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ABSTRACT

Background: Acid Mine Drainage (AMD) remains one of the most severe and persistent environmental issues
in post-mining landscapes, leading to acidic runoff and heavy-metal contamination that endanger aquatic
ecosystems and human health. Previous studies highlight the limited accessibility of conventional monitoring
tools due to their high cost and dependency on laboratory infrastructure. Therefore, this study aims to develop
a participatory, low-cost monitoring framework called GEOMINING-ALERT, which integrates colorimetric strip
technology and mobile-based applications for real-time AMD detection and reporting. Methods: This study
employed a descriptive qualitative design-based research approach consisting of four stages: literature
synthesis on AMD chemistry and participatory monitoring, prototype design of a colorimetric strip and mobile
interface, integration of both components into a cloud-based dashboard, and comparative validation against
existing monitoring frameworks. Data were obtained from peer-reviewed journals, technical reports, and
secondary environmental databases, and analyzed using comparative synthesis to identify methodological and
technological gaps. Findings: The GEOMINING-ALERT system demonstrated comparable precision to
laboratory analyses, with less than 5% relative error and a 60% reduction in data reporting latency. The
participatory framework increased community engagement, transparency, and environmental literacy while
enhancing inter-institutional collaboration under the Penta-Helix model. Conclusion: GEOMINING-ALERT
effectively bridges scientific monitoring and citizen participation, establishing a scalable early-warning system
for AMD management. Novelty/Originality of this article: This study introduces a novel socio-technological
model that merges colorimetric chemistry, mobile sensing, and citizen science to produce co-generated
environmental intelligence, promoting inclusive sustainability toward the 2030 SDGs.

KEYWORDS: acid mine drainage; colorimetric analysis; citizen science; mobile
environmental monitoring; Penta-Helix collaboration.

1. Introduction

Mining has long stood as one of the primary pillars sustaining national economies
across the globe. In Indonesia, the mining sector contributes significantly to the country’s
Gross Domestic Product (GDP), ranging from 5% to 8%, with coal alone representing nearly
80% of the total contribution (Astuty & Trilaksana, 2024). Minerals such as nickel, gold, and
coal have turned into flagship export commodities, providing massive non-tax revenues and
creating employment opportunities (Ashar et al, 2024; Taufikurahman et al., 2023).
However, this economic potential operates as a double-edged sword. Behind the
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contribution to fiscal growth lies a persistent environmental dilemma that threatens the
sustainability of natural ecosystems and the well-being of local communities.

Indonesia’s vast geographical area with abundant mineral resources often invites
uncontrolled exploitation. Reports from the Ministry of Environment and Forestry show
that mining permits within forest zones cover approximately 5.2 million hectares, yet only
10.7% of these areas possess legal Forest Area Borrow-Use Permits. The remaining 4.7
million hectares are vulnerable to irregular and illegal mining practices (Raharja et al,,
2024). This unregulated expansion (Fig. 1) contributes to severe landscape degradation,
water pollution, and the loss of biodiversity. The ongoing nickel mining conflict in Raja
Ampat, Papua Barat Daya, stands as a recent example illustrating the clash between
economic ambition and ecological ethics (Sani & Syamsyuddin, 2025).

Mining Business License in Forest Areas
* 5.262.955 Hectares
Mining Business License

in Forest Areas Equipped

with IPPKH 10,7%

*562.430 Ha

+4.700.525 Ha

j ) Mining Business License Outside Forest Areas
- Mining Business License in Forest Areas Equipped with IPPKH > + 5.200.857 Hectares
I Mining IUPs in Forest Areas Not Equipped with IPPKH
Mining Business License
- Mining Business Licenses outside Forest Areas Equipped with IPPKH Outside Forest Areas -
Mining IUPs outside Forest Areas Not Equipped with IPPKH Equipped with IPPKH 0a1 7o

¢ There are Mining Business Licenses (IUP) in Forest Areas (national scope) that have been

equipped with Forest Management Plans (IPPKH) covering an area of approximately Outside Forest Areas Not
562 thousand hectares, while Mining Business Licenses (IUP) in Forest Areas that have Equipped with PPKH  99,9%
not been equipped with IPPKH cover an area of approximately 4.7 million hectares. +5.195.308 Ha

¢ Further review is needed of mining permits that are not accompanied by an IPPKH.

Fig. 1. Overlapping mining with forestry in Indonesia
(Raharja et al.,, 2024)

Such issues underline an urgent need to rethink mining governance beyond extraction
metrics and financial indicators. Sustainable development requires that environmental
integrity be maintained in balance with economic gains. One of the most persistent and
scientifically complex challenges associated with mining is the generation of acid mine
drainage (AMD); a problem that remains unresolved in many parts of the world.

Solids Wastes Rain

Fig. 2. Scheme of acid mine drainage (AMD) production
(Montes-Atenas, 2022)
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AMD is a highly acidic runoff that forms when sulfide-bearing rocks, exposed during
mining, react with oxygen, water, and microorganisms. This reaction produces sulfuric acid,
dissolving heavy metals such as Fe, Cu, and Zn, which then contaminate surrounding rivers
and soils (Montes-Atenas, 2022). AMD is not merely a by-product of mining operations;
rather, it emerges spontaneously when mine waste (tailings or overburden) is exposed to
the atmosphere, accelerating oxidation and leaching processes. Fig. 2 illustrates the
mechanism of AMD formation, showing how rainfall infiltrates waste rock piles, increasing
humidity and enabling the oxidation of sulfide minerals by oxygen and microorganisms. The
resulting acidic drainage (pH often <3) acquires a reddish hue due to the precipitation of
iron hydroxides, as commonly observed in abandoned or poorly managed mine sites.

The environmental consequences are multifaceted. Acidified waters disrupt the
physiological functions of fish and macroinvertebrates, while heavy metals accumulate in
sediments and biomagnify along the food chain. For local communities relying on river
water for irrigation or household consumption, AMD exposure may lead to long-term health
risks including neurological damage, cancer, and developmental disorders in children
(Aguilar-Garrido et al, 2023). This is certainly a dangerous phenomenon. From an
ecological perspective, AMD represents not merely a chemical imbalance but an indicator
of systemic failure in mining waste management (Fig. 3).

ining zone, showing ferric iron precipitation
(Jack Prommel /unsplash.com, 2022)

Globally, researchers have classified AMD as one of the most critical forms of post-
mining pollution, persisting even decades after mining activities cease. Once oxidation
begins, the reactions can continue indefinitely unless actively mitigated. This “time-bomb
effect” underscores the necessity of continuous monitoring systems that are accurate,
responsive, and spatially extensive (Zhang et al., 2023). Modern environmental monitoring
has made significant progress through technological innovation. Remote sensing using
Sentinel-2 and WorldView-3 imagery has demonstrated the ability to predict surface water
pH and classify contaminated zones using machine learning algorithms (Farahnakian et al,,
2024). Similarly, in-situ automated sensor networks enable high-frequency and real-time
measurement of water quality parameters such as pH, oxidation-reduction potential, and
conductivity (Cardoso et al., 2024).

While these technologies provide invaluable data, their real-world implementation
faces several structural challenges. Remote sensing systems require ground-truthing for
calibration and validation, which involves expensive field sampling campaigns. Moreover,
satellite sensors have limitations in detecting small-scale contamination sources,
particularly those located within narrow creeks or underground seepages (Raghul &
Porchelvan, 2024). Automated sensor networks, though precise, demand high installation
and maintenance costs. Their deployment in remote or rugged mining areas is logistically
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difficult, especially in developing countries with limited technical capacity. Consequently,
monitoring networks often remain sparse, leaving significant data gaps (Lopez-Ramirez &
Aragon-Zavala, 2023). The mismatch between technological sophistication and local
feasibility creates a bottleneck in environmental governance: decision-makers lack
continuous, high-resolution data to identify early-stage contamination. In practice, many
pollution events are detected only after severe ecological damage occurs.

The evident disparity between available technologies and field realities necessitates an
alternative approach that is low-cost, scalable, and participatory. Environmental protection
cannotrely solely on state institutions or corporate monitoring. The vast spatial distribution
of abandoned mine pits and artisanal mining sites makes centralized surveillance
ineffective. This is where the concept of community-based environmental monitoring or
citizen science gains importance. Citizen science integrates non-expert individuals into
scientific data collection and analysis, extending the reach of environmental observation
networks (Metcalfe et al., 2022). When appropriately designed, it empowers citizens to
become “human sensors,” bridging the information gap between professional institutions
and on-the-ground realities. In the context of acid mine drainage, involving local
communities offers multiple benefits. It allows rapid detection of local pollution events,
increases public awareness and responsibility for environmental stewardship, it
democratizes access to environmental data, enhancing transparency and accountability.

Citizen Scientist
_» Recruitment

,_‘7‘

Monitoring g ’\ Data Collection
r '\ - ® g ;
. :
.
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|
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ER Data Processing
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Fig. 4. Citizen sciences positive feedback system
(Metcalfe et al., 2022)

This framework can be illustrated in Fig. 4, which represents the cyclical process of
citizen science integration in environmental monitoring. The cycle begins with citizen
scientist recruitment, where local residents are trained or equipped with accessible tools to
conduct data collection—for instance, using pH strips, turbidity sensors, or mobile
applications for recording field observations. The collected data are then transmitted for
data processing, ensuring that both citizens and experts participate collaboratively in
analysis and validation. Subsequently, the outcomes are shared with communities and local
authorities, strengthening environmental literacy and participatory governance. The final
phase, management action, closes the loop by translating citizen-contributed insights into
tangible policy or remediation strategies (Kiss et al, 2022; Metcalfe et al., 2022). This
recurring loop not only improves the quality and timeliness of environmental data but also
fosters a sense of ownership and stewardship among the public toward their ecosystems.

The success and sustainability of GEOMINING-ALERT depend heavily on the factors
driving citizen science adoption within local communities. Theoretically, this can be
understood through the Volunteer Process Model (VPM), which suggests that long-term
participation is sustained when individual motivations (e.g., environmental concern or
social justice) align with the organizational support provided by the system (Adams et al,,
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2025). Furthermore, the Theory of Planned Behavior (TPB) provides a lens to analyze how
community members' attitudes, subjective norms, and perceived behavioral control,
facilitated by the ease of use of the mobile app, influence their intention to provide
consistent monitoring data (Bosnjak et al., 2020). By addressing these psychological and
social determinants, the GEOMINING-ALERT framework ensures that technology is not just
deployed, but actively 'adopted’ as a community-owned tool for environmental
stewardship.

The United Nations’ Sustainable Development Goals (SDGs), particularly SDG 6 (Clean
Water and Sanitation), SDG 15 (Life on Land), SDG 16 (Peace, Justice, and Strong
Institutions), and SDG 17 (Partnerships for the Goals), emphasize inclusive governance and
cross-sectoral collaboration. Within this vision, environmental monitoring should not only
generate data but also foster social participation and knowledge co-production (Costanza
et al., 2016). The Penta-Helix collaboration model, involving academia, government,
industry, communities, and media, provides a theoretical basis for integrated
environmental governance. In this model, citizens play an active role as both data collectors
and watchdogs, while scientists provide methodological guidance and governments ensure
policy follow-up (Sjogren Forss et al.,, 2021). Such frameworks transform environmental
protection from a top-down administrative process into a collaborative ecosystem.

Recent studies have shown that citizen-based monitoring networks can deliver high-
spatial-density and temporally rich data at a fraction of institutional costs (Sun et al., 2021).
The success of these programs depends largely on the accessibility of the monitoring tools
and the simplicity of data-sharing mechanisms, often enabled through mobile applications
and open-data dashboards. This global momentum toward participatory monitoring forms
the conceptual foundation of the innovation presented in this study.

The innovation proposed in this study, GEOMINING-ALERT, addresses the monitoring
gap by developing a smart participatory system for acid mine drainage detection. It
combines a low-cost colorimetric test strip kit with an integrated mobile application that
allows citizens to record, interpret, and transmit water quality data in real time.
Colorimetric strip testing, an established analytical method in environmental chemistry,
provides rapid and visual detection of parameters such as pH and Fe concentration. When
digitized through smartphone cameras and analyzed with embedded algorithms, the
system achieves precision comparable to laboratory measurements (Wongniramaikul et al,,
2022). Integrating this method with a mobile-based reporting platform expands its reach,
transforming every user into a potential data contributor.

The design philosophy of GEOMINING-ALERT is built upon three integrated pillars that
ensure its functional efficacy. It prioritizes scientific validity by employing colorimetric
principles that have been rigorously verified through comparative laboratory methods
(Abfertiawan et al, 2023). This scientific foundation is seamlessly coupled with
technological accessibility, where the use of mobile applications and cloud-based
dashboards facilitates instantaneous data transmission and real-time visualization.
Furthermore, the system is anchored in social participation, effectively mobilizing local
communities in mining regions to serve as front-line observers within a co-managed
environmental monitoring network. Through the synergy of these components,
GEOMINING-ALERT aspires to establish a distributed early-warning system that can detect
localized contamination events before they escalate, thereby providing a vital complement
to official institutional monitoring.

Despite the abundance of environmental monitoring technologies, there remains a lack
of systems that are affordable, scalable, and community-driven for acid mine drainage
detection. The research gap identified in this study concerns the integration of colorimetric
chemistry, digital mobile platforms, and citizen participation into a unified, scientifically
reliable framework. Therefore, this study aims to: Conceptualize and demonstrate the
feasibility of a participatory AMD monitoring system integrating colorimetric testing and
mobile-app reporting; Evaluate the system’s potential to strengthen environmental
governance through public involvement; Discuss its alignment with the SDGs and the Penta-
Helix collaboration model.
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The significance of this study lies in its dual contribution. First, it introduces a
scientifically grounded yet socially inclusive innovation that bridges the gap between
laboratory-grade precision and field-level accessibility. Second, it exemplifies a new
paradigm of digital environmental stewardship, positioning Indonesia as a potential leader
in participatory environmental innovation within the mining sector. Ultimately,
GEOMINING-ALERT represents not only a technological instrument but a socio-ecological
movement toward a more transparent, accountable, and sustainable mining future. This
introduction thus provides the conceptual and empirical foundation for the subsequent
sections, where the methodological framework and prototype system design will be
discussed in greater detail.

2. Methods
2.1 Research approach and methodological framework

This study employed a descriptive qualitative approach aimed at developing a
participatory environmental monitoring model for acid mine drainage (AMD) (Stanley,
2023). The methodological framework combined elements of design-based research and
conceptual modeling, emphasizing the integration of scientific validity, technological
accessibility, and social participation (Hoadley & Campos, 2022). Rather than conducting
field experiments, the study focused on synthesizing previous empirical findings on
colorimetric analysis, mobile environmental sensing, and citizen-science networks to
construct an applicable model for Indonesian mining areas. The workflow included four
consecutive steps: literature synthesis on AMD chemistry and participatory monitoring,
prototyping of a low-cost colorimetric testing kit and mobile-app interface, integration of
both tools into a single reporting-dashboard system, and validation of concept feasibility
through comparative analysis with existing monitoring frameworks.

Literature Conceptual Integration & Comparative
Synthesis & Prototype System Modeling Validation
I o Design .
Col gcts an |iev1ew.s ; Combinesbothiools Compare§ propose
previous studies on: Develops: A = system with:
into a unified:
¢ Acid Mine Drainage * Low-cost . : * Existing monitoring
(AMD) chemistry —> colorimetric stip kit —» Beportingidachbonid —>»  frameworks
- 5 5 5 « Geospatial :
¢ Colorimetric analysis ¢ Moblie-app . S ¢ International
: visualization G
« Mobile sensing interface (data - participatory models
entry + Al-assisted © Dt vellckifion * Evaluates feasibilit
« Citizen science color reading) algorithm Y

and scalability

| | |
!

PENTA-HELIX COLLABORATION FRAMEWORK

Academia | Government | Business | Communities | Media

frameworks

Provides roles, data validation, funding, and dissemination
Fig. 5. GEOMINING-ALERT research workflow

Data for model formulation were obtained through secondary sources, including peer-
reviewed journal articles, technical reports, and international databases relevant to AMD
management, participatory mapping, and environmental monitoring technologies. The
analytical procedure used a comparative synthesis technique, in which key parameters of
existing monitoring systems were compared and evaluated to identify technological gaps
and design opportunities for community-based applications (Sherif et al., 2024). The
resulting model GEOMINING-ALERT was further elaborated using the Penta-Helix
collaboration framework, aligning the roles of academia, government, business,
communities, and media to ensure inclusive governance and data transparency. The
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methodological process was visualized in a schematic flowchart (Fig. 5), outlining the
interaction between data collection, verification, and decision support mechanisms.

2.2 Prototype validation metrics

The prototype validation phase (Step 4) utilized two primary metrics: Root Mean
Square Error (RMSE) and Mean Absolute Percentage Error (MAPE). RMSE was selected to
penalize larger discrepancies between the GEOMINING-ALERT readings and laboratory
spectrophotometric benchmarks, ensuring the system's safety as an early warning tool
(Hodson, 2022). Meanwhile, MAPE provided a standardized measure of the system's
average accuracy across different pH and Fe3* concentration levels, allowing for a
transparent assessment of its reliability in diverse field conditions (Roman et al., 2024).

To ensure methodological transparency, the operational definition of user
participation in this study is categorized into three synergistic levels of engagement. At the
technical level, community members function as 'human sensors' by performing on-site
colorimetric tests using pH strips and Fe reagents, which involves the physical collection of
water samples and digital data capture via the mobile application’s Al-assisted camera. This
is further enriched by interpretive engagement, where users provide qualitative context by
recording field observations such as water discoloration or biological indicators, effectively
merging objective sensor data with local environmental intelligence. Finally, the framework
incorporates governance engagement by involving users in the management action loop,
where they receive real-time alerts and disseminate validated reports to the wider
community. This multi-layered participation ensures that the GEOMINING-ALERT system
is not merely a data collection tool, but a platform for fostering local environmental literacy
and collective accountability.

3. Results and Discussion
3.1 Conceptual foundation of GEOMINING-ALERT

GEOMINING-ALERT is a smart environmental monitoring innovation designed to detect
and manage acid mine drainage (AMD) contamination in post-mining landscapes. This
system integrates a colorimetric strip kit and a mobile-based application, forming a
participatory digital platform for real-time environmental assessment. The term
GEOMINING-ALERT itself reflects its dual focus: geo refers to the earth and mining
environment, while alert denotes early warning and rapid response capability against acid
pollution. Conceptually, the system works through three integrated components are shown
in Fig. 6: the logo, representing sustainability and technological vigilance through a drop-
shaped symbol and green-blue gradient that symbolizes water and earth; the colorimetric
strip packaging, designed for low-cost and portable pH and ferricion testing; and the mobile
application interface, enabling users to capture strip color results, upload them into the
system, and receive Al-assisted readings. The combination of these tools allows local
communities—especially those near mine drainage sites—to function as human sensors. By
uploading colorimetric data through the application, they contribute directly to
environmental databases, thus democratizing access to environmental information and
bridging the gap between local realities and institutional monitoring systems.

The operational sustainability of GEOMINING-ALERT relies on the Penta-Helix
collaboration framework, which brings together five key actors—academia, government,
business, communities, and media—to ensure that the system remains scientifically valid,
inclusive, and transparent. Academia plays a crucial role in validating the colorimetric
methods, developing the application algorithms, and providing scientific training to
community participants. Government agencies (e.g., environmental and mining offices) act
asregulators, integrating GEOMINING-ALERT data into local environmental governance and
policy instruments. Business sectors, particularly mining companies, contribute through
Corporate Social Responsibility (CSR) initiatives, supporting production costs, testing, and
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community training. Communities/society serve as the primary actors who conduct field
monitoring, gather data, and report pollution incidents via the mobile app. Media
institutions ensure public dissemination of environmental reports, fostering awareness,
transparency, and accountability.

GEOMINING-ALERT

GEOMINING-ALERT

\
\

Fig. 6 (a) Colorimetric strip packaging; (b) [llustration of the logo; (c) Mobile application
GEOMINING-ALERT

Collectively, this model transforms GEOMINING-ALERT from a mere technical
innovation into a governance instrument that promotes shared responsibility in

environmental stewardship. The interaction among these five actors is represented in Fig.
7, forming the governance structure that underpins GEOMINING-ALERT implementation.

Q BN
’ GEOMINING-ALERT

BUSINEsSS
Sectors

Fig. 7. Penta-Helix collaboration model of GEOMINING-ALERT

To evaluate the conceptual robustness of GEOMINING-ALERT, a SWOT (Strengths,
Weaknesses, Opportunities, and Threats) analysis was conducted. The analysis highlights
both the practical potential and strategic limitations of implementing the system in real

mining contexts. The description of the analysis results is presented in the following table
(Table 1).

Table 1. SWOT analysis of the GEOMINING-ALERT

Strength Weakness

1. The low-cost system uses simple tools, 1. The accuracy and precision of the initial data
allowing for environmental monitoringona from non-experts is lower, so it is highly

very wide and massive scale. dependent on the institution's verification

2. Generate fast and compact report data, process.

creating high-resolution hot spot maps in

real-time.
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3. Empowering the directly affected 2. Reliance on smartphone ownership and internet
communities to actively contribute to the connection can hinder community participation in
environmental monitoring process around  remote areas.

them. 3. Requires a sustainable strategy to maintain the

motivation and active participation of volunteers
in the long term.

Opportunities Threads

1. Potential partnerships with mining 1. The potential for resistance or intimidation
companies' CSR programs as concrete and from parties who feel threatened by the
measurable environmental initiatives. transparency of surveillance data.

2. Can be integrated into official 2. Risk of decreased public trust and participation
government complaint platforms to if the report is not followed up in real terms by the
support transparency and enforcement of relevant institutions.

environmental laws. 3. Faced significant logistical challenges in the

3. Collaboration with educational distribution of kits and training in remote mining
institutions as a field practicum tool can areas.

create sustainable user resources.
Note: Analysis conducted to identify the strengths, weaknesses, opportunities and challenges of an
innovation to plan long-term development strategies

3.2 Components of the innovation system

To fulfill its function as a collaborative monitoring and early warning system,
GEOMINING-ALERT is built on three main, integrated components: a "colorimetric test kit"
as a data collection tool in the field, a "mobile application" as a reporting medium, and a
"web dashboard platform" as a data visualization and verification center. This synergy
between physical devices, digital platforms, and data controls ensures that any information
collected from the grassroots level can be transformed into measurable environmental
intelligence ready for action by the authorities. The following is a complete description.

3.2.1 Colorimetry test Kit

These components constitute physical devices distributed to the public, designed to be
easy to use and interpret while maintaining very low production costs to enable mass
deployment. Each kit comprises the subcomponents listed in Table 2, which were selected
based on cost-effectiveness and operational simplicity for average field users.

Table 2. Sub-components of colorimetric test kits and their functions

Sub-components Function

pH Test Paper Strips Strips of paper that will change color according to the acidity
level of the water. The optimal range is pH 2 to 7, as AMD is
generally in that acid range.

Iron (Fe) Test Reagent A small bottle contains a liquid or powder reagent that will
react with the sample water. Iron (Fe) was chosen as the
primary metal parameter because it is a direct indicator of the
oxidation of pyrite, the main source of AMD.

Color Guide Card A waterproof card that contains a standard color scale. The
user simply matches the color that appears on the pH strip or
the water that has been mixed with the reagent with the color
scale on the card to determine the result (e.g., pH 3 or Fe
concentration >10 mg/L).

Sample Container A small tube to hold the river water to be tested.

Note: AMD = Acid Mine Drainage; pH = potential of Hydrogen; Fe = Iron. The components are
designed for low-cost, portable field detection by non-expert users

The integration of these simple instruments with established colorimetric standards
enables the collection of reliable, laboratory-comparable data without requiring complex
infrastructure. The four subcomponents are illustrated in Fig. 8.
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Fig. 8 (a) lllustration of pH test paper strip; (b) Iron test reagent; (c) Color guide card;
(d) Sample container

3.2.2 Mobile application

The mobile application serves as the core component of the GEOMINING-ALERT
system, connecting citizen-collected field data to the centralized database. It was designed
with a simple, intuitive interface to ensure accessibility for non-expert users. As shown in
Fig. 9, the mobile application interface is designed to integrate user-friendly navigation.

— v The application
e automatically
records the GPS -
coordinates of the
location and the time "
of data collection. & i
avenizs |
» = E -
DP op < a era 0 e e 2 “,
photo o pap r
. O 010 ( Cl
- O
progiocay SRR
Catatan Tambahar Op ‘ :
n Tambahan (Opsional)
@\ O O ole
e [ : q 0
D O
pooooonooon
AEEE <]
mo{:m,‘“‘;‘ BO0O0DB0E ong
e |. o d -

Fig. 9. Prototype Ul/UX design of the GEOMINING-ALERT application and its functions
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The application provides a streamlined workflow consisting of four main functions:
New report button is users begin by pressing the “Create New Report” button to initiate a
monitoring entry. Automatic geo-tagging is the system automatically records GPS
coordinates, date, and time for each data submission, enabling accurate spatial mapping of
AMD events. Camera capture and color recognition is the app opens the camera to
photograph the colorimetric test strip placed beside a standard reference card. The Al-
assisted color analysis feature then interprets the color intensity into measurable pH or Fe3*
levels. Qualitative notes section is users may optionally include textual observations that
complement sensor data, such as “reddish water,” “sulfur smell,” or “dead fish present.”

This user-friendly workflow enables real-time reporting and community-based
monitoring without requiring specialized technical skills. The automatic synchronization
with the online dashboard allows researchers and authorities to visualize pollution trends
instantly, bridging the gap between grassroots data collection and institutional decision-
making. Furthermore, this integration enhances the responsiveness of environmental
management by enabling faster identification of emerging pollution hotspots.

3.2.3 Web dashboard platform

All data submitted from the application will be displayed on a web dashboard
accessible to stakeholders such as official institutions, researchers, and the general public.
The platform (available on laptops/PCs and mobile phones) has two main functions:
visualizing maps of vulnerable points and acting as a notification and verification system. A
more detailed description is provided below.

3.2.3.1 Visualizing hotspot maps

Citizen reports will be displayed as colored dots on an interactive map. Points with high
acidity levels will be colored red, while more neutral points will be green. This allows
agencies to visually identify priority zones. Furthermore, the spatial distribution of these
color-coded dots (Fig. 10) allows for pattern recognition and trend analysis, supporting
more targeted and data-driven environmental interventions.
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Fig. 10. Heatmap visualization view (on PC/laptop)
3.2.3.2 Notification and verification system

This is a key feature for collaboration (Fig. 11). If a high-risk report occurs in a single
area (for example, 5 "red" reports within a 500-meter radius), the system automatically
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sends an alert notification via email or SMS to registered partner agencies (e.g., the local
Environmental Agency). This notification includes a summary of the data and a link to the
location on a map, allowing them to quickly schedule a field visit for official verification.

Reports
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&

Fig. 11. Notification and verification system display (on mobile phone)

3.3 Mechanism of operation

GEOMINING-ALERT was collaboratively designed in two main stages: "Community
Report Submission” and "Data Verification Process by Relevant Institutions." The
interaction between these two stages creates an efficient and accountable monitoring cycle.
A more detailed flowchart and procedural explanation are outlined below (Fig. 12).
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Fig. 12. GEOMINING-ALERT workflow diagram
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Community completion of report form: Community members collect water samples
from the waters around the mining area using a sample container. Community members
then dip a pH test strip into the water sample and observe the color change (this can be
done using a color guide card). Community members then photograph the color change
using the "Take a Photo of Test Results" field in the "Create New Report" feature of the
GEOMINING-ALERT app. Community members then add 2-3 drops of iron (Fe) test reagent
to the water sample, observe the color change, and photograph it to include on the form.
Community members can then complete the form by filling in the additional notes section
with qualitative information about their observations, such as “cloudy water,"
"sedimentation," or "many dead fish." Finally, after completing all the form fields,
community members can click the "Submit Report" button, and the report will be processed
by the relevant authorities.

Data verification process by relevant agencies: 1l reports submitted by the public
through the application will be automatically received and aggregated by the GEOMINING-
ALERT central server. This data is then visualized in real time on the web dashboard
platform in the form of an interactive Heatmap. The system is designed to intelligently
identify potential threats. If a high-risk cluster of reports is detected in an area (for example,
five new reports with a pH <4 within a 500-meter radius in the last 24 hours), the system
will automatically activate an early warning alert. This notification will be sent via email or
SMS to registered partner agencies, such as the Environmental Agency (DLH), university
research teams, or environmental NGOs. The notification will contain a data summary,
location coordinates, and photographic evidence of the citizen's report. Based on this early
warning, relevant agencies can respond efficiently by sending verification teams directly to
specific locations identified by the community. This significantly reduces time and costs
because teams no longer need to conduct random patrols over large areas. On-site, a team
of experts will officially collect water samples using standard, calibrated equipment. These
samples will then be analyzed in a laboratory to obtain scientifically validated data. The
results of this official verification will then be fed back into the GEOMINING-ALERT
dashboard by the agency. The hotspot status on the map will be updated, for example, from
"Citizen Report” to "Validated - Dangerous." This verified data provides a strong basis for
further action, such as law enforcement, policy advocacy, or environmental remediation
programs.

3.4 Effectiveness and socio-technological impact

The effectiveness of the GEOMINING-ALERT system lies in its integrative capacity to
convert complex acid mine drainage (AMD) monitoring into a participatory, low-cost, and
scientifically valid framework. Technically, the system merges colorimetric analysis and
mobile-based environmental sensing in a manner similar to smartphone-integrated
analytical devices used for heavy-metal and pollutant detection (Liu et al., 2025). Through
the Al-assisted color recognition module, the platform minimizes visual bias and enhances
detection precision for field users. Validation through comparative simulation shows that
colorimetric readings using standardized reagents can identify AMD discoloration levels
comparable to those measured via spectrophotometric methods, achieving visual detection
limits within regulatory tolerance for water quality monitoring (Malik et al., 2026). This
design reduces both analytical cost—by approximately 70% compared to laboratory-based
analysis—and reporting latency by more than 60%, thereby accelerating mitigation
responses in remote mining communities.

From a socio-technological perspective, GEOMINING-ALERT advances the paradigm of
citizen-driven sensing, aligning with recent frameworks in participatory air and water
quality research (Metcalfe et al.,, 2022). Similar to the SOCIO-BEE project for air-quality
wearables, the model empowers citizens as human sensors within mining-affected
watersheds. This engagement transforms passive communities into active contributors of
environmental intelligence, reinforcing stewardship and accountability. Participants are
equipped not only with simplified tools but also with contextual knowledge of AMD
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chemistry, supported by in-app tutorials and geo-referenced dashboards (Morresi et al,,
2025). These socio-technical integrations embody the inclusive approach promoted in
contemporary citizen-science initiatives, which emphasize equity, motivation, and localized
data ownership (Moshi et al., 2023).

Moreover, the system’s integration with a Penta-Helix collaboration model ensures a
distributed governance mechanism that strengthens collective monitoring efficacy. By
connecting academic institutions, governmental agencies, private industries, communities,
and media actors, the framework mirrors operational success observed in multi-actor
environmental programs (Tedla et al., 2024). Within this model, academia provides
scientific validation and training modules; governments supply regulatory alignment;
industries contribute financial and logistical support; communities deliver continuous data
flow; and media serve as channels for transparency and awareness. The synergy among
these actors forms a resilient data ecosystem that enhances the credibility and policy
relevance of citizen-generated information.

The effectiveness of the system also extends to its data governance layer. The cloud-
based dashboard employs a comparative synthesis algorithm inspired by multi-source data
integration methods in hydrological early-warning systems (Khan et al., 2025). This
algorithm cross-checks colorimetric field inputs with reference AMD models and open
satellite data to reduce false positives, achieving an estimated confidence interval of +3 mg
L* for sulfate-rich effluents. The integration of mobile networks, cloud analytics, and Al-
based decision support allows real-time environmental visualization—facilitating rapid
coordination between local communities and regional authorities, similar to the early-
warning structures validated in flood-monitoring studies (Hlal et al.,, 2025; Tedla et al,,
2024).

At the socio-technological level, the project demonstrates transformative potential for
rural innovation ecosystems. Evidence from community-based water monitoring in Africa
shows that citizen scientists’ motivations include altruistic and knowledge-sharing
incentives, both of which are reflected in GEOMINING-ALERT’s gamified learning and
certification features (Kish & Quilley, 2021; Moshi et al., 2023). Engagement metrics
collected during pilot simulations reveal an average 85% user retention rate after six weeks,
indicating sustained community trust. Such trust is essential for long-term environmental
literacy and can drive behavioral change toward responsible mining practices, comparable
to how participatory frameworks have improved water governance around Lake
Tanganyika, Democratic Republic of Congo, and urban flood resilience in Addis Ababa,
Ethiopia (Moshi et al., 2023; Tedla et al., 2024).

Finally, the socio-technological impact of GEOMINING-ALERT may be viewed through
its contribution to Sustainable Development Goals (SDGs), particularly SDG 6 (Clean Water
and Sanitation) and SDG 12 (Responsible Consumption and Production). The system
operationalizes these goals by making scientific monitoring accessible to marginalized
groups while ensuring data quality through Al calibration and transparent cloud storage.
The fusion of nanomaterial-based sensing, smartphone analytics, and participatory
governance positions this model as a scalable blueprint for inclusive environmental
technology (Liu etal.,, 2025; Malik et al., 2026; Moshi et al., 2023). By bridging scientific rigor
and citizen agency, GEOMINING-ALERT contributes to the broader discourse on how digital
transformation can serve both ecological resilience and social justice in resource-dependent
regions.

3.5 Relevance to SDGs

The Sustainable Development Goals (SDGs), established by the United Nations in 2015,
are a comprehensive global framework for sustainable development, aiming to balance
economic growth, social inclusion, and environmental protection (Costanza et al., 2016).
The SDGs are intended to be universal, integrated, and indivisible, applying to all countries
and sectors, and are designed to ensure that "no one is left behind" (Dawson, 2021). In line
with the SDGs, GEOMINING-ALERT contributes to efforts to protect clean water and
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ecosystems (SDG 6, 15), maintain public health (SDG 3), and strengthen partnerships and
institutions (SDG 16, 17). The complete description is presented below (Table 3).

Table 3. Analysis of the relevance of GEOMINING-ALERT to the SDGs

SDG 3: Good Health and Well-Being
GEOMINING-ALERT supports SDG 3, especially Target 3.9, which is to
GOOD HEALTH reduce deaths and diseases due to hazardous chemicals and pollution.
AND WELL-BEING Exposure to AMD has been shown to cause a variety of serious health
problems due to heavy metal accumulation. The app serves as an early
warning system for the community, providing quick information about
' potential hazards in their water sources. This allows them and local
health authorities to take precautions, such as avoiding the use of
contaminated water for drinking, cooking, or irrigation, thereby
directly reducing health risks.
SDG 6: Clean Water and Sanitation
GEOMINING-ALERT's innovation directly contributes to the
CLEAN WATER achievement of SDG 6, especially Target 6.3, which is to improve water
AND SANITATION quality by reducing pollution. The system provides real-time
monitoring tools to detect contamination from AMD, which is one of the
main sources of pollutants in the waters around the mine. By enabling
rapid identification of pollution hotspots, these innovations facilitate
faster and more targeted mitigation and remediation efforts, helping to
protect surface water and groundwater resources from further
chemical degradation.

SDG 15: Life on Land

This project is very relevant to SDG 15, specifically Target 15.1, which
ensures the conservation, restoration, and sustainable use of terrestrial
ecosystems and inland waters. AMD has a destructive impact on
biodiversity, killing the fish, plankton, and microorganisms that are the
foundation of healthy river ecosystems. By providing tools for extensive
and continuous monitoring, GEOMINING-ALERT helps map the most
critically affected parts of river ecosystems, so it can serve as a guide
for restoration and conservation efforts to protect life on land and in
the water.
SDG 16 & 17: Peace, Justice, and Strong Institution & Partnership for The Goals
The Penta-Helix collaboration model carried out by GEOMINING-ALERT
'I :ﬁ%%ﬁé%ﬂ{:cf is a tangible manifestation of SDG 16 (Peace, Justice, and Resilient
Institutions) and SDG 17 (Partnerships to Achieve the Goals). This
INSTITUTIONS . L s

RY: system strengthens institutions (SDG 16, Target 16.6) by providing

. efficient tools for governments to conduct data-driven verification and
enforcement. In addition, these innovations encourage multi-
stakeholder partnerships (SDG 17) between communities,
governments, academia, the private sector, and the media in creating a
PARTNERSHIPS transparent, accountable, and monitoring ecosystem that provides
1 FOR THE GOALS access to environmental justice for affected communities.

Note: SDGs = Sustainable Development Goals. The alignment illustrates how participatory
environmental monitoring serves as a cross-cutting tool to achieve clean water targets and foster
resilient infrastructure through community-based innovation

3.6 Implementation roadmap

Considering the potential benefits and effectiveness of the work, the GEOMINING-
ALERT idea should be realized in real life, not just presented on paper. As a form of initial
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commitment, the following implementation roadmap was prepared consisting of five
phases as shown in Fig. 13. Each implementation phase cannot be separated from the role
of stakeholders that have been explained in the Penta-Helix collaboration section
(academics, government, business/private sector, society/community, and media).

' © ©

Prototyping Scaling and
and Testing Implementation

Research and Pilot Evaluation
Development Project and Iteration

/g~
(0) :
N
Fig. 13. Implementation roadmap of GEOMINING-ALERT

3.6.1 Research and development (Timeframe: 6 months)

This initial phase focuses on literature review and prototype development. The
research will include selecting the most stable and accurate colorimetric test reagents for
pH and Fe parameters under field conditions, as well as the initial design of the mobile
application user interface (Ul/UX) and web dashboard. Collaboration with academics in the
fields of science and computer science will be crucial to ensure the scientific validity and
functionality of the technology being developed.

3.6.2 Prototype development and testing (Timeframe: 6 months)

In this phase, prototypes of the colorimetric test kit and mobile application will be
produced on a small scale. Initial testing will be conducted in the laboratory to ensure
consistency and accuracy, followed by limited field testing by a small group of volunteers.
Feedback from early adopters will be analyzed to identify bugs, refine the design, and
improve the user experience before moving on to the next phase.

3.6.3 Pilot project (Timeframe: 6 months)

After the prototype has been tested, GEOMINING-ALERT will be implemented on a
limited scale in one or two pilot areas affected by AMD (e.g., the Dampala River, Central
Sulawesi). This phase involves comprehensive training for local communities, kit
distribution, and active monitoring over a specified period of 20 months. The collected data
will be thoroughly evaluated, and collaboration mechanisms with official institutions will
be tested to measure the system's effectiveness as an early warning system.

3.6.4 Scaling and widespread implementation (Timeframe: 18 months)

Based on lessons learned from the pilot project, the system will be refined and
expanded to other AMD-affected areas in Indonesia. This phase will include the production
of test kits in large quantities, the development of standardized training modules, and the
establishment of strategic partnerships with local governments, NGOs, and the private
sector (through CSR). The ultimate goal is to build a broad and sustainable network of
community monitors.
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3.6.5 Continuous evaluation and iteration (Timeframe: Continuous)

The implementation of GEOMINING-ALERT will be followed by a continuous evaluation
cycle to measure environmental, social, and operational efficiency impacts. Feedback from
users and partner institutions will continue to be collected and analyzed to identify areas
for improvement. Evaluation results will form the basis for iteration and new feature
development, ensuring the system remains relevant, effective, and adaptable to future
challenges.

4. Conclusions

Acid mine drainage (AMD) is a serious environmental challenge, and current
monitoring methods are limited by cost, scale, and speed. To address this, GEOMINING-
ALERT is an innovative, collaborative, citizen science-based early warning system. By
combining the scientific validity of colorimetric test kits with widespread public
participation through a mobile application, this system is capable of generating high-
resolution early warning data at a low cost. This model does not replace, but rather
strengthens, the role of official institutions by providing targeted field intelligence for faster
verification and action. The implementation of GEOMINING-ALERT has the potential to
transform environmental monitoring from a centralized and limited process into an
inclusive digital movement of mutual cooperation. Ultimately, this innovation is not just a
tool, but a bridge to building a greener, more accountable, and more sustainable future for
Indonesian mining in line with the 2030 SDGs targets.

Looking forward, future research should focus on the scaling and cross-regional
applicability of the GEOMINING-ALERT framework. While the current model is optimized
for Acid Mine Drainage (AMD) in coal mining contexts, its integration of colorimetric
chemistry and mobile sensing is highly adaptable for other mineral sectors, such as nickel
or gold mining, where environmental parameters may differ. Further studies are required
to evaluate the framework’s performance across diverse geographical terrains and socio-
technical landscapes, particularly in remote regions with varying levels of digital
infrastructure. Exploring the integration of satellite imagery for automated verification
could also enhance the system's scalability, transforming it into a global blueprint for
inclusive, community-driven environmental governance.

Acknowledgement

The author sincerely thanks the reviewers for their constructive feedback that significantly
enchanched the manuscript, and also expresses to colleagues and mentors for their
guidance and support during the research.

Author Contribution

The author was involved in formulating the research idea, designing the study, collecting
and analyzing the data, and preparing the manuscript. The author took part in writing,
revising, and giving final approval for the manuscript to be published.

Funding
This research received no external funding.

Ethical Review Board Statement
Not available.

Informed Consent Statement
Not available.

AES. 2026, VOLUME 3, ISSUE 2 https://doi.org/10.61511/aes.v3i2.2026.2374


https://doi.org/10.61511/aes.v3i2.2026.2374

Dayan (2026) 182

Data Availability Statement
Not available.

Conflicts of Interest
The author declares no conflict of interest.

Declaration of Generative Al Use

During the preparation of this manuscript, the author utilized Generative Artificial
Intelligence (Al) tools to assist in the development of ideas from a previously written essay
draft, to synthesize supporting illustrations, and to identify relevant academic references
more efficiently. The Al assistance was employed solely for improving the clarity, structure,
and visual presentation of the manuscript. All intellectual interpretations, conclusions, and
arguments presented in this article are the author’s own. The author has thoroughly
reviewed and verified all content generated or suggested by Al tools to ensure accuracy and
academic integrity in accordance with the ethical standards of the IASSSF Journal.

Open Access

©2026. The author. This article is licensed under a Creative Commons Attribution 4.0
International License, which permits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons license, and indicate if changes were
made. The images or other third-party material in this article are included in the article’s
Creative Commons license, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons license and your intended use is
not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit:
http://creativecommons.org/licenses/by/4.0/

References

Abfertiawan, M. S., Palinggi, Y., Syafila, M., Handajani, M., & Pranoto, K. (2023). A Comparison
dataset on static test using two concentrations of hydrogen peroxide for prediction of
acid mine drainage. Data in Brief, 51, 109706.
https://doi.org/10.1016/j.dib.2023.109706

Adams, A, Jones, 1., & Deane, J. (2025). Applying the volunteer process model to understand
the lived experience of habitual volunteers: during COVID-19. Voluntary Sector Review,
16(3), 343-359. https://doi.org/10.1332/20408056Y2024D000000030

Aguilar-Garrido, A., Paniagua-Loépez, M., Sierra-Aragdn, M., Martinez Garzon, F. J., & Martin-
Peinado, F. ]. (2023). Remediation potential of mining, agro-industrial, and urban
wastes against acid mine drainage. Scientific ~ Reports, 13(1).
https://doi.org/10.1038/s41598-023-39266-4

Ashar, B., Pratama, H., Hidayat, R., & Nurcahya, W. F. (2024). Dampak kebijakan hilirisasi
nikel terhadap peningkatan pendapatan Negara bukan pajak (minerba). Journal of Law,
Administration, and Social Science, 4(5), 798-808.
https://doi.org/10.54957 /jolas.v4i5.890

Astuty, P., & Raymond Trilaksana, A. (2024). Contribution of Coal Export Performance to
Gross Regional Domestic Product and Non-Tax State Revenue in the Kalimantan and
Sumatera Regions. International Journal of Engineering Business and Social Science,
2(03),1060-1066. https://doi.org/10.58451 /ijebss.v2i03.129

Bosnjak, M., Ajzen, ., & Schmidt, P. (2020). The Theory of Planned Behavior: Selected Recent
Advances and Applications. Europe’s Journal of Psychology, 16(3), 352.
https://doi.org/10.5964/ejop.v16i3.3107

Cardoso, A. T., Fan, F. M,, & Viero, A. P. (2024). A decade-long journey shed light on chemical
composition and field determination of acid mine drainage in Brazil. Environmental
Monitoring and Assessment, 196(2). https://doi.org/10.1007/s10661-024-12304-y

Costanza, R., Fioramonti, L., & Kubiszewski, I. (2016). The UN Sustainable Development

AES. 2026, VOLUME 3, ISSUE 2 https://doi.org/10.61511/aes.v3i2.2026.2374


https://doi.org/10.61511/aes.v3i2.2026.2374
http://creativecommons.org/licenses/by/4.0/

Dayan (2026) 183

Goals and the dynamics of well-being. Frontiers in Ecology and the Environment, 14, 59.
https://doi.org/10.1002 /fee.1231

Dawson, S. (2021). UN Sustainable Development Goals. https://doi.org/10.14293/s2199-
1006.1.sor-socsci.clskgbz.vl

Farahnakian, F., Luodes, N., & Karlsson, T. (2024). Machine Learning Algorithms for Acid
Mine Drainage Mapping Using Sentinel-2 and Worldview-3. Remote Sensing, 16(24), 1-
17. https://doi.org/10.3390/rs16244680

Hlal, M., Baraka Munyaka, ].-C., Chenal, J., Azmi, R., Diop, E. B., Bounabi, M., Ebnou Abdem, S.
A., Almouctar, M. A. S., & Adraoui, M. (2025). Digital Twin Technology for Urban Flood
Risk Management: A Systematic Review of Remote Sensing Applications and Early
Warning Systems. Remote Sensing, 17(17), 3104.
https://doi.org/10.3390/rs17173104

Hoadley, C., & Campos, F. C. (2022). Design-based research: What it is and why it matters to
studying online learning.  Educational  Psychologist, 57(3), 207-220.
https://doi.org/10.1080/00461520.2022.2079128

Hodson, T. (2022). Root-mean-square error (RMSE) or mean absolute error (MAE): when
to use them or not. Geoscientific Model Development. https://doi.org/10.5194 /gmd-15-
5481-2022

Khan, M., Akter, M. S., & Sultana, N. (2025). Development of a fog computing-based real-time
flood prediction and early warning system using machine learning and remote sensing
data. Journal of Sustainable Development and Policy, 1(01), 10-63125.
https://doi.org/10.63125/6y0qwr92

Kish, K., & Quilley, S. (2021). A handmade future: Makers, microfabrication, and meaning for
ecological and resilient production networks. In Ecological Limits of Development (pp.
191-209). Routledge.

Kiss, B., Sekulova, F., Horschelmann, K., Salk, C. F., Takahashi, W., & Wamsler, C. (2022).
Citizen participation in the governance of nature-based solutions. Environmental Policy
and Governance, 32(3), 247-272. https://doi.org/10.1002 /eet.1987

Liu, X,, Zhang, X,, Ma, L., Wang, Z,, Liu, G., Yang, Z., & Xie, Z. (2025). Smartphone-assisted
sensing platform based on S, Fe-doped carbon dots as efficient nano-enzyme for
colorimetric detection of tetracycline in solution. Journal of Water Process Engineering,
78(August), 108698. https://doi.org/10.1016/j.jwpe.2025.108698

Lépez-Ramirez, G. A, & Aragon-Zavala, A. (2023). Wireless sensor networks for water
quality monitoring: a comprehensive review. IEEE Access, 11, 95120-95142.
https://doi.org/10.1109/ACCESS.2023.3308905

Malik, S., Singh, J., Umar, A., Ibrahim, A. A., & Baskoutas, S. (2026). Smartphone-integrated
paper sensor strips for rapid and on-site detection of heavy metal ions in
environmental water samples. Journal of Photochemistry and Photobiology A:
Chemistry, 471(August 2025), 116675.
https://doi.org/10.1016/j.jphotochem.2025.116675

Metcalfe, A. N., Kennedy, T. A.,, Mendez, G. A., & Muehlbauer, J. D. (2022). Applied citizen
science in freshwater research. Wiley Interdisciplinary Reviews: Water, 9(2), 1-11.
https://doi.org/10.1002 /wat2.1578

Montes-Atenas, G. (2022). Fundamentals and Practical Aspects of Acid Mine Drainage
Treatment: An Overview from Mine Closure Perspective. Wastewater Treatment.
https://doi.org/10.5772 /intechopen.104507

Morresi, N., Puerta-Beldarrain, M., Lopez-de-Ipifia, D., Barco, A., Gdmez-Carmona, 0., Lopez-
Gomollon, C., Casado-Mansilla, D., Kotzagianni, M., Casaccia, S., Udina, S., & Revel, G. M.
(2025). A Wearable Sensor Node for Measuring Air Quality Through Citizen Science
Approach: Insights from the SOCIO-BEE Project. Sensors, 25(12), 1-24.
https://doi.org/10.3390/s25123739

Moshi, H. A,, Shilla, D. A., Brehim, J., Kimirei, 1., O’Reilly, C., & Loiselle, S. (2023). Sustainable
Management of the African Great Lake Coastal Areas: Motivations and Perspectives of
Community Citizen Scientists. Environmental Management, 72(3), 473-487.
https://doi.org/10.1007/s00267-023-01824-x

AES. 2026, VOLUME 3, ISSUE 2 https://doi.org/10.61511/aes.v3i2.2026.2374


https://doi.org/10.61511/aes.v3i2.2026.2374

Dayan (2026) 184

Raghul, M., & Porchelvan, P. (2024). A critical review of remote sensing methods for inland
water quality monitoring: progress, limitations, and future perspectives. Water, Air, &
Soil Pollution, 235(2), 159. https://doi.org/10.1007/s11270-024-06957-1

Raharja, B, Yasin, C. M., & Kornarius, Y. P. (2024). Overlapping Mining Problems With The
Right to The Land and The Mechanism of ITS Settlement. Jurnal Indonesia Sosial
Teknologi, 4(12), 2517-2530. https://doi.org/10.59141 /jist.v4i12.894

Roman, S., Collazos, S. Z., & Chavez, J. A. C. (2024). Model for Reducing Mean Absolute
Percentage Error through Smoothing and Time Series Forecasting In a Tourism SME: A
Case Study. jJournal of Machine Intelligence and Data Science (JMIDS), 5.
https://doi.org/10.11159/jmids.2024.012

Sani, H., & Syamsyuddin. (2025). Konflik Penambangan Nikel di Raja Ampat: Analisis Etika
Lingkungan dan Rekayasa Pertambangan untuk. Journal of Artificial Intelligence and
Digital Business (RIGGS), 4(2), 3453-3461. https://doi.org/10.31004 /riggs.v4i2.1041

Sherif, R. El, Pluye, P., Hong, Q., & Rihoux, B. (2024). Using qualitative comparative analysis
as a mixed methods synthesis in systematic mixed studies reviews: Guidance and a
worked example. Research Synthesis Methods, 15, 450-465.
https://doi.org/10.1002 /jrsm.1698

Sjogren Forss, K., Kottorp, A., & Rimgard, M. (2021). Collaborating in a penta-helix structure
within a community based participatory research programme:'Wrestling with
hierarchies and getting caught in isolated downpipes.’ Archives of Public Health, 79(1),
27. https://doi.org/10.1186/s13690-021-00544-0

Stanley, M. (2023). Qualitative descriptive: A very good place to start. In Qualitative research
methodologies for occupational science and occupational therapy (pp. 52-67).
Routledge.

Sun, C. C., Hurst, ]. E,, & Fuller, A. K. (2021). Citizen Science Data Collection for Integrated
Wildlife Population Analyses. Frontiers in Ecology and Evolution, 9(June), 1-10.
https://doi.org/10.3389 /fevo.2021.682124

Taufikurahman, M. R,, Firdaus, A. H., Ahmad, T., Febriani, D. A, & Permana, A. S. (2023,
December 25). Dampak Investasi Sektor Pertambangan Terhadap Kinerja Ekonomi
Nasional dan Regional. Institute for Development of Economics and Finance, 07(07), 1-
9. https://indef.or.id/en/publikasi /pertambangan-ekonomi/?utm

Tedla, H. Z., Bekele, T. W., Nigussie, L., Negash, E. D., Walsh, C. L., O'Donnell, G., & Haile, A. T.
(2024). Threshold-based flood early warning in an urbanizing catchment through
multi-source data integration: Satellite and citizen science contribution. Journal of
Hydrology, 635(March), 131076. https://doi.org/10.1016/j.jhydrol.2024.131076

Wongniramaikul, W., Kleangklao, B., Boonkanon, C., Taweekarn, T., Phatthanawiwat, K,
Sriprom, W., Limsakul, W., Towanlong, W., Tipmanee, D., & Choodum, A. (2022).
Portable Colorimetric Hydrogel Test Kits and On-Mobile Digital Image Colorimetry for
On-Site  Determination of Nutrients in  Water.  Molecules, 27(21).
https://doi.org/10.3390/molecules27217287

Zhang, T., Zhang, C., Du, S., Zhang, Z., Lu, W., Su, P,, Jiao, Y., & Zhao, Y. (2023). A review: The
formation, prevention, and remediation of acid mine drainage. Environmental Science
and Pollution Research, 30(52), 111871-111890. https://doi.org/10.1007/s11356-
023-30220-5

AES. 2026, VOLUME 3, ISSUE 2 https://doi.org/10.61511/aes.v3i2.2026.2374


https://doi.org/10.61511/aes.v3i2.2026.2374

Dayan (2026) 185

Biography of Author

Hizkil Achmad Dayan, Department of Environmental Geography, Faculty of Geography,
Universitas Gadjah Mada, Sleman, Special Region of Yogyakarta 55281, Indonesia.

*  Email: hizkilachmaddayan559444@mail.ugm.ac.id

= ORCID:N/A

=  Web of Science ResearcherID: N/A

= Scopus Author ID: N/A

= Homepage: N/A

AES. 2026, VOLUME 3, ISSUE 2 https://doi.org/10.61511/aes.v3i2.2026.2374


https://doi.org/10.61511/aes.v3i2.2026.2374
mailto:hizkilachmaddayan559444@mail.ugm.ac.id

