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Abstract

:

Illegal sand mining has been identified as a significant cause of harm to riverbanks, as it leads to excessive removal of sand from rivers and negatively impacts river shorelines. This investigation aimed to identify instances of shoreline erosion and accretion at illegal sand mining sites along the Chambal River. These sites were selected based on a report submitted by the Director of the National Chambal Sanctuary (NCS) to the National Green Tribunal (NGT) of India. The digital shoreline analysis system (DSAS v5.1) was used during the elapsed period from 1990 to 2020. Three statistical parameters used in DSAS—the shoreline change envelope (SCE), endpoint rate (EPR), and net shoreline movement (NSM)—quantify the rates of shoreline changes in the form of erosion and accretion patterns. To carry out this study, Landsat imagery data (T.M., ETM+, and OLI) and Sentinel-2A/MSI from 1990 to 2020 were used to analyze river shoreline erosion and accretion. The normalized difference water index (NDWI) and modified normalized difference water index (MNDWI) were used to detect riverbanks in satellite images. The investigation results indicated that erosion was observed at all illegal mining sites, with the highest erosion rate of 1.26 m/year at the Sewarpali site. On the other hand, the highest accretion was identified at the Chandilpura site, with a rate of 0.63 m/year. We observed significant changes in river shorelines at illegal mining and unmined sites. Erosion and accretion at unmined sites are recorded at −0.18 m/year and 0.19 m/year, respectively, which are minor compared to mining sites. This study’s findings on the effects of illegal sand mining on river shorelines will be helpful in the sustainable management and conservation of river ecosystems. These results can also help to develop and implement river sand mining policies that protect river ecosystems from the long-term effects of illegal sand mining.
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1. Introduction


Mineral aggregates are the most mined material globally, with extraction sites near every city and town. According to UNEP (2014), it is estimated that between 32 and 50 billion metric tons of aggregate (sand and gravel) are extracted each year globally [1]. Over the past century, researchers specializing in river engineering have paid significant attention to the geomorphological phenomena of riverbank erosion, accretion, and riverbed degradation [2]. The activity of sand mining has the potential to impact river ecosystems both directly and indirectly. Direct impacts refer to the ecological consequences resulting from sand extraction activities. The phenomenon of indirect effects pertains to alterations in the ecosystem resulting from physical modifications in the river system due to the extraction of sand [3]. The term “riverbed degradation” pertains to the alterations in the riverbed, which adversely impact the river’s ecological balance. The principal process of riverbed degradation, commonly referred to as channel incision, involves the phenomenon of head cutting. The process of head cutting involves excavating a mining pit within the active channel, resulting in the creation of a nick point. This alteration to the streambed causes an increase in the local slope of the channel, subsequently enhancing the energy flow. The process of sand mining has a notable impact on the movement of sediment loads, resulting in alterations to both flow and sediment regimes.



Extracting sand from the riverbed results in modifying the thalweg line of the river channel in the direction of the mining location. This alteration causes the riverbank’s toe to be unstable as the line approaches the riverside. The act of mining results in significant alterations to the turbulence configuration of the flow along the riverbank, as indicated by Ref. [4]. Excavating pits results in a gradual erosion of the berm located at the bank toe, which increases the Reynolds shear stress (RSS) fields in the near-bank flow [5]. The erosive nature of the primary channel flow along the riverbank leads to the degradation of the channel, increasing the elevation of the exposed bank slope. The process of pit dredging generates more forceful ejection bursts, which in turn accelerates the erosion and transportation of sediment in the berm [5].



Bhattacharya et al. (2019) note that if mining is carried out extensively over a sizable flow length, flow depth will gradually diminish, causing the lower height of the bank to experience a higher velocity flow. This leads to the riverbank’s berm failing and toe erosion accelerating [4]. During high water flow, a nick point changes into a place where the riverbed starts to erode and moves steadily upstream, as shown in Figure 1. Bar skimming, the process of removing sand from the surface of a river, increases the width of the flow, which affects the riparian zone in the form of bank erosion, as shown in Figure 2 [6].



Bar skimming and pit excavation are the common methods for sand extraction [7] .Excavation of pits is more hazardous than bar skimming for sand mining from active channels. The streambed is lowered when mining pits are excavated in the active medium, producing nick points that can raise the slope of the channel locally. Channel flow energy increases at this region, and nick issues become a site of bed erosion at high monsoon flow rates, gradually spreading upstream through head cutting [8,9,10]. This process can mobilize a considerable amount of streambed sediments that are moved downstream and deposited in the excavated region. Head cuts sometimes spread into tributary channels and travel far upstream [11,12].



Nearby pits combined during the monsoon season can cause the streambed to descend more quickly, destabilizing riparian flora and riverbanks. Coarser sediments, such as gravel and sand, are left in these pits by sediment-filled water flowing downstream, meaning that it only transports a small amount of sediment. The hungry water leaving the pit may aggressively erode downstream sections, ultimately degrading the entire river channel system [7,13].



Upstream of the sand mining site, the riverbed tends to trap large amounts of silt due to higher shear stress close to pit or pool locations [14,15]. This segment experiences avulsion, a multi-channel riverbed, and channel aggradations (i.e., creation of bars and islands), leading to a loss of kinetic energy with decreasing shear stress. Channel cutting and thalweg shifting in midstream cause bank erosion and channel width expansion. The downstream portion shows a narrow, sinuous channel (single thalweg) with pool-riffle alteration for turbulence or sand deficit water flow [4].



The riverbanks demarcate the ecological transition zone between the river and the land. Riverbank erosion is a primary public concern that represents the magnitude of rainfall, soil properties, river morphology, and topography, which are heavily influenced by floods during the monsoon season [16]. Floods sometimes trigger sudden and dramatic shifts in river flow patterns. The assessment of river migration patterns due to accretion–erosion and its mitigation is most important due to the great significance of rivers for living beings. Although erosion and accretion occur naturally, human activities may significantly alter the rate at which they appear—the river’s morphology changes due to natural and human causes [17]. Riverbank erosion is the process by which sediment is stripped away from riverbanks in fast-moving water. Those parts of the bank that have been eroded tend to slide laterally into the channel or downriver. The deposition of suspended sediment near or on riverbanks when the flow velocity is low is known as accretion [18,19]. Tracking the river’s changing bank line has become increasingly important over the past few years. The upstream water rush causes erosion as well as the threatening collapse of bridges on the river, especially in the monsoon season. Several studies [17,20,21,22,23,24] have been carried out to study the morphological changes of different rivers, mainly the bank shifting and channel migration due to the erosion–accretion process.



In earlier studies [18,24,25], direct field measurements have been used to identify bank erosion rates. Afterward, topographical maps and aerial photographs were used for erosion–accretion studies [26,27]. Remote sensing and GIS have enabled detailed analyses of the bank accretion–erosion phenomenon [28,29,30,31,32]. Remote sensing with GIS integration is an efficient and economical technique to assess river channel migration. Spatio-temporal variations of accretion and erosion characteristics of the Chenab River (1999–2007; 2007–2011) were analyzed using digital image processing techniques and GIS tools. The right bank of this river was found majorly under erosion with a maximum (1,569,843 m2 and 1,486,160 m2) at the middle reaches during both periods. SRTM data validated these outputs from Landsat images to assess image classification accuracy [33]. Multi-temporal satellite images (Landsat M.S.S and T.M.) are widely used to analyze riverbank erosion–accretion. Short-term and long-term bank line shifting, migration patterns, and accretion–erosion were analyzed for the Dudhkumar River from 1973 to 2015. The accretion rate was very high compared to the erosion rate on both banks. Due to this, the island area started increasing after 1973, which reached the maximum in 2001, representing that the Dudhkumar River is highly meandering [16]. River management and development planning depend on constant observation of bank erosion. Riverbank hotspots were [17] studied on the Mekong River using various satellite images from Landsat 5,7,8 (1990–2020) and Sentinel-2 (2016–2021). Using the normalized difference water index (NDWI) and the modified normalized difference water index (MNDWI), they created a map showing the erosion rate.



Because riverbank erosion detection using satellite images is difficult at highly sensitive water level locations, it will lead to false riverbank line detection. The digital shoreline analysis system (DSAS v5.1) with other ArcMap tools was used to identify erosion rates and short- and long-term changes along the perpendicular of the river. The impact of climate change variability on bank erosion and floodplain deposition was studied in an 11 km segment of East River, Colorado, over 60 years by using hydrographs. There was a strong correlation between annual recession slope and erosion along the entire study segment of the river, representing that the faster snowmelt-dominated hydrographs decline, the more bank erosion occurs [20]. The Bosna River was studied to identify the changes in shape and position from 1958 to 2013. An 8.3430 km2 area of this riverbank was eroded, while a 10.7074 km2 area was subjected to accretion [2]. In India, the rivers that originated from the Himalayas have vigorously shifted in position and caused massive bank erosion. The bank erosion rate and accretion along a 35.30 km stretch of the Ram-Ganga River were studied over the past 91 years. Channel migration directions fluctuated at regular intervals across all periods. The morphological changes in the river due to bank erosion negatively affect many human lives by causing the loss of agricultural lands and other resources and causing them to become homeless [34]. It can cause extreme poverty in the region [2].



Therefore, effective mitigation techniques are needed to protect the river and riverine lands from erosion [35]. The unsustainable local sand mining practices lead to a loss of extracted bed aggregates that cannot be compensated for by natural sediment supplies from the upper reaches of rivers [36]. Therefore, developing an effective erosion management plan for such rivers is necessary.



The National Chambal Sanctuary, also known as the Chambal River Sanctuary, is a protected area in India in Rajasthan. It has a rich biodiversity, conservation efforts, tourism opportunities, and scientific research. But in the last few decades, India’s National Green Tribunal (NGT) has reported extensive sand mining on the Chambal River. The Chambal River is one of the most heavily mined rivers in India. Therefore, it is necessary to study the river shoreline changes at illegal sand mining sites on the Chambal River, which will play an essential role in conserving the Chambal River ecosystem and protecting endangered species. This research aims to evaluate Chambal Riverbank erosion and accretion at three illegal sand mining sites and compare the rate of erosion and accretion between the mining site and the unmined site. The DSAS tool is used for naturally occurring coastal or riverbank erosion and accretion. This study shows that DSAS can also be used to analyze the impact of illegal sand mining or man-made effects on riverbank lines.



The data presented here serve as a basis for understanding bank erosion and accretion resulting from excessive sand mining. The primary goal of this study is to provide valuable information to support better planning and management decisions for the protection and preservation of the unique ecosystem and biodiversity of the National Chambal Sanctuary.




2. Materials and Methods


In this section, we first discuss the characteristics of the study area, including its location and geology, to provide context for the data analysis. Subsequently, it provides detailed information about the specifications and sources of the data used in this study, including satellite imagery and topographic maps. To evaluate riverbank line erosion, we utilized the digital shoreline analysis system (DSAS v5.1) model, developed by the United States Geological Survey (USGS) and widely used for shoreline analysis. Additionally, we employed the normalized difference water index (NDWI) and modified normalized difference water index (MNDWI) to assess the water content and shoreline location of the study area. These methods were used to calculate shoreline change rates and identify areas of erosion and accretion, which will be presented and discussed in the results section.



2.1. Study Area


The Chambal River is a significant tributary of the Yamuna River, located in central and northern India. It has a length of about 1050 km and a drainage area of approximately 132,000 square kilometers. The river flows through a region with diverse geology consisting of igneous, metamorphic, and sedimentary rocks. The river basin is characterized by low to moderate relief, with hills and plateaus of sandstones, shale, and conglomerates. The river and its tributaries have carved deep gorges and valleys through the rocky terrain, creating a unique landscape supporting rich biodiversity. The National Chambal Sanctuary, established in 1979, is a protected area along the Chambal River in India, spanning approximately 5400 square kilometers and covering regions in Rajasthan, Madhya Pradesh, and Uttar Pradesh. The sanctuary was created to safeguard the critically endangered gharial crocodile, as well as other endangered species such as the red-crowned roof turtle, Indian skimmer, and sarus crane. It is also part of the larger Chambal Wildlife Sanctuary, covering an area of 7400 square kilometers. The Chambal River Basin has a subtropical climate, with hot summers and cool winters. The region receives most of its rainfall during the monsoon season from June to September, with average annual precipitation ranging from 500 to 800 mm. The river and its tributaries are fed by snowmelt and rainfall from the Aravalli and Vindhya mountain ranges, which helps to maintain a steady flow of water throughout the year. However, the river is also subject to periodic droughts, which can lead to low flow and increased vulnerability to sand mining. The study area for illegal sand mining comprises sand mining sites that were selected based on reports submitted by the Director of the National Chambal Sanctuary (NCS) and an Additional Director (Mines) to the National Green Tribunal [37].



Sewarpali, Jhiri, and Chandilpura sites are famous for illegal sand mining (Figure 3). Therefore, 1 km upstream and downstream of these three mining sites and the stretches between these mining sites were selected for the present study to calculate the erosion and accretion of the riverbank line. On the other hand, a 1 km river stretch of the Chambal River under the village Basai Neem was selected as an unmined site in order to compare the rate of bank erosion between the mining site and the unmined site. Moreover, while selecting the unmined sites, we considered other bank erosion factors, i.e., bank materials, meander geometry, hydraulic variables, etc., that are more or less similar to the selected mining site in order to avoid biases.




2.2. Datasets


To analyze the Chambal River shoreline erosion and accretion, Landsat imagery data (T.M., ETM+, and OLI) and Sentinel-2A/MSI from 1990 to 2020 were collected as shown in Table 1. These data were processed using ERDAS IMAGINE for layer stacking, image correction, and enhancement. The digital shoreline analysis system (DSAS v5.1) was utilized to estimate the migration rate of the river shoreline. The study also investigated the effectiveness of spectral indices such as NDWI and MNDWI to locate riverbank lines. The methodology employed in this study is illustrated in Figure 4. In order to analyze erosion and accretion along the Chambal River, three illegal sand mining spots were selected: Sewarpali (26°24′21.7″ N 77°27′06.5″ E), Jhiri (26°26′16.4″ N 77°33′36.8″ E), and Chandilpura (26°32′30.6″ N 77°45′00.7″ E), as shown in Figure 3.




2.3. Monitoring and Mapping River Shoreline Erosion and Accretion


2.3.1. DSAS Shoreline Analysis


The USGS’ digital shoreline analysis system (DSAS) version 5.1, an add-in to EsriArcGIS Desktop, can measure and analyze changes in river shoreline position over time. DSAS computes rate-of-change statistics for a time series of shoreline vector data. Three different statistics are used to determine where the shorelines have changed. The shoreline change envelope (SCE) reports a distance (in meters), not a rate. The SCE value represents the most significant distance among all the shorelines intersecting a given transect. The net shoreline moment (NSM) measures the elapsed time between the oldest and newest shorelines along each transect [38]. The endpoint rate (EPR) is calculated by dividing the distance (m) between two shorelines by the number of years between their respective dates by using Equation (1) [39]. SCE and NSM are used to characterize the alterations to the shoreline in the study area. EPR and LLR are used to determine the rate of river shoreline changes. The shoreline feature classes were created in Personal Geodatabase to digitize the river shorelines of different years. The date of the shoreline was added in the attribute table as MM/DD/YYYY. The river baseline is digitized from Google Earth, and the baseline feature class is also created in the same geodatabase.


  E P R =   ( D i s t a n c e   o f   s h o r e l i n e   ( 1990 ) − D i s t a n c e   o f   S h o r e l i n e   ( 2020 ) )   30   Y e a r s    



(1)








2.3.2. Using Water Indices to Determine the Location of Streambanks


The normalized difference water index (NDWI) is an index employed in remote sensing to identify and map open water bodies, including wetlands and rivers. It has a value range of −1 to 1, with higher values indicating the presence of water, while lower values indicate the presence of non-water features such as vegetation or bare soil [40]. The Green-NIR band combination is utilized to compute NDWI, where NIR denotes the near-infrared spectral band and GREEN denotes the visible green spectral band. The use of NDWI may enhance the identification of water bodies in a satellite image [41].



With the help of Equation (2), NDWI was calculated:


  N D W I =   G r e e n − N I R   G r e e n + N I R    



(2)







The MNDWI is a water index that enhances the detectability of open water by utilizing the green and SWIR bands. It also diminishes the features of urban areas associated with open water in other indices. Like NDWI, MNDWI values range from −1 to 1, where higher values indicate the presence of water, while lower values suggest non-water features such as vegetation or bare soil [42]. In MNDWI, areas with no water bodies are represented by negative values, while positive values indicate the presence of water bodies.



With the help of Equation (3), MNDWI was calculated:


  M N D W I =   G r e e n − S W I R   G r e e n + S W I R    



(3)




MNDWI demonstrated a better visual representation of water and dense vegetation, while NDWI, a water index, was less effective in visually differentiating between water and vegetation (Figure 5). In NDWI, water, forests, and grasslands had the exact same pixel values. MNDWI improved the detection of water bodies such as rivers but could not distinguish between other land cover classes. We further analyzed the pixel values based on land cover classes to validate the visual observations. NDWI and MNDWI, being water-related indices, exhibit a better representation of water in their values. However, MNDWI appeared to be a more dependable indicator, as it was the only index among the three that effectively enhanced the water surfaces.






3. Results and Discussion


This section presents the main findings of the study, which aimed to quantitatively analyze shoreline erosion and accretion along the Chambal River using Landsat imagery data and the digital shoreline analysis system (DSAS) software. Specifically, the study focused on three illegal sand mining hotspots along the river: Sewarpali, Jhiri, and Chandilpura. The results of changes in shoreline distance, as assessed by the shoreline change envelope (SCE) and net shoreline movement (NSM), as well as the endpoint rate (EPR) calculations of shoreline accretion and erosion, are presented in this section. These findings provide valuable insights into the impact of illegal sand mining on river shoreline erosion and accretion in the Chambal River, which can inform efforts towards sustainable management and conservation of the National Chambal Sanctuary ecosystem and its resources.



3.1. Distance Change Measurement of Shoreline


The result of the shoreline change envelope (SCE) revealed that the distance of the river shoreline between the closest distance and most distantly located transects from the baseline Jhiri has a minimum SCE value of 10.86 m. Further, Jhiri had a maximum SCE value of 130.27 m (Table 2).



The net shoreline movement is calculated for all three illegal sand mining sites. As shown in Figure 6, NSM reports the distance between the oldest (1990) and youngest (2020) shorelines [43], with a negative distance indicating erosion and a positive distance indicating accretion in the river shoreline as shown in Figure 6. The percentage of all transects with negative and positive distances is mentioned in Table 3.




3.2. Estimation of River Shoreline Erosion and Accretion Rates


The EPR was determined by dividing the total distance by the time that the shoreline changed. This method determines movement yearly [38]. The endpoint rate map created for these three sand mining hotspots, as shown in EPR, showed riverbank erosion and accretion. The erosion and accretion rates of these three sand mining hotspots are shown in Figure 5, where a negative value indicates the erosion of the river shoreline and a positive value indicates the accretion along the shoreline. The erosion rate indicated the maximum value at the Sewarpali sand mining zone, which is calculated at 1.26 m per year, and the maximum accretion at the Chadilpura sand mining zone, which is 0.63 m per year. The endpoint rate profiles in the map profile also indicate the maximum erosion rate, as shown in Figure 7, and the comparative EPR rate, which shows the erosion and accretion of the riverbank, is shown in Figure 8.



The profiles display the change in elevation with respect to the distance from the starting point of the sand mining zone (Figure 7). These findings underscore the adverse impacts of sand mining on river geomorphology and emphasize the need for effective management strategies to mitigate these impacts and preserve the ecological health of the river.



The changes in river shorelines were studied in three areas where sand is illegally mined. The rate of river shoreline erosion was recorded at 0.96 m/year at Jhiri, 1.26 m/year at Sewarpali, and 0.93 m/year at Chandilpura. Along these illegal sand mining operations, river shoreline accretion is recorded at 0.43 m/year at Jhiri, 0.3 m/year at Sewarpali, and 0.63 m/year at Chandilpura. Sewarpali had the highest rate of shoreline erosion among the three sand mining areas along the Chambal River. These changes could significantly impact the ecosystem of the National Chambal Sanctuary and its crucial habitats by altering the river’s shoreline. We conducted a thorough comparative study with an unmined site along the Chambal River by using the National Factual and Action Taken report of a joint committee’s visit to the National Chambal Sanctuary stretch on 17 May 2022 as our primary reference [37]. Our study aimed to understand the effects of sand mining on riverbank erosion and the natural environment. The report confirms that the unmined site along the Chambal River has maintained its stability over the last 30 years. Our analysis also compared the unmined site with three illegal sand mining sites, which demonstrated that the bank erosion downstream only occurred at the locations of mining. We observed that erosion was most severe at the mining sites and not at the unmined site. The acceleration of bank erosion at the mining sites suggests that mining activities have a direct impact on the natural balance of the river and are responsible for the observed erosion. According to Bhattacharya et al. (2019) [4], sand mining areas have the potential to disrupt the channel’s sediment and bedload transfer and alter hydraulic responses. In the context of sand mining, the planform response indicates that thalweg shifting results in significant sandchar deposition in the upper course, significant channel incision results in riverbank erosion and expansion of the channel width in the middle course, and pool-riffle alteration results in the expansion of the channel and pit area in the lower course. Moreover, Ghosh et al. (2016) [44] found that changes in the erosional and depositional sequence due to excavation makes an area of the Damodar River, India, erosion-prone. However, the river tried to reduce its width through lateral deposition in this particular area for almost a hundred years. Hackney et al. (2020) [45] also stated that excessive sand mining in the Mekong River lowered the riverbed, which in turn led to the onset of riverbank instability, raising the likelihood of dangerous riverbank collapse. We calculated the average rates of shoreline erosion and river shoreline accretion at the unmined site to be −0.18 m/year and 0.19 m/year, respectively. These results indicate that the unmined site has maintained its stable state over the past 30 years, and the natural environment remains intact (Figure 8 and Figure 9). This erosion and loss of habitats and resources can lead to significant changes in land use and land cover (LULC). These findings are consistent with previous studies [46,47] that have shown the negative impacts of sand mining on riverbank erosion and the natural environment. This study provides valuable insights into the negative effects of sand mining on riverbank erosion and the natural environment and will be helpful in regulating and managing sand mining activities in the Chambal River Basin and other similar environments to minimize the damage to the ecosystem.



This Figure 10 displays the endpoint rate profile of an unmined site in the Chambal River Basin. The profile shows the change in elevation with respect to the distance from the starting point of the site. The profile displays a relatively stable elevation with only minor variations in the rate of change of elevation, indicating the site’s natural and undisturbed geomorphic conditions. This finding highlights the importance of preserving and protecting unmined sites as important reference areas for assessing the impacts of sand mining activities on river geomorphology and ecosystem health.



This Figure 11 presents a comparative analysis of the erosion and accretion rates at four study sites in the Chambal River Basin, including three sand mining sites and one unmined site. The estimated erosion and accretion rates for each site are shown, as determined by analyzing changes in land elevation over a defined period of time.



Moreover, the loss of land along the river shoreline could also impact the National Chambal Sanctuary and its important habitats by altering the composition of plant and animal communities and causing the loss of wildlife habitats [48,49,50]. The destruction of infrastructure along the river shoreline can result in economic losses and disruptions to essential services, potentially leading to the relocation of communities [51]. If the shoreline erosion continues, it may become necessary to implement beach nourishment projects to stabilize the river shoreline, but this could also impact the LULC along the Chambal River by changing the appearance of the riverbank line and altering the habitats of plants and animals [52].



The riverbanks in India are subject to constant changes, which can lead to various natural hazards such as flooding, erosion, and landslides [53,54]. The increase in human activities, such as deforestation, the construction of dams, and urbanization, have contributed significantly to altering the riverbanks’ flow and speed, leading to soil erosion and sedimentation. The changes can also cause the river to widen or narrow [55], affecting water flow [56], leading to increased flooding and causing severe damage to the surrounding areas [57]. Apart from this, changing riverbanks can also cause fluctuations in the water table levels, leading to ground instability and landslides [58,59,60,61]. These hazards can lead to significant damage to both the environment and human settlements. Therefore, it is crucial for the government and communities to take measures to prevent and mitigate these hazards through sustainable river management practices [62,63,64]. Sustainable river management practices can include measures such as afforestation along the riverbanks to reduce soil erosion, the construction of check dams to prevent flooding, and regular maintenance of existing dams to ensure their optimal functioning. Additionally, the government can also enforce regulations to limit human activities such as sand mining and indiscriminate construction along riverbanks, which contribute to the degradation of river ecosystems [65,66,67]. In conclusion, the changing riverbanks in India can cause significant natural hazards, leading to damage to the environment and human settlements. Sustainable river management practices can help prevent and mitigate these hazards, and it is essential for the government and communities to take proactive measures to ensure the sustainable use of rivers.





4. Conclusions


This research demonstrates the effectiveness and usefulness of satellite imagery and GIS in monitoring changes in river shorelines over time. The shoreline change envelope (SCE), net shoreline mesh (NSM), and endpoint rate (NSM) statics were used to examine the changes in the Chambal River’s shoreline at illegal sand mining sites between 1990 and 2020. The findings indicate that illegal sand mining activities pose a threat to the biodiversity of the Chambal National Sanctuary and could lead to the extinction of certain species and disruptions to the food chain and ecosystem. The findings demonstrated that three illegal sand mining sites—Sewarpali, Chandilpura, and Jhiri—at the Chambal National Sanctuary were subject to shoreline changes, with Sewarpali having the highest erosion rate of 1.26 m/year and Chandilpura having the highest accretion rate of 0.63 m/year. The erosion and accretion rates at the Jhiri sand mining site are recorded at −0.96 m/year and 0.43 m/year, respectively. The erosion and accretion rates observed at Basai Neem, specifically in areas that have not undergone sand mining activities, have been recorded as −0.18 m/year and 0.19 m/year, respectively. These rates are comparatively lower than those observed in regions that have gone through extensive illegal sand mining activities. The study found that illegal sand mining significantly impacts the Chambal River shoreline, leading to erosion in some areas and accretion in others. This can result in the loss of biodiversity, the endangerment of certain species, and disruptions to the food chain and ecosystem. The study highlights the need for further research, including hydrological studies, to better understand the impacts of illegal sand mining on river water flow, including changes in water levels, velocity, and sediment transport. Overall, this study provides important insights into the changes in the Chambal River shoreline and the impact of illegal sand mining. The findings of this study can inform future management and conservation efforts in the region and have implications for river management and conservation more broadly. Future studies are needed to conduct a hydrological study of the Chambal River to understand the impacts of illegal sand mining on the river’s water flow, including changes in water levels, velocity, and sediment transport. The main limitations of the present study are difficulties in obtaining Landsat images of higher resolution and availability data for the desired period and atmospheric conditions. Landsat 5 T.M. data from Landsat 7 ETM+ and Landsat 8 OLI are only available at 30 m resolution. This study is carried out only on a particular segment of the river (three spots). This study has several important implications. The results of this study have shown that satellite imagery and GIS approaches can effectively and accurately track changes in the river shoreline over time. This is important for the ongoing monitoring and management of river systems.
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Figure 1. Illustration of a sand and gravel streambed and the impact of illegal sand mining. (a) Nick points, where the streambed is abruptly lowered due to pit excavation, can be seen. (b) Downstream from the nick point, the streambed deteriorates when flow rates are high due to the lack of sediment replenishment caused by the mining. 
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Figure 2. Comparison of channel cross-sections. (a) shows a typical sand–gravel bar inside the low-flow channel, while (b) depicts the impact of uncontrolled mining resulting in a large shallow channel with severe bank erosion. 
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Figure 3. Illegal sand mining sites along the Chambal River. (a) Map of India ap providing regional context, (b) illegal sand mining site in Dholpur and Morena regions within the Chambal River, and (c) inset showing stretch of illegal mining sites and unmined site. Map coordinates are UTM WGS 84. 
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Figure 4. Flowchart diagram illustrating the methodology for evaluating erosion and accretion at mining sites. The diagram outlines the steps to analyze the satellite images and geospatial data, including spectral indices and a digital shoreline analysis system (DSAS) to calculate shoreline erosion and accretion rates. 






Figure 4. Flowchart diagram illustrating the methodology for evaluating erosion and accretion at mining sites. The diagram outlines the steps to analyze the satellite images and geospatial data, including spectral indices and a digital shoreline analysis system (DSAS) to calculate shoreline erosion and accretion rates.



[image: Water 15 01793 g004]







[image: Water 15 01793 g005 550] 





Figure 5. NDWI and MNDWI cover a 10 km riverbank buffer for 20 years. Remote sensing indices including the NDWI and MNDWI identify and map open water bodies such as rivers and wetlands and estimate water extent changes over time. (a) NDWI 2000, (b) MNDWI 2000, (c) NDWI 2010, (d) MNDWI 2010, (e) NDWI 2020, and (f) MNDWI 2020. 
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Figure 6. Net shoreline movement profiles of Chambal River showing the changes in shoreline position over time, as calculated by the digital shoreline analysis system (DSAS) model. Panel (a) presents the profiles for Jhiri sand mining zones, panel (b) presents the profiles for Sewarpali sand mining zones, and panel (c) presents the profiles for Chandilpura sand mining zones. 
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Figure 7. Endpoint Rate Profiles of Sand Mining Zones of the Chambal River. This figure presents the endpoint rate profiles of the three sand mining zones, namely (a) Jhiri (b) Sewarpali (c) Chandilpura. 
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Figure 8. Comparative endpoint Rate of all transects of Sand Mining Zones. 
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Figure 9. Comparative erosion and accretion rates at three study sites. This figure presents the estimated erosion and accretion rates for the three study sites as determined by the DSAS model. These estimates suggest notable variations in the study area’s geomorphic processes and sediment dynamics. 
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Figure 10. Endpoint Rate Profile of Unmined Site (Basai Neem). 
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Figure 11. Comparative Erosion and Accretion Rates at Four Study Sites, including Basai Neem (Unmined Site). 






Figure 11. Comparative Erosion and Accretion Rates at Four Study Sites, including Basai Neem (Unmined Site).



[image: Water 15 01793 g011]







[image: Table] 





Table 1. Data sources for the study of riverbank erosion and accretion along the Chambal River.
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S. No.

	
Data

	
Year of Acquisition

	
Resolution (Pixel Size) (m)

	
UTM Zone






	
1

	
Landsat 5 TM

	
1990

	
30

	
43R




	
2

	
Landsat 7 ETM+

	
2000

	
30

	
43R




	
3

	
Landsat 7 ETM+

	
2010

	
30

	
43R




	
4

	
Sentinel-2A/MSI

	
2020

	
10–20

	
43R




	
5

	
NGT Report for non-mining areas
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Table 2. Minimum and maximum shoreline distance.
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	Sand Mining Sites
	No. of

Transects
	Transect

Spacing (m)
	Minimum (m)
	Maximum

(m)





	Jhiri
	44
	50
	10.86
	130.27



	Sewarpali
	40
	50
	22.45
	67.68



	Chandilpura
	41
	50
	15.42
	96.68
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Table 3. Percentage of net shoreline movement.
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	Sand Mining Sites
	No. of

Transects
	Transect

Spacing (m)
	Percentage of All Transects

(Negative Distance)
	Percentage of All Transects (Positive Distance)





	Jhiri
	44
	50
	97.73%
	2.27%



	Sewarpali
	40
	50
	97.44%
	2.56%



	Chandilpura
	41
	50
	64.1%
	2.56%
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