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Abstract  This study aims to highlight the impact of mining activities on the morphological dynamics of a sub-
watershed of the Cavally River at Ity. To achieve this, a remote sensing-based monitoring of land use and land cover 
changes was carried out in conjunction with an assessment of morphological alterations of the Cavally River over 
the same period. Analyses were performed using Landsat TM, ETM+, and Sentinel-2 imagery from the years 1994, 
2004, 2014, and 2024. The results revealed significant degradation of riparian vegetation in favour of agricultural 
and extractive activities, leading to alterations in the morphological parameters of the Cavally River. The regression 
of vegetation was associated with the expansion of settlements, bare soils, and cultivated land. The study highlighted 
deforestation and soil stripping processes driven by mining operations. The most significant morphological changes 
were observed along the river reach near the Ity mine. Here, the sinuosity index decreased from 1.79 to 1.24, 
resulting in the loss of three meanders and a transformation of a meandering reach into a sinuous one.The floodplain 
was redefined from 2024 onwards due to river training works that restricted left-bank lateral migration along the 
same reach. Mining operations by the SMI intensified over the last decade (2014–2024) within the Cavally River 
floodplain. These activities have impacted the lateral connectivity of the river, as evidenced by an increase in the 
confinement index from 17.89 to 39.68 between 2014 and 2024. Fluvial dynamics reveal an alternation between 
erosion and accretion processes. Over the three-decade period, the general trend has been one of erosion along river 
sections affected by both artisanal and industrial mining activities, due to bank artificialisation and sediment 
extraction for alluvial mining purposes. This underscores the need to monitor, mitigate, or restore the impacts of 
these activities on river systems. 
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1. Introduction 

The increase in population and economic activities near 
watercourses has led to a heightened risk of flooding in 
many river basins around the world [1]. Among these 
activities are irrigation works for agriculture, large 
hydraulic infrastructures (such as dams, river crossings, 
and river diversions), and, notably, mining activities. The 
mining sector is a significant contributor to both national 
and local economies and has seen steady growth in recent 
years globally, and particularly in West Africa [2,3]. 
Owing to its perceived benefits, mining activities, 
especially gold extraction, have made auriferous zones 
hotspots for population influx, drawing individuals from 
diverse backgrounds who engage in artisanal exploitation 

of this resource [4]. According to the literature [5,6,7,8,9] 
[10,11,12,13] such territorial developments significantly 
alter the hydrological and hydrodynamic functioning of 
river systems. The intensification of these activities across 
watersheds is recognised as one of the main drivers of 
fluvial erosion processes, and it contributes to changes in 
channel roughness and cross-sectional geometry [14,15]. 

The watersheds of Côte d’Ivoire are subject to a range 
of anthropogenic activities [16], among which mining 
holds a prominent place. The Ivorian government has 
succeeded in creating an attractive investment climate and 
has allocated vast tracts of land to industrial and semi-
industrial operators, thereby fostering a proliferation of 
mining activities [2,3]. The Cavally River basin, located in 
western Côte d’Ivoire, is no exception. Since the 1990s, 
the Ity Mining Company (Société des Mines d’Ity) has 
been extracting gold in the vicinity of the Cavally River 
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[17]. Furthermore, the opening of this mine attracted, from 
around 2002 onwards, a significant influx of artisanal gold 
miners who settled along both banks of the river, and in 
some cases, directly within the active channel. According 
to [18], the environmental modifications caused by gold 
panning in the Ity auriferous zone include the excavation 
of agricultural lands, pollution and destruction of 
riverbeds, deforestation, and loss of vegetative cover. 
Through dredging techniques, artisanal miners extract 
water and sediments from the riverbed and bring them to 
the surface. This practice degrades the sedimentary 
structure of the river and leads to severe bank erosion. 
Alterations to channel morphology, sediment transport, 
and water flow result in dysfunctions that disrupt aquatic 
ecosystems. Such impacts may arise from hydrological 
regime modifications due to river channelisation 
(recalibration, straightening, embankment construction) 
and the presence of weirs or dams [7], or from broader 
watershed pressures such as intensive agriculture, land 
artificialisation, and aggregate extraction [19]. By their 
very nature, these developments and land uses degrade in-
stream and floodplain habitats and diminish the resilience 
capacity of riverine ecosystems. 

In response to these challenges, numerous studies have 
investigated the impacts of mining activities on various 
watersheds in Côte d’Ivoire. N’Cho et al. [20] examined 
soil contamination in artisanal mining sites in the Tonkpi 
region. Kouadio [21] assessed the levels of water and soil 
contamination by heavy metals (Hg, Pb, Cd) in gold 
panning zones across Côte d’Ivoire. Tiesse et al. [22] 
evaluated land use and land cover dynamics using remote 
sensing in the Tonkpi region. Gbamélé et al. [23] 
conducted an environmental impact assessment to 
evaluate chemical pollution in the gold mining 
environment of the Zouan-Hounien sub-prefecture. Hué et 
al. [18] studied the environmental transformations 
associated with artisanal gold mining in Ity, western Côte 
d’Ivoire. Kouassi et al. [24] developed a hydrological 
model of the Cavally River under intense anthropogenic 
pressure in the Zouan-Hounien department. They also 
carried out hydraulic modelling based on a diachronic 
analysis of the Cavally River’s morphology in response to 
these pressures. 

It is true that all the aforementioned studies have 
addressed the issue of mining activities in the Zouan-
Hounien department. However, the morphological 
assessment by [24], in particular, considers only the 
bankfull surface area as a form parameter. This limited 
approach reduces the effectiveness of such assessments in 
accurately describing the fluvial geomorphology of the 
Cavally River. Therefore, it becomes essential to consider 
a broader set of geomorphological indicators in order to 
establish meaningful links between observed changes in 
the river channel and their underlying causes. The main 
objective of this study is to establish a relationship 
between the alteration of the Cavally River and gold 
mining activities, using multi-temporal satellite imagery. 
Specifically, the study aims to: (1) assess the spatio-
temporal dynamics of riparian vegetation along the 
Cavally River, and (2) analyse the evolution of the river’s 
morphometric parameters over time. 

2. Material and Methods 

2.1. Study Area 
The Cavally River basin is a transboundary watershed 

located between longitudes 8°4ʹ and 7°7ʹ West and 
latitudes 6°8ʹ and 7°9ʹ North. The Cavally River originates 
in Guinea, north of Mount Nimba, at an altitude of 600 
metres. With a total length of 700 km, the river channel 
forms a natural boundary between Côte d’Ivoire and 
Liberia along its middle and lower courses [25]. The sub-
watershed under study is situated in the Tonkpi region, 
between the departments of Zouan-Hounien and Bloléquin, 
in the vicinity of the Ity Mining Company (Société des 
Mines d’Ity – SMI). It lies between longitudes 8°01ʹ00ʺ 
and 8°10ʹ45ʺ West and latitudes 6°56ʹ25ʺ and 6°46ʹ25ʺ 
North, as shown in Figure 1. 

Agriculture constitutes the main economic activity in 
the region. Industrial gold mining is conducted by the Ity 
Mining Company (SMI). Ity is the oldest gold mine in 
Côte d’Ivoire, with the first gold pour recorded in 1991. 
Since then, the mine has produced over 1.4 million ounces 
of gold. Endeavour acquired the Ity mine in 2015 and 
subsequently increased its stake to 85% in 2018 during the 
construction of the Carbon-In-Leach (CIL) plant [17]. 
Artisanal and small-scale (illegal) gold mining is also 
prevalent in the region. It is the dominant activity along 
the Cavally River, where motorised pumps are used to 
extract sediment from the riverbed. 

The selection of study sections is based on the various 
activities conducted in the vicinity of the river. This approach 
enables an assessment of both channel morphology and the 
underlying causative factors. Accordingly, a reach 
characterised by intense artisanal mining activities was 
selected upstream of the Ity Mining Company (Section or 
Reach 1). A second reach was then selected adjacent to the 
SMI site (Section 2), directly influenced by industrial mining 
operations. Further downstream from the SMI reach, a third 
reach (Section 3), less affected by mining activities, was also 
delineated (Figure 1). 

2.2. Datas 
The data used to assess land cover dynamics around the 

banks of the Cavally River consist of satellite imagery and 
ground-truthing data. The selection of satellite images was 
based on spatial resolution, availability, and image quality. 
Specifically, the dataset comprises four satellite images 
acquired from MSI-L2A, MSI-L1C, ETM, and TM 
sensors. The 1994 and 2004 images were obtained from 
the Landsat TM and ETM sensors, respectively, while the 
2014 and 2024 images were derived from the Sentinel-2 
MSI-L1C and MSI-L2A sensors (Table 1). Image 
acquisition was timed between December and February, 
corresponding to the dry season, in order to minimise 
cloud cover. Furthermore, dry season imagery allows for 
better differentiation between vegetation cover and other 
land cover types. 

The data used for the hydromorphological analysis are 
similar to those selected for land cover assessment. 
However, two additional images acquired during the rainy  
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season (2014 and 2024) from the Sentinel-2 satellite were 
also used. Dry season imagery was employed to 
characterise the morphology of the low-flow (or active) 
river channel, while rainy season imagery was used to 
highlight the extent and form of the high-flow (or 
floodplain) channel during peak discharge events. A 
Digital Elevation Model (DEM) was also utilised to 
delineate the alluvial plain.  

 
Figure 1. Location of the Cavally River sub-watershed in the Ity area 

Table 1. Main Characteristics of Sentinel-2 And Landsat Satellite 
Images used for the Study 

Characterist
ic 

Sensor 
MSI L2A MSI L1C ETM TM 

Satellite Sentinel-2 Sentinel-2 Landsat 7 Landsat 5 
Acquisition 

date 21/12/2024 23/12/2014 30/01/20
04 

27/12/19
94 

Dimension 
(Km²) 110 × 110 110 × 110 185 × 

185 
185 × 
185 

Resolution 
(X×Y) 20 m × 20 m 20 m × 20 m 30 m × 

30 m 
30 m × 
30 m 

Projection UTM Zone 
29N 

UTM Zone 
29N 

UTM 
Zone 29N 

UTM 
Zone 29N 

Data source COPERNIC
US 

COPERNIC
US USGS USGS 

2.3. Methods 

2.3.1. Extraction of Water Bodies 
The Modified Normalised Difference Water Index 

(MNDWI) was selected for the extraction of water bodies, 
as it enhances the reflectance of aquatic features while 
suppressing the reflectance of non-aquatic features present 
in the image. The extraction method employed is derived 
from the Normalised Difference Water Index (NDWI) 
developed by McFeeters [26]. This water index is 
calculated using the reflectance values from the GREEN 
and near-infrared (NIR) bands, as expressed in Equation 1. 

 

However, McFeeters’ NDWI is unable to fully 
distinguish built-up areas from aquatic features. This 
limitation may result in confusion between surrounding 
built-up zones and the water body of the Cavally River. 
To address this issue, the Modified NDWI (MNDWI) was 
preferred. This index replaces the NIR band in McFeeters’  

NDWI with the Mid-Infrared (MIR or SWIR1) band as 
shown in Equation 2. 

 

MNDWI ∈ [−1 ; 1]; Water ∈ [0 ; 1] Non-water ∈ [−1 ; 
0]. The MNDWI algorithm was applied to all satellite 
images used in the study to delineate the outlines of the 
Cavally River. 

2.3.2. Validation of the Delineations 
A validation of the vector layers is necessary following 

their creation in order to ensure the reliability and 
credibility of the work carried out [27]. In the context of 
wetland inventories, it is essential to minimise digitisation 
errors as much as possible [28]. Accordingly, the 
delineations of the 2024 and 2014 boundaries were 
verified using Google Earth ortho-images dated 
24/12/2024 and 19/01/2024, respectively. To achieve this, 
the extracted contours were overlaid onto the 
corresponding Google Earth ortho-images. This validation 
method was complemented by a field survey. The 
objective of the fieldwork was to collect the coordinates of 
the river’s boundaries along various sections of the 
Cavally River. 

2.3.3. Parameters Used to Characterise Fluvial 
Geomorphology 

The selected hydro-morphometric parameters 
correspond to river response variables that reflect the 
channel's reaction to external changes. These are 
summarised in Table 2. They include: channel length (L), 
average bed area (A), bankfull width (W), bankfull depth 
(D), stream power (P), sinuosity index (SI), confinement 
index (CI), bank dynamics (erosion/accretion), and the 
mean direction of the low-flow channel (MLFC) [14,29]. 

Table 2. Overview of Hydro-Geomorphometric Parameters and 
Corresponding Calculation Methods 

Parameter Description 
Bankfull Width 

(W) 
Distance between both riverbanks (wetted cross-

section). 

Stream Power (P) Indicates the sediment transport capacity. It is the 
ratio between channel width and depth. P = W / D 

Erosion/Accretion 
Rate 

Erosion: Degradation of riverbanks and alluvial 
plain. Accretion: Accumulation of transported 

sediments. 

Mean Linear 
Direction (MLD) 

The average direction of the segments forming the 
low-flow channel. Provides information on the 

lateral mobility of the watercourse. 

Confinement 
Index 

Indicates the river's ability to inundate the alluvial 
plain during flood events. CI = Width of the 

alluvial plain / Width of the channel 

Sinuosity Index 
Ratio between the length of the low-flow channel 
axis and the length of the main orientation axis of 

the river. 
 
• Sinuosity Index 

As the name suggests, this parameter quantifies the 
degree of sinuosity of a river channel. It is denoted as IS 
in French-language publications and P in English-
language articles. The sinuosity of a river or a river reach 
is assessed by comparing the actual channel length to the 
straight-line distance between the upstream point (A) and 
the downstream point (B) (Figure 2).  
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Figure 2. Schematic representation of the sinuosity index calculation for 
a river reach 

According to Table 3, when the result lies between 1.25 
and 1.5, the river is considered sinuous. If the value 
exceeds 1.5, it is classified as meandering [14]. 

Table 3. Sinuosity Index Classes [14] 

Sinuosity Index (SI) Interpretation 
SI < 1.05 Almost straight or braided river channel 

1.05 < SI < 1.25 Sinuous river channel 
1.25 < SI < 1.5 Highly sinuous river channel 

SI > 1.5 Meandering river channel 
 
• Confinement Index  

The degree of confinement refers to the percentage of 
the riverbank that is in contact with valley sides or ancient 
terraces along the total length of both banks [30]. In 
practical terms, it is assessed by calculating the ratio 
between the bankfull channel width and the width of the 
first terrace. If the width of the first terrace is only slightly 
greater than the channel width, the river is considered 
highly confined, as there is little to no alluvial floodplain. 
Conversely, if the first terrace is several times wider than 
the river channel, the river is considered unconfined. The 
authors identify three levels of confinement: confined, 
partially confined, and unconfined [29,30]. 

2.3.4. Characterisation of Riverbank Land Use Land 
Cover 

The method adopted to assess land use dynamics 
combined satellite image processing techniques with field 
visits and on-site observations. The image processing 
phase began with radiometric and atmospheric corrections. 
Radiometric corrections enhance pixel reflectance, while 
atmospheric corrections reduce the effects of cloud cover 
and Harmattan dust [31]. Land use assessment was 
conducted using QGIS 3.28, equipped with the Semi-
Automatic Classification Plugin [32]. The classification 
was based on five land use classes: water, bare soil, 
settlements, vegetation, and crops. 

Validation of the land use maps involved verifying the 
actual presence of the predefined land use classes. During 
the validation process, 60 training plots were selected 

across the watershed: 21 in the water class, 10 in 
settlements, 4 in bare soil, 10 in vegetation, and 9 in crops. 
The selected training plots, along with historical imagery 
from Google Earth, were used to validate the land use 
maps for the years 1994, 2004, 2014, and 2024. The land 
use and land cover of the watershed area addressed in the 
study were the subject of a research paper [33] in which 
the methodology is clearly outlined, and the results, 
including the various confusion matrices, are presented. 
Here, a mask resulting from this previous work is shown, 
focusing solely on the land use and land cover of the 
banks of the Cavally River. 

3. Results and Discussion 

3.1. Water Body Delineation Using the 
MNDWI Index 

The extraction of river channel morphology represents 
the first step in the morphological analysis of the Cavally 
River. The Cavally River is visible in white for the years 
1994, 2004, 2014, and 2024 in Figure 3. The spatial and 
temporal expansion of human activities, shown in black 
surrounding the river, is also clearly noticeable. This 
illustrates the high degree of anthropogenic pressure that 
the Cavally River basin has experienced over the years. 

 
Figure 3. Application of the MNDWI Index to Landsat and Sentinel 
images from 1994 (a), 2004 (b), 2014 (c), and 2024 (d)Following the 
calculation of the MNDWI index, the Cavally River was extracted for the 
years 1994, 2004, 2014, and 2024 (Figure 4). As shown in this figure, the 
river is divided into three (3) reaches based on the types of adjacent land 
use activities. The first reach is influenced by artisanal mining activities, 
while the second is affected by industrial gold extraction operations 
carried out by the Ity Mining Company (Société des Mines d’Ity – SMI). 
The most notable morphological changes occur within Reach 2 between 
2014 and 2024. A total of three meanders have disappeared, transforming 
this previously meandering section into a sinuous reach. 
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Figure 4. Vectorisation of the Cavally River outline for the years 1994 (a), 2004 (b), 2014 (c), and 2024 (d) 

3.2. Riverbanks Dynamics 

3.2.1. Degradation of Riparian Vegetation 
Figure 5 illustrates the evolution of functional riparian 

vegetation along the Cavally River and the spatial 
expansion of mining activities by SMI. Between 1994 and 
2014 (Figures 5a and 5b), there were no significant 
changes in the riparian vegetation. However, the period 
from 2014 to 2024 has been marked by the expansion of 
both artisanal and industrial gold mining activities. In 
Reach 1, nearly all areas of bare soil are located in 
proximity to gold panning sites identified during field 
surveys. In Reach 2, the disappearance of riparian 
vegetation in favour of bare soil and built-up areas is 
primarily due to the expansion works carried out by SMI 
(Figure 5d). These activities have led to soil stripping, the 
construction of four diversion channels accompanied by 
bank protection measures and crossing structures. These 
developments were observed and confirmed during the 
field visit. As a result of this expansion, Reach 2 of the 
river is now entirely occupied by SMI’s operations. This 
is likely to increase the degree of channel confinement and 
reduce lateral connectivity. The riparian vegetation in 
Reach 3 has also undergone significant regression, giving 
way to bare soil. 

 
Figure 5. Dynamics of riparian vegetation along the Cavally River from 
1994 to 2024 

 

3.2.2. Riverbanks Artificialisation 
Riparian vegetation plays a crucial role in maintaining 

the ecological health of river systems and ensuring the 
usability of water resources by reducing the risk of 
contamination. However, gold miners, in their quest for 
gold, create numerous zones of disturbance by exposing 
root systems or, in some cases, clearing riparian 
vegetation to facilitate extraction. These uprooted plants 
are often left to accumulate within the active channel, 
obstructing hydraulic continuity (Figure 6a). Due to a lack 
of appropriate equipment, artisanal mining activities 
primarily target riverbed sediments for gold extraction. 
Mining occurs both along the banks and within the active 
channel. The removal of sediments from the banks 
increases the width of the river channel at these locations 
by expanding the mean channel bed (Figure 6c). 
Additionally, excavation within the active channel 
disrupts the natural balance between sediment deposition 
and erosion, which has direct consequences for the fluvial 
dynamics of the Cavally River (Figure 6d). 

 
Figure 6. Impacts of channel and bank artificialisation along the Cavally 
River 
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3.2.3. Alluvial Plain and Confinement of the Cavally 
River 

Figure 7 shows the evolution of the alluvial plain 
between 2014 and 2024, influenced by the expansion of 
operations by the Société des Mines d’Ity (SMI). From 
2024 onwards, the boundaries of the alluvial plain have 
been redefined due to various river engineering works, 
such as the construction of hydraulic structures (Figure 
6b), which have restricted the river’s lateral migration to 
the left bank in Reach 2. 

SMI’s activities have intensified over the last decade 
(2014–2024) within the Cavally River’s alluvial plain. 
These interventions have had a notable impact on the 
river’s lateral connectivity, particularly in Reach S2. This 
is evidenced by the confinement index (CI), calculated for 
the different reaches, which increased from 17.89 in 2014 
to 39.68 in 2024. These values still classify the Cavally 
River as an unconfined system. However, the increasing 
trend in CI indicates a shift towards greater confinement, 
reflecting a progressive reduction in lateral continuity. 

 
Figure 7. Observed changes in the alluvial plain in 2014 and 2024 

3.3. Alteration of Active Channel Parameters 

3.3.1. Geometric Parameters 
The geometric parameters of the active channel 

represent key response variables that reflect the extent of 
the water surface (Table 4). The evolution of these 
parameters shows a fluctuating pattern. Overall, over the 
years, both channel width and stream power exhibit an 
increasing trend. These two parameters, which were 
relatively low in 2004, have shown consistent growth 
across all sections. The surface area of the water body has 
generally decreased, with the exception of Section S1, 
located upstream of the industrial mining activities, where 
an increase was observed. 

3.3.2. Channel Length, Sinuosity Index, Linear 
Direction, and Maximum Channel Slope 

The most significant alterations, in decreasing order of 
magnitude, concern the active channel length, maximum 
slope, and sinuosity index, with respective coefficients of 
variation of 0.38, 0.15, and 0.12 (Table 5). Alterations in 
channel parameters are negligible for Reaches S3 and S1, 
whereas the most pronounced changes are observed in 
Reach 2. In Reach 2, the Cavally River has experienced a 
notable loss of its meanders, reflected in a considerable 
decrease in the sinuosity index between 2014 and 2024. 

The channel, which was previously meandering with a 
sinuosity index (SI) of 1.8 in 1994, became significantly 
straighter, with an SI of just 1.24 by 2024. It is worth 
recalling that a higher sinuosity index indicates a more 
sinuous river course. 

Table 4. Evolution of Geometric Parameters of the aActive Channel 
of the Cavally River from 1994 to 2024 

Reach Year Surface area (km²) Width W 
(m) 

Stream 
power 

Reach 1 1994 0.40 49.63 4.51 
 2004 0.33 42.43 3.86 
 2014 0.41 86.62 7.87 
 2024 0.48 78.50 6.54 

Reach 2 1994 0.68 48.74 2.71 
 2004 0.79 48.68 3.74 
 2014 0.79 74.71 7.47 
 2024 0.60 93.15 10.35 

Reach 3 1994 1.42 54.85 1.83 
 2004 0.88 50.06 2.18 
 2014 1.15 73.28 3.86 
 2024 0.91 70.80 3.37 

Mean 0.74 64.29 4.86 
Std. Dev. 0.31 16.42 2.51 

Coeff. Var. 0.42 0.26 0.52 

Table 5. Temporal variation of channel length, sinuosity index, 
linear direction, and maximum slope by river reach 

Reach Year Channel 
length (km) 

Sinuosity 
index 

Linear 
direction 

(°) 

Maximum 
slope 

Reach 
1 

1994 8.16 1.83 222.92 0.06 
2004 8.03 1.75 223.83 0.06 
2014 7.93 1.75 223.65 0.06 
2024 7.93 1.68 223.54 0.05 

Reach 
2 

1994 14.11 1.85 258.33 0.06 
2004 14.05 1.84 258.42 0.09 
2014 13.69 1.79 257.98 0.06 
2024 8.79 1.24 257.71 0.06 

Reach 
3 

1994 20.06 2.00 254.35 0.06 
2004 19.33 2.03 254.61 0.08 
2014 18.95 1.98 254.74 0.07 
2024 19.16 2.00 254.51 0.06 

Mean 13.35 1.81 245.38 0.06 
Std. Dev. 5.06 0.21 16.25 0.01 

Coeff. Var. 0.38 0.12 0.07 0.15 

3.4. Erosion and Accretion Processes 
Bank dynamics also reflect the lateral movement of the 

Cavally River's margins, providing insight into the areas 
either lost to or occupied by the river between different 
time periods. The fluvial dynamics illustrated in Figures 8, 
9, and 10 show eroded and accreted surfaces for each 
reach over the periods 1994–2004, 2004–2014, 2014–
2024, and across the entire timeframe from 1994 to 2024. 
In these figures, green represents eroded land surfaces, 
while brown indicates sediment deposits formed in the 
preceding period. The river's behaviour displays an 
alternation between erosion and accretion processes. A 
dominant phase of accretion is observed in 2004 across all 
reaches, followed by prevailing erosion from 2014 to 2024. 
The evolution of erosion and accretion rates, particularly 
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in Reach 3, reveals an alternating pattern between 
sediment deposition and erosion. Periods of accretion are 
followed by erosional phases, which are then succeeded 
by further sedimentation. Between 1994 and 2014, the 
river experienced less intense erosion and higher sediment 
deposition, whereas the period from 2004 to 2024 is 
characterised by significant erosion and marked 
degradation of the Cavally riverbanks. 

Table 6 presents both the qualitative and quantitative 
evolution of erosion and accretion processes. The year 

2004 recorded the highest sediment deposition, with 53.28 
hectares of new deposits in Reach 3 — equivalent to 5.3 
hectares per year. Conversely, the same reach experienced 
the greatest land loss in 2014, with 26.97 hectares of land 
eroded per decade. Over the three decades, the overall 
trend in Reaches 1 and 2 is one of erosion, largely driven 
by the impacts of artisanal and industrial mining activities, 
respectively. In contrast, Reach 3 is predominantly 
characterised by sediment deposition. 

 
Figure 8. Erosion and accretion dynamics of the Cavally River along Reach 1 between 1994–2004 (a), 2004–2014 (b), 2014–2024 (c), and 1994–
2024 (d) 

 
Figure 9. Erosion and accretion dynamics of the Cavally River along Reach 1 between 1994–2004 (a), 2004–2014 (b), 2014–2024 (c), and 1994–
2024 (d) 

 
Figure 10. Erosion and accretion dynamics of the Cavally River along Reach 1 between 1994–2004 (a), 2004–2014 (b), 2014–2024 (c), and 1994–
2024 (d) 
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Table 6. Eroded and Deposited Land Surface within the Cavally River Channel from 1994 to 2024 

Reach Year Surface area (Km²) Surface Variation (Δ) Trend 

Reach 1 

1994 40.10 — — 
2004 32.98 -7.12 Accretion 
2014 40.75 +7.77 Erosion 
2024 48.33 +7.57 Erosion 

Reach 2 

1994 67.64 — — 
2004 78.57 +10.93 Erosion 
2014 78.59 +0.01 Erosion 
2024 60.07 -18.51 Accretion 

Reach 3 

1994 141.71 — — 
2004 88.43 -53.28 Accretion 
2014 115.40 +26.96 Erosion 
2024 91.04 -24.35 Accretion 

 

3.5. Discussion 
The results obtained show that the dynamics of land 

cover along the banks of the Cavally River from 1994 to 
2024 have been characterised by the expansion of 
settlements, bare soils, and cultivated areas, accompanied 
by a regression of riparian vegetation and surface water 
bodies. This study has therefore highlighted the processes 
of deforestation and soil stripping driven by mining 
activities. Hué et al. [18] previously observed similar 
patterns around the Ity mine in the Zouan-Hounien region. 
These findings also align with those of [34] in the mining 
area of Bonikro, where 333.8 hectares of forest recorded 
one year before the mine’s opening shrank to just 15.4 
hectares within nine years. This loss was primarily 
attributed to mining-related activities, including the 
opening of access tracks, mountain blasting, and the 
construction of mining galleries. Beyond industrial mining 
activities, deforestation has also been linked to the 
political and military crisis that began in Côte d’Ivoire in 
2002. The region of Zouan-Hounien, rich in both gold and 
forest resources, was particularly affected. This crisis led 
to the withdrawal of forestry authorities, effectively 
opening the area to uncontrolled logging and illegal 
mining operations. Between 1994 and 2014, agricultural 
expansion also contributed significantly to land cover 
change. These findings are consistent with those of [35], 
who highlighted the major role of agriculture in 
deforestation processes. 

The alluvial plain was redefined between 2014 and 
2024 due to river engineering works that limited the 
Cavally River’s lateral migration on the left bank of Reach 
2. During this period, mining activities by the SMI 
intensified in the alluvial plain, significantly impacting the 
river’s lateral connectivity, especially through the 
narrowing of Reach 2 and the loss of meanders in this 
section. This is supported by the increase in the 
confinement index, from 17.89 in 2014 to 39.68 in 2024, 
alongside a reduction in the sinuosity index. The 
expansion works carried out by the mine such as soil 
stripping, the construction of diversion canals with bank 
protections, and the installation of crossing structures have 
contributed to the degradation of both the lateral and 
longitudinal connectivity of the Cavally River. Similar 
impacts of mining on river continuity have been reported 
elsewhere. For example, a narrowing of up to 50% was 
observed in braided channels affected by gravel extraction, 

resulting in a shift from braided to sinuous patterns [36]. 
However, studies also show that once gravel extraction 
stops, active channel widening can resume [37]. It is 
important to note that river channelisation can have 
significant ecological consequences, such as the loss of 
natural habitats, fragmentation of aquatic ecosystems, and 
reduced biodiversity. 

In general, over time, both channel width and stream 
power have shown an increasing trend. These two 
parameters, initially low in 2004, have steadily increased 
across all reaches. This alteration of geometric parameters 
is thus marked primarily by a widening of the channel, in 
agreement with the findings of [24] for the Cavally River. 
However, the surface area of the water body has declined, 
except in Reach 1, where alluvial gold mining (placer 
mining) is actively practiced. In these areas, artisanal 
miners extract alluvial sediments directly from the 
riverbanks and the active channel. Sediment extraction 
along the banks increases the width of the average channel 
bed, and consequently the river’s width at these points. 
Similar outcomes were observed in the Sa'dang River, 
where large-scale sand extraction led to reduced sediment 
deposition and morphological changes, including 
increased channel width [38]. Gravel mining is considered 
one of the most detrimental activities affecting fluvial 
morphology, with significant impacts across spatial and 
temporal scales ranging from decades [29,39] to centuries 
[36,37]. In France, gravel extraction in coastal rivers has 
caused beach erosion [40], while in Poland, coarse 
sediment removal has promoted the deposition of finer 
particles and led to channel incision [41]. 

The fluvial dynamics of the Cavally River exhibit 
alternating phases of erosion and accretion. The 1994–
2014 period was characterised by less intense erosion and 
greater sediment production, whereas the 2014–2024 
period has been marked by significant erosion and severe 
bank degradation. Over the three decades, the overall 
trend in Reaches 1 and 2 has been towards erosion, 
primarily due to artisanal and industrial mining, 
respectively. In other studies, incision caused by erosion 
has been strongly linked to in-channel gravel extraction 
[10], with average bed incision depths ranging from 4 to 
10 metres [36]. In some cases, incision continued even 
after extraction activities ceased [42]. By contrast, Reach 
3 exhibits a more balanced alternation between erosion 
and sedimentation. The sinuosity index, commonly used 
to characterise river form and to evaluate sediment 
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transport and flow processes, significantly decreased in 
2024 within the section impacted by industrial mining. 
The index dropped from 1.79 in 1994 to 1.24 in 2024, 
reflecting a loss of sinuosity that may have favoured 
sediment deposition in this part of the river. 

4. Conclusion 

The objective of this study was to characterise the 
morphological changes of the Cavally River in relation to 
gold mining activities within its watershed and along its 
channel. To this end, satellite imagery from 1994, 2004, 
2014, and 2024 was processed and analysed. The evaluation 
of the Cavally River’s morphological dynamics over these 
different time periods reveals significant alterations in 
parameters closely linked to the type and expansion of 
adjacent mining activities. Specifically, an increase in river 
width, a shortening of the channel length, a reduction in 
sinuosity, increased confinement, bank erosion, and the 
degradation of riparian vegetation were all observed. 

Based on this assessment, the morphological condition 
of the Cavally River is classified as poor in the reach 
adjacent to the industrial Ity mine, moderate in the 
upstream reach influenced by artisanal mining activities, 
and less impacted downstream although this lower reach 
still experiences indirect modifications due to upstream 
disturbances. The degradation of the Cavally River’s 
morphological quality is largely attributed to the intense 
pressure exerted by industrial mining at Ity, combined 
with the high concentration of artisanal gold mining 
activities within the channel, along the banks, and in 
associated hydraulic features of the river. 

The findings clearly indicate that both legal and illegal 
mining activities have substantial impacts on the 
morphology of the Cavally River. This underscores the 
urgent need to reduce and/or regulate such activities near 
watercourses. Furthermore, a river basin restoration and 
management framework should be implemented to 
facilitate the monitoring and sustainable management of 
water resources. Finally, nationwide studies in fluvial 
geomorphology are essential to build a comprehensive 
database that will support the monitoring and protection of 
rivers across Côte d’Ivoire. 
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