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ARTICLE DETAILS ABSTRACT

This study evaluated the environmental effects of gold mining in the Opa River Basin of Southwestern Nigeria,
employing multi-temporal Landsat imagery alongside Google Earth Engine. It also examined changes in land
use and cover, as well as NDVI and NDWI from 1991 to 2024. Results reveal significant transformations in
the landscape, including the growth of mining hotspots, deforestation, and a decline in vegetation health.
Statistical analysis of NDVI indicates a reduction in vegetation vigor near mining areas, pointing to ecological
disturbances. Furthermore, NDWI analysis establishes a connection between mining activities and increased
water turbidity, reflecting higher levels of suspended sediments. This research underscores the essential role
of open-access remote sensing data in developing countries with limited research budgets. By accurately
identifying mining hotspots and quantifying environmental degradation, it demonstrates the effectiveness of
Landsat data for remote monitoring. The findings stress the urgent necessity for comprehensive regulatory
frameworks and sustainable management strategies to mitigate the detrimental effects of gold mining,
ensuring the ecological integrity of the basin and the welfare of local communities. The reliance on publicly
accessible satellite data provides a cost-efficient and replicable methodology, empowering researchers in
resource-constrained settings.
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typically involve ecological sampling for subsequent laboratory analysis
(Roullion et al, 2017; Kuppusamy et al., 2016; Kumpiene et al,, 2019).
Although this approach yields direct insights into specific site conditions,
it may not be feasible in areas with security risks or challenging
landscapes. As a result, the ex-situ method, particularly remote sensing
techniques, often emerges as the more viable option (Cetin et al., 2023;
Shikhov et al, 2023). Cetin et al. (2023) pointed out the difficulties in
evaluating the impact of mining on soil organic carbon at the hard-to-reach
Altintepe gold mine in Turkey using conventional field methods. This
challenge led them to implement "a practical and alternative approach that
circumvents the need for fieldwork and allows for rapid estimations based
on existing data comparisons." Furthermore, many studies advocate for
remote sensing techniques over traditional fieldwork in mining research
due to their ability to monitor large geographical areas and deliver real-

1. INTRODUCTION

Gold mining is a crucial economic endeavor in many regions; however, it
brings significant environmental and social challenges (Ofosu et al., 2020;
Worlanyo & Jiangfeng, 2024; Yu et al., 2024). The widespread occurrence
of artisanal and small-scale mining, especially in remote and ecologically
vulnerable areas, intensifies these challenges, resulting in considerable
environmental and social repercussions (Ofosu et al.,, 2020; Hentschel et
al,, 2022; Ngom et al.,, 2023). Numerous reports have consistently pointed
out serious environmental problems in key gold-producing African
nations, including Nigeria, Kenya, Ghana, South Africa, Sudan, Mali, and
Burkina Faso. Both governmental and non-governmental organizations
have increasingly focused on raising awareness and implementing

mitigation strategies (Fishlock, 2011; Hook, 2019; Bechir-Mahamat,
2024). Empirical research (e.g., Mutanga, 2018; Kameri-Mbote et al.,, 2024;
Eludoyin et al, 2024) has revealed alarming levels of toxic heavy metals,
such as mercury, lead, and arsenic, in various gold mining regions across
Africa. These findings highlight the pressing need for improved regulatory
frameworks and sustainable mining practices to address the detrimental
environmental and health effects associated with gold mining activities.

Research has identified various methods for assessing the effects of
mining on impacted environments, which include both in-situ and ex-situ
techniques. The in-situ method mainly consists of field studies that

time or near-real-time information through satellite and aerial imagery
(e.g., Mehedi et al,, 2024; Albahri et al., 2024).

The Opa River Basin, situated in Osun State within the mineral-abundant
Ife-Ijesa gold mining area of Southwest Nigeria, is well-known for its
widespread artisanal and small-scale mining (ASM) activities, which are
fueled by the high market demand for gold (Adeoye, 2016; Eludoyin et al.,
2017; Fatoye et al., 2018; Adesipo et al., 2020; Eludoyin et al., 2024). These
ASM operations are generally informal and lack regulation, leading to
significant environmental harm and frequent incidents of insecurity. In
contrast, larger mining enterprises, while also impacting the environment,
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benefit from more stringent regulatory oversight. Nevertheless, aside
from the Segilola Gold Project (Olade, 2019; Elufisan, 2024), which
remains under close public scrutiny, such larger operations are relatively
limited in the region under study.

The interplay between artisanal and large-scale mining operations has
resulted in notable changes in land use and land cover within the basin,
alongside a rise in reported kidnapping cases. These issues highlight the
critical role of remote sensing technologies, which serve as an essential
resource for tracking these transformations over time (Ayegbusi, 2024;
Ojakorotu, 2024; Ojewale, 2024). In middle and low-income nations, open-
access satellite data are favored due to their accessibility. Since the
inaugural launch of the first Landsat satellite in 1972, Landsat satellites
have been fundamental to Earth observation. The medium-resolution data
they provide, generally at a 30-meter resolution, facilitates comprehensive
analysis of changes in land use and land cover (Chatterjee et al,, 2010;
Khatiri, 2024). In Nigeria and various countries in the West African region,
the application of Landsat data for monitoring the environmental
consequences of deforestation is well-established; however, its use for
mining activities is less prevalent compared to many regions in Asia and
South Africa. This indicates a pressing need for further research in this
area to enhance capacity building within the West African region (Rajaee
etal, 2015; Dethier et al,, 2023; Masolele, 2023).

2. RESEARCH PROBLEM

The Opa River Basin in Osun State exemplifies the complex effects of gold
mining, particularly through artisanal and small-scale operations, which
are crucial for local economies but also present considerable
environmental and social issues. Despite this, most research has
concentrated on the Ijesa area of the gold mining sector (Adeoye, 2016;
Eludoyin et al.,, 2017; Fatoye et al., 2018; Adesipo et al.,, 2020; Eludoyin et
al.,, 2024). Consequently, the Opa River Basin has received less attention,
even though it is of great importance. While the basin has been thoroughly
investigated regarding its morphometric features and water quality—
critical for the region's domestic water supply (Eludoyin et al., 2004;
Akindele & Adeniyi, 2013; Adesakin et al,, 2017; Adewole & Eludoyin,
2020; Aliu et al,, 2020; Babatimehin et al, 2022; Ogunkoya & Ogbole,
2024)—recent studies (Adewole & Eludoyin, 2020; Aliu et al, 2020;
Babatimehin et al, 2022; Ogunkoya & Ogbole, 2024) have identified
contamination from both diffuse and particulate pollutants linked to
poorly documented mining activities in the basin, underscoring the
necessity for this research.

Additionally, conventional field-based techniques in the mining sector of
the Opa River Basin face significant limitations due to challenging terrain
and security concerns, which necessitate the adoption of alternative
methods such as remote sensing. This trend is increasingly observed in
various regions of Nigeria and elsewhere, where security issues may
hinder research efforts. Therefore, this study aims to establish a practical
framework for monitoring environmental changes over time, especially in
vast and isolated areas, by utilizing multi-date, medium-resolution, open-
access Landsat imagery in conjunction with Google Earth Engine. As a
result, the specific goals of this research are to evaluate changes in land
use and land cover and to pinpoint mining hotspots within the Opa River
Basin. The study is grounded in the hypothesis that mining activities have
led to significant changes in land use and land cover within the basin, and
that these alterations can be effectively detected and monitored through
medium-resolution Landsat data.

3. MATERIALS AND METHODS
3.1. Study Area

The Opa River Basin, located in Southwestern Nigeria, acts as a tributary
to the larger River Osun. It is geographically positioned between latitudes
7°26'56" and 7°35'5" N, and longitudes 4°24'53"" and 4°39'13" E (Figure
1). Within this basin, significant streams such as the Amuta, Obubu, and
Esinmirin flow through various land-use areas (Akinbuwa & Adeniyi,
1996; Eludoyin et al., 2004). The basin includes four Local Government
Areas (LGAs): Atakumosa West, Ife Central, Ife East, and Ife North. A
prominent feature of the basin is the Opa Dam, which was built in 1978 to
provide water to Obafemi Awolowo University and nearby communities.
It was estimated that by 2015, the dam would serve over 644,000
individuals (Adediji, 2005). The reservoir covers a catchment area of
about 68 km? and has a capacity of 675,000 m? supplying water for
domestic, agricultural, and research needs.

The region is characterized by a tropical climate, specifically classified as
Koppen'’s Af type, which features a rainy season from April to October and
a dry season from November to March. The average annual precipitation
ranges from 206 cm to 232 cm, with temperatures fluctuating between a
low of 23.0°C in August and a high of 33.8°C in February (Akinbuwa &

Adeniyi, 1996). Seasonal wind patterns vary, with southwesterly winds
prevailing during the wet season and northeasterly winds during the dry
season.

Historically, the basin was predominantly covered by tropical rainforest;
however, much of this has been transformed into secondary vegetation
due to agricultural development. From 1986 to 2016, around 23.8% of the
original vegetation was replaced by urbanization, agricultural land, and
bare surfaces (Eludoyin & Adewole, 2020). By 2016, the proportion of
built-up areas had increased from 5% to 18% of the basin's total area
(Adesakin et al.,, 2017). The main soil types in the region are the Egbeda
and Iwo series, which are typical of tropical ferruginous soils associated
with Basement Complex geology. The geological composition of the basin
mainly includes granites, schists, and pegmatites (Adediji, 2005).
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Figure 1: Opa River Basin (a) located in Osun State (b) in Southwestern
Nigeria (c)

3.2. Data

This research employed Landsat satellite images with a spatial resolution
of 30 meters, sourced from the United States Geological Survey (USGS)
website, covering the years 1991, 2002, 2011, 2021, and 2024 (path 190,
row 55). The datasets included Landsat 4 (TM) for January 5, 1991,
Landsat 7 (ETM+) for January 3, 2011, and January 3, 2022, as well as
Landsat 8 and 9 OLI for December 17, 2021, and January 16, 2024,
respectively, all maintaining the 30-meter resolution. For land use and
land cover classification, ArcGIS Pro 2.8.3 was utilized, while QGIS 3.4 was
chosen for calculating the Normalized Difference Vegetation Index (NDVI)
and Normalized Difference Water Index (NDWI) due to its open-access
nature. Google Earth Pro facilitated the validation of coordinates for the
mining enclaves and adjacent areas, addressing security concerns in the
mining region. The satellite datasets underwent supervised image pre-
processing, which included geometric and radiometric corrections. The
subsequent data analysis involved image classification through the
maximum likelihood classification algorithm. Land Use/Land Cover
(LU/LC) change (Table 1) detection was conducted using Geographic
Information System (GIS) analysis and a post-classification comparison of
the satellite imagery. This process entailed independently classifying
images from various time points and performing a comparative analysis
to create a change matrix (Lu et al, 2004). The annual rate of change,
encompassing both increases and decreases for each LU/LC class, was
calculated using absolute and percentage change methods (Wegmann et
al, 2016). The Normalized Difference Vegetation Index (NDVI) was
computed using equations 1 and 2.

Band 4-Band 3
Band 4 +Band 3

NDVI = (1) Landsat 4-7,

Band 5—-Band 4
Band 5 +Band 4

NDVI = (2) Landsat 8-9,

Furthermore, the Normalized Difference Water Index (NDWI) was
calculated using eq. 3

Near Infrared—Shortwave Infrared (3)

NDWI =

Near Infrared+Shortwave Infrared

Each enhanced image underwent processing for supervised classification
utilizing the Maximum Likelihood Classifier. This classification process
was informed by the USGS Level I classification system (Anderson, 1976),
expert insights regarding the study area, and field observations. The
classification scheme employed in this study is presented in Table 2. The
Maximum Likelihood Classifier was chosen for its assumption of normally
distributed statistics for each class across the various bands, which
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facilitates the computation of pixel membership probabilities. Pixels were
allocated to the class with the highest probability, contingent upon
meeting a specified probability threshold. This approach is advantageous
as it incorporates the covariance matrix and relies on established

methodologies (Swain and Davis, 1981; Oyinloye & Oloukoi, 2013).
Following this, land use/land cover (LU/LC) changes from 1991, 2002,
2011, 2021, and 2024 were evaluated using a change detection technique
as outlined by Rawat & Kumar (2015).

Table 1: Identified land use/cover class and the interpretation

Class of Landuse/cover Description
Mature forest Areas dominated by dense forest cover or clusters of lush and abundant plant life
Light vegetation Areas with scattered trees, shrubs, or degraded vegetation.
Waterbody Rivers, streams, or reservoirs where water is the dominant feature
Built-up Places reflecting human activities and infrastructure, including houses, roads, and pathways
Open space/bareland Regions with little to no vegetation, such as exposed soil, rocks, or barren land.
Gold mine hotspot Areas identified as active or former gold mining sites, often associated with soil disruption

The evaluation of the land use/land cover (LULC) classification's accuracy
was conducted through a confusion matrix, which juxtaposes the classified
LULC categories with reference (ground) data. The overall accuracy,
indicating the proportion of accurately classified samples to the total

sample size, was determined to be 79.12%. Additionally, the Kappa
coefficient was calculated at 0.75, or 75%, signifying a strong level of
concordance between the classification outcomes and the ground data
(see Table 2).

Table 2: Land classification accuracy assessment with a confusion matrix table and Kappa coefficient
i Thick Open Space Light i
Classified as | / : pen Space/ gl : Gold Mine Waterbody Built-up
Actual -» vegetation Bareland vegetation Hotspot
Mature forest 50 3 5 0 0 2
Open S
pen Space/ 3 38 5 7 1 3
Bareland
Light vegetation 6 4 45 0 2 1
Gold Mine Hotspot 0 3 1 37 0 4
Waterbody 0 2 3 0 25 0
Built-up 1 2 2 4 0 48
Total Ground truth 60 52 61 48 28 58
User Accuracy 83 73.1 73.8 77.1 89.3 82.8
Producer Accuracy 83 63.7 77.6 82.2 83.3 84.2
Overall accuracy 79.12
Kappa accuracy (no 0.75
unit)
4. RESULTS km? in 2024. The most rapid growth occurred between 2011 and 2021,

4.1. Temporal changes in land use/cover, including the gold mine
hotspot

Table 3 provides a summary of the land use and cover changes in the Opa
River Basin from 1991 to 2024, highlighting significant alterations in the
landscape due to urban development, environmental changes, and the
recent onset of mining operations. The area designated for built-up
structures consistently expanded, rising from 14.10 km? in 1991 to 58.86

with anincrease of 110.33%, which then decelerated to 22.33% from 2021
to 2024. Light vegetation experienced variability: it initially grew from
50.82 km? in 1991 to 74.04 km? in 2002 (a rise of 45.68%), followed by a
decline to 41.17 km? by 2021 (a decrease of 37.25%), and then rebounded
to 52.20 km? by 2024 (an increase of 26.79%). The area of open space or
bare land first decreased from 52.79 km? in 1991 to 42.57 km? in 2002 (a
reduction of 19.37%), then saw a significant rise to 72.91 km? by 2021 (an
increase of 67.99%), before experiencing a slight decline to 67.70 km? (a
decrease of 7.14%) between 2021 and 2024.

Table 3: Land use/cover distribution and percentage change (1991 - 2024)
Overall
The total area occupied in area (in sq. km) Percentage Change change
Class of (%)
Landuse/cover 1991 2002 2011 2021 1999
1991 2002 2011 2021 2024 2002 2011 2021 2024 2024
Mature forest 115.55 95.87 101.54 66.89 52.57 -17.03 5.91 -34.12 -21.41 -16.66
Light vegetation 50.82 74.04 65.64 41.17 52.20 45.69 -11.35 -37.28 26.79 5.96
Waterbody 0.45 0.34 0.25 0.24 0.23 -24.44 -26.47 -4.00 -4.17 -14.77
Built-up area 14.10 20.89 22.88 48.12 58.86 48.16 9.53 110.31 22.32 47.58
Open
52.79 42.57 43.41 7291 67.70 -19.36 9.53 67.96 -7.15 10.86
space/bareland
Gold mine hotspot 0.00 0.00 0.00 4.39 2.13 0.00 0.00
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Mature forests experienced a continuous decline from 115.55 km? (1991)
to 52.57 km? (2024), with the most significant loss between 2011 and
2021 (-34.13%) and a further reduction of 21.41% by 2024. Water bodies
steadily decreased from 0.45 km? (1991) to 0.23 km? (2024). Gold mining
emerged as a new land use in 2021, occupying 4.39 km? and decreasing to
2.13 km? by 2024.

In addition, Figures 2a-e show the spatial distribution of the
landuse/cover changes across the same periods, including the emergence
and evolution of a designated goldmine hotspot. In 2021, this hotspot was
located within a region predominantly characterized by Mature Forest,
interspersed with patches of light vegetation. By 2024, the hotspot was

centrally situated within the mapped area, away from the peripherally
concentrated built-up areas. Water bodies were observed around the
goldmine hotspot, while open space/bare land was more prevalent along
the edges of Mature Forest and interspersed with built-up areas. This
spatial distribution in 2024 indicates substantial mining activity within a
previously vegetated area, suggesting deforestation and vegetation
removal. A comparison of the maps from 1991, 2002, 2011, 2021, and
2024 (Figures 2a-e) reveals a clear trend of escalating impact of gold
mining. The 1991, 2002, and 2011 maps show a landscape dominated by
Mature Forests with minimal open space/bareland, primarily confined to
peripheral and built-up areas. Critically, no goldmine hotspot is present
during this period.

000 | preng
Y mmMature forest
-wh forest
 Waterbody @
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Figure 2a-e: Spatial distribution of land use/cover as at 1991, 2002,2011, 2021 and 2024

The 2021 map marks the emergence of the goldmine hotspot within the
former Mature Forest, initiating significant mining-related land use
change. By 2024, the hotspot had substantially expanded, accompanied by
further Mature Forest reduction and increased open space/bareland,
demonstrating intensified mining and greater land disturbance. This
progression—emergence, expansion, and intensification—has significant
implications, most notably deforestation and habitat loss, impacting local
biodiversity (Lambin et al., 2001).

4.2. Change in vegetal response

Figure 3a-e presents a visual narrative of the basin's evolving vegetation
health, as captured through the Normalized Difference Vegetation Index
(NDVI) from 1991 to 2021. The NDVI, a widely recognized measure of
vegetation density and vigour derived from the reflectance of red and
near-infrared light, provides a valuable lens through which to examine
environmental change (Tucker, 1979). In 1991, as shown in Figure 3a, the
basin exhibited a landscape largely characterized by robust vegetation
cover, with expansive swathes of high NDVI values, indicated by the
pervasive green tones. This suggests a healthy and relatively undisturbed
ecosystem. However, even at this baseline, subtle variations exist, with
localized areas of lower NDVI, represented by yellow-orange hues, likely
reflecting natural features such as water bodies, exposed soil, or less dense
vegetation patches.

Moving forward to 2002 (Figure 3b), a distinct shift becomes apparent.
The previously dominant green tones, indicative of high vegetation
density, begin to recede, yielding to an expansion of yellow-orange areas,

particularly along the main river channel and within specific regions of the
basin. This transition signals a decline in vegetation health or cover,
potentially attributable to the escalating gold mining activities that are
known to have intensified during this period.

(a) L e
®
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Figure 3: Patterns of NDVIin 1991, 2002, 2011 and 2021.

The spatial correlation between the observed NDVI changes and the
expansion of mining operations is striking, aligning with established
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research that documents the detrimental impact of vegetation clearing
associated with such activities (LaJeunesse etal.,, 2016). By 2011, the trend
of declining NDVI values became even more pronounced (Figure 3c). The
reduction in high NDVI areas and the corresponding expansion of lower
NDVI zones persist, painting a picture of sustained environmental stress.
The spatial patterns reveal a concentration of vegetation loss along river
courses and in areas directly affected by mining, suggesting a direct causal
link between the intensification of mining and the observed ecological
degradation (Oluwafemi, 2018). The impact of the mining operations is
very clear in this figure, and the reduction of the green areas is very
noticeable.

The 2021 map, (Figure 3d), introduces a more nuanced scenario. While
some areas continue to exhibit low NDVI values, indicating ongoing
disturbances, a notable resurgence of high NDVI values is observed in
other parts of the basin. This suggests a potential recovery or a shift in the
factors influencing vegetation dynamics. Possible explanations include a
reduction in mining intensity in certain areas, allowing for partial
vegetation regeneration, or a relocation of mining activities to other parts
of the basin.

4.3. Change in surface water coverage

The temporal sequence of NDWI maps in Figure 4, spanning from 1991 to
2021, indicates evolving surface water characteristics within the Opa
River Basin, Osun state, Nigeria. In 1991, the basin presented a relatively
undisturbed state, evidenced by the predominantly brown and grey tones,
indicative of low NDWI values. This suggests a baseline condition of
relatively clear water and potentially limited surface water coverage,
reflective of the forest-dominated landscape seen in the corresponding
land use map (Figure 2a). However, this initial state is markedly altered in
subsequent years. By 2002, a distinct shift became apparent, with the
emergence and expansion of blue areas, particularly along the main river
channel. This surge in NDWI values, signalling increased surface water
storage, its associated turbidity and sedimentation, directly corresponds
with the documented expansion of gold mining sites during this period
(Figure 2b). The clearing of vegetation and disturbance of soil, inherent to
mining operations, likely led to increased sediment runoff, thereby
elevating turbidity levels. This observation aligns with established
research demonstrating the detrimental impact of land disturbance on
sediment export in tropical ecosystems (Schaffelke et al., 2017). The trend
of increasing NDWI values persists into 2011, with a further expansion of
blue areas across the basin. This sustained rise in turbidity reflects the
cumulative impact of ongoing and intensifying mining activities, mirroring
the continued deforestation and expansion of bare land observed in the
land use maps (Figure 2c). The increased bare land and disturbed soil
surfaces, directly associated with mining operations, contribute to higher
sediment loads in the waterways, exacerbating the turbidity problem and
potentially impacting aquatic biodiversity.
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Figure 4: Patterns of NDWIin 1991, 2002, 2011 and 2021

However, the 2021 map (Figure 4d) introduces a more complex scenario.
While some areas maintain high NDWI values, indicating the persistence
of mining impacts, a substantial portion of the basin exhibits a decline,
reverting towards lower NDWI values. This shift suggests a potential
reduction in turbidity, possibly due to a combination of factors. The most
easily erodible materials might have been depleted, localized recovery
may have occurred due to reduced mining intensity, mining operations
might have shifted to other areas within the basin, or changes in
precipitation patterns could have influenced NDWI values. Nevertheless,
the lingering presence of high NDWI values underscores the enduring
environmental challenges posed by gold mining in the Opa River basin.

The combined analysis of the NDWI and land use maps highlights the
direct link between mining activities and the hydrological characteristics
of the basin, which has been of interest to researchers including the
authors. The expansion of mining operations has led to significant
deforestation and soil disturbance, resulting in increased turbidity and
sediment load in the waterways, with direct implications for water quality
and the well-being of the local community. Potential impacts on access to
clean drinking water, agricultural productivity, and the health of aquatic
ecosystems that support local livelihoods are of concern. The long-term
sustainability of water resources in the region is thus inextricably linked
to the management of mining activities and the restoration of degraded
landscapes.

5. DISCUSSION

This research presents an examination of the environmental
consequences of gold mining in the Opa River Basin, located in
Southwestern Nigeria, utilizing medium-resolution Landsat data within
the Google Earth Engine platform. It effectively fills a significant void in the
current body of literature, which has largely concentrated on the Ijesa
region, by emphasizing the notable changes taking place in the Opa River
Basin. The documented temporal shifts in land use and cover, especially
the rise and growth of gold mining hotspots, indicate a direct link between
mining operations and ecological harm. The shift from a landscape
dominated by mature forests to one marked by increased open spaces and
diminished vegetation aligns with the recognized understanding that
deforestation is a major outcome of resource extraction (Lambin et al,
2001). The study's conclusions are further bolstered by the analysis of
NDVI, which reveals a distinct decline in vegetation health and vitality over
time, particularly in areas near mining operations. This observation
supports the ecological disturbance theory, which posits that human
activities disrupt natural ecosystems, resulting in a loss of biodiversity and
ecosystem services (McDonnell & Pickett, 1990; Mathewos et al,, 2024).
The variations in NDVI, including signs of potential recovery in certain
regions, indicate a complex interaction between environmental factors
and mining activities, highlighting the need for further exploration into the
resilience and recovery capabilities of the impacted ecosystems.

The evaluation of the Normalized Difference Water Index (NDWI) offers
essential insights into the hydrological effects of mining, establishing a
clear connection between mining operations and the rise of turbid water-
filled surface depressions in the Opa River Basin. The increase in NDWI
values, especially near mining hotspots, highlights the substantial
sediment load resulting from deforestation and soil disruption. This
observation is consistent with existing knowledge regarding sediment
transport and the deterioration of water quality in affected watersheds
(Schaffelke et al., 2017). Variations in NDWI, which may include potential
decreases in turbidity, could indicate changes in mining activity, sediment
depletion, or shifts in rainfall patterns. Nevertheless, the consistently high
NDWI values emphasize the ongoing environmental challenges associated
with mining, particularly in relation to the sustainability of water
resources. The ramifications of these findings go beyond immediate
ecological effects, raising significant concerns about the long-term
viability of water resources and the welfare of local populations. The
potential consequences for access to clean drinking water, agricultural
output, and aquatic biodiversity highlight the urgent need for effective
environmental management strategies.

The methodology employed in this study, which incorporates multi-date
Landsat imagery alongside Google Earth Engine, presents an effective and
economical strategy for monitoring environmental changes in remote and
difficult terrains, overcoming the challenges associated with conventional
field-based techniques. This method reflects the increasing
acknowledgment of remote sensing as a vital instrument for
environmental monitoring and management (Turner et al, 2003).
Additionally, the research serves as a significant framework for evaluating
the environmental consequences of artisanal and small-scale mining, a
crucial source of income in numerous developing nations. The findings
contribute to the larger conversation surrounding sustainable resource
management, emphasizing the necessity of reconciling economic growth
with environmental preservation. The changes observed can be associated
with the environmental Kuznets curve, which posits that initial economic
activities may result in environmental harm, yet with appropriate
regulation, environmental quality can be restored. Nevertheless, in the
context of the Opa River Basin, the study indicates that the existing
regulatory measures may be insufficient, resulting in ongoing
environmental degradation. Furthermore, the research implicitly
references the 'tragedy of the commons' theory, which suggests that
individuals acting in their own self-interest can deplete shared resources
(Hardin, 1968), specifically the land and water resources within the basin.
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6. CONCLUSION AND RECOMMENDATIONS

This research has highlighted the significant environmental consequences
of gold mining in the Opa River Basin, located in Southwestern Nigeria, by
utilizing multi-temporal Landsat data and the Google Earth Engine
platform. The identified trends, such as the rapid expansion of mining
hotspots, extensive deforestation, and declining vegetation health, along
with increased water turbidity, collectively indicate a serious disruption
to the ecological balance of the basin. This situation poses long-term risks
to the sustainability of water resources and the livelihoods of local
populations. Importantly, this study emphasizes the vital role of open-
access remote sensing data in developing nations, especially where
research funding is limited. The use of freely accessible Landsat data offers
a cost-effective and replicable approach, facilitating essential
environmental evaluations in contexts with scarce resources.

In light of these findings, we strongly advocate for the prompt
implementation of comprehensive strategies to address the
environmental degradation resulting from gold mining in the Opa River
Basin. First and foremost, establishing a strong regulatory framework is
essential to oversee mining activities, ensuring compliance with
sustainable practices and minimizing ecological harm. This should include
mandatory environmental impact assessments and the enforcement of
rehabilitation initiatives. Additionally, promoting alternative livelihood
opportunities is critical to lessen reliance on environmentally harmful
mining, thereby encouraging economic diversification and sustainable
development. Furthermore, ongoing environmental monitoring,
employing both remote sensing and field-based techniques, is crucial for
tracking changes and guiding adaptive management strategies. This
monitoring should significantly depend on open-access remote sensing
data, which is vital for ongoing environmental oversight in developing
countries. Collaborative efforts among government agencies, local
communities, and research institutions are essential for successfully
implementing these measures.
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