exhibits critical social
dependency, with 45,151 registered subsistence miners in the Bajo Cauca Antioquefio district
alone [6]. In Colombia, mining activities disrupts hydrological systems through wastewater,
runoff, infiltration, and atmospheric pathways [7], with artisanal and small-scale gold mining
(ASGM) acting as the primary driver of socio-environmental degradation [8].

Rudimentary mercury amalgamation pushes heavy metal levels past national and
WHO thresholds [9-12], while alluvial extraction and absent WASH infrastructure intro-
duce turbidity, suspended solids, and pathogens [4]. These combined pressures elevate
health risks, impair drinking water, heighten perceived degradation, and erode traditional
farming and fishing livelihoods [13-15].

From a consumption perspective, ASGM is water-intensive, requiring between 0.45 m3
and 1.06 m® of water per gram of gold produced [4]. This demand is further aggravated by
the structural absence of formal WASH infrastructure in mining communities [13].

While previous studies applied Water Footprint metrics [16], SARWIM models [17], and
ethnographic approaches [11,18], governance relies on unadapted international guidelines [13].
Compounded by scarce baseline data [17,19], community mistrust, and scepticism [11,17],
technical risk assessments remain detached from local socio-political vulnerabilities [18].

Existing evaluative frameworks fail to simultaneously integrate technical water indi-
cators, local organoleptic perceptrons (e.g., turbidity, odour) [18], and the socioeconomic
vulnerabilities of informal extraction into a single diagnostic tool. To resolve this gap, this
study introduces and validates the Inclusive Water Poverty Index (iWPI) in Colombia,
offering a multidimensional framework designed to translate baseline vulnerabilities into
actionable state policy.

1.2. ASGM in Zaragoza, Colombia

The municipality of Zaragoza, located in Antioquia’s Bajo Cauca subregion, cov-
ers 1077 km? with a population of 25,210 inhabitants (DANE census, 2018). Although
agriculture and fishing offer alternative livelihoods, the local economy remains heavily

gold-dependent, representing a historical core for artisanal and small-scale gold mining
(ASGM) [20] that expanded rapidly after the late-2000s global price boom [9]. Between
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2012 and 2023, Zaragoza produced 21,404,156 g of gold, accounting for 13% of the total
output in the Bajo Cauca Mining District [6].

ASGM in Zaragoza (95.5%) is highly mechanized (76%, alongside 23% manual labour),
utilizing an operational fleet of motor pumps (53%), mini-dredges (23%), heavy equip-
ment (19%), and large-scale dredges (1%) [21]. The mining titles encompass 41.3% of the
municipal territory (48,169.60 ha) [21].

The high level of extraction is predominantly driven by informal and small-scale
operations, creating intense physical and socio-environmental pressures. These structural
conditions establish the baseline needed to analyze the multidimensional water impacts
documented across the territory.

1.3. Hydro-Climatic Profile and Water Vulnerabilities in Zaragoza

Zaragoza features a dense hydrological network fed by the Nechi, Porce, and Tigui
rivers, situated in a transitional zone of the lower Nechi River basin—the principal tributary
of the Cauca River [22]. The area exhibits a humid tropical climate with mean temperatures
of 28-30 °C and annual rainfall between 2000 and 4000 mm, underlain by both unconfined
and confined aquifers [20].

Alluvial mining severely disrupts surface hydrology through altered runoff, heavy
sedimentation, and artificial ponds. Compounded by global-peak per capita mercury
contamination, evidenced by 47 urban processing sites (entables) in 2010 [23], this degrada-
tion exacerbates critical structural failures in drinking water and sanitation infrastructure,
while deepening socio-political vulnerabilities like poverty, governance deficits, and armed
conflict [20,24-26].

These baseline hydro-climatic and institutional constraints underscore the necessity
of a comprehensive, multidimensional assessment of water impacts. Table 1 presents the
multidimensional impacts of ASGM identified in the literature.

Table 1. Summary Table of Key Impacts of artisanal and small-scale mining.

Impact Category  Specific Effects References

Mercury in air, water, soils; high TSS; cyanide;

wetland contamination; fish bioaccumulation. [4,12,20,23,27]

Environmental

Neurological damage; respiratory illness;

Health . . o
ea reproductive effects; occupational injuries.

[23,28-30]

Mixed poverty effects; low wages for miners;
Economic increased primary enrollment but lower [7,26,31]
college attendance.

Violence, massacres, forced displacement;

Social/Conflict illegal group control; human rights violations

[24,25,32]

Regulatory shortcomings; poor enforcement
Governance of the law; lack of information; environmental [33,34]
segregation; corruption.

Zaragoza and Qabatiya represent two global scenarios where economic dependence
on mineral extraction comes into direct conflict with community water security. While in
Colombia the challenge centres on multidimensional disruption caused by informal mining,
in Palestine the pressure stems from water disruption due to pollution and high-water
consumption in quarries; nevertheless, in both cases, social cohesion emerges as the critical
asset that determines the territory’s resilience, even in different climatic contexts. This
similarity in human dynamics justifies a comparative analysis that seeks universal lessons
on inclusive water management in areas influenced by mining.
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1.4. Stone Quarrying and Water Vulnerability in Palestine

Ranking 12th globally, the Palestinian stone industry generates 600 million USD
annually (4.8% of GDP) across 1361 facilities employing 25,000 workers [35]. Despite its
economic weight, quarrying and processing exert severe environmental pressure, with
quarries and crushers recording elevated impact scores of 756 and 751.2 out of 1000,
respectively [36]. GIS-based spatial assessments confirm medium to high levels of physical
damage across natural and built environments [36]. Operationally, the industry generates
roughly 190,789 m? of dry, powdery waste annually, degrading air quality, land stability,
water resources, and overall ecosystem health [36,37].

In terms of water balance, the sector incurs a high operational demand, consuming
approximately 1,006,525 m? of water per year [37]. Water degradation is further critical as
40% of facilities discharge roughly 600,498 m? of untreated slurry water directly into the
surrounding environment annually [37].

To mitigate these impacts, the literature emphasizes the urgent need for robust regula-
tory frameworks and spatial management [35-37]. Strategic recommendations focus on
establishing a national spatial plan to govern facility siting, enforcing rigorous environmen-
tal licencing [35,37], and repurposing closed facilities into light industrial zones to preserve
economic output while mitigating ecological decline [35-37].

While these spatial and policy recommendations target facility licencing and location,
existing research lacks a comprehensive metric to assess how quarrying emissions and
slurry discharges translate into localized water poverty. Applying the iWPI framework in
Palestine addresses this gap by establishing an integrated assessment that links quarry-
induced water stress directly to local hydro-social vulnerabilities.

1.5. Stone Cutting in Qabatiya Town

Situated 6 km south of Jenin in the northern West Bank, Qabatiya covers 50.5 km?
(50,547 dunams) with a population rising from 19,197 in 2007 to 24,439 by 2017 (PCBS
census, 2017). Traditionally agricultural, its territory now features fertile olive groves
coexisting with a rapidly expanding stone industrial sector.

The stone industry represents the cornerstone of Qabatiya’s local economy, occupying
a physical footprint of approximately 0.94 Km? across 235 operational facilities, including
122 stone cutting workshops, 101 quarrying sites, and 12 crushing units.

The sector serves as the main driver of local employment, sustaining about 2800 per-
manent jobs (averaging 10 workers per establishment), with annual sales ranging from
1.2 million NIS for small facilities to 4.8 million NIS for large factories (1 USD = 3.0 NIS),
and daily outputs reaching 100 m? for cutting and 1000 m? for crushing. However, the
sector faces widespread regulatory informality, with only 75 of the 235 active establish-
ments being formally registered. This unmonitored expansion generates significant hydro-
environmental strain, setting the stage for a critical review of the multidimensional impacts
reported in the regional literature.

1.6. Hydro-Climatic Profile and Water Vulnerabilities in Qabatiya

Qabatiya is situated in a semi-arid climatic zone receiving 460-565 mm of annual
rainfall [38] and relies on a groundwater-dependent hydrological system. Domestic and
agricultural demands are primarily supplied from the shallow Eocene aquifer via municipal
and private wells, with rainwater cisterns playing a secondary role [39].

Although municipal network coverage is high [40], water delivery is severely restricted
by ageing infrastructure, substantial distribution losses, and seasonal yield reductions,
keeping consumption below demand [39]. These supply bottlenecks exacerbate baseline
vulnerabilities—including groundwater contamination risks from cesspit leakage, mu-
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nicipal wastewater, agricultural runoff, and stone industry discharges—amid broader

geopolitical and institutional constraints [39,40].

These baseline constraints highlight the urgent need for an integrated, multidimen-

sional evaluation of local water poverty. The impacts of quarrying and stone cutting on

water resources are substantial and multifaceted; these are summarized in Table 2 below:

Table 2. Summary Table of Key Impacts of stone industry on water and environment.

Impact Category Specific Effects References
Contamination of surface and groundwater by slurry water, sediments, and
Water Quality quarry-related pollutants; deterioration of water quality for domestic and [35,37] (SM—Annex1)
agricultural use.
Water Use High water consumption for stone cutting and washing, placing additional [37]

pressure on local water resources.

Water Resources

Altered hydrology, reduced aquifer recharge, increased sedimentation, and
declining groundwater availability.

[35,37] (SM—Annex1)

Impact on Aquifer

The removal of surface layers can prevent rainfall from infiltrating the ground,

leading to a decrease in groundwater levels and affecting water availability for  [35,37]
Recharge . ;
agricultural and domestic use.
Health Water C(?ntam1nat10n and dust emissions pose risks to community and [35,37]
occupational health.
Environment Land degradation, erosion, dust pollution, and degradation of aquatic and [35,37] (SM—Annex1)

terrestrial ecosystems.

Mitigating these impacts is essential for advancing sustainability within the stone
industry, preserving water resources, and protecting environmental health. Sustainable
practices may include the recycling and reutilization of stone powder in the production of
value-added materials.

2. Theoretical Framework
2.1. Water Poverty Index

The Water Poverty Index (WPI), originally developed by Sullivan [41], was formulated
as a holistic and interdisciplinary management tool designed to link household welfare
directly with water availability [42,43] across five core components: Resources, Access,
Capacity, Use, and Environment [44—47]. This multidisciplinary nature allows for the assess-
ment of complex interactions within the hydrosocial cycle, making it a highly appropriate
instrument for tracking the multi-faceted impact of industrial activities such as mining on
local water security [47,48]. By integrating physical water metrics with socio-economic
drivers, this multidimensional framework captures complex hydrosocial dynamics, en-
abling a comprehensive assessment of how resource extraction simultaneously impacts
local water security, adaptive capacity, and environmental integrity [42,47—49]. By integrat-
ing these diverse metrics into a single numerical value, the WPI provides a transparent
framework for decision-makers to prioritize interventions and allocate resources based on
the greatest social and physical needs [48-50].

2.2. Inclusive Water Poverty Index

The conventional WPI [41] relies on a strictly additive structure prone to “compensa-
tion bias,” rendering it insensitive to ecological and social tipping points while masking
localized suffering [48,51]. Because mining impacts extend far beyond biophysical metrics
to reshape socio-economic and institutional dynamics, the Inclusive WPI (iWPI) over-
comes these limitations by introducing a sixth component: Cohesion [51]. This dimension
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measures community solidarity, local water subsidies, and vulnerable group represen-
tation [52]—critical social buffering assets that offset missing infrastructure in fragile,
industrially stressed landscapes [50]. Ultimately, the iWPI provides decision-makers with a
transparent framework to prioritize interventions and allocate resources according to acute
physical and social needs [48-50].

2.3. Theoretical Alignment and Conceptual Limitations

By operationalizing local dynamics, the iWPI aligns with international debates on envi-
ronmental justice—revealing the hidden socio-ecological burdens in mining areas [53,54]—
and decentralized water governance [55] as a benchmark for community resilience. While
its strength lies in translating adaptive capacity into actionable metrics for local decision-
makers, a critical caveat remains: using the index as a single aggregated score without
proper disaggregation or participatory validation risks obscuring the very inequalities it
aims to expose [56].

3. Materials and Methods
3.1. Inclusive WPI (iWPI)

iWPI was measured in both Qabatiya, Palestine, and Zaragoza, Colombia. The method-
ology includes identifying subcomponents, measuring components, and then measuring
the three versions of WPI using the inclusive version introduced by [52].

3.1.1. iWPI Components and Subcomponents

The inclusive WPI contains the original five components. These are: physical avail-
ability of water (Resources), extent and type of access to water (Access), community’s
capacity to provide and manage water services (Capacity), ways in which water is used
(Use), and the environmental services/conditions that affect the extent of access to quality
of water (Environment). Furthermore, in accordance with Kini [52], a sixth component was
added. This component reflects the social forces that maintain community unity across
socio-economic divides (Cohesion).

The selection and validation of the iWPI subcomponents followed a participatory and
expert-informed approach. The six subcomponents were organized under the conventional
WPI framework proposed by Lawrence [44]; the specific indicators were identified based on
previous WPI applications (e.g., [44,51,57,58]), expert recommendations, and data availabil-
ity constraints. A multidisciplinary panel reviewed the preliminary indicator set for each
study site. In Qabatiya, for example, the panel included 10 experts representing academia,
government institutions, the water and mining sectors, non-governmental organizations,
and the United Nations WASH Cluster.

A second validation round was conducted with academic specialists in water re-
sources, environmental sciences, socioeconomic development, and mining. In addition, a
participatory approach was adopted throughout the assessment process through consulta-
tions with key local stakeholders, including farmers, municipal representatives, mining
operators, Governmental Directors of environment, agriculture, and health departments,
and local and international NGOs.

3.1.2. Scenario Construction and Counterfactual Modelling

To systematically isolate and quantify the multidimensional impacts of mining activi-
ties on water security, this study employs a longitudinal counterfactual research design.
Two distinct socio-hydrological scenarios were constructed across the 20102025 timeline
for both Zaragoza and Qabatiya: The Baseline Scenario (Without Mining) and the Active
Extraction Scenario (With Mining).
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The Active Extraction Scenario (i(WPlyyiing) reflects the empirically observed histor-
ical trajectory of the territories. It integrates direct primary and secondary data streams
that capture distortions by mining, including localized biophysical degradation (e.g., soil
degradation, heavy metal and sediment concentrations under the Environment dimension),
economic influxes (e.g., formal employment in the mining sector and the impact on fishing
or agricultural revenues under the Capacity component), and socio-institutional shifts (e.g.,
altered social cohesion scores driven by territorial conflicts).

Conversely, the Baseline Scenario (iWPIpseine) represents the counterfactual condition,
a mathematical estimation of how water poverty would have evolved in the absolute
absence of the mining activities. Given that iWPI is aggregated using the subcomponents
depicted in Table 3 below, and given that those subcomponents include indicators that
are relevant to mining (e.g., water quality, income generation through mining, etc.) and
others that are not relevant to mining (e.g., proportion of the population using safely
managed sanitation services). Calculation of iWPIg,;,. was done after either eliminating
or recalculating the subcomponent, assuming no mining is taking place in the area. For
example, Income generated through the stone cutting sector per capita was omitted from
aggregation in the baseline calculations in Qabatiya. Please refer to the Supplementary

Materials for more detailed calculations of the iWPIg, g/,

Table 3. The subcomponents that will be used to measure iWPI.

Component Data Used [44] Zaragoza/Bajo Cauca/Antioquia/Colombia Qabatiya/Jenin/West Bank/Palestine
Resources ;r;:)if,rslal Freshwater Water Use Index (WUI) Groundwater wells yield
Water Vulnerability Index (HVI)—Aquifer
Water Scarcity Index (WSI)—Aquifer
Water Retention and Regulation Index (IRRH)
. Proportion of Water purchased from
External Inflows Population the Israeli side out of total water supply
Perception of the loss of water reliability
Population Perceived water security in mining population = Population
pressure context
Access %o population with Quality Risk Index (IRCA) Proportion qf pf)pulatlon using safely
access to clean water managed drinking water services
% Municipal Water System Coverage. Proportion of water losses out of total
water supply
% Municipal Sewer System Coverage.
N populatlor} W}th % of days HHs have access to water network. Proportion of.pop ulat10r} using safely
access to sanitation managed sanitation services
% of area C according to Oslo accords
% population with . . .
access to irrigation Degree of perceived disruption to the water Percentage of Irrigated Cultivated Land
- supply .
adjusted by per ; . - . with Temporary and Permanent Crops
. Perceived increase in informal sanitation .
capita water from Total Cultivated Land
systems
resources
% decrease in irrigated land in the
affected area
Capacity Gini coefficients of %Multidimensional Poverty Index (MPI) Income generated through stone

income distribution

cutting sector per capita (% of GDP)
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Table 3. Cont.

Component Data Used [44] Zaragoza/Bajo Cauca/Antioquia/Colombia Qabatiya/Jenin/West Bank/Palestine
ppp per %o of formally employed persons relative to the Gross National Income per capita
capita income total population

Population with unmet basic needs (NBI) . T

. . Proportion of population living below
Extent of the impact on local economic . .
- the national poverty line

autonomy (Fishing)
Under-five % of population aged 25 and above completed Mortality rate, infant (per 1000 live
mortality rates secondary education births)

Infant Mortality Rate (children under 5 years Life expectancy /National Life

of age) expectancy

Severity index on the respiratory
system

% Literacy
Education enrolment Prioritizing mining over secondary and higher

education Expected years of schooling
rates - .

Average score on state tests (critical reading

level)

Perceived barriers of the process vs. success %

formalization

% Mining formalization

Use Pomestlc wateruse o, of Jomestic water use Domestic Water consumption

in litres per day
Quantity of water pumped from
% of Agricultural water use groundwater wells used for domestic
purposes
Share of water use by
industry and o . .
agriculture adjusted Vo of HH use Water for mdus.t rial purposes % of water diverted to stone industry
by the sector’s share (small/microincome generating projects)
of GDP
Degree of perceived tension between miners Quantity of water pumped from
. . groundwater wells used for
and the community over priority water use .
agricultural purposes
% decrease in crop yield
. Water stress Water Pressure on Ecosystems Index (IPHE) % of months per year where deficit in
Environment . . . . .
(pollution) Water Quality Index (ICA) domestic water supply is experienced
Proportion of stone cutting
% of HH not connected to safe wastewater establishments with uncontrolled
discharge system solid waste disposal to the
environment
% of agricultural land affected by
stone cutting
Environmental o . .
regulation and Water Quality Index (ICA) downstream of the %o of sfone est?bllshmen.ts n
management mining activity (post-discharge) compliance with the national
’ standards
Potential Water Quality Impairment Index
(IACAL)
% of alluvial gold mining (EVOA). Population density
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Table 3. Cont.

Component Data Used [44] Zaragoza/Bajo Cauca/Antioquia/Colombia Qabatiya/Jenin/West Bank/Palestine
Proportion of population subjected to
Cohesion Internal solidarity Armed Conflict Incidence Index physical violence in the previous

12 months

Number of village water systems managed by
the community itself.

% of population in Qabatiya
southwestern cluster reported being
affected by pollution

Solidarity towards Solidarity toward poor and vulnerable groups Solidarity toward poor and vulnerable
the poor groups;
General community solidarity and
mutual assistance
Subsidy of the poor’s The existence of local funds to

access to water
and sanitation

Representation of poor and vulnerable groups

subsidize access to water and sanitation
for the poorest

Inclusiveness of the
poor in
decision-making

Mining association focused on water and
environmental justice

Proportion of population who believe
decision-making is NOT inclusive and
responsive, by sex, age, disability and

population group

The representation of poor and
vulnerable groups in the management
of such social funds.

Degree of trust in mining and environmental
authorities

The above subcomponents were aspired from the below sources: [45,52,57,58]. The bolded subcom-
ponents are considered for tracking the impact of mining.

To ensure empirical validity, avoid arbitrary assumptions, and address severe data
scarcity at the local scale, identification and validation of subcomponents affected by mining
and the way how was affected were done with local experts in each area. Moreover, the
timelines for both scenarios were the same to maintain comparability.

Due to the scarcity of instrumentation and continuous monitoring stations at the micro-
watershed level in the study area, the evaluation of baseline water availability and physical
quality relied on indicators from the immediately larger scale. For Zaragoza, some of the
missing data were extracted from the National Water Study (ENA)—specifically the Water
Risk Index (IRH), Water Use Index (IUA), Vulnerability to Water Scarcity Index (IVH), and
Water Quality Index (ICA). These regional values were adopted as proxy variables for the
environmental baseline and subsequently calibrated and triangulated to the local scale using
primary data collected through qualitative methods, including Participatory Assessment of
Development (PADev), Key Informant Interviews (KII), and Focus Group Discussions (FGD).
The same procedure was used to impute missing data across the components.

In the absence of continuous annual records, a Linear-trend interpolation model was
implemented to reconstruct the historical series of the index. Although these indicators
do not capture the full spectrum of mining impacts, they provide context-specific proxy
measures that facilitate the assessment of mining’s contributions to water poverty.

As per Sullivan [41], WPI was developed collaboratively with its intended users and
stakeholders, ensuring a more inclusive and contextually grounded framework. Further-
more, in light of Giné and Pérez-Foguet [59], the improved version of WPI and expert-based
weighting were also considered as options for calculating iWPI. Moreover, to ensure the
inclusion of poor and vulnerable populations in water and sanitation programmes [60],
indicators of poverty and vulnerability were integrated. Such indicators are often under-
represented in conventional WPI formulations [41,44,55,56,59-62].
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3.1.3. Data Collection and Analysis

Through this research, both qualitative and quantitative data were used. The qualita-
tive data were collected mainly through primary sources, including focus group discussions
(FGDs), observation, semi-structured interviews, and key informant interviews (KlIs). On
the other hand, quantitative data were mainly acquired through secondary official sources.
Examples of sources used in Palestine include the Palestinian Central Bureau of Statistics
(PCBS), the Palestinian Water Authority (PWA), and the Office for the Coordination of
Humanitarian Affairs (OCHA). On the other hand, examples of secondary data sources
in Colombia include the Institute of Hydrology, Meteorology, and Environmental Studies
(IDEAM), the National Administrative Department of Statistics (DANE), the Regional
Autonomous Corporation of Central Antioquia (CORANTIOQUIA), the National Planning
Department (DNP), and TerriData open data.

Key informants include representatives of local water providers, community-based
organizations (CBOs), municipal authorities, social leaders, and members of user commit-
tees or water-related NGOs. FGDs are conducted separately with different social groups
(e.g., stakeholders benefiting from mining work (workers, mining business owners, etc.),
stakeholders negatively affected by mining such as farmers, owners of lands polluted by
mining activities, etc.); wherever applicable, triangulation is done to confirm the accuracy
of secondary data and eliminate spatial masking.

In both Colombia and the Occupied Palestinian Territories, 10 key informant interviews
(KIIs) were conducted to ensure coverage of institutional, technical, and community perspec-
tives. For FGDs, participants are recruited using a combination of purposive and snowball
sampling to ensure inclusion of poor and vulnerable groups, as locally defined. In Palestine,
three FGDs are held, with separate groups for (i) stakeholders including vulnerable groups
who benefit from mining activities, (ii) stakeholders who are negatively affected by mining
activities, and (iii) women or other relevant sub-groups, depending on context. This design
enables the capture of both dominant narratives and marginal voices regarding cohesion
around water and sanitation. On the Colombian side, one focus group is held to ensure the
equitable participation of the three aforementioned stakeholder groups.

For qualitative data analysis, all interviews and FGDs are transcribed and coded
thematically using a coding framework aligned with the six iWPI components. For cross-
site comparison, component-specific qualitative indicators are constructed by synthesizing
recurring patterns and assigning ordinal ratings (e.g., low—-medium-high) for each site
across the six components. Through this data analysis approach, contextual narratives
were preserved. For quantitative data analysis, PCBS, MS Excel, and MS Paint were used
for data analysis and visual representation.

Due to the scarcity of micro-level longitudinal data in the study area, the evaluation of
water availability and physical quality relied on indicators from the immediate higher scale
(sub-watershed, governorate, or regional level). These higher-scale values were adopted
as proxy variables (environmental baseline) and subsequently calibrated /triangulated to
the local scale of Qabatiya and Zaragoza using primary data collected through qualitative
methods (e.g., KII and FGD), thus ensuring that the final iWPI reflected the point-source
alterations of mining that regional averages usually render invisible. For detailed analysis
of data, refer to Supplementary Materials S1-53.

3.1.4. Normalization of Variables

In this study, the iWPI framework, as shown in Table 1, comprises six components and
32 subcomponents in Qabatiya and 26 in Zaragoza. Standardization of the variables, except
those expressed as rates or percentages, was done to enable comparisons using various
methods. Among several normalization methods, the minimum-maximum method was
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used [44,58,63-65] to scale the data to a standard, comparable range of 0-100. It is also
notable that the method is applied only when data are reported in various units and/or
scales. Equations (1) and (2) are used when the subcomponent is correlated proportion-
ally and inversely, respectively. Normalization is again based on the data available for
subcomponents depicted in Table 3. Due to data scarcity at the micro level, some of these
components’ values are considered from the immediate next spatial level.
Xi — Xmin

b ti=—o——o— %1 1
Subcomponent i Xt — Xmin x 100 (1)

Xmax — Xj

Subcomponentj = m

x 100 )

where X;, Xyin, and Xyux are, respectively the current value of variable X for locality i
before scaling, the lower and the upper thresholds of the variable X. In general, appropriate
thresholds (or benchmarks) were initially selected as the maximum and minimum values
when available. If such values were unavailable, the thresholds for the variables considered
in this study were set to the maximum and minimum values.

3.1.5. Calculation of Subcomponents

a. Resources

A higher value of this component reflects a better water situation (i.e., abundant water
resources with less variability).

b.  Access

Ensuring adequate access to safe water sources and improved sanitation services
enhances hygiene practices and contributes to eradicating extreme poverty [55].

c.  Capacity

Capacity can be conceptualized in terms of physical, social, and economic dimensions
that enable the secure provision of adequate quantities of safe water to meet fundamental
needs sustainably [55].

d. Use

The Use component is the appropriate index that links the ways water is used for
various purposes to its contribution to the overall economy. The domestic water use
indicator represents the current state of resource use in daily household activities (e.g.,
cooking, hygiene, and laundry) [55,66]. This indicator is easily measured as daily water
use per capita, normalized using a min-max approach [44,63,64,67,68]. According to WHO
(2020), the lower threshold for essential water needs is 50 litres per capita per day (LPCD),
and the optimal threshold (the maximum volume of water that fulfils all water needs) is
150 LPCD [65].

=5 % 100, x; < 50
UL, = {100 — 2205 % 100, 50 < x; < 150 3)
100 — 2205 x 100, 150 < x;

where X; is the current value of the domestic water use variable in lpc.d in locality i, with
Xmax being the highest value of the variable in the whole country.

e. Environment

As recommended by Lawrence [44] and Sullivan [55], water quality is considered one
of the main indicators of the environmental component in the WPI framework.
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f. Cohesion

Cohesion (Co) was included to capture the “force” that maintains community unity
despite differences in socioeconomic and professional categories, thereby addressing social,
psychological, and cultural aspects of poverty. In alignment with Kini [52], cohesion was
measured using six subcomponents. Please refer to Table 1.

i.  Aggregation and weighting

The aggregation of the six components was done under the assumption of non-
compensability, in which failure in one component cannot be offset by strong perfor-
mance in another, ensuring that poor performance in any component is penalized more
severely. To achieve this, a weighted multiplicative function is employed, as it is deemed
the most suitable aggregation method for calculating the final index while accounting for
non-compensability among the components [63,68-70].

A diverse range of experts determined the appropriate weighting scheme. This
technique allows for objectively determining the set of weights that explain the largest
variation in the original components [71]. The weighting process consisted of two main
steps: selecting participant experts with deep experience in water and environmental
fields, proven technical skills in water and mining, and experience working in the target
areas. Secondly, the weight calculation was performed using the Analytic Hierarchy
Process (AHP) for the six components. Bidaki [43] used the AHP tool and reported that it
offers a robust scientific framework for addressing multidimensional water poverty. By
synthesizing expert attitudes through hierarchical binary comparisons, AHP facilitates
reliable decision-making. This method is highly efficient, as it requires minimal field
data and leverages localized expert knowledge. The final weight of each component was
determined as the average weight assigned by each expert using the AHP tool. Please refer
to the Supplementary Materials to review the tool and method of calculating weights.

Then the final index can be formulated numerically as follows:

iWPIa =} ¢ cur co WiXi (4)

. w;
IWPIg = Hi:R,A,C,LI,E, co i (5)

where iWPIg/iWPIa are the final values of the index, Xi is the ith component, and wi is the
weight assigned to that component.

ii.  With and Without mining calculations

The above subcomponents were determined to measure the longitudinal impact of
mining. However, the “without mining” scenario was developed as a counterfactual
condition intended to estimate water poverty in the absence of mining activities while
keeping all other environmental, social, and institutional factors unchanged. Counterfactual
values were derived by recalculating mining-related indicators under expected conditions,
without mining intervention, rather than through trend extrapolation. The adjustment
method varied according to the nature of each subcomponent and involved removing
mining-related pressures or restoring indicator values to conditions representative of a
non-mining context. For example, the indicator reflecting the effect of stone quarrying on
groundwater recharge was recalculated assuming no quarry-induced reduction in recharge.
This approach allows the specific contribution of mining to individual iWPI components
and to overall water poverty levels to be assessed by comparing observed conditions.
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iii. Sensitivity analysis

To evaluate the robustness of the proposed index to weighting assumptions, a one-
at-a-time (OAT) sensitivity analysis was performed for both the weighted arithmetic and
geometric iWPL. Following commonly adopted procedures for composite indices, each
iWPI's component weight was individually increased by 20% while the remaining com-
ponent weights were proportionally adjusted to maintain a unitary sum. The weighted
arithmetic and geometric iWPI values were subsequently recalculated for all years and
scenarios (with and without mining) in Qabatiya and Zaragoza. Sensitivity was assessed
by calculating the percentage deviation of the recalculated indices from the baseline values
and by examining whether changes in weighting altered the relative ranking of scenarios or
the observed longitudinal trends. Quantitative robustness thresholds were defined based
on the percentage change between the original and perturbed iWPI values. An absolute
change of <5% was considered low sensitivity (robust), changes between 5% and 10%
were considered moderate sensitivity, and changes > 10% indicated high sensitivity to the
weighting assumptions. This approach identified the most influential components and
assessed the index’s robustness to credible variations in expert-derived weighting factors.

4. Results
4.1. WPI Components

Significant differences in WPI components and versions were observed at both sites
when comparing the situations with and without mining. The following explores the results
and their interpretation from the quantitative and qualitative assessments conducted in
both localities, first regarding Colombia and then regarding Palestine.

4.1.1. Resources

Zaragoza maintains a robust hydrogeological baseline, backed by high surface and
groundwater availability (Hydrological Regulation Index (HRI) of 0.77 and a Water Use
Index (WUI) of 0.8%). However, uncontrolled informal well drilling by incoming miners
and mining-driven riverbed alterations threaten long-term aquifer sustainability, under-
scoring systemic failures in territorial water governance. In Qabatiya, the Resources (R)
component reflects severe mining pressures, where stone industry operations have reduced
groundwater yield by 10-30%, and over 30% in the industrial zone, by impairing natural
recharge (Figure 1). Paradoxically, official metrics mask this depletion through increased
groundwater pumping, which excludes widespread unregistered private wells and poses a
critical threat to long-term aquifer sustainability.

Resources component Resources component Qabatiya
Zaragoza 2010 2015 2020 2025
e a — 90%
70%
2010 2015 2020 2025

=@=Resources with mining

50%

Resources without mining ==@==Resources with mining Resources without mining

(@) (b)

Figure 1. The longitudinal values of Resources component for the years 2010 to 2025 with and without
mining in Zaragoza (a) and the longitudinal values of Resources component for the years 2010 to
2025 with and without mining in Qabatiya (b).
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4.1.2. Access

As presented in Figure 2, In Zaragoza, the Access (A) component reveals deep urban-
rural disparities, intensified by a 35% demographic surge in informal settlements. The total
lack of wastewater treatment (WWTP) drives direct untreated discharges, while persistent
outages (3-5 days up to month-long failures) normalize “water conformism.” Paradoxically,
higher quantitative Access scores reflect informal water market expansion (“privatized
resilience”) rather than institutional progress, masking systemic infrastructure failure.

Access component Access component
Zaragoza Qabatiya
100%
N 70% — —
==
0% 50%
2010 2015 2020 2025 2010 2015 2020 2025
=@ Access with mining - Access without mining =@ Access with mining ==@==Access without mining
(a) (b)

Figure 2. (a) The longitudinal values of the Access component for the years 2010 to 2025 with and
without mining in Zaragoza and (b) the longitudinal values of the Access component for the years
2010 to 2025 with and without mining in Qabatiya.

In Qabatiya, the Access (A) component features near-universal domestic coverage (98%
in 2023) alongside a complete absence of wastewater treatment. However, the stone industry
introduces sharp economic disparities and pressure on irrigated lands: industrial reliance
on private wells and tankers inflates supply costs to 7 NIS/m? versus 2.6-2.8 NIS/m? for
domestic users, depressing overall Access scores despite high physical connectivity.

4.1.3. Capacity

The persistent gap between the scenarios in the Capacity component reflects a struc-
tural erosion of local adaptive capacities driven by extractive activities (Figure 3). Rather
than relying on economic indicators, such as mining GDP or direct revenues, which are
difficult to quantify in informal extraction settings, the framework evaluates the “with
mining” scenario through the disruption of alternative livelihoods and the degradation of
human capital. The lower Capacity scores under mining indicate that extractive activities
undermine traditional economic sectors, particularly artisanal fishing, while exacerbating
existing socioeconomic vulnerabilities. This is reflected in Zaragoza’s high poverty rate
(42.2%) and informal labour rate (91.1%), whereas the “without mining” scenario repre-
sents a trajectory in which livelihoods and human capabilities evolve without sustained
extractive pressures.

Human capital is further constrained by short-term livelihood strategies, whereby
young people (14-18 years) favour subsistence mining over the limited opportunities for
post-secondary education. Although approximately 82.9% of Mining Production Units
(UPMs) lacked formal environmental instruments in 2022, local authorities identified an
emerging willingness to adopt more responsible practices. However, limited technical
support and rigid formalization procedures continue to hinder this transition.
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Capacity component
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Capacity component
Qabatiya
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2010 2015 2020 2025

70%
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Figure 3. (a) The longitudinal values of the Capacity component for the years 2010 to 2025 with and

without mining in Zaragoza and (b) the longitudinal values of the Capacity component for the years
2010 to 2025 with and without mining in Qabatiya.

As for Qabatiya, the stone industry strengthens economic capacity by generating

approximately 2800 permanent jobs and substantial annual revenues of up to 4.8 million

NIS (around US$1.5 million) for large factories. Nevertheless, these economic benefits

are offset by weak institutional capacity, characterized by insufficient law enforcement,

limited environmental awareness, and inadequate regulation of mining-related impacts on

water resources. Consequently, while mining contributes positively to financial capacity, it

continues to constrain effective environmental governance. See Figure 3.

4.1.4. Use

The longitudinal assessment of the Use component reveals contrasting water-use

dynamics between the baseline and “with mining” scenarios (Figure 4). In Zaragoza,

the baseline decline is primarily associated with inefficient domestic water allocation

and consumption, driven by deficiencies in the municipal distribution network and the

absence of micro-metering. In contrast, agricultural water use remains relatively stable

through traditional community-managed water supply systems. The lower scores under

the “with mining” scenario result from the direct expansion of mining activities on critical

water collection structures, increasing turbidity, restricting physical access to water, and

generating sociopolitical tensions associated with territorial control by illegal actors. These

factors collectively undermine equitable water distribution.

Use component

Zaragoza
100%
80% \
60% —
N B
40% e
20%
0%
2010 2015 2020 2025

«=@==Use with mining  ==@==Use without mining

(a)

Use component
Qabatiya
90%
70%

50%
2010 2015 2020 2025

«=@==Use with mining  ==@==Use without mining

(b)

Figure 4. (a) The longitudinal values of Use component for the years 2010 to 2025 with and without

mining in Zaragoza; and (b) The longitudinal values of Use component for the years 2010 to 2025

with and without mining in Qabatiya.
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In Qabatiya, water is primarily allocated to domestic and agricultural uses under the
“without mining” scenario, with domestic consumption exceeding 933,000 m® annually.
The “with mining” scenario introduces substantial industrial demand, with each stone-
processing establishment consuming approximately 10 m® of water per day. Qualitative
findings reveal inefficient water use due to the absence of water recycling and the discharge
of wastewater into abandoned quarries instead of treatment and reuse. This practice in-
tensifies competition with agriculture. Although improvements in water infrastructure,
particularly the rehabilitation of the main groundwater well, have enhanced water avail-
ability over time, mining continues to reduce the Use component by diverting water to
industrial activities and lowering agricultural productivity through dust deposition on
open-field crops.

4.1.5. Environment

The longitudinal analysis of the Environment component highlights the substantial de-
terioration of hydro-environmental security in Zaragoza under the “with mining” scenario
(Figure 5). KllIs and FGDs identified long-standing mining activity as the principal driver
of watershed degradation through the accumulation of sediments, mercury, and cyanide in
the Nechi River and the La Oca and Juan Vara creeks. Although conventional indicators,
such as the ICA Water Quality Index, classify water quality as only moderately or slightly
impaired, they fail to capture the environmental impacts of heavy metal contamination. Mining
Production Units (UPMs) discharge mercury concentrations ranging from 0.091 to 0.549 mg/L,
far exceeding the Colombian regulatory limit of 0.002 mg/L for human consumption.

Environment component Environment component
Zaragoza Qabatiya

100%

0%

@=@== Environment with mining

60%

50% 0—\\. 40%
20% \‘\‘

2010 2015 2020 2025

0%
2010 2015 2020 2025

Environment without mining . . - . . -
@=@== Environment with mining Environment without mining

(a) (b)

Figure 5. (a) The longitudinal values of the Environment component for the years 2010 to 2025 with
and without mining in Zaragoza; and (b) the longitudinal values of the Environment component for
the years 2010 to 2025 with and without mining in Qabatiya.

Environmental degradation is further reflected in the extensive loss of High Environ-
mental Value Coverages (AVA) associated with Alluvial Gold Mining (EVOA). Between
2019 and 2020, Zaragoza lost 489 ha, representing 8% of the national total in this degrada-
tion category. More recently, mining activities have increasingly focused on reprocessing
fine sediments (tailings), promoting the remobilisation of previously deposited mercury
into river systems, a process intensified by rising global gold prices.

In Qabatiya, the Environment component also experienced substantial degradation due
to the stone industry. According to FGDs and Klls, water quality frequently exceeded WHO
esthetic guidelines, with Total Dissolved Solids (TDS) reaching 1500 mg/L and turbidity up to
500 NTU. Experts further attributed mining activities to a 20% reduction in biodiversity and
a 10-30% decline in agricultural productivity resulting from the use of dust- and sediment-
contaminated water. Environmental conditions are further aggravated by the widespread use
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of explosives, which experts rated as having a high impact on aquifers (4/5), together with
increasing liquid and solid waste associated with population growth.

4.1.6. Cohesion

The Cohesion component addresses the social equity and conflict-resolution dimen-
sions of water management. In Zaragoza, qualitative evidence indicates that community
cohesion has progressively shifted towards a reactive, subsistence-oriented form under
extractive pressures (Figure 6). In the baseline scenario, a clear distinction exists between
rural and urban settings. Rural communities retain relatively strong local governance,
self-managing 18 of the municipality’s 21 water supply systems through Community Ac-
tion Boards (Juntas de Accién Comunal), aqueduct committees, and indigenous reserves.
In contrast, urban solidarity is largely confined to informal neighbour-to-neighbour sup-
port, with limited collective capacity to advocate for water rights, reflecting long-standing
institutional neglect and the normalization of precarious living conditions.

Cohesion component Cohesion component
Zaragoza Qabatiya
100% 70%
50% 60% —— Qe
® | S— -1
0% 50%
2010 2015 2020 2025 2010 2015 2020 2025
==@==Cohesion with mining »Cohesion without mining «=@==Cohesion with mining »Cohesion without mining
(a) (b)

Figure 6. (a) The longitudinal values of the Cohesion component for the years 2010 to 2025 with and
without mining in Zaragoza; and (b) the longitudinal values of the Cohesion component for the years
2010 to 2025 with and without mining in Qabatiya.

Mining further weakens social cohesion by promoting unstable, short-term economic
relationships that fail to translate into collective environmental responsibility. The predom-
inance of informal mining (approximately 96%), combined with the influence of illegal
armed groups, intensifies socio-environmental conflicts, fragments community networks,
and restricts safe access to water sources. This fragmentation is reinforced by a profound
lack of trust in public institutions, as local government, the National Mining Agency (ANM),
and law enforcement are perceived as absent or punitive rather than supportive actors.
Consequently, community trust in environmental and mining authorities remains critically
low (40/100).

As for Qabatiya, mining presents a mixed social outcome. Although the stone industry
generates employment, it is also recognized as a major source of internal disputes and
conflicts with neighbouring communities, particularly Zababdeh village. While solidarity
towards vulnerable households remains moderate (57/100), their representation in man-
aging social water funds is critically limited (20/100). The absence of a dedicated social
responsibility fund from the stone industry further constrains inclusive water governance,
allowing economic benefits to be overshadowed by social tensions and the marginalization
of vulnerable groups in decision-making.
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4.1.7. Comparison Between WPI Components” Performances

For the aforementioned six WPI components, both Qabatiya and Zaragoza demon-
strate that mining creates a persistent trade-off between short-term economic gains and
long-term deterioration in water security. However, the magnitude and mechanisms differ
substantially between the two contexts. In both localities, the strongest negative impacts
are concentrated in the Environment, Use, and Cohesion components, while Capacity
shows partial improvement due to mining-related economic activity. However, Zaragoza
exhibits a more severe systemic collapse across environmental and social dimensions due
to the cumulative impacts of informal alluvial gold mining (ASGM), illegal governance
structures, and toxic contamination. For example, mercury concentrations in Zaragoza
mining discharges ranged from 0.091 to 0.549 mg/L, exceeding the Colombian regulatory
limit for domestic consumption (0.002 mg/L) by 45-270 times, while the municipality
lost 489 ha of High Environmental Value Coverages between 2019 and 2020 alone. On
the other hand, Qabatiya’s environmental degradation is more closely associated with
quarry dust, sedimentation, and groundwater depletion, with TDS reaching 1500 mg/L
and turbidity peaking at 500 NTU, accompanied by a reported 20% biodiversity loss and a
10-30% reduction in agricultural productivity. Both sites also showed declining Resources
and Environment trends over time under mining conditions; however, the drivers differed.

In Zaragoza, apparent increases in the Resources component were linked to uncon-
trolled groundwater abstraction and informal wells associated with population influxes. In
contrast, in Qabatiya, the decline was attributed mainly to reduced groundwater recharge
and intensive abstraction by the stone industry. Access conditions also differed substan-
tially: Qabatiya maintained nearly universal domestic water network coverage (98-100%),
although mining introduced economic competition through expensive industrial water
supply systems (2.3 US$S/m> compared with 0.84-0.90 US$/m3 for domestic users). At the
same time, Zaragoza experienced chronic institutional failure characterized by repeated
supply interruptions lasting from several days to entire months. Despite these differences,
both localities demonstrated a similar longitudinal pattern in which mining consistently
suppressed WPI component scores, particularly in environmental sustainability and equi-
table water governance.

4.2. WPI Results
4.2.1. Longitudinal WPI Versions Results

The comparative analysis of the four WPI formulations differentiates the trajectories
of water security in Zaragoza under the baseline and “with mining” scenarios (Figure 7).
Even without mining, the baseline reflects accumulated structural deficiencies in water in-
frastructure and public resource management. The introduction of artisanal and small-scale
gold mining (ASGM) results in a marked reduction in WPI scores across all index versions.
Although favourable hydrological conditions and mining-related income partially improve
the Capacity component, these gains are insufficient to compensate for the deterioration
observed in the Environment, Use, Cohesion, and Access components.

The modified WPI versions (iWPI, iWPIg, and iWPIa) demonstrate greater method-
ological sensitivity than the conventional WPI by incorporating qualitative dimensions
that are overlooked by traditional indices, including reduced social cohesion, informal
governance by armed actors, and localized mercury contamination. Consequently, these
indices better capture the multidimensional impacts of mining and prevent economic gains
from masking the intensification of territorial water poverty.
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Figure 7. (a,c,e,g) The longitudinal values of the four versions of WPI for the years 2010 to 2025 with

and without mining for Zaragoza; and (b,d,f,h) The longitudinal values of the four versions of WPI

for the years 2010 to 2025 with and without mining for Qabatiya.

In Qabatiya, the baseline scenario reflects a community constrained by natural water

scarcity and limited wastewater infrastructure despite maintaining high domestic water

supply coverage. Mining substantially reduces WPI values across all four WPI versions.
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While the stone industry improves the Capacity component through employment genera-
tion and tax revenues contributing approximately 16% of gross income, these benefits are
outweighed by declining Environment, Use, Access, and Cohesion scores. This pattern is
reinforced by the expert-derived weighting scheme, which assigns the highest importance
to Access (0.23) and Resources (0.19), both of which are directly affected by untreated
stone-cutting wastewater and intensive groundwater abstraction.

Overall, the inclusive WPI variants consistently provide a more comprehensive assess-
ment of mining impacts than the conventional WPI by integrating both quantitative and
qualitative dimensions of water security and factoring in the social cohesion dimension.
Across both case studies, they demonstrate that the socioeconomic benefits associated with
mining are insufficient to offset the cumulative environmental, institutional, and social
costs imposed on water security.

4.2.2. Sensitivity Analysis

The sensitivity analysis demonstrated that the iWPIa and iWPIg were generally robust
to moderate perturbations in component weights. In Qabatiya, the Environment component
exerted the greatest influence on index values, followed by Capacity and Use, whereas
Access and Cohesion contributed comparatively smaller variations. In Zaragoza, the
sensitivity pattern reflected a locality-specific weighting structure, with Capacity and
Cohesion expected to exert a stronger influence on the final index due to their higher
expert-assigned weights. Across both study areas, variations in component weights did not
alter the overall distinction between the with-mining and without-mining scenarios, nor
did they affect the temporal trajectories observed between 2010 and 2025. These findings
indicate that the principal conclusions of the study are not driven by the specific weighting
configuration adopted and that the proposed iWPI framework is robust under plausible
alternative weighting assumptions.

4.2.3. Comparative Review for WPI Performance in Both Localities

The four WPI versions further highlight both the commonalities and contrasts between
Zaragoza and Qabatiya (Figure 8). In both localities, mining consistently reduced WPI
scores relative to the baseline, demonstrating that the economic benefits of extractive
activities were insufficient to offset their multidimensional impacts on water security.

In Zaragoza, mining was associated with a widespread deterioration across all WPI ver-
sions, reflecting the combined effects of environmental degradation, institutional fragility,
and social fragmentation. The inclusive WPI variants (iWPI, iWPlg, and iWPIa) captured
these impacts more effectively than the conventional WPI by incorporating qualitative
dimensions, including informal governance, weakened social cohesion, and localized mer-
cury contamination, which are not adequately represented by conventional water security
indicators. In Qabatiya, improvements in water infrastructure, rehabilitation of the main
groundwater well, and employment generated by the stone industry partially strengthened
the Capacity component. However, these gains were offset by declining Environment, Use,
Access, and Cohesion components, driven by untreated stone-cutting wastewater, intensive
groundwater abstraction, and increasing pressure on water resources.

Overall, the comparison demonstrates two distinct hydro-social trajectories. Zaragoza
represents a system experiencing accelerated hydro-social deterioration under ASGM,
whereas Qabatiya reflects a comparatively more resilient water system in which the pro-
gressive expansion of the stone industry is increasingly compromising long-term water
security. These findings confirm that the inclusive WPI variants provide a more comprehen-
sive assessment of mining impacts than the conventional WPI by integrating environmental,
institutional, and social dimensions into the evaluation of water poverty.
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Figure 8. Comparative illustration for (a) WPI versions and their components in Qabatiya for the
year 2025 and (b) WPI versions and their components in Zaragoza for the year 2025. Refer to S3.

4.3. The Hydro-Social Resources Paradigm: Zaragoza and Qabatiya in the Context of the Extractive
Economy of the Global South

The multidimensional dynamics captured by the iWPI in Zaragoza and Qabatiya
reflect broader structural challenges characteristic of the expansion of artisanal and small-
scale mining (ASM) frontiers in the Global South. Rather than framing ASM as inherently
destructive, the index’s performance highlights the complex trade-offs between imme-
diate socioeconomic livelihoods and long-term hydro-environmental stability. The sys-
temic pressure observed on Environment (E), Capacity (C), and Cohesion (Co) aligns
with Martinez-Alier’s “ecological distribution conflicts [72],” where localized extractive
externalities impact vulnerable rural areas lacking institutional mechanisms to safeguard
traditional livelihoods [73].

Addressing these systemic challenges and successfully transferring the iWPI frame-
work to other Global South contexts hinges on five critical operational factors:

i.  Sociotechnical engineering competencies: Professional capacity to concurrently ad-
dress the intertwined social and technical drivers of water security [74,75].

ii.  Robust intersectional lens: Integration of the key social factors that determine water
vulnerability [76-78].

iii. Neutralizing institutional biases: Corrective focus to redirect diagnostic resources
away from political centres toward remote, extraction-impacted peripheries [76,77].

iv.  Fine-grained spatial disaggregation: Localized data collection at district or community
scales to expose intra-regional inequities masked by aggregated averages [76,77].

v.  Differentiated formalization pathways: Policy application aimed at guiding inclusive
artisanal mining formalization [79].

Consequently, the iWPI provides an empirical roadmap for managing reconfigured
“hydrosocial territories” [80] without penalizing the ASM sector—a vital local livelihood
driver. Rather than relying on punitive enforcement, this framework equips policymakers
across Latin America and the MENA region with a spatially explicit tool to guide differenti-
ated formalization strategies [79], effectively balancing resource extraction with ecosystem
restoration and long-term hydrosocial resilience. Despite the diagnostic potential of the
iWPI, existing literature remains largely confined to conventional WPI applications at
community, district, and watershed scales; to date, no prior studies have deployed this
methodological framework within intensive mining contexts.
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5. Conclusions

WPI provided an objective, transparent, and comprehensive measurement of the

impact of mining. It showed the multifaceted impact of mining on water and sectors

affecting the water situation. Despite the marked climatic, hydrological, and geographical

disparities between Zaragoza (Colombia) and Qabatiya (Palestine), there is a convergence

in the symptoms of water scarcity and water insecurity. Below are the main conclusions of
this study:

Convergence of man-made Stressors: Despite vastly different climatic and geographi-
cal contexts, both Qabatiya and Zaragoza demonstrate that mining-related man-made
pressures emerged as major drivers of water insecurity that, in many cases, outweighed
the influence of natural hydroclimatic constraints.

Economic-Environmental Paradox: While mining provides a significant economic
boost—generating substantial annual incomes—these gains are mathematically offset
by sharp declines in the Environment, Use, and Access dimensions of the iWPI in
Qabatiya and the Environment, Use, and Social Cohesion components in Zaragoza.
Superior Sensitivity of iWPI Variants: The inclusive WPI approaches (iWPI, iWPIg, and
iWPIa) demonstrated greater sensitivity than the conventional WPI by incorporating
social indicators that prevented economic gains from masking severe multidimensional
water insecurity.

Institutional Normalization of Water Insecurity: In both case studies, institutional
adaptation to chronic environmental degradation has led to the social normalization
of water precariousness—a severe symptom of social fragmentation where prolonged
service disruptions and illegal extraction are accepted as standard realities rather than
addressed as governance failures.

Methodological relevance and policy implications: By capturing the divergence be-
tween baseline and active mining scenarios, the iWPI proves essential for navigating
complex socio-ecological dynamics. Consequently, mitigating water poverty requires
moving beyond isolated regulations toward comprehensive, multi-stakeholder gover-
nance. While cross-sector collaboration is vital, leadership must explicitly rest with
the State as the primary guarantor to orchestrate landscape restoration, strengthen
local water governance, and drive territorial livelihood diversification.

6. Recommendations

The respective main recommendations of this study are depicted as follows:

Upscale the Utilization of iWPI for Comprehensive Monitoring: This study proved that
WPI in general and iWPI in specific provide comprehensive, multidisciplinary, easy-
to-measure indices to help assess the impact of mining on water conditions. Proper
application and monitoring should be based on the factors outlined in Section 4.3.
Evolve Assessment Frameworks: Adopt an enhanced “Inclusive WP1” that includes a
seventh dimension for “Institutional Governance” to specifically track transparency,
state presence, regulatory compliance, and institutional effectiveness. The experience
of the Household Water Security Index from [81] can help inspire this upgrade.
Strengthen Local Information Systems: Departments of Statistics and water authorities
in both countries are advised to monitor mining-related indicators to support the cal-
culation of more accurate iWPI values and facilitate evidence-based decision-making.
This would support the transition from reactive to preventive water governance.
Integration of sociotechnical competencies: Strengthen local mining and environmen-
tal departments by embedding multidisciplinary professionals skilled in sociotechnical
diagnosis, conflict mediation, and policy design.
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e  Facilitate Mining Formalization: Simplify the legal and financial requirements for
traditional and small-scale miners to enter the formal sector while providing technical
assistance to improve environmental compliance and reduce illegal practices.

e  Foster Social Responsibility Funds: Establish dedicated social responsibility funds
financed by mining businesses to subsidize water and sanitation access for vulnerable
community members and strengthen local social cohesion.

e Integrated Multi-Agency Monitoring: Improve coordination between Water Authori-
ties, Ministries of Agriculture, Environmental Authorities, and Public Health institu-
tions to conduct regular joint inspections and eliminate illegal use or encroachments
on water bodies. Furthermore, it is recommended that the iWPI framework be adapted
and applied at the watershed scale across the six municipalities of the Bajo Cauca
mining district to establish a multidimensional monitoring system capable of sup-
porting context-specific public water management policies rather than generalized
one-size-fits-all approaches.

e Institutionalize Corporate Social Responsibility (CSR) frameworks: by mandating that
mining and stone-cutting enterprises establish dedicated funds to mitigate localized
environmental externalities and subsidize water access for vulnerable populations,
thereby addressing the current absence of formal social responsibility mechanisms
and rebuilding institutional trust in extractive territories.

7. Limitations

The following are the limitations of the study.

e Financial and logistical constraints: Budgetary limitations restricted operational team
size and focus group frequency; expanding sample sizes in future research would
refine localized vulnerability perceptions.

e  Data scarcity as a diagnostic metric: While the lack of systematic monitoring limited
continuous baselines, this data gap inherently reflects low institutional capacity and
failed governance.

e  Cross-sectional scope: The study provides a static baseline, highlighting the need for
longitudinal tracking to capture dynamic, seasonal hydro-social fluctuations.

e  Spatial scale misalignment: Disparities between municipal administrative boundaries
and hydrological sub-basin limits can compromise indicator precision in anthropocen-
tric frameworks like the iWPL

e  Factoring in climate change impact: While this research isolated mining-specific
impacts via counterfactual analysis, the independent role of climate change remains a
recognized gap outside the study’s current scope. Future iWPI applications should
integrate regional climate-risk indices to evaluate how extractive activities function as
an accelerating catalyst within hydroclimatically stressed territories.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /mining6040096/s1.: S1: Compiled Needs Assessment report-
Qabatiya; S2: List of subcomponents and their Values for Qabatiya and Zaragoza; S3: Radar graphs.

Author Contributions: Conceptualization, A.I, Z.G.-R. and H.J.; methodology, AL, Z.G.-R. and H.J ;
software, H.J.; validation, H.J.; formal analysis, A.L. and Z.G.-R.; investigation, A.I. and Z.G.-R.; data
curation, A.Il. and Z.G.-R.; writing—original draft preparation, A.I. and Z.G.-R.; writing—review and
editing, JM.M.-A., O.J.R.-B. and H . ; visualization, A.I. and Z.G.-R.; supervision, JM.M.-A., O.].R.-B.
and H.J.; project administration, ] M.M.-A. and O.].R.-B. All authors have read and agreed to the
published version of the manuscript.

https://doi.org/10.3390 /mining6040096


https://www.mdpi.com/article/10.3390/mining6040096/s1
https://www.mdpi.com/article/10.3390/mining6040096/s1
https://doi.org/10.3390/mining6040096

Mining 2026, 6, 96 24 of 27

Funding: This research received partial financial support from the University of Oviedo Research
Fund to support the research activities conducted in Colombia. No other external funding was
received for this research.

Institutional Review Board Statement: Ethical review and formal approval were not required for
this study in accordance with national and institutional legislation, as the study involved anonymous
survey data and non-invasive procedures carrying minimal risk to participants. Prior to data collec-
tion, institutional permissions and authorisations were obtained from the relevant official bodies in
Palestine and Colombia. The study was non-interventional and involved qualitative data collection
through KlIs and FGDs. No private, sensitive, or personally identifying information was requested
from or collected from participants. Participants were informed about the purpose of the research, the
voluntary nature of their participation, how the information would be used, and the measures taken
to ensure the confidentiality and anonymity of their contributions. Participants were also informed
that they could decline to answer any question or withdraw from the discussion or interview at
any time without consequence. Verbal informed consent was obtained from all participants prior to
data collection.

Informed Consent Statement: Verbal informed consent was obtained from the participants. Verbal
consent was obtained rather than written because, within the local cultural and community context,
requesting written signatures was considered potentially intrusive and could create discomfort or
mistrust among participants. Before each interview or questionnaire, the researcher explained the
purpose of the study, what participation would involve, the voluntary nature of participation, and the
measures taken to ensure confidentiality and anonymity. Participants were informed that they could
decline to answer any question or withdraw from the study at any time without any consequences.
They were given the opportunity to ask questions and seek clarification, after which verbal consent
was obtained before data collection began.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Material. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

Arenas-Collao, K.; Valdés-Gonzalez, H.; Reyes-Bozo, L.; Salazar, J.L. The Water Management Impacts of Large-Scale Mining
Operations: A Social and Environmental Perspective. Water 2024, 16, 1745. [CrossRef]

Ramos Ramos, O.E.; Céceres, L.F.; Ormachea Munoz, M.R,; Bhattacharya, P.; Quino, I.; Quintanilla, J.; Sracek, O.; Thunvik, R,;
Bundschubh, J.; Garcia, M.E. Sources and behavior of arsenic and trace elements in groundwater and surface water in the Poopd
Lake Basin, Bolivian Altiplano. Environ. Earth Sci. 2012, 66, 793-807. [CrossRef]

Bottaro, L., Sola, M.; Coordinadoras, A. Agua y Megaproyectos Mineros en América Latina. Available online:
www.ungs.edu.ar/ediciones (accessed on 10 August 2026).

Bustamante, N.; Danoucaras, N.; McIntyre, N.; Diaz-Martinez, J.C.; Restrepo-Baena, O.]. Review of improving the water
management for the informal gold mining in Colombia. Rev. Fac. Ing. 2016, 2016, 174-184. [CrossRef]

National Mining Agency (ANM) and Mining and Energy Planning Unit (UPME). Boletin 24: Mineria en Cifras—Datos Eco-
nomics, Precios, Contexto y Normatividad;, National Mining Agency: Bogota, Colombia, 2025; [Online]. Available online:
https:/ /www.upme.gov.co/simco/boletin-minero/ (accessed on 10 August 2026).

Mining and Energy Planning Unit (UPME). Diagndstico Distrito Minero Especial para la Diversificacion Productiva del Bajo Cauca
Antioquefio; UPME: Bogota, Colombia, 2024. Available online: https:/ /www.upme.gov.co/simco/distritos-mineros/ (accessed on
10 August 2026).

Prieto, A.V.; Garcia-Estévez, J.; Ariza, ].F. On the relationship between mining and rural poverty: Evidence for Colombia. Resour.
Policy 2022, 75, 102443. [CrossRef]

Gallo Corredor, J.A.; Humberto Pérez, E.; Figueroa, R.; Casas, A.F. Water quality of streams associated with artisanal gold mining;
Suédrez, Department of Cauca, Colombia. Heliyon 2021, 7, €07047. [CrossRef]

Garcia, O.; Veiga, M.M.; Cordy, P.; Suesctin, O.E.; Molina, ].M.; Roeser, M. Artisanal gold mining in Antioquia, Colombia: A
successful case of mercury reduction. J. Clean. Prod. 2015, 90, 244-252. [CrossRef]

Torrance, KW.; Redwood, S.D.; Cecchi, A. The impact of artisanal gold mining, ore processing and mineralization on water
quality in Marmato, Colombia. Environ. Geochem. Health 2021, 43, 4265—4282. [CrossRef]

https://doi.org/10.3390 /mining6040096


https://doi.org/10.3390/w16121745
https://doi.org/10.1007/s12665-011-1288-1
http://www.ungs.edu.ar/ediciones
https://doi.org/10.17533/udea.redin.n79a16
https://www.upme.gov.co/simco/boletin-minero/
https://www.upme.gov.co/simco/distritos-mineros/
https://doi.org/10.1016/j.resourpol.2021.102443
https://doi.org/10.1016/j.heliyon.2021.e07047
https://doi.org/10.1016/j.jclepro.2014.11.032
https://doi.org/10.1007/s10653-021-00898-y
https://doi.org/10.3390/mining6040096

Mining 2026, 6, 96 25 of 27

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Schwartz, M.; Smits, K.; Smith, J.; Phelan, T.; Restrepo Baena, O.]. Incorporating positive deviance into comprehensive remediation
projects: A case study from artisanal and small-scale gold mining in the municipality of Andes, Colombia. Environ. Sci. Policy
2021, 123, 142-150. [CrossRef]

Martin, A.; Arias, J.; Lépez, ].; Santos, L.; Venegas, C.; Duarte, M.; Ortiz-Ardila, A.; de Parra, N.; Campos, C.; Zambrano, C.C.
Evaluation of the effect of gold mining on the water quality in Monterrey, Bolivar (Colombia). Water 2020, 12, 2523. [CrossRef]
Casso-Hartmann, L.; Rojas-Lamos, P.; McCourt, K.; Vélez-Torres, I.; Barba-Ho, L.E.; Bolafios, B.W.; Montes, C.L.; Mosquera, J.;
Vanegas, D. Water pollution and environmental policy in artisanal gold mining frontiers: The case of La Toma, Colombia. Sci.
Total Environ. 2022, 852, 158417. [CrossRef]

Calao-Ramos, C.R.; Marrugo Negrete, ].L.; Urango Cardenas, 1.; Diez, S. Genotoxicity and mutagenicity in blood and drinking
water induced by arsenic in an impacted gold mining region in Colombia. Environ. Res. 2023, 233, 116229. [CrossRef]
Salazar-Camacho, C.; Salas-Moreno, M.; Paternina-Uribe, R.; Marrugo-Negrete, ].; Diez, S. Mercury species in fish from a tropical
river highly impacted by gold mining at the Colombian Pacific region. Chemosphere 2021, 264, 128478. [CrossRef]
Alvarez-Pugliese, C.E.; Machuca-Martinez, F.; Perez-Rincon, M. Water footprint in gold extraction: A case-study in Suarez, Cauca,
Colombia. Heliyon 2021, 7, €07949. [CrossRef]

Mclntyre, N.; Angarita, M.; Fernandez, N.; Camacho, L.A.; Pearse, J.; Huguet, C.; Restrepo Baena, O.].; Ossa-Moreno, J. A
framework for assessing the impacts of mining development on regional water resources in Colombia. Water 2018, 10, 268.
[CrossRef]

Smith, J.; Schroeder, C.; Smits, K.; Lucena, J.; Baena, O.R. Pollution, obligation, and care: Perspectives from artisanal and
small-scale gold mining and farming in rural Colombia. Tapuya Lat. Am. Sci. Technol. Soc. 2023, 6, 2243762. [CrossRef]
Gonzélez-Martinez, M.D.; Huguet, C.; Pearse, J.; McIntyre, N.; Camacho, L.A. Assessment of potential contamination of Paramo
soil and downstream water supplies in a coal-mining region of Colombia. Appl. Geochem. 2019, 108, 104382. [CrossRef]
Agudelo-Echavarria, D.M.; Olid, C.; Molina-Pérez, F,; Vallejo-Toro, P.P.; Garcia-Orellana, J. Historical reconstruction of Small-
scale gold mining activities in tropical wetland sediments in Bajo Cauca-Antioquia, Colombia. Chemosphere 2020, 254, 126733.
[CrossRef]

Ministerio de Minas y Energia. Distrito Agrominero y Pesquero de la Region del Bajo Cauca Antioquefio; Ministerio de Minas y Energfa:
Bogota, Colombia, 2024.

Tarra, J.A.; Restrepo, O.].; Veiga, M.M. Coexistence between conventional alluvial mining and artisanal mining to deal with
problems associated with informality in the lower Nechi River Basin-Colombia. Resour. Policy 2022, 78, 102821. [CrossRef]
Cordy, P; Veiga, M.M,; Salih, I.; Al-Saadi, S.; Console, S.; Garcia, O.; Mesa, L.A.; Veldsquez-Lépez, P.C.; Roeser, M. Mercury
contamination from artisanal gold mining in Antioquia, Colombia: The world’s highest per capita mercury pollution. Sci. Total
Environ. 2011, 410411, 154-160. [CrossRef]

Rettberg, A.; Ortiz-Riomalo, ].F. Golden Opportunity, or a New Twist on the Resource-Conflict Relationship: Links Between the
Drug Trade and Illegal Gold Mining in Colombia. World Dev. 2016, 84, 82-96. [CrossRef]

Idrobo, N.; Mejia, D.; Tribin, A.M. Illegal gold mining and violence in Colombia. Peace Econ. Peace Sci. Public Policy 2014, 20,
83-111. [CrossRef]

Betancur-Corredor, B.; Loaiza-Usuga, J.C.; Denich, M.; Borgemeister, C. Gold mining as a potential driver of development in
Colombia: Challenges and opportunities. J. Clean. Prod. 2018, 199, 538-553. [CrossRef]

Gallo Corredor, J.A.; Lizeth Vargas Gonzalez, G.; Velasco Granados, M.; Gutiérrez, L.; Pérez, E.H. Use of the gray water footprint
as an indicator of contamination caused by artisanal mining in Colombia. Resour. Policy 2021, 73, 102197. [CrossRef]
Vélez-Torres, I.; Vanegas, D.C.; McLamore, E.S.; Hurtado, D. Mercury Pollution and Artisanal Gold Mining in Alto Cauca,
Colombia: Woman's Perception of Health and Environmental Impacts. J. Environ. Dev. 2018, 27, 415-444. [CrossRef]

Cossa, H.; Scheidegger, R.; Leuenberger, A.; Ammann, P.; Munguambe, K.; Utzinger, J.; Macete, E.; Winkler, M.S. Health studies
in the context of artisanal and small-scale mining: A scoping review. Int. ]. Environ. Res. Public Health 2021, 18, 1555. [CrossRef]
Mufioz, N.C.; Gonzélez-Alvarez, D.; Jaramillo, A.C.; Soto-Ospina, A.; Ruiz, AA. Toxicological risk in individuals exposed to
methylmercury and total mercury through daily-consumed foodstuffs in one of the mining regions of Bajo Cauca, Antioquia,
Colombia. Emerg. Contam. 2023, 9, 100226. [CrossRef]

Bonilla Mejfa, L. Mining and human capital accumulation: Evidence from the Colombian gold rush. J. Dev. Econ. 2020, 145,
102471. [CrossRef]

Bernal-Guzman, L.-J. Mineria de oro en el Nordeste antioquefio: Una disputa territorial por el desarrollo. Gest. Y Ambiente 2018,
21,74-85. [CrossRef]

Siegel, S. Community without solidarity: Mercury pollution from smallscale mining and Colombia’s crisis of authority. Community
Dev. |. 2013, 48, 451-465. [CrossRef]

Vélez-Torres, I.; Vanegas, D. Contentious environmental governance in polluted gold mining geographies: The case of La Toma,
Colombia. World Dev. 2022, 157, 105953. [CrossRef]

https://doi.org/10.3390 /mining6040096


https://doi.org/10.1016/j.envsci.2021.05.021
https://doi.org/10.3390/w12092523
https://doi.org/10.1016/j.scitotenv.2022.158417
https://doi.org/10.1016/j.envres.2023.116229
https://doi.org/10.1016/j.chemosphere.2020.128478
https://doi.org/10.1016/j.heliyon.2021.e07949
https://doi.org/10.3390/w10030268
https://doi.org/10.1080/25729861.2023.2243762
https://doi.org/10.1016/j.apgeochem.2019.104382
https://doi.org/10.1016/j.chemosphere.2020.126733
https://doi.org/10.1016/j.resourpol.2022.102821
https://doi.org/10.1016/j.scitotenv.2011.09.006
https://doi.org/10.1016/j.worlddev.2016.03.020
https://doi.org/10.1515/peps-2013-0053
https://doi.org/10.1016/j.jclepro.2018.07.142
https://doi.org/10.1016/j.resourpol.2021.102197
https://doi.org/10.1177/1070496518794796
https://doi.org/10.3390/ijerph18041555
https://doi.org/10.1016/j.emcon.2023.100226
https://doi.org/10.1016/j.jdeveco.2020.102471
https://doi.org/10.15446/ga.v21n2supl.77865
https://doi.org/10.1093/cdj/bst027
https://doi.org/10.1016/j.worlddev.2022.105953
https://doi.org/10.3390/mining6040096

Mining 2026, 6, 96 26 of 27

35.

36.

37.

38.

39.
40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Abu Hanieh, A.; AbdElall, S.; Hasan, A. Sustainable development of stone and marble sector in Palestine. J. Clean. Prod. 2014, 84,
581-588. [CrossRef]

Qanazi, S.; Zawawi, Z. Stone-Industry in Palestine: Bridging the Gap between Environmental Sustainability and Economical
Value. Pap. Appl. Geogr. 2022, 8, 12-34. [CrossRef]

Masri, R. Environmental consequences of quarries and stone quarries in Hebron Governorate. Environmental Magazine. 2017.
Available online: https://www.maan-ctr.org/magazine/article/1638/ (accessed on 31 July 2026).

Palestinian Water Authority. Water Tables in Palestine, 2023; Palestinian Water Authority: Ramallah, Palestine, 2024. Available
online: https://www.pcbs.gov.ps/Portals/_Rainbow /Documents/WaterTables_2023.pdf (accessed on 14 July 2025).

Al Wishahi, S.; Abo Baker, F.; Rifai, S.; Mizyed, B. Qabatya Town: A Vision for Water Resources and Water Services; 2005.

Judeh, T.; Haddad, M.; Ozerol, G. Assessment of water governance in the West Bank. 2017. Available online:
http:/ /www.globalsecurity.org/military /world/ (accessed on 10 August 2026).

Sullivan, C. Calculating a Water Poverty Index. World Dev. 2002, 30, 1195-1210. [CrossRef]

Ladi, T.; Mahmoudpour, A.; Sharifi, A. Assessing impacts of the water poverty index components on the human development
index in Iran. Habitat Int. 2021, 113, 102375. [CrossRef]

Zare-Bidaki, R.; Pouyandeh, M.; Zamani-Ahmadmahmoodi, R. Applying the enhanced Water Poverty Index (eWPI) to analyze
water scarcity and income poverty relation in Beheshtabad Basin, Iran. Appl. Water Sci. 2023, 13, 53. [CrossRef]

Lawrence, P; Meigh, J.; Sullivan, C. The Water Poverty Index: An International Comparison. 2002. Available online:
www.keele.ac.uk/depts/ec/web/wpapers/kerp0219.pdf (accessed on 10 August 2026).

Pandey, V.P.; Manandhar, S.; Kazama, F. Water Poverty Situation of Medium-sized River Basins in Nepal. Water Resour. Manag.
2012, 26, 2475-2489. [CrossRef]

Thakur, ] K.; Neupane, M.; Mohanan, A.A. Water poverty in upper Bagmati River Basin in Nepal. Water Sci. 2017, 31, 93-108.
[CrossRef]

Wurtz, M.; Angeliaume, A.; Herrera, M.T.A.; Blot, F.; Paegelow, M.; Reyes, V.M. A spatial application of the water poverty index
(WPI) in the State of Chihuahua, Mexico. Water Policy 2019, 21, 147-161. [CrossRef]

Prince, B.C.; Juran, L.; Sridhar, V.; Bukvic, A.; MacDonald, M.C. A statistical and spatial analysis of water poverty using a
modified Water Poverty Index. Int. |. Water Resour. Dev. 2021, 37, 339-356. [CrossRef]

Garriga, R.G.; Foguet, A.P. Improved Method to Calculate a Water Poverty Index at Local Scale. ]. Environ. Eng. 2010, 136,
1287-1298. [CrossRef]

Isayed, A.; Menendez-Aguado, ] M.; Jemmali, H.; Mahmoud, N. Water Poverty Index over the Past Two Decades: A Comprehen-
sive Review and Future Prospects—The Middle East as a Case Study. Water 2024, 16, 2250. [CrossRef]

Juran, L.; MacDonald, M.C.; Basu, N.B.; Hubbard, S.; Rajagopal, R.; Rajagopalan, P.; Philip, L. Development and application of a
multi-scalar, participant-driven water poverty index in post-tsunami India. Int. J. Water Resour. Dev. 2017, 33, 955-975. [CrossRef]
Kinj, J. Inclusive water poverty index: A holistic approach for helping local water and sanitation services planning. Water Policy
2017, 19, 758-772. [CrossRef]

Ulloa, A. The rights of the Waydu people and water in the context of mining in La Guajira, Colombia: Demands of relational
water justice. Hum. Geogr. 2020, 13, 6-15. [CrossRef]

Leonard, L. Mining Extractivism, Climate Stress, and Water Injustice: A Case Study of the Proposed Jindal Iron-Ore Mine in
Melmoth, KwaZulu-Natal and Hydrosocial Justice. Soc. Sci. 2025, 14, 503. [CrossRef]

Sullivan, C.; Meigh, J.R.; Giacomello, A.M. The Water Poverty Index: Development and Application at the Community Scale. Nat.
Resour. Forum 2003, 27, 189-199. [CrossRef]

Wilk, J.; Jonsson, A.C. From Water Poverty to Water Prosperity—A More Participatory Approach to Studying Local Water
Resources Management. Water Resour. Manag. 2013, 27, 695-713. [CrossRef]

Panthi, ].; Khatiwada, K.R.; Shrestha, M.L.; Dahal, P. Water poverty in the context of climate change: A case study from Karnali
river basin in Nepal Himalaya. Int. J. River Basin Manag. 2019, 17, 243-250. [CrossRef]

Jaren, L.S.; Mondal, M.S. Assessing water poverty of livelihood groups in peri-urban areas around dhaka under a changing
environment. Water 2021, 13, 2674. [CrossRef]

Giné-Garriga, R.; Pérez Foguet, A.; Molina, J.L.; Bromley, J.; Sullivan, C. Application of Bayesian Networks to assess water poverty.
In Proceedings of the II International Conference on Sustainability Measurement and Modelling—ICSMM 09, Terrassa, Spain, 5-6
November 2009.

Pouw, N.; Gupta, ]. Inclusive Development: A Multi-Disciplinary Approach. Curr. Opin. Environ. Sustain. 2017, 24, 104-108.
[CrossRef]

Cohen, A; Sullivan, C.A. Water and poverty in rural China: Developing an instrument to assess the multiple dimensions of water
and poverty. Ecol. Econ. 2010, 69, 999-1009. [CrossRef]

van Ty, T.; Sunada, K.; Ichikawa, Y.; Oishi, S. Evaluation of the state of water resources using Modified Water Poverty Index: A
case study in the Srepok River basin, Vietnam—Cambodia. Int. ]. River Basin Manag. 2010, 8, 305-317. [CrossRef]

https://doi.org/10.3390 /mining6040096


https://doi.org/10.1016/j.jclepro.2013.10.045
https://doi.org/10.1080/23754931.2021.1941206
https://www.maan-ctr.org/magazine/article/1638/
https://www.pcbs.gov.ps/Portals/_Rainbow/Documents/WaterTables_2023.pdf
http://www.globalsecurity.org/military/world/
https://doi.org/10.1016/S0305-750X(02)00035-9
https://doi.org/10.1016/j.habitatint.2021.102375
https://doi.org/10.1007/s13201-022-01856-4
http://www.keele.ac.uk/depts/ec/web/wpapers/kerp0219.pdf
https://doi.org/10.1007/s11269-012-0027-z
https://doi.org/10.1016/j.wsj.2016.12.001
https://doi.org/10.2166/wp.2018.152
https://doi.org/10.1080/07900627.2020.1768829
https://doi.org/10.1061/(asce)ee.1943-7870.0000255
https://doi.org/10.3390/w16162250
https://doi.org/10.1080/07900627.2016.1253543
https://doi.org/10.2166/wp.2017.075
https://doi.org/10.1177/1942778620910894
https://doi.org/10.3390/socsci14080503
https://doi.org/10.1111/1477-8947.00054
https://doi.org/10.1007/s11269-012-0209-8
https://doi.org/10.1080/15715124.2018.1531421
https://doi.org/10.3390/w13192674
https://doi.org/10.1016/j.cosust.2016.11.013
https://doi.org/10.1016/j.ecolecon.2010.01.004
https://doi.org/10.1080/15715124.2010.523004
https://doi.org/10.3390/mining6040096

Mining 2026, 6, 96 27 of 27

63.

64.

65.
66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Jemmali, H.; Sullivan, C.A. Multidimensional Analysis of Water Poverty in MENA Region: An Empirical Comparison with
Physical Indicators. Soc. Indic. Res. 2014, 115, 253-277. [CrossRef]

Jemmali, H.; Abu-Ghunmi, L. Multidimensional analysis of the water-poverty nexus using a modified Water Poverty Index: A
case study from Jordan. Water Policy 2016, 18, 826-843. [CrossRef]

World Health Organization. Domestic Water Quantity, Service Level and Health, 2nd ed.; WHO: Geneva, Switzerland, 2020.
Cullis, J; O’regan, D. Targeting the Water-Poor Through Water Poverty Mapping.  2004.  Available online:
https:/ /iwaponline.com/wp/article-pdf/6/5/397/407033 /397 pdf (accessed on 10 August 2026).

Jemmali, H. Mesures de la pauvreté en eau—Analyse comparative et développement de I'indice de pauvreté en eau. VertigO Rev.
Electronique Sci. L'environnement 2013. [CrossRef]

Jemmali, H.; Matoussi, M.S. A multidimensional analysis of water poverty at local scale: Application of improved water poverty
index for Tunisia. Water Policy 2013, 15, 98-115. [CrossRef]

Isayed, A.; Menendez-Aguado, ] M.; Jemmali, H.; Mahmoud, N. Longitudinal Calculation of Water Poverty Index in the Middle
East: Potential to Expedite Progress. Water 2025, 17, 2871. [CrossRef]

Pérez-Foguet, A.; Giné-Garriga, R. Analyzing water poverty in basin. Water Resour. Manag. 2011, 25, 3595-3612. [CrossRef]
Slottje, D.J. Measuring the Quality of Life Across Countries. Rev. Econ. Stat. 1991, 73, 684—693. [CrossRef]

Martinez-Alier, J. Mining conflicts, environmental justice, and valuation. . Hazard. Mater. 2012, 86, 153-170.

Bebbington, A.; Hinojosa, L.; Humphreys Bebbington, D.; Burneo, M.L.; Warnaars, X. Contention and Ambiguity: Mining and the
Possibilities of Development. Dev. Change 2008, 39, 887-914. [CrossRef]

Smith, J.; Lucena, J.; Rivera, A.; Phelan, T.; Smits, K.; Bullock, R. Developing Global Sociotechnical Competency Through
Humanitarian Engineering: A Comparison of In-Person and Virtual International Project Experiences. |. Int. Eng. Educ. 2021, 3, 5.
[CrossRef]

Lutz, D. Charting a Research Direction to Explore Development of Sociotechnical Thinking in Engineering Design. In Proceedings
of the ASEE Annual Conference & Exposition, Baltimore, MD, USA, 25-28 June 2023. [CrossRef]

Mukherjee, S.; Sundberg, T.; Schiitt, B. Assessment of water security in socially excluded areas in Kolkata, India: An approach
focusing on water, sanitation and hygiene. Water 2020, 12, 746. [CrossRef]

Ohler, H.; Negre, M.; Smets, L.; Massari, R.; Bogetic, Z. Putting your money where your mouth is: Geographic targeting of World
Bank projects to the bottom 40 percent. PLoS ONE 2019, 14, e0218671. [CrossRef]

Hernandez Reyes, C.E. Black Women'’s Struggles against Extractivism, Land Dispossession, and Marginalization in Colombia.
Lat. Am. Perspect. 2019, 46, 217-234. [CrossRef]

Murillo Rengifo, L.V.; Vasquez Jurado, L.F. Caracterizacién de las Practicas Mineras en Zaragoza, Antioquia: Andlisis de la
Mineria Ancestral en el Territorio. Ph.D. Thesis, Universidad de Antioquia, Medellin, Colombia, 2025.

Boelens, R.; Hoogesteger, ].; Swyngedouw, E.; Vos, J.; Wester, P. Hydrosocial Territories: A Political Ecology Perspective. Water Int.
2016, 41, 1-14. [CrossRef]

Hailu, R.; Tolossa, D.; Alemu, G. Household Water Security Index: Development and application in the Awash Basin of Ethiopia.
Int. ]. River Basin Manag. 2022, 20, 185-201. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390 /mining6040096


https://doi.org/10.1007/s11205-012-0218-2
https://doi.org/10.2166/wp.2016.147
https://iwaponline.com/wp/article-pdf/6/5/397/407033/397.pdf
https://doi.org/10.4000/vertigo.13982
https://doi.org/10.2166/wp.2012.043
https://doi.org/10.3390/w17192871
https://doi.org/10.1007/s11269-011-9872-4
https://doi.org/10.2307/2109407
https://doi.org/10.1111/j.1467-7660.2008.00517.x
https://doi.org/10.23860/jiee.2021.03.01.05
https://doi.org/10.18260/1-2--43192
https://doi.org/10.3390/w12030746
https://doi.org/10.1371/journal.pone.0218671
https://doi.org/10.1177/0094582X19828758
https://doi.org/10.1080/02508060.2016.1134898
https://doi.org/10.1080/15715124.2020.1755300
https://doi.org/10.3390/mining6040096

	Introduction 
	Gold Mining and Water Vulnerability in Colombia 
	ASGM in Zaragoza, Colombia 
	Hydro-Climatic Profile and Water Vulnerabilities in Zaragoza 
	Stone Quarrying and Water Vulnerability in Palestine 
	Stone Cutting in Qabatiya Town 
	Hydro-Climatic Profile and Water Vulnerabilities in Qabatiya 

	Theoretical Framework 
	Water Poverty Index 
	Inclusive Water Poverty Index 
	Theoretical Alignment and Conceptual Limitations 

	Materials and Methods 
	Inclusive WPI (iWPI) 
	iWPI Components and Subcomponents 
	Scenario Construction and Counterfactual Modelling 
	Data Collection and Analysis 
	Normalization of Variables 
	Calculation of Subcomponents 


	Results 
	WPI Components 
	Resources 
	Access 
	Capacity 
	Use 
	Environment 
	Cohesion 
	Comparison Between WPI Components’ Performances 

	WPI Results 
	Longitudinal WPI Versions Results 
	Sensitivity Analysis 
	Comparative Review for WPI Performance in Both Localities 

	The Hydro-Social Resources Paradigm: Zaragoza and Qabatiya in the Context of the Extractive Economy of the Global South 

	Conclusions 
	Recommendations 
	Limitations 
	References

