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Execu$ve Summary 
 

Instream sand mining, driven by rapid urbanization and economic growth, has surged in recent 

years, causing significant ecological and geomorphological damage to rivers. Unregulated 

extraction leads to channel incision, endangering infrastructure such as bridges and lowering 

water tables, while also triggering lateral instability, bank erosion, and channel shifts that 

increase flood risks. The loss of channel form and sediment balance disrupts aquatic and riparian 

habitats, degrades fisheries, and undermines biodiversity. In India, both Himalayan and 

peninsular rivers have been severely impacted, with the Damodar River experiencing lowered 

water levels, habitat loss, and chemical pollution, and the Sone River suffering from altered flow, 

habitat degradation, and groundwater decline. For the Himalayan setting, the Gaula river in 

Uttarakhand was selected as a prominent Himalayan river to document and analyse the impacts 

of sand mining.   

In-channel sand mining in the Gaula River has altered the flux boundary conditions, creating an 

imbalance between driving and resisting forces. For example, the indiscriminate extraction of 

sand from the channel bed increases the local gradient and generates knickpoints that, in turn, 

increase the stream power and hence the energy available for sediment transport. We have 

documented channel narrowing and incision, thalweg fixing, bed armouring and a severe decline 

in geomorphic diversity as some of the major geomorphic impacts of sand mining in the Gaula 

River. We have identified four distinct evolutionary phases of the Gaula River at a historical time 

scale which reveal a fairly rapid degradation of the river in response to sand mining viz. (a) barren 

conditions (1976–1995), (b) mobilization followed by incision (1995–2009), (c) channel belt 

widening (2009–2014), and (d) underfit channel (2014–2021). Further, a process-response 

framework to characterize the geomorphic impacts of sand mining in the Gaula River reveals a 

positive feedback system. The major hydrogeomorphic processes shaping the channel 

morphology have been significantly altered by intensive sand mining activities manifested in 

terms of modified hydrological and sediment transport regimes.  

Spatiotemporal sand mining hotspots along with their geomorphological association in both 

Damodar and Sone rivers suggest that most of the reaches in the identified hotspots have more 
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than 50% of their area occupied by sand mining activities. It emphasizes the urgent need to 

prioritize these hotspots for monitoring and initiate remediation measures for restoring the 

river.  The severity of impacts from sand mining in both the Damodar and Sone Rivers is evident 

through extensive morphological degradation observed over time. In some reaches of the 

Damodar River, a mining intensity as high as 0.8 was documented in recent years (2024) 

indicating that 80% of its total area was covered by mining activities.  A rapid increase in mining 

activities has been documented in the Damodar River between 2019 and 2024, with several 

reaches recording 3.5-fold increase in dry mining area and a 2.7-fold increase in wet mining pits, 

resulting in severe wet channel fragmentation.  In the Sone River, major geomorphic impacts of 

sand mining include loss of channel belt and sand bar areas, and transformation from braided to 

a single-thread channel system. In some reaches, nearly 53% of sand bars have been lost, 

including the near-total disappearance of mid-channel bars.  In both Damodar and Sone Rivers, 

widespread channel incision, bar erosion, and morphological simplification, which collectively 

reduce the river’s flood buffering capacity, impair floodplain connectivity, and diminish 

groundwater recharge potential, rendering these reaches highly vulnerable to both hydrological 

extremes and long-term ecological degradation. The combined effects of sediment extraction 

through sand mining and sediment entrapment by flow regulation structures significantly reduce 

the sediment supply downstream. Flow-regulating structures like dams and barrages trap large 

amounts of sediment upstream, disrupting the natural sediment replenishment process. This 

sediment deficit is further exacerbated by sand mining, which directly removes sediment from 

the river system.  Sand mining has reduced sediment availability in downstream reaches in two 

critical ways: firstly, by diminishing the initial sediment supply traveling downstream, and 

secondly, by creating deep mining pits that act as sediment traps where much of the transported 

sediment settles and is no longer available to replenish downstream reaches. As a result, 

downstream reaches become severely sediment-starved.  Sediment starvation because of 

mining triggers the ‘hungry water’ effect, where sediment-depleted water has increased erosive 

power, causing channel incision, lowering riverbed levels, and increasing vertical channel space. 

This has led to significant morphological changes in both Damodar and Sone Rivers, including the 

loss of sediment bars (lateral erosion) that serve as flood buffers and groundwater aquifers. The 
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loss of these bars and the transformation from multichannel to single-channel morphology 

reduces channel belt area and degrades floodplain connectivity and ecosystem health.  

To understand and manage these impacts, the CASCADE (Catchment Sediment Connectivity And 

Delivery) modelling framework was also set up for the Gaula river, which integrates graph theory 

with sediment transport equations to estimate grain-specific sediment flux and assess habitat 

availability. The upper and middle segments of the lower catchment exhibit high stream power 

due to higher discharge and moderate slopes, enabling active sediment transport and channel 

adjustments. These reaches function as sediment transport zones. As the river flows 

downstream, it transitions from a confined, high-energy system to a laterally unconfined 

meandering form, accompanied by declining stream power and reduced erosional capacity, 

promoting sediment deposition. Additionally, both discharge and tectonic forces act as dominant 

imposed boundary conditions shaping the river's form and function across different 

reaches. Sand mining leads to bed armouring, characterised by coarser surface grains that 

function as a ‘blanket’, shielding the riverbed from erosion and disrupting sediment connectivity. 

This creates a decoupled, transport-limited system, reducing transmission sensitivity and 

increasing locational sensitivity. This alters the flux boundary conditions.  This armour layer 

increases critical shear stress thresholds, thereby reducing sediment entrainment, especially 

during low-flow events and contributing to spatially discontinuous sediment transport, akin to a 

'jerky conveyor belt'. The integrated method (SWAT-based hydrology, GSD and CASCADE-based 

sediment transport) provides important insights into sediment flux and dynamics under no-

mining and mining scenarios in a data-scarce river catchment.    

 

Given their differing geomorphic settings—Himalayan rivers with high sediment loads driven by 

tectonic activity and monsoons, and sediment-limited peninsular rivers—management strategies 

must be river-specific: for Himalayan rivers, regulating extraction based on dynamic sediment 

budgets and maintaining connectivity; for peninsular rivers, restricting mining to low-sensitivity 

zones and favouring controlled, non-mechanised methods. Overall, science-based, data-driven 

policies, continuous monitoring, strict enforcement, and community engagement are essential 

to safeguard riverine ecosystems and preserve their ecological and societal benefits.  
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Chapter 1 
1. Introduc$on 

1.1. Background and mo-va-on of the project 
Sand plays a crucial role in fluvial geomorphology by suppor)ng the dynamics and ecology of 

riverine networks. It acts as a reservoir, retaining water at shallow depths and extending residence 

)me. Furthermore, sand provides essen)al breeding and hiding grounds for fish and 

microorganisms, thus nurturing and sustaining diverse riverine ecosystems and biotas. The rising 

demand and supply of sand, driven by rapid urbanisa)on and industrialisa)on, have severely 

affected river channels. Unsustainable sediment extrac)on has inflicted extensive damage on the 

en)re river ecosystem, altering its morphology, ecology, and hydrology. Sediment transport and 

dynamics govern the supply of nutrients in large river systems, influencing the balance between 

morphological and biological processes. Excessive sand and gravel extrac)on from river channels 

and floodplains disrupts natural flow, impac)ng ecosystems and river stability. Globally, around 

50 billion tonnes of sand (as per WWF es)mates) are extracted annually, making it the world's 

largest natural resource industry.  

In-channel sediment mining involves the extrac)on of sand and gravel directly from the river bed, 

point bars and braided bars, altering channel geometry and bed eleva)on (Rinaldi et al., 2005; 

Surian et al., 2009; Dufour et al., 2015). In-channel sediment mining comprises two main types: 

in-channel pit mining, excava)ng pits below the thalweg, and bar skimming, which entails 

scraping the upper layer of a gravel bar (Padmalal and Maya, 2014). In-channel pit mining is 

further categorised into dry-pit mining, where the groundwater table is unaffected or remains at 

greater depths as seen in ephemeral rivers (Calle et al., 2017; Akuria and Sinha, 2025), and wet-

pit mining, which involves excava)ng pits below the surface water of perennial rivers or the 

alluvial groundwater table (Hackney et al., 2020, 2021; Ng and Park, 2021). Wet-pit mining oaen 

requires equipment such as draglines or hydraulic excavators to dredge sand and gravel from 

beneath the water surface.  These prac)ces significantly disrupt riverine processes, threatening 

the ecological and hydrological balance of river systems. 
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When the extrac)on of sand exceeds replenishment, severe on-site and off-site impacts occur on 

the hydrology and ecology of the river systems. Impacts include loss of floodplain habitat, 

altera)on of channel form, and sediment distribu)on, affec)ng ecosystems. In-channel mining 

disrupts longitudinal river connec)vity, leading to incision, instability, and bank erosion. These 

changes harm wildlife habitats and cause infrastructure damage. Rivers in India experiences sand 

mining exceeding their capacity, resul)ng in altered channels, habitats, and ecosystems. Scien)fic 

scru)ny of riverine sand mining has increased, and this project aimed to develop a comprehensive 

assessment of the geomorphic impacts of sand mining with a focus on the Himalayan and 

peninsular rivers. Addressing these issues is crucial to safeguard the river systems and their 

associated environments.  

1.2. State of the Art and Knowledge Gaps 
The geomorphic processes and resul)ng forms in rivers are driven by a balance between the 

driving forces such as water discharge (Qw), channel slope (S), and resis)ng forces such as 

sediment discharge or sediment load (Qs), and sediment bed grain size or par)cle diameter (Ds) 

(Lane, 1955). The imbalance of the driving and resis)ng forces causes the river to adjust in three 

dimensions: ver)cally, laterally and longitudinally which can further cause a wholesale 

adjustment in rivers (Fryirs and Brierley, 2005). Koehnken et al. (2020) reported that channel 

incision is the most widely reported geomorphic impact of riverine sand mining, followed by 

channel narrowing across the globe. Several Italian rivers have experienced bed incisions ranging 

from 2 m in the Piave River (Comi) et al., 2011), up to 4-5 m in the Lower Orba River from 1950 

to 1970s (Mandarino, 2022) and as much as 10 m in certain reaches of the Panaro River, which 

occurred during or shortly aaer a period of extensive sediment mining (Gumiero et al., 2015). Isik 

et al. (2008) observed channel bed incision up to 7 m in the lower Sakarya River in Turkey during 

the 41-year period (1965–2006), which was mostly related to sand and gravel mining. In Spain, 

gravel extrac)on resulted in incision of over 5m in  Gállego River (Marvn-Vide et al., 2010), at 

least 3.5m in Rambla de la Viuda (Calle et al., 2017), and an average of 1.5m over the whole reach 

in lower Tordera, leading to damage to infrastructures and severely affec)ng the river ecosystem 

and groundwater (Rovira et al., 2005). Several sec)ons in the Maipo River in Chile experienced 

very large incision up to 20 m, with an increase in the area affected by gravel mining from 86.62 
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to 368.13 ha from 1954 to 2015 (Arróspide et al., 2018). Sand mining is likely genera)ng a net 

deficit in the Mekong and the Bassac channels in Cambodia, which showed significant bed 

material losses amoun)ng to approximately 90 and 110 Million cubic meters, respec)vely, and an 

increase of mean depth by an excess of 1.3m over a period of 10 years (1998 and 2008) (Brunier 

et al., 2014). Binh et al. (2021) reported an increase in riverbed incision rate from 0.16 m/yr in 

1998–2014 to 0.5 m/yr in 2014–2017, resul)ng in lowering of water levels in the Mekong River.  

In planform view, the river changes oaen from a wide, braided channel to a straight, single thread 

and/or wandering narrow channel, causing a wholesale change in rivers (Fryirs and Brierley, 2005; 

Fryirs, 2017). This implies disrup)on of the pre-exis)ng channel morphology and sediment 

deficiency. Such morphological changes have been documented in several rivers, including the 

Tagliamento, Brenta, Magra, Piave and Panaro rivers in Italy (Rinaldi et al., 2005, 2009; Surian and 

CisoOo, 2007; Comi) et al., 2011; Dufour et al., 2015; Gumiero et al., 2015; Ziliani and Surian, 

2016), in Rambla de la Viuda and the Palancia River in Spain (Calle et al., 2017; Sanchis-Ibor et al., 

2017) and the Maipo River, Chile (Arróspide et al., 2018). Some studies indicate a strong 

correla)on between channel incision and channel narrowing/degrada)on (Rinaldi et al., 2005; 

Surian and CisoOo, 2007; Surian et al., 2009; Gumiero et al., 2015; Calle et al., 2017), though some 

suggested a weaker but s)ll evident correla)on (Comi) et al., 2011; Mandarino, 2022).  

Channel incision induced by riverbed mining has also disrupted the lateral hydrological 

connec)vity between river and wetland in the Vietnamese Mekong Delta as the connected days 

of the river and wetland decreased from 360 to 270 within about 15 years (aaer 2000) (Park et 

al., 2020).  This decline in hydrological connec)vity directly reduces available water resources for 

irriga)on and local consump)on. Comi) et al. (2011) revealed that bed incision due to gravel 

mining promotes vegeta)on encroachment, leading to channel narrowing, and only intense, 

infrequent flood events with a return period of 10–15 years can inundate the floodplains, thereby 

reducing lateral connec)vity. Removal of fine sediments from riverbeds can lead to bed armour, 

resul)ng in a layer of coarser sediment that is more resistant to erosion (Kondolf, 1994; Rinaldi et 

al., 2005), eventually disrup)ng the longitudinal connec)vity of the river. 
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The processes of sediment excava)on and bed armouring decrease the sediment load within the 

river system. Channel excava)on creates localised steep gradients, genera)ng over-steepened 

knickpoints. The reduced bedload supply, along with the localised steep gradient, increases 

stream power because of the ‘hungry water effect’ (Kondolf, 1994, 1997), exacerba)ng bed and 

bank erosion (Hackney et al., 2020). This causes head-cuxng that can propagate several 

kilometres upstream. A topographic survey of Cache Creek, California, conducted in 1992, 

documented a 3-meter-deep knickpoint resul)ng from excava)on that created a 4-meter-high 

headwall, situated 1400 meters downstream of Capay Bridge. By 1993, the knickpoint had 

migrated 960 meters upstream. Subsequent flooding in 1995 exacerbated its progression, leading 

it beneath Capay Bridge and nearly causing its structural failure (Kondolf, 1997). Similarly, 

instream pit mining on the Russian River near Healdsburg, California, in the 1950s and 1960s led 

to channel incision of 3–6 m over an 11 km length of the river (Kondolf, 1997). The incision is so 

severe that some studies have documented bedrock exposure in certain rivers. In the Drac River, 

France, incision intensified as the channel rapidly eroded ancient fluvial-lacustrine clay deposits, 

increasing scouring rates (Brousse et al., 2021). Similarly, the impact of bedload par)cles eroding 

soa bedrock in the Bernesga River, Spain, led to the concentra)on of incisions in narrower 

segments, crea)ng a posi)ve feedback loop of further incision (Ferrer-Boix et al., 2023). In 

Austria’s Johnsbach Valley, channel incision led to the exposure of talus-covered bedrock (Rascher 

et al., 2018). Channel incision can increase bank height and induce instability, threatening key 

infrastructure and communi)es on the river's banks (Hackney et al., 2020). On the other hand, 

bar skimming and undercuxng can also cause bank failure, leading to the widening of the river 

channel, showcasing channel instability (Kondolf, 1994). Apart from in-channel mining, sand 

mining also occurs on floodplains and older terrace deposits of perennial rivers, as observed in 

the Amite River in the USA (Mossa and McLean, 1997) and the Cibin River floodplain in Romania 

(Costea, 2018). In the event of an avulsion or gradual migra)on, floodplain pits may integrate into 

the ac)ve channel, termed ‘pit capturing’, posing poten)al instream or in-channel implica)ons 

over a )me scale of decades (Padmalal and Maya, 2014).   

The sand mining industry, crucial for construc)on and urbaniza)on, is par)cularly prevalent in 

developing countries like India, where 61.6% of surveyed river reaches showed evidence of 
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mining (Dujardin et al., 2024). Due to reduced sediment supply, the Dwarkeswar and Mayurakshi 

Rivers in West Bengal have undergone significant narrowing and incision, transforming from 

mul)-threaded to single-thread channels (Ghosh and Mai), 2021; Ghosh, 2024). Channel incision 

has oaen triggered shias in the thalweg, leading to substan)al channel migra)on, instability and 

pool-riffle altera)ons in the Damodar and Kangsaba) rivers (Ghosh et al., 2016; BhaOacharya et 

al.,  2019a, 2019b; Ghosh and Jana, 2021). Channel incision has resulted in the destabilisa)on of 

engineering structures, increased bank erosion, and a lowering in the water table, as observed in 

the rivers of Kerala, South India (Padmalal et al., 2008; Sreebha and Padmalal, 2011). Research on 

Himalayan rivers has emerged in the past decade, highligh)ng similar trends, including severe 

channel narrowing and incision exposing bedrock, reduced channel bar areas and a shia from 

braided to single-thread sinuous channels (Tamang and Mandal, 2015; Wiejaczka et al., 2018; 

Mitra et al., 2023). Mitra et al. (2023) further emphasised that sediment extrac)on is the primary 

driver of channel degrada)on surpassing other anthropogenic factors like urbaniza)on, 

vegeta)on removal, and channel embankments. Addi)onally, riverbed mining in the Himalayas 

exacerbates flood hazards by intensifying erosion, making floodplains more vulnerable to 

flooding, par)cularly in the monsoon season due to increased downstream transport of loose 

landmass (Singh and Sidhu, 2016). Vercruysse and Grabowski, (2021) associated with the impacts 

of sand mining with a )mescale-dependent evolu)onary trajectory, highligh)ng a pulse response 

in the Sutlej River in the Himalayas.  

Geomorphic impacts of sand mining have oaen led to disrup)ng the ecological func)oning of the 

rivers as the habitats of the aqua)c life get severely damaged. Gravel mining from ac)ve channel 

beds and adjacent floodplains contributes to the fragmenta)on of riparian forests such as in the 

lower Eygues River in France (Kondolf et al., 2007). Human-induced channel bed incision 

disconnects the adjacent floodplains from the main channel causing a lowering of the 

groundwater table and impac)ng the surrounding ecology and riparian vegeta)on. Gumiero et 

al., (2015) reported that due to riverbed incision some reaches of the Panaro River in Italy, caused 

a decline of hygrophilous trees such as willows and poplars and an inclina)on towards xerophilous 

condi)ons. Some incised reaches also showed recoloniza)on of the abandoned floodplains by 

vegeta)on. Skalski et al. (2016) reported that river incision reduced the species richness and 
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diversity of ground beetles on the lowest bench, which was frequently inundated, but increased 

them on the highest bench, which was rarely flooded. The abundance of small, predatory, 

macropterous, and spring-breeding species, which are adapted to dynamic habitats, was 

nega)vely affected by river incision, especially on the lowest bench. Conversely, the abundance 

of large, herbivorous, brachypterous, and autumn-breeding species, which are typical of stable 

habitats, was posi)vely affected by river incision, especially on the highest bench (Skalski et al., 

2016). Mingist and Gebremedhin (2016) revealed that sand mining interfered with the migratory 

routes of fish and resulted in the loss of their spawning grounds in the inflowing rivers to Lake 

Tana, Ethiopia. Gravel dredging in large rivers diminishes fish abundance, diversity, and trophic 

posi)ons by altering habitats and nutrient pathways, reducing benthic primary produc)on, and 

simplifying food webs. This poses a threat, par)cularly to na)ve and specialist fish species, 

dependent on gravel and rock substrata for spawning, leading to poten)al biodiversity loss and 

shias in community composi)on in the river (Freedman et al., 2013).  

In India, sand mining and the laying of roads up to the riverbank have led to a reduc)on in the 

nes)ng sites of crocodiles, turtles, and birds in the Chambal River (Singh and Rao, 2017). A study 

of in-channel sand mining in the Ganga River near Haridwar has significantly altered the channel 

morphology over the past two decades, leading to the degrada)on of water quality and a decline 

in aqua)c biodiversity (Kamboj and Kamboj, 2019). Meanwhile, floodplain mining has adversely 

affected the riparian vegeta)on along adjacent riverbanks. Prabhakar et al. (2019) further 

observed that sand mining ac)vi)es increased turbidity and decreased the transparency of the 

water, which nega)vely affected the primary produc)on and the feeding efficiency of 

zooplankton in the River Ganga in Bihar. 

 A compara)ve review of exis)ng literature reveals cri)cal gaps in the current understanding of 

sand mining impacts across both the Himalayan and Peninsular River systems. In the case of 

Himalayan rivers, there are limited systema)c studies on sand mining despite their geomorphic 

sensi)vity and high sediment flux. Few exis)ng studies link sand mining impacts with 

fundamental geomorphic concepts such as channel evolu)on, connec)vity, and hotspots, 

resul)ng in a fragmented understanding of river dynamics. Most studies fail to adopt a process-
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response approach, which is crucial for capturing the dynamic feedback between sand extrac)on, 

channel morphology, and sediment transport. While Peninsular rivers have received more 

aOen)on, there remains under u)liza)on of automated pla{orms like Google Earth Engine (GEE) 

for geomorphic analysis. Manual methods dominate, introducing user bias and limi)ng 

reproducibility. 

1.3. Major objec-ves of the project  
Keeping in view the knowledge gaps, the following objec)ves were envisaged for this project: 

1. Assessment of spa)o-temporal geomorphic impacts of sand mining on rivers.  

2. Spatio-temporal evaluation of the impact on longitudinal and sediment connectivity of 

rivers caused by sand mining.  

3. Calculating volumes of erosion and deposition using a DEM created from UAV.  

4. Assessment of associated hazards such as flash floods and bank erosion caused by 

indiscriminate sand mining, superimposed by hydrological changes.  

5. Integration of data for identification of hotspots of degradation in rivers and suggestions 

for mitigation measures.  

6. Formulation of region-specific policy guidelines for sand mining based on scientific 

understanding.  

1.4. Study area and methodology 

1.4.1. Gaula River, UGarakhand  
One of study sites for this project is the Gaula River, flowing in the Himalayan region in the 

UOarakhand state of northwestern India (Fig. 1.1). The Gaula River has a catchment area of 740 

Km2, a drainage density of 2.28 km/km2 and the studied stretch is approximately 40 Km long. The 

river originates in the Paharpani Village, Nainital District, UOarakhand, in the Kumaun Lesser 

Himalaya. It then flows southward through Kathgodam and Haldwani before merging with 

Ramganga, a tributary of the Ganges. The eleva)on of the Gaula River catchment ranges from 

2557 m to 139 m and is approximately bound between la)tudes 28°54’47.51” N and 29°27’34.73” 

N and longitudes 79°32’46.12” E and 79°44’39.48” E. The upper part of the catchment comprises 

the Kumaun Lesser Himalayas, marked by rugged topography, steep slopes, deep gorges, and 
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narrow valleys.  South of the Lesser Himalayas is the outer Himalayas or the Siwalik and is 

demarcated from the Lesser Himalayas by the Main Boundary Thrust (MBT). The southern 

boundary of the Siwalik zone is marked by a layer of gravel deposits from the foothill zone, 

referred to as the "Bhabar".  

We have inves)gated the 40 Km ephemeral stretch of the Gaula River flowing from Kathgodam 

(29°16’43.89” N 79°32’44.38” E) to Kichha (28°56’08.66” N 79°32’15.74” E) (Fig. 1.1). This area 

falls under the sub-humid subtropical climate of the Terai belt, located in the foothills of the 

Himalayas. The Gaula River forms a blanket of sediments of mainly gravel and sand deposits from 

the piedmont zone, forming the Gaula fan. The Gaula fan exhibits a convex-up transverse profile, 

covering approximately 631 km2 with a radial length of around 30 km and an average radial slope 

of 0.44° (Goswami, 2018). The area receives (80-90) % of the total annual rainfall in the monsoon 

season from mid-June to mid-September. The average annual precipita)on is 1669 mm, whereas 

the average monsoonal rainfall (mid-June to mid-September) is 1750 mm. The average minimum-

maximum temperature varies between 8 and 20 °C in winter to 25 and 38 °C in the summer. Some 

notable anthropogenic structures include the Gaula Barrage, constructed in the year 1980 for the 

diversion of water to the city of Haldwani for irriga)on and domes)c purposes, and the Gaula 

bridge for ease of transporta)on (Fig. 1.1).  
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Figure 1.1 The Gaula River basin and the river network under study. The river network has been divided into 20 
reaches, grouped into Upper Segment, Middle Segment and Lower Segment. The mining locations and other 
important sites used for this study are shown. 

The Gaula River receives a high sediment flux from a tectonically ac)ve hinterland, which is 

transported downstream by monsoonal discharges to the lower reaches of the river. The 

ephemeral nature and high sediment flux make the Gaula River aOrac)ve for sand miners. The 

mining opera)ons started in 1990 and now span a con)nuous 29 km stretch, excluding a 2.5 km 

‘no extrac)on zone’ at the Elephant Corridor (Fig.1.1) to allow safe passage for elephants and 

other wildlife. Addi)onally, a 500-meter stretch both upstream and downstream of the Gaula 

bridge is also excluded from mining ac)vi)es to protect the bridge piers from erosion. Sand 

mining opera)ons are undertaken from 11 mining gates under the Haldwani and Terai East Forest 

Divisions between November and May each year, which u)lise approximately 7,500 trucks and 



 31 

other carriers, such as horse carts, supported by 6,500 mine workers. The Ministry of 

Environment and Forests (MoEF) has set the permissible limit for sand/boulder extrac)on at 

6,500,000 cubic meters, and a 25-meter-wide area from both sides of the riverbank was 

designated for erosion control. According to the environmental clearance report prepared by the 

UOarakhand Forest Development Corpora)on (UKFDC), the average annual extrac)on between 

1990 and 2005 was 1,743,238 cubic meters, which increased to a maximum of 6,203,998 cubic 

meters between 2008 and 2009.  

1.4.2. Damodar River, West Bengal 
The Damodar River originates from the Chotanagpur Plateau in Jharkhand and flows eastward 

into West Bengal before joining the Hooghly River. The river is characterized by a mul)-thread 

channel planform in certain reaches, with a complex interplay between sediment transport, flow 

regula)on, and anthropogenic ac)vi)es. The catchment of the basin is primarily composed of 

Precambrian metamorphic rocks in the upper reaches, transi)oning into Quaternary alluvial 

deposits in the lower reaches. Due to its rich alluvial deposits, the lower Damodar River is highly 

Figure 1.2 (a) Location of the Damodar River Basin in India along with elevation ranges; (b) Study area within the 
Damodar River Basin; (c) Division of the study area into 25 reaches grouped into three zones for detailed analysis. 
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vulnerable to extensive sand mining, which has significantly altered its morphology (Ghosh and 

Jana, 2021).  

Addi)onally, flow regula)on through barrages such as the Durgapur Barrage has altered sediment 

connec)vity, leading to downstream sediment starva)on and channel instability. The lower 

sec)on of the Damodar River, from Hijuli, West Bengal, near the Jharkhand border to Jamalpur, 

West Bengal, has been selected as the study area. This sec)on has been divided into 25 reaches 

and 3 zones (Fig.1.2) to inves)gate the effects of sand mining and flow regula)on on various parts 

of the river.  

a) Zone 1: Between Panchet Dam (upstream) and Durgapur Barrage (downstream).  

b) Zone 2: Downstream of Durgapur barrage and upstream of Rondiha barrage.  

c) Zone 3: Downstream of Rondiha Barrage and most affected by sand mining.  

1.4.3. Sone River, Bihar 
The Sone River, a major right-bank tributary of the Ganga, originates from the Amarkantak Plateau 

in Madhya Pradesh and flows northward into Bihar before merging with the Ganga. The river is 

known for its wide alluvial channel and high sediment transport capacity. The upper reaches of 

the basin are dominated by Precambrian crystalline rocks, while the lower reaches consist of 

alluvial deposits. Excessive sediment extrac)on in this river has led to increased erosion, loss of 

mid-channel bars, and modifica)ons in bank stability. The combina)on of mining ac)vi)es and 

flow regula)on through the Indrapuri Barrage has significantly altered the river’s morphological 

dynamics. The Sone River is par)cularly important in understanding how large-scale sand mining 

and flow regula)on interact to influence sediment dynamics in an alluvial river system.  

For the geomorphic mapping of large peninsular rivers, the Sone River has been selected as the 

study area. Three windows (Window-1, Window-2, and Window-3) have been chosen to observe 

the planform dynamics and mining impacts (Fig.1.3).  
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Figure 1.3 (a) Location of the Sone River Basin in India along with elevation ranges; (b) Study area within the Sone 
River Basin; (c) three study windows for detailed analysis. 

a) Window-1: Located in the downstream sec)on of Indrapuri Barrage, extending from Indrapuri 

Barrage to Chainpur village, covering a length of 16.75 km with an area of 65 km².  

b) Window-2:  Covers the middle stream sec)on from Azimabad to the Old Koilwar Bridge, 

spanning 27.4 km with an area of 48 km².  

c) Window-3: Covers the lower stream sec)on from the New Koilwar Bridge to Rampur Diara 

(near the confluence with the Ganga River), covering 11.7 km with an area of 36 km².  

1.4.4. Broad Methodology (Himalayan vs Peninsular rivers) 
 

Geomorphic mapping u)lizing satellite-based remote sensing techniques has revolu)onized our 

understanding of Earth's surface processes and landforms. By harnessing the capabili)es of 

satellite imagery, such as high-resolu)on op)cal datasets, researchers can accurately iden)fy and 

classify various landforms and geomorphic features over large spa)al extents. From delinea)ng 

river channels and iden)fying erosion hotspots to mapping the fluvial features, satellite-based 

remote sensing enables comprehensive and cost-effec)ve analysis of geomorphic phenomena. 
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Furthermore, the integra)on of advanced data processing techniques, including automated 

mapping algorithms using GEE, UAV-based digital terrain analysis and orthomosaic data, 

enhances the accuracy and efficiency of geomorphic mapping efforts. Overall, satellite-based 

remote sensing serves as a powerful tool for studying Earth's dynamic landscapes, facilita)ng 

informed decision-making in river management and policy making.  

The methodological approach for assessing the geomorphic impacts of sand mining in Himalayan 

and Peninsular rivers was tailored to the scale, sexng, and data characteris)cs of each system. In 

the Himalayan context, the Gaula River is a rela)vely small ephemeral yet highly dynamic river 

draining a tectonically ac)ve hinterland requiring high-resolu)on, manual mapping to capture 

detailed geomorphic changes. This allowed for focused spa)o-temporal planform analysis using 

historical satellite imagery, UAV-derived DEM of Difference for volumetric es)ma)on, and 

sediment transport modelling to examine connec)vity and sediment flux under varied mining 

scenarios. In contrast, the Peninsular rivers, such as the Sone and Damodar, are large rivers with 

more extensive channel networks, which necessitated an automated approach. Here, Google 

Earth Engine (GEE) was employed to map mining hotspots across longer temporal scales, 

supported by high-resolu)on Google Earth imagery. The emphasis was on detec)ng broad-scale 

morphological trends, associa)ng them with anthropogenic drivers like sand mining and flow 

regula)on. Thus, while the Gaula study priori)sed detailed, manual analysis for fine-scale 

process-response understanding, the Peninsular case studies leveraged automated, large-scale 

mapping to capture systemic paOerns and spa)al variability in mining impacts. 
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Chapter 2 

2. Geomorphic impacts of sand mining: Himalayan River 
2.1. The Gaula River: A Himalayan example 
Sand mining is a major anthropogenic interven)on that alters the natural geomorphic func)oning 

of river systems. In Himalayan rivers like the Gaula, which are characterised by high sediment flux, 

dynamic morphology, and monsoon-driven flow regimes, in-channel sand extrac)on has 

profound implica)ons. To assess the river condi)ons, iden)fying the contemporary status of a 

river rela)ve to a reference state is required; however, the ideal reference condi)ons against 

which measurements must be made are debatable (Rinaldi et al., 2013; Fryirs, 2015; Brierley and 

Fryirs, 2022). The expected reference state is determined by the specific characteris)cs and 

behaviour of a river within the exis)ng catchment boundary condi)ons, aiming to represent the 

best condi)ons aOainable by the river, including human-induced altera)ons to the catchment. 

Rinaldi et al. (2013) defined the reference state as when a river reach is in a state of dynamic 

equilibrium, performing the morphological func)ons characteris)c of its specific morphological 

typology, with minimal anthropogenic interference that does not impact river dynamics at both 

the catchment and reach scales.  

The major components of the methodological framework include (a) delinea)on of the valley 

boOom margin and assessment of the valley boOom confinement, (b) planform mapping, (c) 

measurement of various planform parameters for designing morphometric indices, (d) mapping 

thalweg shias, (e) compu)ng total stream power, and (f) field surveys for ground truth (Fig. 2.1). 

The delinea)on of valley boOom confinement helped us to study the contemporary range of 

processes that control river response on a reach scale (Fryirs et al., 2016). Anthropogenic margins, 

including embankments, levees, railway lines, roads, etc., can also contribute to confinement, 

restric)ng the lateral movement of rivers. In river segments where human-induced confinement 

surpasses natural valley boOom confinement, it is considered that anthropogenic ac)vi)es are 

ar)ficially regula)ng the river’s inherent ability to adjust laterally (Fryirs et al., 2016).   
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2.2. Datasets and Methodology 
We delineated the valley bottom margin using the 30 m Copernicus DEM 

(https://spacedata.copernicus.eu/collections/copernicus-digital-elevation-model) in ArcGIS 

environment using the fluvial corridor toolbox (Roux et al., 2015). Further, the valley bottom 

margin was manually edited in ArcGIS environment comprising the active channel (bankfull 

width) and contemporary active floodplain from the recent planform map of 2021 for 

understanding the contemporary river behaviour and morphology (Wheaton et al., 2015). We 

determined the channel confinement as the boundary between the valley bottom margin and 

the channel margin providing insights into the river's adjustment potential (Wheaton et al., 2015; 

Fryirs et al., 2016; O’Brien et al., 2019) using the formula:  

CVB = [( ∑ CL!"
#" EB@CM)/RL],  

where CVB is the valley bottom confinement; CLEB@CM is the length of the channel along either 

bank that abuts a confining margin within each reach, and RL is the reach length (Fryirs et al., 

2016). 

We used Landsat archives (MSS, TM, ETM, and OLI) from 1976 to 2021 for spatiotemporal 

assessment of the geomorphic impacts of sand mining on the Gaula River. The 1976 pre-monsoon 

Landsat image of 60 m spatial resolution was used as a reference for this study. For the period 

1994-2021, the satellite image pairs (mostly 30 m spatial resolution) for the pre-mining (October 

to November of the preceding year) and post-mining (March to June of the succeeding year) 

scenarios were used to quantify short-term, seasonal scale response to mining. Satellite datasets 

were processed to generate modified Normalized Difference Water Index (mNDWI), Normalised 

Water Index (NDWI), Normalised Vegetation Index (NDVI), Normalised Water Index (NDWI), False 

Color Composite (FCC), and Pan-Sharpened FCC (Landsat 8) in the ArcGIS software. Major 

planform features and anthropogenic imprints suggestive of sand mining activities were mapped 

at a 1:6000 scale for the following years: 1976 (reference), 1994 & 1995, 1998 & 1999, 2008 & 

2009, 2013 & 2014, and 2020 & 2021. The Gaula is an ephemeral and small piedmont river, with 

the planform features too subtle to be picked up by unsupervised and supervised classification. 

Hence, a manual mapping was carried out. We divided the 40 km long stretch of the Gaula River  
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Figure 2.1: Flowchart illustrating the methodology used in this study. Pre-processed satellite data (30 m) was used 
for planform mapping. Planform data was further used for developing morphometric indices. Digital Elevation Model 
(DEM 30 m) coupled with planform data was used to develop the valley bottom confinement and longitudinal profile. 
LULC, soil data, weather input, Gaula barrage discharge data and DEM data were fed into SWAT to generate the 
total stream power. All datasets and results were used to develop a process-response framework for the Gaula river 
to understand the geomorphic impacts of sand mining.  

into 20 reaches of 2 km length and in-channel geomorphic features such as wet channels, dry 

channels, fresh deposits, vegetated bars, sparsely vegetated bars and degraded channels were 

mapped (Table 2.1). 

Channel belt width (CBW) was calculated by dividing the planform area of all in-channel 

geomorphic features by reach length. The difference in channel belt width between the post and 

pre-mining seasons was also calculated to assess the impact of mining for each season. We 

selected 1976 as the baseline or reference year, as sand mining practices did not begin until 1990, 

and the Gaula barrage was constructed in 1980. Then, difference indices (DI) were calculated as 

deviation from reference state/reach Length:  

DI = (Nr - Ni)/RL,  

where Nr is the area of a geomorphic unit in the reference state and Ni is the area of the 

geomorphic unit for the subsequent ith years.  
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Table 2.1: Definition of the different geomorphic features mapped. 

Feature  Definition and characteristics  

Wet Channels  
Channel like features carved by the active flow of water; includes major and 

minor active channels with visible water.  

Dry Channels  Channel features without any water flow for most of the year.  

Fresh Deposits  
Fresh depositional features in and around river channel including mid-

channel bars, point bars, and lateral bars.  

Vegetated Bars  
Stable depositional features formed due to low flow condition and 

vegetation cover.  

Sparsely 

Vegetated Bars 

Bars and depositional areas with incipient vegetation, mainly small shrubs 

and bushes which grow due to low flow conditions. 

Degraded 

Channel   
Scars and mining pits on the channel bed in active mining reaches.   

Channel Belt  
Encompassing all in-channel geomorphic features such as wet channel, dry 

channel, fresh deposits, vegetated and sparsely vegetated bar. 

 

In particular, three DIs were computed such as (a) Vegetated Bar Difference Index (VBDI), (b) Wet 

Channel Difference Index (WCDI), and (c) Dry Channel Difference Index (DCDI). Further, the 

changes were documented at a decadal scale to understand the evolutionary trend, and the 

interdecadal Change Rate (CR) was calculated as: 

CR = (No - Nf)/t,  

where No is the area of a geomorphic unit in the initial year and Nf is the area of the geomorphic 

unit for the final year, t is the number of years between the initial year and final year of each 

timeframe concerned. Decadal change rates (m2/year) were calculated for a) channel belt area, 

b) dry channel area, c) vegetated bar area, and d) wet channel area.  
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Additionally, we mapped the river's thalweg from the MNDWI map using the wettest pixel. For 

each reach, the interdecadal thalweg shift rate was calculated by dividing the area between 

thalwegs of successive years by the reach length and the time interval in years. The seasonal 

thalweg shift was calculated as the area between thalwegs of pre- and post-mining seasons 

divided by the reach length.   

We generated the longitudinal profile of the river using the thalweg of Gaula of the year 2021 

using the Copernicus DEM (30 m). An 11th-order polynomial curve was fitted to the profile, 

yielding an R2 value of 0.99 following the methodology by Sarkar and Sinha (2024). We used the 

27-year (1994 to 2020) averaged August discharge data from the SWAT model (Pipil et al., in 

prep) and combined it with the slope data from DEM (30 m) to estimate total stream power (TSP) 

values for each river segment (Kaushal et al., 2020). As Gaula is an ephemeral river, active 

primarily during the monsoon season, the bankfull discharge from August was used, as it 

represents the ‘effective discharge’ responsible for transporting the bulk of the annual coarse 

sediment load (Emmett and Wolman, 2001). Further, geomorphic field surveys were conducted 

for validation and ground truth. 

2.3. Spa-o-temporal planform dynamics and characterisa-on of the reference 
state 

In the Gaula River, three dis)nct types of valley boOom confinement are observed (Fig. 2.2). Reach 

1 is partly confined, showing 52.75 % confinement, and is primarily controlled by factors such as 

bedrock, hillslope morphology, and tectonic ac)vity. Reaches 2, 6, and 7 are terrace-constrained 

partly confined reaches, with reach 7 exhibi)ng the highest confinement (64.60 %), followed by 

reach 6 (27.73 %) and reach 2 (11.27 %), where the terrace has formed predominantly on the lea 

bank, and a railway line further constrains the right bank of reach 2. The remaining reaches are 

laterally unconfined, with minimal confinement, except for reach 8, which shows a 9.92 % 

confinement. Here, the river has greater freedom for channel adjustment and morphological 

changes. 
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Figure 2.2: (a) Different types of valley bottom confinement in the Gaula River, using the Copernicus DEM. Type A 
denotes bedrock and tectonics controlled partly confined valley bottom as seen in the upper segment (reaches 1 and 
2). Type B denotes terrace-controlled partly confined valley bottom as seen in reaches 6 and 7 of the middle segment. 
Type C denotes the laterally unconfined reaches in the rest of the reaches of the middle segment and the whole lower 
segment. (b) The graph shows the valley bottom confinement in percentage across all the 20 reaches. Notably 
reaches 1 and 2 show 52.75 % and 11.27 % confinement respectively, influenced by bedrock, hillslope morphology, 
and tectonic activity. Reaches 6 and 7 are terrace-constrained, with reach 7 exhibiting the highest confinement 
(64.60 %), followed by reach 6 (27.73 %) where the terrace mainly confines the eastern bank. Other reaches are 
laterally unconfined. 

 
Planform maps of the 40 Km stretch of the Gaula River, divided into 20 reaches of 2 Km each, 

reveal notable spa)o-temporal variability in channel belt width (CBW), wet channels, vegetated 

bars, and dry channels (Fig. 2.3). Based on the river’s contemporary character, and to analyze its 

spa)o-temporal morphodynamics, the river is categorized into (a) tectonics and bedrock-

controlled upper segment (reaches 1 and 2), (b) middle segment (reaches 3 to 13) corresponding 

to the mining zone, and (c) unconfined lower segment (reaches 14-20). In the upper segment 

(reaches 1 and 2), the river shows a braided morphology.  The vegetated bars started to form 

downstream of the barrage since its opera)on in 1980, with a consistent presence in the upper 

part of reach 2 since 1995 (Fig. 2.3a). Although wet channels have persisted due to controlled 

discharge from the barrage, they have declined in recent years. The middle segment (reaches 3 

to 13) shows a consistent and substan)al channel belt narrowing and loss of vegetated bars in 

response to sand mining (Fig. 2.3b). The wet channel emerged in 1995, followed by river 

fragmenta)on in 1999, and then a complete degrada)on was documented with liOle or no 

geomorphic diversity. By 2021, vegeta)on encroached upon the sidebars, resul)ng in a narrow, 
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incised dry channel within a macro channel, resembling an ‘underfit’ channel (Dury, 1964). In the 

lower segment (reaches 14 to 20), the river follows a meandering paOern (Fig. 2.3c). Since 2009, 

the planform response to sand mining has become prominent in these reaches as well, 

manifested as channel narrowing and a gradual decline in fresh sediment deposits and vegetated 

bars (Fig. 2.3c). 

Based on the planform mapping and given that the Gaula barrage was constructed in 1980, and 

the mining ac)vi)es did not begin un)l 1990, we have iden)fied the reference state for the Gaula 

River corresponding to 1976. We presume that the imposed boundary condi)ons (geologic 

controls such as tectonics and lithology) have not undergone any significant altera)ons at the 

catchment scale since 1976. In the reaches of the upper segment (Fig. 2.3a), the river descends 

from a bedrock-controlled reach and enters the alluvial plains. There were fewer vegetated bars 

in 1976, signifying that these reaches got inundated during high flows and were prone to erosion. 

Moving downstream, reaches 3 and 4, had liOle to no vegeta)on, implying that they behaved 

mostly as transfer zones dominated by entrainment processes. In contrast, reaches 5 to 9 had 

large, densely vegetated bars in a braided channel (Fig. 2.3b). sugges)ng sediment reten)on by 

enhancing fric)on, which facilitates sediment deposi)on (Bull, 1997; Sandercock et al., 2007). 

This likely caused a notable decrease in wet channel width and expansion of islands and side bars 

as documented in previous studies (Graf, 1978). An increase in channel belt width and vegetated 

bars imply that these reaches were deposi)on-dominated zones. Reach 10 is again documented 

as an erosion-dominated zone in 1976, with no vegeta)on cover, while reach 11 had fewer 

vegetated bars, which increased in reaches 12 and 13.  It is evident that in the reference state 

(1976), when the water was not regulated by a barrage, the river was ephemeral in the upper and 

middle segments (reaches 1 to 13) for most of the year, except in monsoons. From reach 14 

downstream, the river was narrow, and wet channels appeared due to the intersec)on of the 

water table with surface topography. The river displayed a meandering paOern with fresh sand 

deposits as point bars in the downstream reaches (Fig. 2.3c). Vegetated bars were less common, 

implying that the areas were frequently inundated, ensuring good lateral connec)vity. 
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Figure 2.3: Planform dynamics of the Gaula River, from 1976 (reference condition) to 2021. Representative reaches 
of the upper, middle and lower segments are shown. (a) The Gaula barrage is situated in reach 1 of the upper segment 
where its operation started in 1980. In the upper segment, vegetated bars began forming downstream of the barrage 
from 1995 showing a braided morphology. (b) The middle segment shows a significant narrowing of the channel belt, 
with a loss of vegetated bars and fresh deposits and a decline in geomorphic diversity. By 2021, a degraded, incised 
underfit channel was developed. (c) The lower segment exhibits a delayed response to mining, with gradual 
narrowing and a reduction in fresh deposits and vegetated bars. 

2.4. Morphometric Indices 

2.4.1. Channel belt width variability 
Figure 2.4a shows an overall decrease of 62.93% in CBW across all reaches between 1976 and 

2021, the most significant decrease being in the mining reaches 5, 6 and 7.  Spatially, the upper 

segment (reaches 1 and 2) show a decrease of 25.46%, while the middle segment (reaches 3 to 

13) show 72%, and the lower segment (reaches 14 to 20) show a 61% decrease in channel belt 

width in 2021 compared to the reference state of 1976.  
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Figure 2.4b illustrates CBW variability concerning mean, showcasing the river's long-term 

response to sand mining activities. The reaches of the middle segment, being subjected to 

intensive mining, have been more prone to channel belt narrowing relative to the other reaches. 

Specifically, reaches 5 to 13 show extremely high variability in CBW, while a strong downward 

trend with lower variability is observed in reaches 14 and 15 (Fig. 2.4b). Reaches 16-20 show a 

slight increase in CBW variability, but not as much as in reaches 5 to 13. Figure 2.4c depicts the 

intra-seasonal difference in CBW between pre- and post-mining periods. The negative value in 

the figure corresponds to narrowing, while the positive value indicates widening. Figure 2.4c 

Figure 2.4: (a) Channel belt width (CBW) of the Gaula River across 20 reaches from 1976 to 2021, with the most 
pronounced narrowing observed in mining-affected reaches (5, 6, and 7). (b) CBW variability and its mean, indicate 
the long-term response of the river to sand mining, with the middle segment (reaches 3 to 13) showing the highest 
variability and most significant narrowing. The black dashed line shows the mean value and the shaded grey area 
represents the standard deviation as variability. (c) Intra-seasonal differences in CBW between pre- and post-mining 
periods highlight dynamic fluctuations, with negative values indicating narrowing and positive values showing 
widening across different months (GBa — Gaula Barrage, GBr — Gaula Bridge, EC — Elephant Corridor). 
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shows that there is a large seasonal dynamicity in terms of CBW, and channel belt width across 

all the reaches can vary even within months, depending upon the nature of the excavation.  

2.4.2. Devia-on from the reference state 
We have designed three indices, namely the Wet Channel Difference Index (WCDI), Dry Channel 

Difference Index (DCDI) and Vegetated Bar Difference Index (VBDI) to assess the reach-scale 

geomorphic condition of the river in terms of wet channel, dry channels/fresh deposits/degraded 

channels and vegetated bars, respectively, compared to the reference state (Fig. 2.5).  

2.4.2.1. Wet Channel Difference Index (WCDI) 
The WCDI quantifies the deviation of geomorphic conditions from the reference state in terms 

of the wet channel (Fig. 2.5a). Positive WCDI values narrowing of wet channels compared to 

reference state and vice versa. Reaches 1 to 13 show highly variable but mostly negative values 

of WCDI, implying the presence of wet channels in later years relative to the reference state. 

Since 2014, there has been a decline in the wet channel, and the WCDI value was close to zero in 

reaches 1-12 by 2021 (Fig. 6a). Reach 13 shows a significant trough in most years, suggesting the 

consistent presence of wet channels. Reaches 14 and 15 represent the transition from mining to 

non-mining reaches and display minimal deviation from the reference state. Further 

downstream, reaches 16 to 20 exhibit positive values, with notable peaks in Reach 16, 18, and 

19, suggesting a reduction in wet channel area compared to the reference state.   

2.4.2.2. Dry Channel Difference Index (DCDI) 
The DCDI has been designed to assess the alteration of channel morphology caused by uneven 

siltation and channel abandonment/degradation relative to the reference state manifested as 

fresh deposits, degraded channels and dry channels (Fig. 2.5b). Positive DCDI values indicate 

channel narrowing and degradation, while negative DCDI values denote channel widening in the 

subsequent years. Across multiple years and all the reaches, we observe positive values indicative 

of channel narrowing. Reaches 1, 2 and 3 display minimal alteration from the reference state 

with slight positive DCDI values, implying limited channel narrowing. In the middle segment, 

particularly downstream of reach 4, the deviation from the reference state intensifies, forming 

pronounced peaks in reaches 5-7, followed by a sharp decline at reach 8. This deviation again 
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intensifies at reach 9, producing a strong peak at reach 10, before gradually tapering at reaches 

11 and 12 and dropping at reach 13. This implies that reaches 5, 6, 7 and 10 have undergone 

intensive channel narrowing. Conversely, reaches 14 and 15 display minimal deviation, 

suggesting insignificant changes. The downstream reaches 16-20 also demonstrate positive but 

relatively smaller deviation from the reference state indicative of minor channel narrowing (Fig. 

2.5b). 

 

Figure 2.5: a) Wet Channel Difference Index (WCDI) shows the deviation of wet channels from the reference condition 
of 1976. Positive WCDI values indicate a reduction and negative WCDI values show expansion in the wet channel 
area.  (b) Dry Channel Difference Index (DCDI) shows the deviation of dry channels (dry channel, fresh deposits and 
degraded channel) from the reference condition of 1976. Positive DCDI values indicate channel narrowing and 
negative DCDI values denote channel widening.  (c) Vegetated Bar Difference Index (VBDI) across 20 reaches of the 
Gaula River from 1994 to 2021, showing the deviation of the vegetated bars from the reference condition of 1976. 
Positive VBDI suggests the decline of vegetated bars and negative VBDI suggests vegetated bar development in the 
subsequent years. (d) Spatio-temporal variability of VBDI, WCDI, and DCDI indices, depicting how the Gaula River’s 
channel morphology has evolved in response to anthropogenic activities. Positive correlations are observed between 
dry channel and vegetated bars, while wet channel exhibits a negative correlation with both (GBa — Gaula Barrage, 
GBr — Gaula Bridge, EC — Elephant Corridor). 
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2.4.2.3. Vegetated Bar Difference Index (VBDI) 
Positive VBDI values denote the decline of vegetated bars manifesting geomorphic degradation, 

and the negative values indicate vegetated bar development in the subsequent years, suggesting 

stabilization (Fig. 2.5c). Notably, reaches 6 and 7 exhibit the highest positive values, followed by 

reaches 12 and 13, indicating significant geomorphic degradation of these reaches.  Reaches 5, 

8, 9 and 11 have moderate to high VBDI values, whereas reach 3 initially shows slight positive 

values but gradually changes to negative values, suggesting vegetation growth in the later years. 

A few reaches, such as reach 2, 10 and 16-20, show slightly negative deviation from the reference 

state, implying the development of vegetated bars in the subsequent years. The remaining 

reaches show negligible difference values, suggesting insignificant alteration from the reference 

state (Fig. 2.5c).  

Figure 2.5d depicts the spatiotemporal variability and mean values of three difference indices 

(VBDI, WCDI and DCDI) to reflect the overall character and behaviour of each reach in terms of 

river response to anthropogenic activities. The upper segment (reaches 1 and 2) shows a slight 

positive deviation in the average DCDI and negative but overlapping average values for VBDI and 

WCDI. This implies minor channel narrowing, vegetated bars and wet channels in the subsequent 

years from the reference state. The middle segment (reaches 3 to 13) shows significant changes 

in average VBDI and DCDI, with the positive values suggesting extensive channel degradation, 

even though the average WCDI values show a slight negative deviation from the reference state. 

The lower segment (reaches 14 to 20) depicts overlapping envelopes of the WCDI, VBDI and DCDI 

with values closely aligned to the reference state. Figure 6d also shows that the spatiotemporal 

variabilities of vegetated bars, wet channels, and dry channels are interrelated, suggesting a 

process linkage. For example, the Dry channel and Vegetated Bars show a strong positive 

correlation (p= 0.70). In contrast, the dry channel and wet channel show a moderately negative 

correlation (p = -0.39). Similarly, the vegetated bars and wet channel also show a moderately 

negative correlation (p = -0.38).  

2.4.3. Decadal-scale rate of morphometric parameters 
The change rate is calculated to quantify the dynamics of the morphometric parameters over a 

decadal scale. Figure 2.6a represents the overall change in the channel belt area, providing insight 
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into the rate of widening or narrowing within each timeframe. Positive values indicate channel 

belt narrowing, while negative values denote the expansion of the channel belt. Between 1976 

and 1995, reaches 2 and 3 experienced channel belt expansions of 544,706 m2 and 132,818 m2, 

respectively, while significant narrowing occurred in reaches 6 and 7, with reductions of 

2,557,621 m2 and 1,800,098 m2 in channel belt area resulting in highly positive change rate (Fig. 

2.6a). Another notable event is the extensive channel narrowing in reaches 7, 9 and 10 of 610,871 

m², 659,158 m², and 415,210 m², respectively, between 1995 and 1999 giving rise to a highly 

positive change rate. Conversely, during 2009–2014, channel expansion was recorded across all 

reaches with a negative change rate (Fig. 2.6a), with an aggregate increase of 50,460 m² along 

the whole channel.  

Similarly, the decadal change rates for wet channels, dry channels, and vegetated bars have been 

calculated to understand in-channel processes within each timeframe (Fig. 2.6b, c and d). Positive 

values indicate a reduction in these features, whereas negative values denote expansion within 

each timeframe. Between 1976 and 1995, wet channel areas in reaches 2, 3, and 4 expanded by 

516,510 m², 732,533 m², and 478,637 m², respectively resulting in a negative change rate (Fig. 

2.6b). In contrast, from 1995 to 1999, these same reaches experienced significant reductions of 

466,951 m², 732,532 m², and 478,637 m² resulting in change rates of >165,000 m2/yr (Fig. 2.6b). 

However, during the same period, reaches 13 and 14 showed an increase in wet channel areas 

by 228,694 m² and 157,265 m² with a change rate of -54,000 m2/yr. Between 1999 and 2009, wet 

channel expansion occurred across most reaches, with notable increases of 547,461 m² and 

651,848 m² in reaches 2 and 3 as reflected in the negative change rate. This trend reversed during 

2009–2014, with reductions of 597,019 m² and 651,848 m² in the wet channel areas of the same 

reaches 2 and 3, respectively (Fig. 2.6b).   

The dry channel area showed a significant reduction across reaches 1 to 12 between 1976 and 

1995, with notable decreases in reaches 5 (1,086,987 m²), 6 (1,148,232 m²), and 7 (932,749 m²) 

as reflected in widespread positive change rates (Fig. 2.6c). Between 1995 and 1999, alternating 

patterns of expansion and reduction were observed. The largest reductions occurred in 9 

(299,145 m²), 10 (290,499 m²), 13 (363,368 m²), 14 (307,156 m²), 16 (244,384 m²), and 19 

(291,452 m²). A notable expansion was recorded in reach 3, with an increase of 489,408 m².  
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Figure 2.6: (a) Decadal-scale change rate (m2 /year) in the Channel Belt area of the Gaula River from 1976 to 2021, 
showing periods of expansion and contraction. Positive values represent channel belt narrowing, while negative 
values indicate expansion. (b) Decadal change rate in the vegetated bar area, (c) wet channel area, and (d) dry 
channel area across different timeframes, revealing in-channel processes. The upper segment (reaches 1 and 2) 
shows initial expansion and stability, while the middle segment (reaches 3 to 13) exhibits significant contraction and 
degradation. The lower segment (reaches 14 to 20) displays moderate variability with alternating trends in wet 
channels, vegetated bars, and dry channels across decades. 

Between 1999 and 2009, reductions in dry channel area occurred across all reaches, particularly 

in reach 3, which decreased by 874,612 m². Conversely, from 2009 to 2014, significant but 

variable expansion was observed in all reaches (average 244,719 m²), with reach 2 increasing by 

728,448 m² and reach 3 by 888,568 m². This trend reversed between 2014 and 2021, marked by 

a positive change rate (Fig. 2.6c) caused by substantial reductions in dry channel area, averaging 

333,341 m² across all the reaches with a significant reduction in reach 3 (706,268 m2).  

Figure 2.6d shows a significant decline in the vegetated bar area between 1976 and 1995, 

particularly in reaches 6 (1,710,767 m²) and 7 (1,206,671 m²) marked by a positive change rate. 
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From 1995 to 1999, vegetated bar expansion occurred in several reaches, including reach 2 

(122,847 m²), reach 3 (199,927 m²), reach 4 (179,579 m²), reach 16 (273,025 m²), reach 18 

(215,148 m²), and reach 19 (231,427 m²) (Fig. 7d). Another notable period of vegetated bar 

expansion was recorded between 2014 and 2021, with an average increase of 87,611 m² across 

all reaches. This was particularly prominent in reaches 6 (292,103 m²), 7 (468,783 m²), 8 (249,010 

m²), and 13 (454,894 m²) all characterized by a negative change rate (Fig. 2.6d). 

2.4.4. Thalweg ShiUs 
We have assessed thalweg shifts from pre- to post-mining periods at seasonal (1994-2021) and 

inter-decadal (1976- 2021) scales to investigate the impact of sand mining on the Gaula River 

(Fig. 2.7). At the seasonal scale, reaches 2 to 12 exhibit significant variability in thalweg shift.  

Major peaks are observed at reaches 2 and 3, averaging 180 m and 191 m, respectively (Fig. 2.7a, 

b). Pronounced shifts in the reaches 4-12 are attributed to extensive mining activities. Average 

thalweg shift, as well as its seasonal variability, decreases downstream of reach 13. Further 

downstream, reaches 14 to 20 demonstrate minimal or no shift at the seasonal scale.  

While the seasonal scale thalweg shift reflects the immediate impacts of sediment mining, the 

same at the inter-decadal scale helps in understanding long-term effects on river morphology in 

response to in-channel mining.  At the inter-decadal scale, the river's average thalweg shift across 

all reaches was 14.94 m/year from 1976 to 1995, 36.90 m/year in 1999, declining to 15.12 m/year 

in 2009, and then slightly increasing to 26.37 m/year from 2009 to 2014, only to decrease again 

to 16.36 m/year from 2014 to 2021. At the inter-decadal scale, higher mean thalweg shift rates 

were observed in reaches 2 (56.9 m/year), 3 (38.7 m/year), 19 (37.9 m/year), and 20 (40.7 

m/year), accompanied by the highest variability (Fig. 2.7c, d). Reach 1 exhibited the lowest shift 

rate (9.3 m/year), while the other reaches demonstrated relatively consistent lower average 

thalweg shift rates with comparatively reduced variability. A strong positive correlation (p=0.90) 

was noted between the average thalweg shift and its variability.  
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Figure 2.7: (a) Thalweg shifts across 20 reaches of the Gaula River at the seasonal scale (pre- and post-mining) with 
significant variability in reaches 2 to 12, and particularly pronounced in reaches 2 and 3. (b) Variability and average 
of seasonal thalweg shifts. (c) Thalweg shifts at the inter-decadal scale (1976–2021), showing long-term impacts of 
sand mining with higher mean shifts in reaches 2, 3, 19, and 20, and relatively consistent shifts in other reaches. (d) 
Variability and average of inter-decadal thalweg shifts (GBa — Gaula Barrage, GBr — Gaula Bridge, EC — Elephant 
Corridor). 

2.4.5. SWAT-derived discharge and stream power distribu-on  
A 27-year (1994 to 2020) hydrograph derived from the SWAT model (Pipil et al., in prep) is shown 

in Figure 2.8. Discharge data shows low discharge levels before 2006, followed by a surge from 

2010 to 2014, which likely influenced channel morphology and river dynamics during this time. 

Figure 2.9 illustrates the reach-wise distribution of total stream power (TSP) along the long profile 

of the Gaula River based on the SWAT-derived discharge data. Stream power is very high in 

bedrock-controlled reach 1 and then declines in reach 2. There is a sharp rise in TSP from reach 

2 to reach 3, marking the beginning of the mining zone. Stream power remains moderately high 
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and doesn’t vary much till Reach 7 and then declines in reach 8. Reaches 9, 10, 11 and 12 show 

minor fluctuations in TSP, following which there is a sharp decline in reach 13. The elephant 

corridor lies within reaches 11 and 12. Stream power remains consistent from reach 14 to 16, 

declines slightly in reaches 17 to 19, and gently rises in reach 20. Notably, the knickpoints are 

located in reach 3, and at the transitions from reaches 7 to 8 and 12 to 13.  

Figure 2.8: SWAT-derived hydrograph calculated at the Gaula catchment outlet from 1994 to 2020, showing low 
discharge before 2005, following a sharp increase in 2005, with particularly high discharge from 2010 to 2014. 

 

Figure 2.9:  Longitudinal Profile of the Gaula River based on Copernicus DEM showing all 20 reaches used in this 
study, the black line represents the raw data and the red dashed line represents the fitted profile. Inset shows the 
Total Stream Power (W/m) distribution of the Gaula River with all the major locations such as the Gaula Barrage 
(GBa), Gaula Bridge (GBr) and the Elephant Corridor (EC) marked. The mining stretch is shown in the TSP plot. 
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2.5. Planform response to changes in flux boundary condi-ons 

2.5.1. Geomorphic response, feedback and interac-on 
Geomorphic processes and the resulting river forms are governed by the interaction between 

driving forces, such as discharge and channel slope, and resisting forces, like vegetation and 

channel bed features, defining the flux boundary conditions. Flux boundary conditions are 

positioned within the imposed boundary conditions, directing the energy conditions that 

influence river behaviour (Fryirs, 2017). Valley bottom confinement serves as an imposed 

boundary condition that dictates the functioning of a contemporary river within the valley 

bottom or the "effective valley width", determining how flow energy is concentrated or 

dissipated, and shaping the patterns of sediment erosion and deposition (Brierley and Fryirs, 

2005; Fryirs and Brierley, 2010; Fryirs et al., 2016). The natural capacity for adjustment refers to 

the river's ability to undergo morphological changes in response to alterations in flux boundary 

conditions. This enables the river to maintain a characteristic state, with morphology remaining 

relatively uniform on a reach-averaged scale, without bringing a wholesale change in river type 

(Fryirs and Brierley, 2005). Since in-channel sand mining involves the extraction of sediment from 

the channel bed, it creates an imbalance between driving and resisting forces, which is 

manifested in terms of alteration in the local gradient, creating knickpoints, leading to high 

stream power, thus altering the flux boundary conditions.  

The imbalance of the driving and resisting forces causes the river to adjust or change in three 

dimensions: vertical, lateral and wholesale (Fryirs and Brierley, 2005). Gravel-bed rivers have 

been considered to possess seven degrees of freedom because they are free to adjust their 

average bankfull width, sinuosity, meander arc length, mean depth, maximum depth, slope and 

velocity (Hey and Thorne, 1986).  

Our paper mainly focuses on the lateral adjustment of the river in planform. The Gaula River has 

undergone significant channel narrowing in mining reaches, often associated with channel 

incision (Yanites et al., 2010; Ylla Arbós et al., 2021). Being located in an active tectonic regime, 

the Gaula River has a natural tendency to incise (Goswami, 2018). However, our analysis of 

planform dynamics reveals that channel belt width decreased significantly after sand mining 

started in this region, and the variability is higher in the middle segment of the river (mining zone) 
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than in the upper or lower segments (Fig. 2.3, 2.4a and 2.4b). The reaches of the upper segment 

are partly confined due to bedrock and tectonics; hence the channel belt narrowing is not 

significant there (Fig. 2.2a, 2.2b, 2.3a, 2.4a and 2.4b). Further, since mining is prohibited in the 

elephant corridor (reach 11 and a part of reach 12), pilot channels have been created to provide 

a pathway for the flow of water (Fig. 2.10a). With continued sediment deposition in the elephant 

corridor, the pilot channels were further constrained, thereby limiting the lateral movement. 

Further downstream, the lower segment (reaches 14 to 20) show much less variability, as they 

are not significantly impacted by anthropogenic stress. 

 

The independent variables controlling the regime dimensions of the channel regime are 

discharge, bed load discharge, bed material size, bank material characteristics, valley slope and 

bank vegetation (Hey and Thorne, 1986). In this work, the interaction and interplay among in-

channel belt features such as vegetated bars, dry channels and wet channels help us to 

understand the processes within the channel belt. Our work demonstrates a feedback 

mechanism among vegetation, channel morphology and hydraulics, where changes in one 

component significantly impacted the others. For example, a decline in in-channel vegetation led 

to the convergence of sheet flow and initiation of channels, which further reduced vegetation 

cover, thus promoting channel entrenchment (Bull, 1997; Sandercock et al., 2007).  
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Figure 2.10: Field photographs showing the geomorphic impacts of sand mining in the Gaula River. (a) Mining is 
prohibited in the Elephant Corridor and a pilot channel has been created to facilitate water flow. Over time, sediment 
has accumulated in this corridor, raising the elevation of the deposited bar to match that of the riverbanks on both 
sides in recent years; (b) channel incision along the right bank of the Gaula River in reach 7 where the river terrace is 
approximately 11 m higher than the contemporary channel bed; (c) scouring of bridge piers as evidence of channel 
incision at the Gaula bridge (reach 4) due to sand mining; (d) channel bed degradation as seen from UAV image. The 
entire channel bed has been excavated, with no geomorphic diversity remaining; (e) on-going sand mining and an 
armoured riverbed. Approximately, 7500 trucks and other carriers, such as horse carts, supported by 6500 labourers, 
are involved in this activity; (f) channel bed degradation and bed armouring; (g) the wet channel reappears as 
baseflow in the reaches of the lower segment, with sparse vegetation on either side of the channel. No sand mining 
activity is spotted here. 
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Our findings align with the previous research that suggested a major control of vegetation on 

channel width and wetted perimeter (Hey and Thorne, 1986), which enhances sediment 

retention by increasing friction, thereby promoting sedimentation and channel morphodynamics 

(Sandercock et al., 2007).  The Vegetated Bar Difference Index (VBDI) in Gaula follows spatio-

temporally strong, similar and low variability patterns (Fig. 2.5c and d). This suggests that the 

deviation of the vegetated bars from the reference state has surpassed the threshold in the 

subsequent years, resulting in such distinct spatio-temporal patterns.  

2.5.2. Spa-o-temporal variability in morphological response  
In the upper segment (reaches 1 and 2), the lateral adjustment of in-channel features is limited 

and the deviation of the VBDI and DCDI from the reference state is not particularly pronounced 

(Fig. 2.3a, 2.5a, c and d). This is attributed to the inherent behavioural characteristics of the river, 

which maintains a partly confined channel due to controls such as bedrock, hillslope and terraces 

(Fig. 2.2). However, the growth of vegetated bars has shifted upstream, as shown by observations 

in planform images (Fig. 2.3a), resulting in a minor variability in VBDI in reaches 2 and 3 (Fig. 2.5c). 

This is because mining from reach 3 cleared the vegetated bars and fresh deposits in the middle 

segment, limiting the deposition of sediments and vegetation growth in the reaches of upper 

segment only. On the other hand, we note the absence of wet channel area during the non-

monsoon period in the upper and middle segments of the Gaula River in the reference year 1976 

(Fig. 2.3a and b). Wet channels were only present downstream, where the water table 

intersected the surface topography. This reflects the ephemeral nature of the Gaula River before 

the construction of the barrage in the year 1980 and the onset of sand mining activities in 1990. 

Following the barrage construction, the river flow was regulated, resulting in the emergence of 

thin wet channels even during the non-monsoon period from 1994 onwards, as evidenced by 

both planform observations and the WCDI (Fig. 2.3a, 2.3b, 2.5a and 2.5d). Thus, both in the upper 

and the middle segments, the WCDI values are mostly negative, indicating the presence of wet 

channels in the subsequent years.  
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The middle segment (reaches 3 to 13) have experienced the most dramatic effects of sand 

mining. As already discussed, the maximum channel belt narrowing is documented in these 

reaches. The positive values of VBDI in the middle segment of reaches 6, 7, 12 and 13 show that 

the vegetated bars diminished drastically compared to the reference state because of reckless 

scraping and scooping (Fig. 2.5c and d). The river has entered a new geomorphic regime in these 

reaches where it behaves like a narrow conduit of water and sediment transfer with significant 

incision. Like VBDI, the DCDI also shows prominent peaks at reach 5, 6 and 7 (Fig. 2.5b and d). 

Additionally, reaches 6 and 7 are partly confined, as reflected by the confinement index of 27.73% 

and 64.61% respectively (Fig. 2.2) by terraces. These terraces were formed by rapid channel 

narrowing and incision owing to sand mining, and without vegetation, they have developed into 

potential erosion zones (Fig. 2.10 b and c). The DCDI and VBDI values decrease from Reach 7 to 

Reach 8, indicating that Reach 7 is highly erosive. This is further supported by the presence of a 

knickpoint in Reach 7, as the stream power also drops between these reaches (Fig. 2.9). Reaches 

8 to 12 show alternate zones of erosion and deposition which suggests that the river is still trying 

to adjust to the new geomorphic regime. In reach 10, the vegetated bar is absent in all the years, 

including the reference year, and hence no change is recorded. This implies that reach 10 has 

always been erosive, flushing the sediments downstream. The absence of vegetation in reach 10, 

coupled with a substantial decline in dry channel area, suggests that this reach has amplified to 

be an extremely high erosive reach. Downstream of the elephant corridor, in-channel sand 

mining recommences at reach 12 (partly) and reach 13, resulting in a drop in bed elevation. This 

creates a locally steep gradient, forming a knickpoint with high stream power where erosional 

processes predominate (Fig. 2.9). The lack of vegetated bars coupled with the decline of dry 

channels and the presence of wet channels also adheres to this, implying erosional processes. 

In contrast to the middle segment, the lower segment (reaches 14 to 20) behave moderately 

analogous to the reference state where all the indices (DCDI, WCDI and VBDI) overlap with slight 

variability in pattern (Fig. 2.5d). This pattern suggests that the river is not significantly impacted 

by anthropogenic stress in these reaches. Reaches 14 and 15, situated downstream of the 

elephant corridor, display the minimum deviation from the reference year in terms of VBDI, DCDI, 

WCDI, and channel belt width (CBW). In these reaches, the intersection of the water table with 
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surface topography generates consistent wet channels throughout the years. This inherent 

characteristic of the river may have contributed to its resilient behaviour. Further downstream, 

the wet channel area was higher in the reference state and declined in the subsequent years, 

likely due to channel narrowing and incision. Although sand mining activities are absent in the 

reaches of the lower segment, the impacts of mining are known to be transferred downstream 

(Kondolf, 1997).  We argue that the excavation from the reaches of the middle segment led to a 

hollowed and sediment deficit riverbed (Fig. 2.10d, e and f), which trapped the incoming bedload 

sediment in the upcoming monsoon. This led to the ‘hungry water effect’ downstream and 

eroded the channel bed and banks in the lower reaches (Kondolf, 1994; Kondolf, 1997; Rinaldi et 

al., 2005). This is consistent with the WCDI and DCDI trends, both displaying a slight positive 

deviation from the reference state indicative of channel narrowing associated with incision and 

channel bed erosion (Liébault and Piégay, 2002; Yanites et al., 2010; Ylla Arbós et al., 2021). The 

bank erosion is further evidenced by the inter-decadal Thalweg shift, which is higher in the 

reaches of the lower segment (Fig. 2.7d).   

Although the effects of mining are not immediately apparent in the reaches of the lower 

segment, the planform response to sand mining has been prominent since 2009, with channel 

narrowing and steady reduction in fresh sediment deposits and vegetated bars (Fig. 2.3c), which 

have transitioned into active floodplains and terraces, implying riverbed lowering. This signifies 

a delayed response to sand mining activities in the reaches of the lower segment in recent years. 

The availability of water with channel narrowing and riverbed lowering, causes less frequent 

submergence and uprooting of vegetation, allowing for shrub growth (Fig. 2.10g). However, 

meander and thalweg shifts can lead to erosion and uprooting of vegetation, but they can regrow 

in the following years. 

2.5.3. Controls of thalweg shiUs 
Thalweg shifts at an inter-decadal scale show alternating periods of high and low changes. Reach 

1 displays minimal thalweg shift owing to its bedrock controlled partly confined nature. 

Conversely, the thalweg shift is considerably high in reaches 2 and 3, and this is attributed to the 

upstream migration of vegetated bars and the subsequent development of channels across these 

bars (Fig. 2.7). As the thalweg represents the deepest part of the river, its trajectory is shaped by 
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the inherent instability of braided river morphology (Ashmore, 2013). Additionally, variations in 

discharge (from barrage release) and frequent changes in local slope (from river bed mining) 

cause frequent alteration in the flow regime, leading to the switching of channels across the 

braided bars. In the reaches of the middle segment, the thalweg shift shows an overall cyclic 

pattern (Fig. 2.7d), but several reaches (4, 6, 7, 10, and 11) with low average thalweg shift rate 

and low variability reflect fixing of thalweg because of channel incision (Fig. 2.7c, 2.7d, 2.10a and 

b). This pattern in the thalweg shifts correlates with other indices (VBDI, WCDI and DCDI), which 

also indicates channel narrowing and incision. Conversely, the reaches of the lower segment are 

characterized by unconfined valley bottoms (Fig. 2.2) and, hence, moderate to high thalweg shifts 

in these reaches. The only exceptions are reach 14 and 18, which show a straight channel with 

the conversion of vegetated bars and fresh deposits into inactive floodplain (reach 18 shown in 

Fig. 2.3c), signifying an incised and erosive reach.  

In contrast to the long-term response to sediment mining activities, the seasonal or short-term 

thalweg shifts response can result in quick adjustments in the river's behaviour. Figure 2.7a 

shows the yearly response as a function of the preceding year's mining activities. At the seasonal 

scale, reaches 2 to 12 exhibit significant thalweg shifts, reflecting the dynamics of mining 

operations and sediment deposition. Mining activities vary annually, and thus the spatial 

distribution of pits also varies. Excavations in the mining season might not get fully replenished 

in the forthcoming monsoon, and hence, the river follows the locus of the excavated pits. The 

location of mining pits in the next mining season is guided by sedimentation patterns and 

concurrent bed topography. Particularly in the middle segment (the mining zone), thalweg shifts 

are pronounced on a seasonal scale. Large thalweg shifts in reaches 2 and 3 signify extensive 

mining in the downstream reaches, triggering upstream migration of knickpoints (Kondolf, 1994; 

Kondolf, 1997; Rinaldi et al., 2005) and prompting the river to seek the most efficient 

downstream path. Conversely, the impacts of sand mining in the lower segment (reaches 14- 20) 

on a seasonal scale are negligible with very low variability. 

2.6. Connec-ng the morphological response to evolu-onary -melines 
Based on the planform dynamics presented above, we have attempted to identify different 

phases of the geomorphic evolution of the Gaula River under the anthropogenic forcing of sand 
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mining. In addition to mining activities, the river's channel morphology is also shaped by natural 

flood events and regulated discharges from the upstream Gaula barrage. Figure 2.11a represents 

the reference condition of the Gaula River before any major anthropogenic disturbance. We have 

identified four distinct phases that shaped the river channel morphology (Fig. 2.11b-e).  

2.6.1. Start of sand mining: Barren condi-ons (1976-1995) 
The barrage was established in 1980, and mining started in 1990. With the establishment of the 

barrage (reach 1), the reaches (2 and 3) saw an overall increase in the channel belt area, with an 

increase in vegetated bars (reach 2 only) and wet channels and a decrease in the dry channel 

area. This suggests deposition downstream of the barrage due to high sediment supply from 

active tectonics controlled upper catchment, slope change and controlled flow caused by the 

barrage (Fig. 2.11b). The controlled flow from the barrage ensured functional connectivity and 

slope breaks induced from hillslope to plains transition as well as the barrage caused aggradation 

downstream of the Gaula barrage. A similar increase in bar area suggesting aggradation has also 

been reported in the Kosi River, attributed to high sediment supply from upstream and slope 

changes caused by barrage and embankment (Sinha et al., 2014). In the reaches of the middle 

segment, which is the mining zone, the Gaula river witnessed a major change in morphology e.g. 

decrease in vegetated bars (Fig. 2.11b) which in turn favoured channel entrenchment and 

erosion, creating positive feedback on channel narrowing (Bull, 1997; Sandercock et al., 2007). 

Thus, the overall channel belt area decreased rapidly in this period. There was an increase in wet 

channels in the reaches of the middle segment too, due to barrage-controlled discharge  

(Fig. 2.11b), causing erosion and entrainment from middle segment and deposition downstream. 

This explains a slight increase in dry channels and fresh deposits in the downstream reaches.   

2.6.2. Mobiliza-on (1995 – 1999) followed by incision (1999 -2009) 
The mobilization period is marked by a substantial increase in thalweg shift induced by slope 

changes attributed to sediment deposition and excavation (Fig. 2.11c). In the previous phase, 

there was a loss of vegetated bars in the reaches of the middle segment, which exacerbated 

erosional processes and channel narrowing. As a result, the river re-mobilised secondary 

sediment sources (exposed bars) and re-deposited them in the downstream reaches. A local 
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increase in gradient due to channel bed excavation also amplified erosion. The incision period is 

marked by the reduction of the thalweg shift as the river is constrained, which resulted in channel 

narrowing, as documented earlier. This led to the development of a narrow but continuous wet 

channel by 2009 but a significant decline in geomorphic diversity (Fig. 2.11c). 

2.6.3. Channel belt widening (2009 – 2014) 
Despite the reduced geomorphic diversity and a thin, narrow channel, the post-2009 period is 

characterized by high discharge levels, as depicted in Figure 9. Consequently, the river channel 

experienced a slight widening in the reaches of the upper and middle segments with an increase 

in thalweg shift too (Fig. 2.11d). This implies the ability of high floods to recover the channel 

despite intensive mining activities, as also documented in an ephemeral Mediterranean stream 

in eastern Spain (Calle et al. 2017). Floods can reactivate sediment transport and fluvial 

processes, aiding in the restoration of channel morphology to near-reference conditions 

following extensive gravel mining activities as evidenced in the Palancia River in Spain (Sanchis-

Ibor et al., 2017). Dean and Schmidt (2013) also documented instances where floods reversed 

channel-narrowing trends observed in previous decades and emphasized the geomorphic 

effectiveness of floods (Wohl, 2020) in modifying and resetting the geomorphology of fluvial 

systems. However, in the case of the Gaula River, this recovery seems to be short-lived as the 

sand excavation continued incessantly and eventually degraded the channel geomorphology as 

evidenced in the next phase. 

2.6.4. An underfit channel (2014 – 2021) 
In recent years, from 2014-2021, the wet channel is not visible in the upper and middle segments, 

probably due to the incision, leading to the lowering of the groundwater table (Rinaldi et al., 

2005).  Notably, the period also happens to include the COVID-19 pandemic year of 2019-20, 

during which mining operations ceased, facilitating vegetation encroachment on remnant 

sidebars in the reaches of the upper and middle segments. In these reaches, the river 

transformed into a low-flow incised channel inset within a macro-channel (‘underfit’ channel; 

Dury, 1964), with vegetation growth on river benches shielding them from erosion during low 

flow (Fig. 2.11e). The mismatch between the size of the incised channel and the valley suggests 
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that even a high discharge (post-2006) condition is not enough to rejuvenate the river condition 

to the reference state. 

 

2.7. Process- Response framework 
Sand mining in the Gaula River has significant geomorphic effects, particularly through the loss 

of vegetated bars, removal of finer grains and subsequent channel erosion. Figure 2.12 shows a 

process-response framework to illustrate the geomorphic impacts of sand mining based on our 

understanding of this study. The pronounced effect of sand mining in the reaches of the middle 

segment can be explained by textural sensitivity, which describes the composition of the 

materials and their ability to be moved, moulded and reworked by impelling forces (Fryirs, 2017). 

The longitudinal bars in gravel and sand-bed rivers are more sensitive to recurrent formation and 

Figure 2.11: Geomorphic evolution of the Gaula River from 1976 to 2021, highlighting key phases of channel 
alteration due to sand mining and barrage influence. Alteration of the channel from (a) reference condition to (b) 
barren conditions (1976–1995) with the clearing of vegetated bars, controlled discharge from the upstream Gaula 
barrage. This was followed by (c) mobilization (1995–1999) and incision (1999–2009) phases, characterized by 
thalweg shift, sediment mobilization, and narrowing caused by channel incision and then, (d) channel belt widening 
(2009–2014), driven by high discharge events widening the channel belt. The Gaula River developed (d) underfit 
channel conditions (2014–2021), marked by bed armouring, low flow incised channel inset a macro-channel with 
vegetation encroachment on benches during periods of mining cessation (COVID-19). 
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reworking than fine-grained lateral bars and boulder-based cascades (Fryirs, 2017). The grain size 

in these reaches of middle segment is mostly gravel and sand, which can be easily mobilized. The 

removal of vegetated bars degrades the geomorphic diversity and reduces the sediment 

retention capacity, promoting sediment mobilization and channel erosion, leading to channel 

incision. Bed armouring occurs as finer sediments are selectively removed, leaving behind a layer 

of coarser materials that inhibit natural sediment transport and connectivity. The processes of 

bed armouring and sediment excavation decrease the sediment load within the river system, 

which exacerbates channel erosion and incision by increasing the stream power because of the 

‘hungry water effect’. In a similar study, channel incision in several reaches of Drac River, France, 

accelerated by rapidly cutting through the ancient fluvial-lacustrine clay deposits, increasing 

scouring rates and reducing gravel supply from bank erosion, highlighting the reach's sensitivity 

to disturbance (Brousse et al., 2021). Similarly, in the Bernesga River, Spain, an incision was 

concentrated in narrower segments due to the impact of bedload particles on soft bedrock as a 

consequence of mining, and further incision (Ferrer-Boix et al., 2023). The Johnsbach Valley in 

Austria also exhibited enhanced erosion because of the exposure of talus-covered bedrock 

attributed to gravel mining (Rascher et al., 2018).  

In-channel excavation induces slope changes, leading to a drop in the base level, causing the river 

to concentrate its flow into a single channel. This reduces the wet channel area and further 

degrades geomorphic diversity. This decline in the wet channel area leads to the fixing of thalweg, 

leading to further incision. Channel belt narrowing is therefore associated with channel incision, 

reflecting the river's adjustment to reduced sediment supply and increased erosion. The overall 

process-response framework is therefore characterized by a positive feedback system. 
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2.8. Summary and conclusions 
1. In-channel sand mining in the Gaula River has altered the flux boundary condi)ons, 

crea)ng an imbalance between driving and resis)ng forces. For example, the 
indiscriminate extrac)on of sand from the channel bed increases the local gradient and 
generates knickpoints that, in turn, increase the stream power and hence the energy 
available for sediment transport. 

2. We have documented channel narrowing and incision, thalweg fixing, bed armouring and 
a severe decline in geomorphic diversity as some of the major geomorphic impacts of sand 
mining in the Gaula River. 

3. We have iden)fied four dis)nct evolu)onary phases of the Gaula River at a historical )me 
scale which reveal a fairly rapid degrada)on of the river in response to sand mining viz. 
(a) barren condi)ons (1976–1995), (b) mobiliza)on followed by incision (1995–2009), (c) 
channel belt widening (2009–2014), and (d) underfit channel (2014–2021). 

4. A process-response framework to characterize the geomorphic impacts of sand mining in 
the Gaula River reveals a posi)ve feedback system. The major hydrogeomorphic processes 
shaping the channel morphology have been significantly altered by intensive sand mining 
ac)vi)es manifested in terms of modified hydrological and sediment transport regimes. 

 

Figure 2.12: A process-response framework of the Gaula River under the anthropogenic forcing of sand mining showcasing a positive feedback 
system. 
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Chapter 3 

3. Geomorphic impacts of sand mining: Peninsular River 
3.1. General 
Riverine sand mining has emerged as a cri)cal driver of fluvial degrada)on, yet its spa)otemporal 

distribu)on and geomorphic implica)ons remain underexplored in many Indian peninsular river 

systems. This chapter presents an integra)ve approach to assess the impact of sand mining on 

river morphology by focusing on the Damodar and Sone Rivers—two heavily mined and regulated 

systems in India. 

Using high-resolu)on Google Earth imagery, we mapped sand mining sites across 25 reaches of 

the Damodar River, categorising them into three zones based on the loca)on of barrages and 

mining ac)vi)es. Addi)onally, three severely impacted windows were selected along the Sone 

River. Each mining site was spa)ally associated with its morphological class—whether located 

within the channel belt or on adjacent floodplains—an aspect rarely addressed in prior research. 

Mining hotspots were also iden)fied and characterised for intensity and spa)al growth. 

To examine long-term planform dynamics, we u)lized Google Earth Engine (GEE) to analyze mul)-

decadal satellite imagery (1988–2023) and conducted morphometric analysis by calcula)ng Bar 

area/ channel area, braiding, and sinuosity index using the Python-based RivGraph tool. This 

automated, reproducible workflow minimizes user bias and enables rapid, large-scale assessment 

of geomorphic features, including wet channels, sand bars, ac)ve river channel, and vegetated 

bars. 

This project fills a major methodological and thema)c gap by mapping mining ac)vi)es in a 

geomorphological context and linking them to measurable fluvial changes. It contributes to 

ac)onable insights for sustainable river management, remote sensing-based monitoring, and 

evidence-driven mining regula)ons. 
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3.2. Mining footprints in high-resolu-on satellite imagery 
Different methods of sand mining are used in the Sone and Damodar rivers. The miners remove 

sand from wet channels and excavate pits on the river channel and floodplain. They employ bar 

skimming technique as well. Sand mining pits can be classified into many groups according to the 

presence of vegeta)on or water. In this study area, there are different kinds of sand mining pits: 

vegetated pits, which have developed vegeta)on aaer a period of inac)vity, wet mining pits, 

which indicate that they were dug below the water level, and dry mining pits. Bunds, or places 

where the extracted sand is transported by trucks, are another notable aspect of the sand mining 

opera)ons that are present at both research sites (Fig. 3.1). 

 

Figure 3.1: Google Earth imagery showing various sand mining features in the Damodar River. Red circles indicate 
examples of dry mining pits, typically located on exposed sandbars. Blue circles indicate wet mining pits, either situated 
directly within the wet channel or excavated deep enough for groundwater or channel water to accumulate. Yellow 
arrows point to bunds, which are temporary earthen roads constructed to facilitate the movement of trucks and 
equipment for sand transportation. 
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3.3. Mapping geomorphic impacts of sand mining 

3.3.1. Datasets and Methodology 
USGS Landsat 5 Level 2, Collec)on 2, Tier 2: This collec)on includes atmospherically corrected 

surface reflectance and land surface temperature data obtained from the Landsat TM sensor. 

These images include four visible and near-infrared (VNIR) bands, two short-wave infrared (SWIR) 

bands, and one thermal infrared (TIR) band, all of which have been orthorec)fied for surface 

reflectance. They also comprise intermediate bands for calcula)ng ST products, as well as QA 

bands. 

Dataset Availability: 16/03/1984–05/05/2012. 

Dataset Provider: USGS. 

Revisi)ng Interval: 16 Days. 

Resolu)on: 30m 

Bands Used: 

Name Wavelength Description 

SR_B2 0.52-0.60 μm Band 2 (green) surface reflectance 

SR_B3 0.63-0.69 μm Band 3 (red) surface reflectance 

SR_B4 0.77-0.90 μm Band 4 (near infrared) surface reflectance 

SR_B5 1.55-1.75 μm Band 5 (shortwave infrared 1) surface reflectance 

SR_B7 2.08-2.35 μm Band 7 (shortwave infrared 2) surface reflectance 

  

USGS Landsat 8 Level 2, Collec)on 2, Tier 2: This collec)on provides atmospherically corrected 

surface reflectance and land surface temperature data obtained from the Landsat 8 OLI/TIRS 

sensors. These images include five visible and near-infrared (VNIR) bands, two short-wave 

infrared (SWIR) bands, and one thermal infrared (TIR) band that has been orthorec)fied for 

surface temperature. They also comprise intermediate bands for calcula)ng ST products, as well 

as QA bands. 

Dataset Availability: 18/03/2013-30/03/2025. 
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Dataset Provider: USGS. 

Revisi)ng Interval: 16 Days. 

Resolu)on: 30m. 

Bands Used: 

Name Wavelength Description 

SR_B3 0.533-0.590 μm Band 3 (green) surface reflectance 

SR_B4 0.636-0.673 μm Band 4 (red) surface reflectance 

SR_B5 0.851-0.879 μm Band 5 (near infrared) surface reflectance 

SR_B6 1.566-1.651 μm Band 6 (shortwave infrared 1) surface reflectance 

  

Harmonized Sen)nel-2 MSI (Mul) Spectral Instrument), Level-2A (SR): The MSI collects data from 

13 spectral bands, including visible, near-infrared (NIR), red edge, and short-wave infrared (SWIR), 

at three different spa)al resolu)ons (10, 20, and 60 meters). Level-2A data items are processed 

to the surface reflectance level, indica)ng that atmospheric correc)ons were applied to the data. 

The "harmonized" tag indicates that the band-dependent offset that was applied to reflectance 

bands in processing baseline 04.00 (aaer January 24th, 2022) has been removed. This provides 

spectral alignment with the pre-04.00 baseline data. 

Dataset Availability: 28/03/2017-05/04/2025. 

Dataset Provider: European Union/ESA/Copernicus 

Revisi)ng Interval: 05 Days. 

Bands Used: 

Name Pixel Size Wavelength Description 

B2 10 m 496.6nm (S2A) / 492.1nm (S2B) Blue 

B3 10 m 560nm (S2A) / 559nm (S2B) Green 

B4 10 m 664.5nm (S2A) / 665nm (S2B) Red 
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B8 10 m 835.1nm (S2A) / 833nm (S2B) NIR 

B11 20 m 1613.7nm (S2A) / 1610.4nm (S2B) SWIR 1 

  

SRTM 1 Arc-Second Global Digital Eleva)on Model (DEM): Eleva)on data provides global coverage 

of void-filled data at a precision of 1 arc-second (30 meters) and enables open sharing of this high-

resolu)on global data set. 

Projec)on Geographic 

Horizontal Datum WGS84 
Ver)cal Datum EGM96 (Earth Gravita)onal Model 1996) 

Ver)cal Units Meters 

Spa)al Resolu)on 1 arc-second for global coverage (~30 meters) 
3 arc-seconds for global coverage (~90 meters) 

Raster Size 1-degree )les 

C-band Wavelength 5.6 cm 
  

Pre-monsoon satellite images were chosen to enhance visibility and accuracy in detec)ng mining 

pits and river dynamics, ensuring minimal interference from monsoonal flow, seasonal vegeta)on 

growth, and cloud cover. The datasets span mul)ple years, including: 

• Son River: Landsat-5 (2010), Landsat-8 (2016) and Sen)nel-2A (2019, 2022, 2023). 

• Damodar River: Sen)nel-2A (2019, 2020, 2021, 2022, 2023, 2024). 

Google Earth imagery of those years was also used to map sand mining sites due to its higher 

resolu)on, which enhances accuracy in detec)ng changes in the channel belt and surrounding 

floodplains. 

Image Processing:  

The first step was to delineate the valley boOom margins using the SRTM Digital Eleva)on Model 

(DEM) to determine the lateral extent of the area of interest (AOI) from the river channel. Based 

on this AOI, spa)otemporal filtering was applied in Google Earth Engine (GEE) to extract relevant 

satellite images of AOI for each year. To enhance data reliability and minimize the influence of 

cloud cover, a cloud masking algorithm was applied to the satellite imagery. Subsequently, 
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monthly median composites for April were generated to reduce image noise and improve the 

clarity of surface features, enabling more accurate iden)fica)on of geomorphic features. 

Composite images were created using NIR, SWIR, and red bands to enhance the visualiza)on of 
water, sand, and vegeta)on (Fig. 3.2). To delineate river geomorphic features, spectral indices 
were computed in GEE to classify different land cover types (Fig. 3.2). The following indices were 
applied: 

Normalized Water Index (NDWI): Extracted ac)ve wet channels and wet mining pits by 

enhancing water reflectance (McFeeters, 1996). 

                                                      $%&' = 	 $%&&'()*+$%&&',)*+     

Normalized Vegeta)on Index (NDVI): Iden)fied vegetated surfaces, including stable 

vegetated bars and revegetated mining pits (Rouse et al., 1974).       

Figure 3.2: Methodology workflow for feature extraction: (a) Pre-monsoon (April) false-color and monthly 
median composite; (b-d) Derived spectral indices: (b) NDWI (water bodies and wet mining pits), (c) NSI (sand 
deposits), and (d) NDVI (vegetation cover); (e-g) Threshold-classified geomorphic features: (e) Active wet 
channel, (f) Sand deposits, and (g) Vegetated bars and floodplains. 
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                                                          	$%*' = 	)*+(+&-)*+,+&-                                                        

Normalized Sand Index (NSI): Iden)fied sand deposits (Secu et al., 2022). Applied only for 

2016, 2019, and 2023 due to SWIR band availability. 

                                              	$+' = ($%&&',+&-)
(012("3*+))  

Thresholding techniques were applied to classify these features into discrete land cover 

categories, including water, fresh sand, sand, vegeta)on, and barren land (Fig. 3.2). These 

classified layers formed the basis for further GIS analysis. 

DelineaBon of mining sites and geomorphic mapping  

Mining-affected areas were delineated through visual interpreta)on of high-resolu)on Google 

Earth imagery, and corresponding shapefiles were generated via manual digi)za)on using Google 

Earth Pro. These delineated zones form the basis for subsequent classifica)on into dis)nct types 

of mining prac)ces and their associa)on with geomorphic features (Table 3.1). 

Table 3.1: Definition and mapping criteria for geomorphic feature 

Feature Definition Mapping criteria 
Channel Belt The river corridor undergoing periodic 

adjustments (Active Wet Channel+ 
Sand Bars + Secondary Wet and Dry 
Channels + Vegetated Bars) 

All geomorphic features were clubbed 
together, except for floodplains. 

Floodplain Overbank depositional areas 
subjected to seasonal flooding and 
sedimentation. 

Floodplains were identified using DEM 
analysis and visual inspection, after 
removing the channel belt from the valley 
bottom 

Active Wet 
Channel 

The active flow path of the river 
during the study period 

NDWI thresholding  

Wet Mining 
Pits 

Sand excavation sites retaining water, 
identified through NDWI classification. 

Mining extents were mapped using Google 
Earth imagery, and the wet areas within 
those extents were extracted using NDWI 

Dry Mining 
Pits 

Recently mined areas devoid of water, 
mapped using NSI and Google Earth 
imagery. 

Mining pits were identified through visual 
inspection using Google Earth imagery, and 
fresh, non-wet deposits were mapped using 
the Normalized Sand Index (NSI) 

Vegetated 
Mining Pits 

Abandoned excavation sites that have 
undergone vegetative regrowth, 
classified using NDVI. 

Visual inspection of mining pits was carried 
out using Google Earth imagery, with NDVI 
applied to detect vegetated areas associated 
with these pits 

Abandoned 
Mining Pits 

Older mining depressions exhibit no 
significant vegetation or water 

Mining pits were identified through visual 
inspection using Google Earth imagery, and 
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retention, often indicating long-term 
mining impacts. 

older sand deposits were mapped using the 
Normalized Sand Index (NSI). 

  
To obtain detailed aOributes for each feature, the classified raster layers were converted into 

vector format. This enabled spa)al sta)s)cs, area calcula)ons, and further GIS-based 

assessments of mining expansion, morphological changes, and anthropogenic influences. 

SpaBotemporal analysis: IdenBficaBon of hotspots of mining acBviBes 

To conduct a spa)otemporal analysis and iden)fy local hotspots of mining, the Damodar River 

study area was first divided into three zones based on the loca)on and influence of flow 

regula)on structures. Subsequently, the study area was further subdivided into 25 individual 

reaches to enable a detailed reach-wise assessment of changes and mining ac)vi)es.  

For a compara)ve analysis, three of the most impacted reaches of the Sone River were also 

selected. To quan)fy the intensity of mining ac)vity, the channel belt area and mining-affected 

area were calculated for each reach. The mining-affected area was then normalized by the 

corresponding channel belt area of each reach to iden)fy reaches with rela)vely dense mining 

ac)vity. 

we have also developed a vulnerability index to assess mining ac)vi)es across 25 reaches of the 

Damodar River from 2019 to 2024. The methodology combines both mining intensity and annual 

changes in ac)vity through a weighted scoring system. The calcula)on process begins with two 

core metrics: average mining intensity and growth rate. Average intensity represents the mean 

mining ac)vity over six years, calculated as the sum of annual values (2019-2024) divided by six. 

The growth rate captures recent changes by subtrac)ng the 2019 value from the 2024 value, 

highligh)ng emerging hotspots. Both metrics are normalized to a 0-1 scale to enable comparison 

across reaches. Normaliza)on divides each reach's average intensity by the maximum average 

(0.466 at Reach 10) and each growth value by the maximum absolute growth (0.501 at Reach 10). 

The vulnerability index then combines these normalized scores with a 70:30 weigh)ng, 

priori)zing average mining intensity while s)ll accoun)ng for changes. 

 

                         AvgIntensityi                                   ......... eq (i)                     

      Where:   Ii,y = Mining intensity (mining area/channel belt area) for reach i in year y 
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                        Growthi = Ii,2024 − Ii,2019                                                                       ….... eq (ii)                     

     Where, Ii,2024 and Ii,2019   are mining intensi)es of year 2024 and 2019 for reach i   

Vulnerability Index, Vi   = 0.7 × NormAvgi + 0.3 × NormGrowthi    ….... eq (iii)         

   Where:                   

                     NormAvgi = Average Intensityi / maximum (AvgIntensity)           

                     NormGrowthi = Growthi / maximum (Growth)           

The resul)ng V (Vulnerability) scores classify reaches into six risk categories. Cri)cal zones (V ≥ 

0.8) show both high intensity and rapid growth, like Reach 10 which scored a perfect 1.0. 

Protected areas (V = 0) had no mining ac)vity, while intermediate categories (Very High to Low) 

reflect varying combina)ons of intensity and growth paOerns. This approach provides a 

standardized framework to priori)ze reaches needing interven)on. 

3.3.2. Results 
This sec)on presents the spa)al distribu)on and temporal evolu)on of mining ac)vi)es and 

associated morphological features along the Damodar and Sone Rivers. The Damodar River 

analysis is organized into three geomorphic zones covering 25 reaches, while the Sone River 

analysis focuses on three selected windows of interest based on the literature review and visual 

inspec)on using Google Earth. 

3.3.2.1. Morphological Changes: Damodar River 
Zone 1:  

Zone 1 of the Damodar River study area comprises 11 reaches (Fig. 3.3a), extending from Reach 

1a (Hijuli, West Bengal, located downstream of Panchet Dam) to Reach 4d, where the Durgapur 

Barrage is situated at the downstream end. This zone represents a transi)onal region between 

rocks of the peninsular shield and Pleistocene to Recent alluvium (BhaOacharyya, 2011) resul)ng 

in minimal floodplain development. The geomorphology of this segment is strongly influenced by 

structural controls, limi)ng lateral channel migra)on and floodplain expansion. 

The Mining Impacted Channel Belt in Zone 1 showed a steady increase from 4.61% in 2019 to 

6.88% in 2024 (Table 3.2), with peak growth occurring between 2022-2023. The Undisturbed 

Channel Belt exhibited significant fluctua)ons, decreasing from 78.43% in 2019 to 66.60% in 



 73 

2024, reaching its lowest point at 45.48% in 2022. Meanwhile, the Ac)ve Wet Channel 

demonstrated considerable variability, expanding from 16.19% in 2019 to a peak of 48.29% in 

2022 before contrac)ng to 23.74% in 2024. The Mining Impacted Wet Channel displayed 

intermiOent growth paOerns, ranging from 0.78% in 2019 to 4.31% in 2020, then stabilizing 

between 2.15-2.79% from 2021-2024 (Table 3.2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: (a) Spatiotemporal geomorphic map of the Damodar River (Zone 1) showing variations in 
morphological features and mining site distributions. (b) Temporal trends in total mining area for Zone 1 
(2019-2024). (c) Mining intensity for Zone 1, calculated as the ratio of total mining area to total channel belt 
area. 
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Sand mining ac)vity in the Damodar River begins from this zone, with the river flow being heavily 

regulated by both the upstream Panchet Dam and the downstream Durgapur Barrage. The 

temporal analysis of mining extent (Fig. 3.3b) indicates a general increasing trend over the study 

period, except for the years 2020 and 2021. The lowest recorded mining extent was 3.43 km² in 

2019, whereas the highest was 5.96 km² in 2024, marking a significant expansion in extrac)on 

ac)vity. The decline in mining extent during 2020 and 2021 can likely be aOributed to reduced 

construc)on ac)vity and lower demand for sand supply during the COVID-19 pandemic and 

associated lockdown. 

In general, Zone 1 exhibits a lower intensity of mining rela)ve to its total channel belt area. When 

the total mining area is normalized with respect to the total channel belt area of the zone, the 

highest value of 0.09 was observed in 2024, indica)ng a growing trend in sand extrac)on (Fig. 

3.3c). The increasing extent of mining in this zone in recent years highlights the necessity of 

monitoring anthropogenic ac)vi)es and assessing their long-term impacts on channel stability 

and sediment transport dynamics. 

 

Table 3.2: Percent distribution of morphological units of Damodar River (zone-normalized to 
100%).  

  Geomorphic Unit Area (%) 

    2019 2020 2021 2022 2023 2024 

Zone 1 

Undisturbed 
Channel Belt 78.43 52.00 70.55 45.48 67.36 66.60 

Mining Impacted 
Channel belt 4.60 3.98 5.18 3.61 6.28 6.88 

Ac]ve Wet Channel 16.19 39.71 22.16 48.29 24.19 23.74 
Mining Impacted 

Wet Channel 0.78 4.31 2.15 2.62 2.16 2.796 

Zone 2 

Undisturbed 
Channel Belt 80.43 53.562 71.53 42.52 81.18 64.29 

Mining Impacted 
Channel belt 5.75 6.57 15.02 5.29 12.21 26.85 

Ac]ve Wet Channel 12.625 35.83 8.39 49.64 6.03 4.70 
Mining Impacted 

Wet Channel 1.19 4.04 5.05 2.55 0.57 4.16 
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Zone 3 

Undisturbed 
Channel Belt 70.54 46.79 57.27 18.86 58.51 55.41 

Mining Impacted 
Channel belt 11.25 8.80 18.52 11.72 25.03 23.29 

Ac]ve Wet Channel 14.69 41.83 20.19 60.80 11.48 15.53 
Mining Impacted 

Wet Channel 3.51 2.57 4.01 8.62 4.97 5.77 

Note: Mining-Impacted Wet Channel, Ac)ve Wet Channel, Mining-Affected Channel Belt, and 

Undisturbed Channel Belt (zone 1–3) showing spa)otemporal changes across three zones (2019–

2024). 

Zone 2:  

Zone 2 of the Damodar River study area comprises three reaches: 5a, 5b, and 6. Unlike Zone 1, 

this zone exhibits a more pronounced floodplain associa)on. However, all observed mining 

ac)vi)es are confined within the ac)ve channel belt (Fig. 3.4a), indica)ng a preference for in-

channel sand extrac)on rather than floodplain mining. This zone is heavily influenced by flow 

regula)on from two major hydraulic structures: the Damodar Barrage at the upstream boundary 

and the Rondiha Barrage at the downstream end. These barrages play a crucial role in sediment 

transport, controlling the availability and deposi)on of extractable sand within the channel. 

The Undisturbed Channel Belt exhibited significant fluctua)ons, decreasing from 80.43% in 2019 

to 64.29% in 2024, with a notable low of 42.52% in 2022 (Table 3.2). The Mining Impacted Channel 

Belt showed a drama)c increase from 5.75% in 2019 to 26.85% in 2024, peaking at the final year 

of study. Meanwhile, the Ac)ve Wet Channel displayed considerable variability, ranging from 

4.70% in 2024 to 49.64% in 2022, with an overall decline from its ini)al 12.63% coverage in 2019. 

The Mining Impacted Wet Channel varied between 0.57% in 2023 and 5.06% in 2021, ending at 

4.16% in 2024. These changes demonstrate substan)al geomorphological altera)ons throughout 

the study period, with mining ac)vi)es progressively transforming the river's natural channel 

characteris)cs. 

Similar to Zone 1, mining extent in Zone 2 has shown a general increasing trend over the study 

period (Fig. 3.4b), except 2022, when a slight reduc)on in mining area was observed. The lowest 
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recorded mining extent was 1.90 km² in 2019, while the highest reached 8.63 km² in 2024. This 

sharp increase in extrac)on ac)vity follows a paOern like that of Zone 1, reflec)ng the growing 

demand for sand resources over )me. 

 

Figure 3.4: (a) Spatiotemporal geomorphic map of the Damodar River (Zone 2) showing variations in morphological 
features and mining site distributions. (b) Temporal trends in total mining area for Zone 2 (2019-2024). (c) Mining 
intensity for Zone 2, calculated as the ratio of total mining area to total channel belt area. 

Compared to Zone 1, Zone 2 exhibits a significantly higher intensity of mining ac)vi)es (Fig. 3.4c). 

When the total mining area of the zone is normalized with respect to the total channel belt area 

of the zone, the highest value recorded was 0.31 in 2024, indica)ng a much denser concentra)on 
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of mining rela)ve to the available channel space. This intensified extrac)on pressure suggests 

that Zone 2 plays a cri)cal role in regional sand supply, with regulated flows from the barrages 

poten)ally enhancing sediment deposi)on and making this zone more favourable for mining 

opera)ons. The increasing extent of sand mining in this reach underscores the need for stringent 

monitoring and regulatory measures to prevent excessive geomorphic disturbances and ensure 

sustainable sediment management. 

Zone 3: 

Zone 3 of the Damodar River study area comprises the reaches 7a to 14, with Reach 7a located 

just downstream of the Rondiha Barrage (Fig. 3.5a). Some of the reaches in this zone are affected 

by flow regula)on due to the downstream effect of the Rondiha Barrage, but this zone contains 

the highest concentra)on of mining ac)vi)es. 

In Zone 3, the Mining Impacted Wet Channel shows a fluctua)ng but overall increasing trend from 

3.52% in 2019 to a peak of 8.62% in 2022, before slightly decreasing to 4.97% in 2023 (Table 3.2). 

The Ac)ve Wet Channel experiences strong annual varia)on, expanding sharply from 14.69% in 

2019 to 60.80% in 2022, then reducing significantly to 11.48% in 2023, sugges)ng episodic flow 

events or intensified mining disrup)ons during intermediate years. The Mining Impacted Channel 

Belt displays a consistent upward trajectory, rising from 11.25% in 2019 to 25.03% in 2023, which 

directly reflects escala)ng mining ac)vity in this reach. Simultaneously, the Undisturbed Channel 

Belt declines from 70.54% in 2019 to a low of 18.86% in 2022, recovering slightly to 58.52% in 

2023, indica)ng some resilience or temporary cessa)on of mining in parts of this zone. 

In Zone 1, Reach 3a emerges as the dominant mining loca)on, peaking at 0.336 in 2024 aaer 

considerable annual fluctua)ons. Notably, reach 2a transi)oned from complete absence of 

mining ac)vity in 2019 to significant intensity (0.149) by 2024. The zone also contains several 

stable reaches, including 4d, which maintained zero mining ac)vity throughout the study period. 

Zone 2 is characterized by extremely rapid expansion in Reaches 5b and 6, which grew by 286% 

and 525%, respec)vely. A notable temporary decline occurred in 2022, where mining intensity in 

Reaches 5a and 5b dropped precipitously before rebounding sharply in subsequent years. This 
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paOern suggests poten)al short-term regulatory interven)ons or opera)onal adjustments that 

temporarily reduced ac)vity.  

 

 

Figure 3.5(a) Spatiotemporal geomorphic map of the Damodar River (Zone 3) showing variations in morphological 
features and mining site distributions. (b) Temporal trends in total mining area for Zone 3 (2019-2024). (c) Mining 
intensity for Zone 3, calculated as the ratio of total mining area to total channel belt area. 

In contrast to the fluctua)ons observed in Zones 1 and 2, Zone 3 has seen a consistent increase 

in the extent of mining over )me (Fig. 3.5 b). However, this zone showed a decline in mining 

ac)vity during the COVID pandemic in 2020, with the lowest extent recorded at 9.79 km². This 

reduc)on led to the submergence of mining sites due to the expansion of the ac)ve wet channel 
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during high-flow periods. By 2023, the mining extent increased more than 2-fold, reaching 25.73 

km², the highest recorded for this zone. 

la)ve to Zones 1 and 2, Zone 3 exhibits significantly denser mining ac)vi)es in comparison to its 

total channel belt area, making it the primary hotspot for mining along the river (Fig. 3.5c). The 

normalised total area of mining ac)vity rela)ve to the total channel belt area reached its peak at 

0.30 in 2023, highligh)ng the high intensity of mining in this zone. This further emphasises the 

need for targeted regulatory measures to manage mining in this area, as it is heavily impacted by 

both natural river dynamics and anthropogenic pressures. Given the scale and intensity of 

extrac)on ac)vi)es, this zone requires immediate aOen)on for sustainable resource 

management and to mi)gate poten)al geomorphic altera)ons that could disrupt the river’s 

natural equilibrium. 

 
  

3.3.2.2. Hotspots of Mining AcHvity (2019-2024) 
Sta)s)cal analysis of the normalized data yields several important insights. Zone-wide mean of 

mining densi)es show clear stra)fica)on, with Zone 1 mean 0.089, Zone 2 at 0.154, and Zone 3 

significantly higher at 0.209 (Table 3.3). The quan)ta)ve analysis of mining intensity across 25 

reaches provides precise measurements of mining intensity evolu)on over the six-year study 

period. 

Figure 3.6: Temporal evolution (2019–2024) of morphological features across the Damodar River: (a) Zone 1, (b) Zone 2, and (c) 
Zone 3 
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Zone 3 emerges as the absolute hotspot for mining ac)vity, containing both the highest individual 

reach values and the greatest concentra)on of high-intensity opera)ons. Reach 10 stands out as 

par)cularly cri)cal, reaching a peak intensity of 0.736 in 2023, the highest value recorded in the 

study. The spa)al distribu)on reveals clear paOerns of concentra)on in Zone 3 (Fig. 3.7), with 

certain reaches in each zone accoun)ng for dispropor)onate shares of total ac)vity. Using reach-

wise mining intensity, we were able to iden)fy geographically con)nuous hotspots of mining 

ac)vity, primarily in Zone 3. The con)nuous geographical hotspot includes reaches from 9 to 12. 

 

Table 3.3: Reach-wise temporal variations in mining intensity (mining area/channel belt area 
ratio) with annual and zonal mean values across Zones 1–3 (2019–2024). 

  Year/ 
Reaches 

2019 2020 2021 2022 2023 2024 

Zone 1 1a 0.01 0.05 0.05 0.06 0.04 0.06 

1b 0.13 0.16 0.23 0.22 0.13 0.23 
2a 0 0.08 0.02 0.05 0.13 0.15 
2b 0.06 0.10 0.02 0.04 0.07 0.22 
3a 0.22 0.28 0.14 0.05 0.27 0.33 
3b 0.12 0.04 0.06 0.04 0.07 0.09 
3c 0.08 0.12 0.09 0.02 0.10 0.09 
4a 0.12 0.15 0.17 0.11 0.13 0.09 
4b 0.02 0.04 0.05 0.04 0.06 0.04 
4c 0.01 0.08 0.08 0.09 0.07 0.05 
4d 0 0 0 0 0 0 

Annual 
Mean 0.069 0.093 0.082 0.067 0.098 0.123 

Zonal Mean 0.089 
Zone 2 5a 0.08 0.16 0.19 0.03 0.03 0.26 

5b 0.09 0.12 0.22 0.04 0.11 0.33 
6 0.05 0.07 0.19 0.12 0.18 0.32 

Annual 
Mean 0.074 0.116 0.203 0.063 0.110 0.304 

  Zonal Mean 0.145 

Zone 3 7a 0 0 0.01 0 0 0 

7b 0.09 0.13 0.20 0.06 0.13 0.16 
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8 0.17 0.17 0.256 0.11 0.15 0.15 
9 0.15 0.16 0.30 0.29 0.42 0.38 

10 0.21 0.22 0.44 0.47 0.74 0.71 
11a 0.11 0.13 0.16 0.17 0.39 0.33 
11b 0.14 0.09 0.16 0.19 0.23 0.34 
11c 0.15 0.15 0.19 0.21 0.52 0.53 
12 0.24 0.05 0.33 0.31 0.52 0.33 
13 0.27 0 0.20 0.38 0.28 0.33 
14 0 0 0 0 0 0 

Annual 
Mean 0.141 0.101 0.205 0.200 0.308 0.298 

Zonal Mean 0.209 
 

 

 

 

 

Figure 3.7: Temporal variation in reach-wise mining intensity (mining area/channel belt area ratio) for the Damodar 
River (2019–2024). Red vertical dashed lines indicate barrage locations (Durgapur, Rondiha) and boundaries 
between the three zones, while red dashed rectangles highlight mining hotspots. 
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Table 3.4: Annual mining intensities with vulnerability classification for the Damodar River. Color 
coding: Critical (red), Very High (orange), High (yellow), Moderate (blue), Low (green), Protected 
(gray). 

Zone Reach 2019 2020 2021 2022 2023 2024 
Avg 

Intensity 
Growth 

(2019→2024) V-Score Category 

1 

1a 0.007 0.048 0.055 0.061 0.044 0.061 0.046 0.054 0.22 Low 

1b 0.131 0.159 0.227 0.22 0.133 0.232 0.184 0.101 0.47 Moderate 
2a 0 0.008 0.016 0.054 0.129 0.149 0.059 0.149 0.31 Low 
2b 0.061 0.102 0.023 0.037 0.068 0.219 0.085 0.158 0.36 Moderate 
3a 0.218 0.278 0.137 0.056 0.268 0.336 0.216 0.118 0.58 Moderate 
3b 0.119 0.043 0.062 0.044 0.076 0.096 0.073 -0.023 0.19 Low 
3c 0.077 0.116 0.092 0.018 0.104 0.09 0.083 0.013 0.24 Low 
4a 0.125 0.148 0.167 0.113 0.127 0.087 0.128 -0.038 0.32 Low 
4b 0.017 0.044 0.049 0.044 0.06 0.041 0.043 0.024 0.16 Low 
4c 0.008 0.076 0.076 0.088 0.074 0.046 0.062 0.038 0.23 Low 
4d 0 0 0 0 0 0 0 0 0 Protected 

2 
5a 0.085 0.158 0.194 0.028 0.034 0.257 0.126 0.171 0.45 Moderate 
5b 0.086 0.116 0.223 0.036 0.114 0.332 0.151 0.246 0.49 Moderate 
6 0.052 0.074 0.193 0.125 0.183 0.325 0.158 0.273 0.52 Moderate 

  7a 0 0 0.012 0 0 0 0.002 0 0.01 Protected 

3 

7b 0.097 0.13 0.205 0.063 0.134 0.157 0.131 0.06 0.42 Moderate 
8 0.17 0.173 0.252 0.113 0.151 0.155 0.169 -0.015 0.45 Moderate 
9 0.151 0.159 0.303 0.29 0.423 0.385 0.285 0.234 0.76 Very High 
10 0.214 0.224 0.436 0.474 0.736 0.715 0.466 0.501 1 CriJcal 
11a 0.118 0.132 0.159 0.174 0.394 0.332 0.218 0.214 0.65 High 
11b 0.142 0.098 0.165 0.189 0.23 0.34 0.194 0.198 0.61 High 
11c 0.153 0.15 0.192 0.207 0.524 0.532 0.293 0.379 0.83 Very High 
12 0.237 0.053 0.334 0.313 0.517 0.333 0.298 0.096 0.69 High 
13 0.275 0 0.202 0.38 0.279 0.326 0.244 0.051 0.55 Moderate 
14 0 0 0 0 0 0 0 0 0 Protected 

 

The mining vulnerability assessment of the Damodar River reveals cri)cal spa)al paOerns in 

mining pressure, with Zone 3 emerging as the most severely impacted area (Table 3.4). Reaches 

10, 11c, and 9 in Zone 3 represent the highest-priority hotspots, demonstra)ng both intense 

mining ac)vity (average intensi)es of 0.466, 0.293, and 0.285, respec)vely) and rapid recent 
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expansion (growth rates exceeding +0.234). These areas face severe risks of channel erosion and 

sediment disrup)on, demanding immediate regulatory interven)on. Zone 2 shows emerging 

hotspots, par)cularly in Reaches 5b and 6, where moderate current intensi)es (0.151-0.158) 

combine with alarming growth rates (+0.246 to +0.273), signaling poten)al future threats if lea 

unmanaged. Zone 1 presents a more variable paOern, with Reach 3a showing vola)le but 

occasionally extreme mining pressure (peaking at 0.336 in 2024). Notably, reaches 4d, 7a, and 14 

remain completely protected with no recorded mining ac)vity, serving as valuable ecological 

benchmarks. The spa)al concentra)on of impacts in Zone 3 suggests systemic mining pressures 

in this region, while the growth paOerns in Zone 2 indicate expanding fron)er areas of extrac)on.                                                 

These findings enable targeted management strategies, priori)zing immediate ac)on in cri)cal 

Zone 3 reaches, enhanced monitoring of emerging Zone 2 hotspots, and conserva)on of the 

stable reference reaches to maintain ecological balance across the river system. The study 

underscores the need for zone-specific policies that account for both current intensity levels and 

growth trajectories to ensure sustainable river management. 

 

3.3.2.3. Morphological Changes: Sone River 
Window 1 

In Window 1, the focus is on the channel belt area, as the floodplain is not significantly affected 

by mining ac)vi)es. The geomorphic units are classified as Mining Impacted Wet Channel, Ac)ve 

Wet Channel, Mining Affected Channel Belt, and Undisturbed Channel Belt (Fig. 3.8). 

The Mining Impacted Wet Channel has shown a steady increase from 1.17% in 2010 to 9.54% in 

2023, peaking at 11.40% in 2019 (Table 3.5). The Ac)ve Wet Channel fluctuates slightly, with an 

overall decline from 15.91% in 2010 to 12.00% in 2023. Meanwhile, the Mining Affected Channel 

Belt exhibits a significant rise from 1.27% in 2010 to 20.70% in 2023. The Undisturbed Channel 

Belt has decreased from 81.64% in 2010 to 57.76% in 2023, showing a clear impact of increasing 

mining ac)vi)es. 
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Figure 3.8: Geomorphic maps of the Sone River (Window-1) showing changes in river morphological features and 
mining pits over time, created using Landsat, Sentinel, and Google Earth imagery 

  
Mining pits in Window-1 have increased considerably (Fig. 3.11). Wet Mining Pits grew from 

0.804% in 2010 to 4.657% in 2023. Dry Mining Pits also show a steady rise from 0.132% in 2010 

to 3.181% in 2023. Abandoned Mining Pits, which indicate former mining sites, increased from 

0.506% in 2010 to 8.723% in 2023. The overall ra)o of Mining Impacted Area to Total Area has 

increased significantly from 0.024 in 2010 to 0.302 in 2023, demonstra)ng a notable 

transforma)on due to mining ac)vi)es (Figure 3.12). 

Window 2 

In Window 2, the focus remains on the channel belt area as well (Fig. 3.9). The Mining Impacted 

Wet Channel rose from 2.98% in 2016 to 29.56% in 2023 (table:3.5), indica)ng a dras)c increase 

in mining ac)vi)es. The Ac)ve Wet Channel fluctuates, peaking at 19.76% in 2022 before 

declining to 15.14% in 2023. The Mining Affected Channel Belt increased from 11.08% in 2016 to 

25.60% in 2022 before slightly declining to 17.22% in 2023. The Undisturbed Channel Belt has 
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decreased significantly, from 69.71% in 2016 to 38.08% in 2023, reflec)ng the growing mining 

footprint. 

 

Figure 3.9: Geomorphic maps of the Sone River (Window-2) showing changes in river morphological features and 
mining pits over time, created using Landsat, Sentinel, and Google Earth imagery. 

 
Mining pits in Window-2 have expanded over the years (Fig. 3.11). Wet Mining Pits increased 

from 2.635% in 2016 to 9.512% in 2023. Dry Mining Pits also exhibit a sharp rise, from 2.245% in 

2016 to 3.041% in 2023. Abandoned Mining Pits, which indicate long-term mining impacts, 

increased from 1.475% in 2016 to 3.775% in 2023. The ra)o of Mining Impacted Area to Total 

Area rose drama)cally from 0.141 in 2016 to 0.468 in 2023 (Fig. 3.12), emphasizing the 

accelerated impact of mining on the landscape. 
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Table 3.5: Percent distribution of morphological features of Sone River (window-normalized to 
100%): Mining-Impacted Wet Channel, Active Wet Channel, Mining-Affected Channel Belt, and 
Undisturbed Channel Belt (Windows 1–2); Active Wet Channel, Undisturbed Floodplain, and 
Mining-Impacted Floodplain (Window 3), showing temporal changes (2010–2023). 

Window-Geomorphic features  Area (%) 
  2010 2016 2019 2022 2023 

W-1_Mining Impacted Wet channel 
1.17 5.02 11.4 7.27 9.54 

W-1_AcJve Wet channel 15.91 14.5 17.07 15.06 12 

W-1_Mining affected Channel Belt 
1.27 17.45 10.76 14.42 20.7 

W-1_Undisturbed Channel Belt 81.64 63.04 60.77 63.25 57.76 

W-2_Mining Impacted Wet channel 
         0 2.98 1.63 8.45 29.56 

W-2_AcJve Wet channel       14.56 16.23 18.31 19.76 15.14 

W-2_Mining Impacted Channel Belt 
         0 11.08 16.93 25.6 17.22 

W-2_Undisturbed Channel Belt       85.44 69.71 63.14 46.19 38.08 
W-3_AcJve Wet channel 7.93 9.92 6.05 6.35 5.37 
W-3_Undisturbed Floodplain 91.59 72.56 76.43 57.92 48.51 

W-3_Mining Impacted Floodplain 
0.47 17.52 17.52 35.73 46.12 

  100 100 100 100 100 

  
Window 3 

Window-3 focuses on the floodplain, which has been predominantly impacted by mining 

ac)vi)es (Fig. 3.10). The Ac)ve Wet Channel decreased from 7.93% in 2010 to 5.37% in 2023. The 

Mining Impacted Floodplain has expanded dras)cally, from 0.47% in 2010 to 46.12% in 2023. 

Meanwhile, the Undisturbed Floodplain has seen a significant decline from 91.59% in 2010 to 

48.51% in 2023, highligh)ng large-scale mining ac)vity in the floodplain (Table 3.5). 
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Figure 3.10: Geomorphic maps of the Sone River (Window-3) showing changes in river morphological features and 
mining pits over time, created using Landsat, Sentinel, and Google Earth imagery. 

 Mining pits in Window-3 show extensive growth. Wet Mining Pits increased from 0.317% in 2016 
to 1.220% in 2023. Dry Mining Pits also exhibit a rising trend, from 1.394% in 2016 to 4.267% in 
2023. Abandoned Mining Pits expanded from 4.479% in 2016 to 9.387% in 2023. Addi)onally, 
Vegetated Mining Pits, indica)ng abandoned sites that have undergone vegeta)on growth, 
increased from 0.153% in 2016 to 1.846% in 2023 (Fig. 3.11). The ra)o of Mining Impacted Area 
to Total Area surged from 0.005 in 2010 to 0.461 in 2023 (Fig. 3.12), confirming significant 
floodplain degrada)on due to mining. 

                                

 

 

 

  

Figure 3.11: Spatiotemporal variation in area of mining pits: (W1) window 
1, (W2) window 2, and (W3) window 3. 
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Figure 3.12: Mining intensity three zones calculated as the ratio of total mining area to total channel belt area: (W1) 
window 1, (W2) window 2, and (W3) window 3. 

Across all three windows, mining ac)vi)es have expanded significantly over )me, leading to 

increased mining-impacted wet channels, mining-affected channel belts, and floodplains. The 

ra)o of Mining Impacted Area to Total Area has risen sharply, par)cularly post-2016. The 

reduc)on in undisturbed geomorphic units across all windows highlights the escala)ng impact of 

mining on the Sone River's landscape. These findings underscore the urgent need for sustainable 

mining prac)ces to mi)gate further geomorphic transforma)ons. 

This quan)ta)ve analysis provides robust evidence for focused policy interven)ons in the 

hotspots of mining while iden)fying poten)al natural or regulatory constraints in others. The 

precise measurements enable future monitoring of interven)on effec)veness at the individual 

reach level. 

3.4. Sub-decadal Planform analysis using GEE 

3.4.1. Datasets and methodology 
In my study area, extensive sand extrac)on from river channels began in the mid-1990s in 

response to growing urbanisa)on and industrial development (Ghosh et al., 2016). To see the 

impacts of anthropogenic ac)vi)es, we have mapped the river planform from Landsat imagery 

because of its historical coverage (Fig. 3.13; Nagel et al., 2023). We have used Landsat 5 and 8 

datasets having a spa)al resolu)on of 30 m. We have excluded the Landsat 7 data due to its scan 
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line error. We have taken the years 1988, 1996, 2000, 2005, 2010, 2015, 2020, and 2023 to 

compare the river planform of pre- and post-mining ac)vi)es. 

 

Figure 3.13: Showing the available satellite datasets and their revisit time and spatial resolution (Source: Nagel et 
al., 2023). 

We have selected the Google Earth Engine pla{orm for image processing and river planform 

feature extrac)on. Landsat data is open source, making it easily accessible from the Google Earth 

Engine (GEE) catalogue for seamless processing and analysis.  

Dataset Nominal 

resolu)on 

Temporal 

granularity 

Temporal 

coverage 

Spa)al coverage 

Landsat 8 

OLI/TIRS 

30 m 16 day 2013–Now Global 

Landsat 5 TM 30 m 16 day 1984–2012 Global 

 

USGS Landsat 8 Level 2, Collec)on 2, Tier 1: This dataset provides atmospherically corrected 

surface reflectance and land surface temperature data derived from the Landsat 8 OLI/TIRS 
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sensors. It includes five visible and near-infrared (VNIR) bands, two short-wave infrared (SWIR) 

bands, and one thermal infrared (TIR) band. The VNIR and SWIR bands are processed to 

orthorec)fied surface reflectance, while the TIR band is processed to orthorec)fied surface 

temperature. Addi)onally, the dataset contains intermediate bands used for surface temperature 

calcula)ons, along with quality assurance (QA) bands. Surface reflectance products for Landsat 8 

are generated using the Land Surface Reflectance Code (LaSRC).  

 Informa)on on used bands: 

Name Wavelength DescripBon 

SR_B1 0.435-0.451 
μm 

Band 1 (ultra blue, coastal aerosol) 
surface reflectance 

SR_B2 0.452-0.512 
μm 

Band 2 (blue) surface reflectance 

SR_B3 0.533-0.590 
μm 

Band 3 (green) surface reflectance 

SR_B4 0.636-0.673 
μm 

Band 4 (red) surface reflectance 

SR_B5 0.851-0.879 
μm 

Band 5 (near infrared) surface 
reflectance 

SR_B6 1.566-1.651 
μm 

Band 6 (shortwave infrared 1) 
surface reflectance 

SR_B7 2.107-2.294 
μm 

Band 7 (shortwave infrared 2) 
surface reflectance 

QA_PIXEL   Pixel quality aOributes generated 
from the CFMASK algorithm. 

 

USGS Landsat 5 Level 2, Collec)on 2, Tier 1: This dataset provides atmospherically corrected 

surface reflectance and land surface temperature data derived from the Landsat TM sensor. It 

includes four visible and near-infrared (VNIR) bands, two short-wave infrared (SWIR) bands, and 

one thermal infrared (TIR) band. The VNIR and SWIR bands are processed to orthorec)fied 

surface reflectance, while the TIR band is processed to orthorec)fied surface temperature. 



 91 

Addi)onally, the dataset contains intermediate bands used for surface temperature calcula)ons, 

along with quality assurance (QA) bands. 

Surface reflectance products for Landsat 5 are generated using the Landsat Ecosystem 

Disturbance Adap)ve Processing System (LEDAPS) algorithm (version 3.4.0). 

Informa)on on used bands:  

Name Wavelength DescripBon 

SR_B1 0.45-0.52 μm Band 1 (blue) surface reflectance 

SR_B2 0.52-0.60 μm Band 2 (green) surface reflectance 

SR_B3 0.63-0.69 μm Band 3 (red) surface reflectance 

SR_B4 0.77-0.90 μm Band 4 (near infrared) surface reflectance 

SR_B5 1.55-1.75 μm Band 5 (shortwave infrared 1) surface reflectance 

SR_B7 2.08-2.35 μm Band 7 (shortwave infrared 2) surface reflectance 

QA_PIXEL   Pixel quality aOributes generated from the CFMASK 

algorithm. 

  

3.4.1.1. Planform Mapping 
To accurately map the river's planform, a systema)c approach was employed within the Google 

Earth Engine (GEE) pla{orm to extract binary masks of key geomorphic features, including the 

wet channel, ac)ve river channel, and islands (Fig. 3.14).  
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The ac)ve river channel encompassed both the wet channel and alluvial sand deposits, while 

islands were classified as vegetated bars and assigned zero values in the ac)ve river channel 

binary mask. A previously established methodology by Boothroyd et al. (2020) was adapted and 

op)mised for the study area. Threshold values were carefully adjusted to improve classifica)on 

accuracy. Furthermore, the algorithm for wet channel extrac)on was refined, and morphological 

opera)ons such as dila)on and erosion were applied to enhance and clean the resul)ng binary 

masks. 

The ac)ve river channel was delineated based on its physical boundaries, corresponding to the 

bankfull channel extent, using well-established techniques outlined by Rowland et al. (2016) and 

Schumann et al. (2009). This ensured the analysis captured only the dynamically ac)ve por)ons 

of the river system. To comprehensively monitor river migra)on and morphological 

transforma)ons over )me, a 3-kilometre buffer was generated around the permanent wet 

channel. This area of interest (AOI) was selected to encompass significant planform shias, 

including channel widening, avulsions, and meandering, thus ensuring robust spa)al analysis of 

river evolu)on. 

Figure 3.14: Methodology for extracting the binary mask of the active river channel 
and wet channel using Google Earth Engine. 
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For consistent ac)ve channel extrac)on, temporal filtering was applied. Image collec)ons were 

restricted to the post-monsoon period (September to December) to reduce seasonal variability. 

Surface reflectance datasets from Landsat 5 TM and Landsat 8 OLI/TIRS were used, with 

atmospheric correc)ons ensuring accurate spectral comparisons across different )me points. 

Cloud contamina)on was addressed using the CFMask algorithm (Foga et al., 2017), which 

automa)cally removed pixels affected by clouds and shadows, thereby enhancing the reliability 

of extracted planform features. 

  

To improve the visibility of geomorphic features, annual composite images were created using 

median (50th percen)le) reducers to eliminate outliers and false colour composites to beOer 

visualise water and sediment deposits. This aggrega)on method reduced the influence of 

transient anomalies and provided a stable and representa)ve depic)on of the river planform. 

Wet channel areas were iden)fied by genera)ng a binary water mask. Several mul)spectral 

indices were employed to refine classifica)on accuracy: the Modified Normalised Difference 

Water Index (MNDWI) for enhancing water features, the Normalised Difference Vegeta)on Index 

(NDVI) to eliminate vegeta)on interference, and the Enhanced Vegeta)on Index (EVI) for further 

refinement, as recommended by Zou et al. (2018). Addi)onal valida)on steps, following Huang 

et al. (2018), were implemented to increase water detec)on precision. 

 

The classifica)on of alluvial deposits mirrored the approach used for weOed channels, applying 

the same mul)spectral indices (MNDWI, NDVI) and excluding vegetated pixels for a more accurate 

delinea)on of sediment deposits. The Shortwave Infrared 2 (SWIR 2) band was inten)onally 

omiOed, as it did not enhance the iden)fica)on of emerging sediment bars (Monegaglia et al., 

2018). Ac)ve channel pixels were determined using logical operators with thresholds set at 

MNDWI ≥ -0.4 and NDVI ≤ 0.2, following criteria established by Bertoldi et al. (2011) for 

delinea)ng riparian vegeta)on. 
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The individual binary masks for weOed channels and alluvial deposits were merged through 

geometric union opera)ons to produce a comprehensive ac)ve river channel mask. To refine the 

final product and eliminate noise, morphological opera)ons were once again applied: dila)on to 

bridge small gaps between channel segments and erosion to remove isolated noise pixels. These 

processes resulted in a clean and accurate ac)ve channel mask, suitable for detailed 

morphometric analysis. 

 

The finalized binary masks were exported from GEE as GeoTIFF files to Google Drive. These 

outputs were then imported into GIS soaware pla{orms such as ArcGIS and QGIS for advanced 

spa)al analysis and visualiza)on. This method establishes a consistent, replicable, and 

scien)fically grounded approach for river planform mapping, effec)vely integra)ng remote 

sensing data, advanced classifica)on algorithms, and geospa)al analy)cal tools to assess riverine 

dynamics over )me. 

 

The final ac)ve river channel and wet channel masks were imported into ArcGIS for detailed 

planform classifica)on. The river planform was categorized into dis)nct classes, including wet 

channels, ac)ve river channels, mid-channel bars, and side bars. Mid-channel bars were iden)fied 

by detec)ng zero-value areas within the ac)ve river channel binary mask. These mid-channel and 

side bars were further classified into vegetated and sandy bars based on land cover. This 

classifica)on facilitated the analysis of spa)al distribu)on paOerns and the characteris)cs of 

different geomorphic features, contribu)ng to a beOer understanding of channel dynamics and 

sediment deposi)on. 

To ensure an accurate representa)on of morphological changes over )me, some vegetated side 

bars, which later transi)oned into ac)ve floodplains, were manually digi)zed. This classifica)on 

approach provided a comprehensive evalua)on of long-term river evolu)on and planform 

adjustments. 

To assess the influence of sand mining and flow regula)on on river morphology, the Damodar 

River study area was divided into 25 reaches, which were further grouped into three zones based 

on dominant controlling factors: 
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● Zone 1 (54.09 km): Located downstream of the Panchet Dam and upstream of the 

Durgapur Barrage, this zone is moderately affected by sand mining and also experiences 

regulated flow. 

● Zone 2 (22.86 km): Extending from the Durgapur Barrage to the Rondiha Barrage, this 

reach is predominantly influenced by flow regula)on, leading to significant changes in 

channel morphology. 

● Zone 3 (57.37 km): Encompassing reaches that are heavily impacted by sand mining, with 

the final stretches also affected by excessive sediment extrac)on downstream. 

Addi)onally, three study windows were iden)fied along the Sone River, all of which are 

significantly impacted by sand mining: 

● Window 1 (16.75 km): Located just downstream of Indrapuri Barrage, this reach 

experiences the combined influence of flow regula)on and sand mining. 

● Window 2 (27.4 km): Posi)oned in the midstream sec)on, this area exhibits the most 

intense sand mining ac)vity, resul)ng in major geomorphic altera)ons. 

● Window 3 (11.7 km): Situated in the downstream reaches, this area reflects the 

cumula)ve effects of both upstream sediment extrac)on and natural sediment transport 

processes. 

 

This zona)on and study window approach provided a structured framework for evalua)ng 

spa)al varia)ons in mining impacts and the resul)ng morphological changes in both river 

systems. 

3.4.1.2. SpaHo-temporal Analysis of River Morphology  
To analyse the morphological dynamics of the Damodar and Sone Rivers, the areas of different 

geomorphic features were measured, including wet channels, sand bars, mid-channel sand bars, 

mid-channel vegetated bars, and vegetated bars. The ac)ve river channel area was computed by 

summing the wet channel and sand bars while excluding vegetated bars, which are considered 

more stable features. This ac)ve river channel area represents the bankfull stage boundary and 

corresponds to the riverbanks, providing a reference for assessing channel adjustments over )me. 
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For the Damodar River, area calcula)ons were performed reach-wise across 25 study reaches, 

while for the Sone River, they were carried out window-wise to evaluate spa)al variability. 

To visualize these changes, two types of contour maps were generated: 

1. Percent change from reference year: Represen)ng the percentage change in the area of 

each morphological class rela)ve to the reference year (1988), offering insights into long-

term trends. 

2. Percent change from previous year: Capturing periodic varia)ons in river morphology to 

iden)fy short-term trends and shias in sediment deposi)on and channel adjustments. 

3.4.1.3. Braiding and Sinuosity Index CalculaHon 

To evaluate the complexity of river planform configura)ons, the Braiding Index (BI) and Sinuosity 

Index (SI) were computed following the methodology outlined by Friend and Sinha (1993). These 

indices were calculated using a combina)on of RivGraph—a Python-based automated river 

network extrac)on tool—and ArcGIS for detailed spa)al processing and visualiza)on. 

Figure 3.15 shows the workflow for the automated extrac)on of the wet channel binary mask 

from satellite imagery. This binary representa)on of the weOed river surface served as the basis 

for skeletoniza)on, a process that converts the binary mask into a one-pixel-wide representa)on 

of the river’s centerline while preserving its connec)vity. Using this skeletonized output, RivGraph 

automa)cally iden)fied the primary and secondary channels as well as bifurca)on points 

(Schwenk et al., 2021). Subsequent network refinement steps were implemented to remove 

minor tributaries and any artefacts that could skew the interpreta)on of channel structure. This 

refined network highlighted only the ac)ve and morphologically significant channel segments. 

Further spa)al processing was conducted in ArcGIS, where the widest con)nuous channel was 

clipped and used for index calcula)on.  

The Braiding Index and Sinuosity Index were calculated using the following equa)ons (aaer Friend 

and Sinha, 1992): 

            BI = Lctot / Lcmax   
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SI=   Lcmax/Lr 

 Where: 

  Lctot: Total length of all channel segments in the network, 

  Lcmax: Length of the widest (dominant) channel segment, 

  Lr: Valley length or the straight-line distance following the river valley axis. 

This combined approach of automated extrac)on and GIS-based computa)on significantly 

minimised manual effort and reduced the poten)al for user-induced bias. It ensured a consistent, 

reproducible, and objec)ve framework for evalua)ng changes in river morphology and planform 

complexity over )me. 

Figure 3.15: Methodology for calculating Braiding and Sinuosity Index using RivGraph. 

3.4.1.4. Bar Area and Channel Area RaHo 

To quan)fy sediment deposi)on within the river corridor, the ra)o of bar area to channel area 

was calculated for each study reach. The bar area consisted of all exposed sand features, including 

mid-channel bars and channel-margin bars, which were extracted from classified imagery. In 

parallel, the wet channel area was delineated using NDWI-based classifica)on techniques to 

capture ac)vely flowing water bodies. 
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Once both spa)al extents were delineated, the total area occupied by bars was divided by the 

wet channel area to obtain a bar-to-channel area ra)o. This ra)o serves as an important 

geomorphic indicator of sediment accumula)on and helps in assessing the spa)al extent and 

frequency of deposi)on zones across the river reaches. The resul)ng values provide insight into 

temporal sediment dynamics and poten)al river stability or instability within each reach. 

3.4.2. Results 

3.4.2.1. SpaHo-temporal Analysis of Damodar River Morphology  
Figure 3.16a shows that Zone 1 experienced drama)c fluctua)ons in the sand bar area, which 

expanded from 6.94 km² in 1988 to a peak of 28.05 km² in 2015, followed by a sharp decline to 

7.78 km² in 2023. This trajectory reflects episodic sediment deposi)on interspersed with phases 

of erosion or stabiliza)on. A par)cularly striking transforma)on was observed in the mid-channel 

sand bars, which diminished from 10.46 km² in 1988 to just 1.02 km² in 2023. Meanwhile, 

vegetated bars, which were nearly absent in 1988 (0.01 km²), expanded significantly to 8.22 km² 

by 2023 (Fig. 3.16b). This paOern indicates a gradual conversion of mid-channel features into 

vegetated forms, likely due to decreased flow veloci)es that facilitated vegeta)on establishment. 

Concurrently, the wet channel area contracted from 41.89 km² in 1988 to 31.01 km² in 2023, 

signalling a broader trend of channel narrowing. In several reaches, specifically 2b, 4a, 4b, and 4c, 

mid-channel and vegetated bars were reconfigured into bank-aOached side bars (Fig. 3.16a). This 

transforma)on occurred aaer 2010 in reach 2b and post-2005 in reaches 4a through 4c. Following 

2015, the total sand deposits markedly declined, indica)ng morphological degrada)on. While the 

wet channel area ini)ally showed a declining trend un)l 2015, it began to expand thereaaer, 

possibly indica)ng renewed erosion ac)vity. 
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Figure 3.16: (a) Spatiotemporal planform maps of Zone 1 of the Damodar River, derived from Landsat imagery, (b) 
Changes in morphological classes, and (c) illustrating morphological changes in wet channels, sand deposits, and 
area of active river channel over time. 

An ini)al decrease in sand deposit area was observed in 2005, with a more pronounced decline 

aaer 2015 (Fig. 3.16c). Although flow varia)ons can impact the extent of exposed bars, the 

combined assessment of wet channel and sand bar areas, termed the ac)ve river channel, offers 

a more comprehensive metric. This ac)ve channel area demonstrates a con)nuous decline, 
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especially notable in the years 2005 and 2020, poin)ng to a long-term trend of channel 

contrac)on (Fig. 3.16c). 

Figure 3.17a shows the morphological dynamics in Zone 2, which are similar to those of Zone 1. 

Sand bar areas peaked at 14.92 km² in 2015, then declined to 7.79 km² in 2023. The mid-channel 

sand bars diminished from 13.61 km² in 1988 to 2.50 km² in 2023, while vegetated bars ini)ally  

 

Figure 3.17: (a) Spatiotemporal planform maps of Zone 2 of the Damodar River, derived from Landsat imagery.  (b) 
Changes in morphological classes, and (c) illustrating morphological changes in wet channels, sand deposits, and the 
area of active river channel over time. 

surged from 0.004 km² in 1988 to a peak of 10.82 km² by 2005, before stabilizing at around 1.11 

km² by 2023 (Fig. 3.17b). This evolu)on suggests that mid-channel vegetated features were 
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converted into more stable bank-aOached forms. The wet channel area in this zone shrank from 

11.61 km² in 1988 to 9.21 km² in 2023, reflec)ng an overall trend toward channel stabiliza)on 

(Fig. 3.17b). Situated between the Durgapur Barrage upstream and Rondiha Barrage downstream, 

Zone 2 is heavily regulated. Large mid-channel vegetated bars on the river’s lea flank were 

transformed into side bars around 2005, eventually merging with the ac)ve floodplain by 2015 

(Fig. 3.17b). While mid-channel sand bars persisted near the barrage, they nearly disappeared 

elsewhere. Both the wet channel and sand deposits fluctuated throughout the study period but 

showed an overall declining trend, with the most significant reduc)ons occurring in 2005. 

Consequently, the ac)ve river channel area also showed marked declines in 2005 and 2020 (Fig. 

3.17c). 

Zone 3 demonstrated the greatest degree of variability in morphological behaviour (Fig. 3.18a). 

Sand bar area peaked at 49.33 km² in 2010 before decreasing to 24.82 km² by 2023. Mid-channel 

sand bars declined substan)ally from 16.42 km² to 3.55 km², and vegetated bars dropped from 

5.63 km² to 0.81 km². These reduc)ons suggest either consolida)on into larger bars or gradual 

vegeta)on overgrowth. Unlike Zones 1 and 2, the wet channel area in Zone 3 remained rela)vely 

stable throughout the study period, hovering around 24 km², which suggests limited hydrological 

altera)ons (Fig. 3.18b). 

The mid-channel sandbar decline was especially sharp, while vegetated bars in mid-channel 

posi)ons were eliminated. Although the sand deposit area fluctuated up to 2010, it declined 

con)nuously thereaaer. Interes)ngly, the wet channel area began expanding aaer 2015 and 

exceeded its ini)al 1988 extent by 2020 (Fig. 3.18c), an anomalous paOern in contrast to the 

trends in Zones 1 and 2. 

Across the study period, three major transi)ons in channel behavior were evident. Between 2005 

and 2015, all zones experienced a notable expansion in vegetated bars, likely triggered by reduced 

flow variability or enhanced sediment reten)on. From 2015 to 2023, a sharp decline in mid-

channel features, par)cularly within Zones 1 and 2, suggested rapid morphological simplifica)on. 

Meanwhile, Zone 3 displayed a sustained drop in sand bar area from 2010 to 2023, poin)ng 

toward either sediment starva)on or intensified erosion processes. 
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Figure 3.18: (a) Spatiotemporal planform maps of Zone 3 of the Damodar River, derived from Landsat imagery, (b) 
Changes in morphological classes, and (c) illustrating morphological changes in wet channels, sand deposits, and 
area of active river channel over time. 

3.4.2.1.1. Changes in Wet Channel Area 
The wet channel area across the Damodar River's 25 reaches has undergone significant changes 

between 1988 and 2023, revealing clear spa)al and temporal trends. Overall, most reaches 

experienced a decline in wet channel area, indica)ng widespread channel narrowing or drying. 

The period from 2010 to 2015 marked the most severe contrac)on, with many reaches showing 

their lowest recorded values. For instance, reach 2a shrank from 3.10 km² in 1988 to just 0.88 km² 

in 2015 before par)ally recovering to 2.66 km² by 2023. Similarly, reach 3b declined from 2.96 



 103 

km² to 1.00 km² during the same period, with only minimal recovery by 2023. These changes 

suggest long-term sediment deposi)on or reduced flow in these sec)ons (Fig. 3.19a). 

In contrast, some reaches exhibited notable fluctua)ons or late-stage recovery. Reach 4d, for 

example, saw a major decline from 9.37 km² in 1988 to 5.26 km² in 2015, followed by a sharp 

rebound to 7.97 km² by 2023. Reach 6 displayed similar dynamism, peaking at 5.04 km² in 2000, 

dropping to 2.53 km² in 2015, and then recovering to 4.99 km² by 2023. These varia)ons may 

reflect the influence of seasonal flows or upstream anthropogenic interven)ons. Meanwhile, 

reaches 12 and 13 showed significant recovery; Reach 13 more than doubled its wet area from 

2.05 km² to 4.27 km² by 2023, possibly due to flow diversion or localised erosion (Fig. 3.19a). 

 

Figure 3.19: (a) Reach-wise line plots depicting changes in wet channel area; (b) Percentage change in wet channel 
area relative to the reference year (1988); and (c) Percentage change from the previous year, illustrating periodic 
variability. The blue dashed lines in panels (b) and (c) indicate the locations of the Durgapur and Rondiha barrages. 
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A few reaches, such as 9 and 11c, have remained rela)vely stable over the 35-year period, with 

only minor declines. The observed changes are likely driven by a combina)on of sediment 

deposi)on, dam opera)ons, and climate variability, with the pronounced contrac)on phase 

between 2005 and 2015 poten)ally linked to prolonged dry condi)ons. 

These findings underscore the Damodar River's spa)ally variable response to environmental and 

anthropogenic pressures. Reaches like 1a–3c, which show persistent narrowing, may require 

targeted sediment management, while recovering sec)ons (e.g., 4d, 6, 13) warrant con)nued 

monitoring to assess the sustainability of recent improvements. 

Figure 3.19b illustrates the contour map showing the percentage change in wet channel area 

since the baseline year, 1988. Most reaches exhibit a persistent, cumula)ve decline over )me, 

indica)ng long-term contrac)on. However, downstream sec)ons, par)cularly reaches 7b and 

reaches 12 to 14, show a posi)ve change, sugges)ng channel expansion compared to the 

reference year. The most severe reduc)on occurred in Zone 1, located upstream of the Durgapur 

Barrage, marking it as a major area of wet channel degrada)on. Conversely, the lower reaches, 

situated downstream of major sand mining hotspots, may have experienced localized erosion 

leading to channel widening. These spa)al paOerns highlight the significant role of anthropogenic 

influences, such as flow regula)on and sand mining, on river morphology. 

As shown in Figure 3.19c, year-to-year varia)ons in wet channel area reveal dis)nct temporal 

paOerns and reach-specific responses. The most drama)c fluctua)ons occurred during 2015–

2020, when several reaches experienced extreme, opposing changes. Reach 2a exemplified this 

vola)lity, with a 57.15% loss in 2015—the system's maximum single-year decline—followed by a 

remarkable 146.96% increase in 2020. Similarly, reach 1b shiaed from (-) 48.22% change in 2015 

to a (+)125.45% gain in 2020, highligh)ng the impact of flow regula)on. The contour visualiza)on 

iden)fies 2015 as a cri)cal threshold year, with 18 of 24 reaches showing declines greater than 

30% from the previous year, par)cularly in the upper and middle sec)ons (Reaches 1a–8). This 

was followed by a system-wide recovery phase (2015–2020), during which 70% of the reaches 

gained more than 50% area. 
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In recent years (2020–2023), the system shows signs of stabiliza)on, though excep)ons remain. 

Reach 8 con)nues to decline (-21.10%), while Reach 4d expands (+46.26%). The spa)al 

distribu)on of changes indicates that lower reaches (9–14) have maintained more consistent 

posi)ve trends since 2000, contras)ng with the vola)lity of upstream sec)ons. This paOern 

suggests differing response mechanisms along the river's longitudinal profile, poten)ally linked 

to sediment supply dynamics or anthropogenic interven)ons. The 2015–2020 oscilla)on appears 

especially significant, possibly represen)ng a system-wide adjustment to altered flow regimes or 

sediment budgets. 

3.4.2.1.2. Changes in Area of Sand Deposits 

Several reaches of the Damodar River have experienced significant reduc)ons in sand deposits 

between 1988 and 2023, indica)ng notable geomorphic changes with poten)al management 

implica)ons. The most drama)c declines occurred in Reaches 14, 13, and 12, where sand deposits 

have nearly disappeared by 2023. Reach 14 recorded the most severe reduc)on, dropping from 

3.85 km² in 1988 to just 0.009 km² in 2023—a staggering 99.8% loss. Similarly, reach 13 declined 

from 5.03 km² to 0.28 km² (94.4% reduc)on), and Reach 12 decreased from 3.46 km² to 0.69 km² 

(80% reduc)on). These lower reaches have shown a consistent paOern of sand deple)on since 

2000, with accelerated losses aaer 2015 (Fig. 3.20a). 

Other significantly affected reaches include 11c (2.64 km² to 0.51 km², 80.7% loss), 4d (1.49 km² 

to 0.28 km², 81.4% reduc)on), and 1a (0.68 km² to 0.59 km², 13.2% reduc)on). The )ming of 

these declines varies: upper reaches (1a–3c) have undergone gradual reduc)ons, whereas lower 

reaches (11a–14) experienced more abrupt losses post-2010. These trends likely result from 

mul)ple interac)ng factors, including upstream dam-induced flow regula)on, sediment supply 

altera)ons, and vegeta)on encroachment. The loss of sand deposits may lead to reduced 

sediment connec)vity, degraded habitat availability, and poten)al increases in stream power, 

possibly intensifying downstream bank erosion. Severely impacted reaches, par)cularly in the 

lower stretch, warrant focused sediment management and monitoring to determine whether 

these transforma)ons are temporary fluctua)ons or signal a more permanent geomorphic shia. 
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Figure 3.20b illustrates significant spa)al varia)on in sediment deposi)on paOerns along the river 

corridor. The upper reaches (1a–3c) demonstrate consistent sediment accumula)on, with Reach 

3c peaking at +425% in 2015, highligh)ng substan)al deposi)on. Middle reaches (4a–8) show 

transi)onal behavior, with early sediment gains giving way to net losses over )me, as seen in 

Reach 4a's -70% decline by 2023. The most striking trend is evident in the lower reaches (9–14), 

which experienced severe deple)on, par)cularly Reach 14, where a -99.8% change underscores 

near-total loss of surface deposits. These sediment reduc)ons could result from physical erosion 

and downstream transport or the submergence of exposed bars under deepening flow 

condi)ons. The spa)al progression of losses suggests sediment disconnec)vity along the river’s 

longitudinal profile, poten)ally driven by upstream sediment trapping, decreased transport 

capacity, or submergence effects from flow regula)on. The extreme stress observed in the lower 

reaches warrants further inves)ga)on to dis)nguish between permanent sediment loss and 

hydrological submergence. These paOerns reflect complex sediment dynamics and emphasise the 

need for reach-specific strategies that address both erosional and submergence-driven changes. 
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Figure 3.20: (a) Reach-wise line plots depicting changes in Sand deposit area; (b) Percentage change in sand deposit 
area relative to the reference year (1988); and (c) Percentage change from the previous year, illustrating periodic 
variability. The blue dashed lines in panels (b) and (c) indicate the locations of the Durgapur and Rondiha barrages. 

A periodic analysis highlights cri)cal transi)ons in geomorphic behavior, especially during the 

vola)le 2015–2020 period (Fig. 20). This phase witnessed abrupt fluctua)ons: Reach 4d gained 

+183% in 2015, then declined by -27% in 2020; Reach 2a shiaed sharply from +79% to -64% over 

the same interval. These fluctua)ons align with concurrent wet channel expansion trends, 

sugges)ng a system-wide sediment redistribu)on event. Lower reaches (11c–14) exhibit 

persistent erosion, with Reach 14 losing 96.9% in 2023 and Reach 13 undergoing six consecu)ve 

years of decline, confirming chronic sediment starva)on. Upper reaches reveal more complex 

trajectories, such as Reach 3c, which peaked with a +147% increase in 1996 before eventually 

declining to -58% by 2020, indica)ng deple)on of earlier sediment accumula)on. The 

synchroniza)on of mid-reach vola)lity (4a–8) with lower-reach degrada)on points to a 

downstream cascade effect in sediment disconnec)vity ini)ated post-2015. Together, these 

observa)ons depict a river in rapid transi)on—from rela)vely balanced sediment dynamics 
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before 2015, through chao)c redistribu)on between 2015–2020, to widespread erosion 

aaerward—with the lower reaches facing the most severe impacts of this disrupted sediment 

regime. 

3.4.2.1.3. Changes in AcZve River Channel Area 

The Damodar River's morphological evolu)on between 1988 and 2023 reveals a complex paOern 

of ac)ve channel adjustments, characterized by alarming contrac)ons in the lower reaches 

contrasted with rela)vely stable condi)ons upstream. The upper reaches (1a–3c) exhibited 

notable stability, with varia)ons remaining under 20%, while the middle reaches (4a–8) displayed 

dynamic fluctua)ons. In stark contrast, the lower reaches (9–14) experienced severe and 

persistent losses. Reach 14 underwent the most drama)c reduc)on, losing 52% of its ac)ve 

channel area (4.88 km² to 2.32 km², Fig. 3.21a), followed by Reach 9 with a 37% decline and Reach 

13 with a 36% decline, all showing accelerated contrac)ons aaer 2010. 

This downstream degrada)on is accompanied by significant variability in the middle reaches. For 

instance, the ac)ve channel area in Reach 8 peaked at 13.31 km² in 2000 before dropping to 8.02 

km² in 2023 and Reach 6 oscillated between 7.91 km² and 12.33 km² over the study period. 

Conversely, the upper reaches, such as Reach 1b, maintained consistent stability, with the ac)ve 

channel area ranging from 3.07 km² to 3.79 km² (Fig. 3.21a), indica)ng a poten)al buffering 

capacity against upstream disturbances. The spa)al variability in channel morphology from stable 

headwaters through fluctua)ng midstream zones to degrading downstream sec)ons suggests 

increasing sediment disconnec)vity, where the river’s ability to transport sediment diminishes 

downstream. These observa)ons portray a river undergoing reach-specific morphological 

transforma)ons, with the lower reaches experiencing ecologically significant losses that could 

compromise flood capacity, aqua)c habitats, and overall river health. The findings call for 

differen)ated management strategies that address both lower reach degrada)on and midstream 

variability across the river's longitudinal profile. 
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Figure 3.21: (a) Reach-wise line plots depicting changes in active river channel area; (b) Percentage change in active 
river channel area relative to the reference year (1988); and (c) Percentage change from the previous year, illustrating 
periodic variability. The blue dashed lines in panels (b) and (c) indicate the locations of the Durgapur and Rondiha 
barrages. 

Further analysis of ac)ve channel dynamics highlights cri)cal years of system-wide 

transforma)on, underscoring the vulnerability of the lower reaches (9–14) to severe degrada)on. 

Reach 11c suffered a catastrophic 62.4% loss in ac)ve channel area by 2023, closely followed by 

Reach 14 with a 52.4% reduc)on—both indica)ng near-permanent changes unless restora)ve 

interven)ons are implemented. These persistent losses coincide with periods of drama)c 

fluctua)ons, par)cularly during 2015–2020, a turbulent phase for the en)re river system. In 2015, 

the river's instability was evident: while Reach 4d experienced a massive 183% sediment gain, 

reach 2a simultaneously saw a 57% loss in ac)ve channel area, reflec)ng the disjointed behavior 

of the fluvial system (Fig. 3.21b). 

The stress con)nued into the 2020–2023 period, with lower reaches like 11c undergoing 

consistent annual losses ranging between 30–60%. Meanwhile, upper reaches remained 



 110 

rela)vely stable, showing annual changes within ±15%. The middle and lower sec)ons, however, 

exhibited extreme year-to-year fluctua)ons. For example, reach 6 experienced a 35.8% change in 

2005, Reach 2a showed a drama)c +146.9% recovery in 2020, and several reaches exceeded ±50% 

fluctua)ons during 2015 (Fig. 3.21c). These intense periodic shias and chronic long-term 

reduc)ons, especially in the lower reaches, indicate that degrada)on has crossed cri)cal recovery 

thresholds. The ac)ve channel metric thus provides vital insight into the dual nature of 

degrada)on: chronic loss compounded by acute crashes. This underscores the urgency for 

targeted sediment management and flow restora)on, par)cularly in the lower reaches, to 

mi)gate irreversible damage and restore the river's geomorphic and ecological balance. 

3.4.2.1.4. Braiding Index  

This sec)on inves)gates the spa)otemporal evolu)on of the Damodar River’s braiding index (BI) 

from 1988 to 2023 across three zones. The analysis reveals significant morphological 

transforma)ons influenced by sediment-flow disrup)ons. 

 

Figure 3.22: (a) Percentage change in Braiding index relative to the reference year 1988; (b) Spatial distribution of 
the braiding index. The blue dashed lines in panels (b) and (c) mark the locations of the Durgapur and Rondiha 
Barrages. 

Zone 1 (Reaches 1a–4d), located downstream of Panchet Dam and upstream of Durgapur Barrage, 

exhibits severe braiding degrada)on. This area shows the most catastrophic loss, par)cularly in 

Reach 4c, where the BI dropped from 5.53 in 1988 to 1.28 in 2023, marking a 77% (Fig. 3.22a) 

decline and indica)ng a shia toward a single-thread channel system. Two cri)cal degrada)on 

phases are evident: between 2000–2005, where acute BI reduc)ons occurred (e.g., an 80% drop 
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in Reach 4c in 2000, aligning with Durgapur Barrage opera)ons), and between 2015–2020, when 

widespread simplifica)on took place (e.g., a 48% reduc)on in Reach 3b by 2020 during extreme 

flow events). The contour plots highlight high vola)lity, as seen in Reach 4d, which fluctuated 

from a 22% increase in 1996 to an 80% loss in 2000. These varia)ons point to complete mid-

channel bar erosion and sediment starva)on, with most final BI values (2023) clustering between 

1.0–1.5, typical of channelized systems. 

Zone 2 (Reaches 5a–6), situated between Durgapur and Rondiha Barrages, demonstrates 

transi)onal behavior with moderated yet substan)al BI declines ranging from 30–63%. For 

example, Reach 5b experienced a decrease from BI 3.67 to 1.35, while Reach 6 showed some 

resilience, recording a BI of 4.60 in 2023 aaer a mid-period decline. The data underscores barrage-

induced instability: in 2000, Reach 6 suffered a 68% crash, likely due to sediment trapping by the 

barrage, whereas by 2023, it exhibited a modest recovery (+4.7%), possibly reflec)ng par)al 

sediment bypass or redistribu)on (Fig. 3.22a). 

Zone 3 (Reaches 7a–14), downstream of Rondiha Barrage, reflects rela)ve morphological stability. 

Reach 13 recorded a 56% increase in BI by 2023 (Fig. 3.22a), while Reach 14 remained stable at a 

BI of approximately 1.0. The overall percentage change in this zone remained within ±40%, 

significantly less vola)le than the ±80% seen in Zone 1. These paOerns suggest that the 

geomorphic impact of Rondiha Barrage is less severe than that of Durgapur Barrage. 

The key findings highlight an infrastructure gradient in braiding loss severity, with Zone 1 (closest 

to Durgapur Barrage) showing the greatest degrada)on, followed by moderate changes in Zone 

2, and rela)ve stability in Zone 3. The transi)ons are nonlinear, characterised by episodic 

collapses in 2000 and 2015 amidst gradual declines. The results emphasise sediment 

discon)nuity, with complete mid-channel feature loss in Zone 1, while Zone 3 retains its braided 

character. Overall, the Damodar River’s braiding regime has undergone irreversible simplifica)on, 

especially near major barriers like the Durgapur Barrage. Full braiding index values from 1988 to 

2023 for all 25 reaches are presented in Appendix Table A1. 
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3.4.2.1.5. Sinuosity Index  

The analysis of the sinuosity index reveals a clear zonal paOern (Fig. 3.23a, b) that both aligns 

with and complements the findings of the braiding index, offering deeper insight into how the 

Damodar River's planform geometry has differen)ally responded to anthropogenic controls. 

In Zone 1 (Reaches 1a–4d), located immediately upstream of the Durgapur Barrage, sinuosity 

trends show moderate increases ranging from 3% to 18%, which contrasts sharply with the severe 

braiding losses in the same zone. This paOern suggests a compensatory morphological 

adjustment, wherein the river begins to develop meander bends to maintain energy dissipa)on 

in the absence of mid-channel bars. A notable example is Reach 4c, which experienced a sinuosity 

gain of 15–18% (from 1.15 to 1.36), aligning closely with its 77% loss in braiding index. This inverse 

rela)onship underscores how the river aOempts to adapt its geometry in response to sediment-

flow constraints and channel simplifica)on. 

Zone 2 (Reaches 5a–6), situated between the Durgapur and Randiha Barrages, displays 

transi)onal behavior. Here, sinuosity changes range from (–) 8% to (+) 7%, reflec)ng the 

intermediate nature of braiding reduc)on in this zone. These modest shias indicate the influence 

of both upstream sediment starva)on and localized flow reorganisa)on, resul)ng in a mixed 

morphological response. The subtle nature of sinuosity varia)on in this zone mirrors the balance 

between imposed constraints and the river’s limited capacity for adjustment. 
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Figure 3.23: (a) Percentage change in sinuosity index relative to the reference year 1988; (b) Spatial distribution of 
the sinuosity index. The blue dashed lines in panels (b) and (c) mark the locations of the Durgapur and Rondiha 
Barrages. 

In Zone 3 (Reaches 7a–14), downstream of the Rondiha Barrage, the sinuosity index reflects the 

natural variability expected in less disturbed river systems. Reaches such as 7b display sinuosity 

gains of up to 11%, while others, like Reach 10, exhibit a 14% decrease, reflec)ng a tendency 

toward channel straightening. This heterogeneity corresponds with the rela)vely preserved, 

though somewhat reduced, braiding regime in the downstream reaches. The diverse responses 

in this zone suggest that the river retains greater morphological freedom in the absence of 

immediate structural constraints. 

Importantly, the temporal phasing of sinuosity changes supports the interpreta)on of barrage-

induced impacts. In Zone 1, adjustments in sinuosity typically lagged behind major braiding index 

collapses by approximately 5–7 years. Peaks in sinuosity change align with periods of opera)onal 

changes in the barrages, par)cularly around 2005 and 2020, before the system reached a new 

equilibrium state. 

3.4.2.1.6. Bar Area/Channel Area RaZo 

The bar area/channel area (BA/CA) ra)o reveals notable spa)otemporal varia)ons across the 

Damodar River's three management zones, illustra)ng the dis)nct morphological responses to 

flow regula)on and sediment dynamics. 
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In Zone 1 (Reaches 1a–4d), upstream of the Durgapur Barrage, the BA/CA ra)o shows drama)c 

declines, par)cularly aaer 2000. Reach 4d experienced the most significant reduc)on, collapsing 

from 0.16 in 1988 to 0.03 in 2023, a five-fold decrease, indica)ng near complete loss of ac)ve 

bars. Reach 4c also demonstrated considerable fluctua)on in its ra)o, ranging from 0.36 to 2.60 

before stabilizing at 0.48 in 2023, sugges)ng persistent instability (Fig. 3.24).  

  

 

Figure 3.24: Percentage change in BA/CA index relative to the reference year 1988. The blue dashed lines in panels 
mark the locations of the Durgapur and Rondiha Barrages. 

These changes align with the zone's braiding index losses, confirming the channel simplifica)on 

driven by sediment starva)on caused by upstream dam opera)ons.In Zone 2 (Reaches 5a–6), 

situated between the two barrages, the BA/CA ra)o exhibits transi)onal behavior. Reach 5b's 

ra)o peaked at 3.97 in 2015 before dropping to 1.50 in 2023, while Reach 6 maintained moderate 

values, ranging from 0.64 to 2.48, indica)ng intermiOent sediment bypass. The 2015 spike in 
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mul)ple reaches, such as Reach 4b’s increase to 5.91, may be associated with opera)onal changes 

at the Durgapur Barrage. 

In Zone 3 (Reaches 7a–14), downstream of the Rondiha Barrage, the BA/CA ra)o remained higher 

but exhibited a general decline. Reach 7b’s ra)o halved from 3.64 in 1988 to 2.44 in 2023, while 

Reach 14 experienced a catastrophic 99% reduc)on, from 3.76 to 0.004, signaling extreme 

sediment starva)on in the lowest reaches. 

Key temporal trends include rela)ve stability in most reaches before 2000, vola)le fluctua)ons 

between 2000 and 2015 (e.g., Reach 4b's surge to 5.91), and system-wide declines post-2015, 

especially in Zones 1 and 3. These paOerns suggest that the Damodar's ac)ve sediment storage 

capacity has been most severely degraded immediately upstream of the Durgapur Barrage, with 

impacts diminishing, but not disappearing, downstream. The BA/CA ra)os further complement 

prior findings on braiding and sinuosity, collec)vely depic)ng a river transi)oning toward a 

simpler, less dynamic morphology. 

3.4.2.2. SpaHo-temporal Analysis of Sone River Morphology 

3.4.2.2.1. Morphological changes in Window 1: Downstream of Indrapuri Barrage  

The reaches downstream of Indrapuri Barrage experienced significant morphological 

transforma)ons between 1988 and 2023 (Fig. 3.25a). Sand bars ini)ally expanded from 19.15 km² 

in 1988 to a peak of 28.02 km² by 2005 (+46%), followed by a sharp decline to 14.95 km² by 2023 

(-22%). The most rapid loss occurred between 2005-2010 (-13.07 km²), coinciding with intensified 

sand mining ac)vity. Mid-channel sand bars showed an even more drama)c reduc)on, 

decreasing from 16.47 km² (1988) to just 1.79 km² (-89%) by 2023. The conversion of these mid-

channel features into lateral side bars was most pronounced during 2000-2005, when 

approximately 4.68 km² transformed. Mid-channel vegetated bars ini)ally increased from 5.46 

km² (1988) to 8.17 km² (+50%) by 2000, before nearly disappearing (-87%) by 2010, indica)ng 

complete loss of vegetated mid-channel features aaer this period. In contrast, vegetated bars 

along the channel margins expanded substan)ally from 3.23 km² to 16.08 km² (+398%), with the 

most rapid growth occurring between 2005-2010 (+14.17 km²). The wet channel contracted by 
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47%, from 13.37 km² to 7.05 km², with extreme narrowing during 2005-2010 (-8.34 km²), 

reflec)ng reduced flow capacity due to sediment accumula)on (Fig. 3.25 b).  

 

Figure 3.25: (a) Spatiotemporal planform maps of window 1 of the Sone River, derived from Landsat imagery. Zone 
1, (b) Changes in morphological classes, and (c) illustrating morphological changes in wet channels, sand deposits, 
and area of active River channel over time. 

When examining sand deposits (sand bars + mid-channel sand bars), the area peaked at 40.86 

km² in 2005 before declining to 16.75 km² (-59%) by 2023. This trend inversely correlated with 

wet channel changes during 2005-2010, when sand deposits increased by 12.62 km² while the 

wet channel contracted by 8.34 km², demonstra)ng how sediment accumula)on reduces channel 

capacity. The ac)ve channel area, which combines both sand deposits and wet channel, 

decreased from 48.99 km² to 23.80 km² (-51%), with the most severe reduc)on (-18.49 km²) 

occurring during 2005-2010. This confirms significant river degrada)on, as the ac)ve channel's 

composi)on shiaed from being dominated by dynamic sediment features (67% in 1988) to more 

stable vegetated margins (70% by 2023). The complete conversion of mid-channel bars to lateral 
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features by 2015 marks a fundamental change in channel morphology from a braided towards a 

single-thread system (Fig. 3.25c). 

3.4.2.2.2. Morphological changes in Window 2: Mid-Reach  

The middle sec)on of the Sone River displayed different but equally important morphological 

changes. Sand bars here fluctuated between 20.53 km² (2020) and 34.01 km² (2010), ul)mately 

decreasing by 12% to 25.05 km² by 2023 (Fig. 3.26a). The 2010 peak coincided with increased 

sediment supply from upstream mining ac)vi)es. Mid-channel sand bars reduced from 3.45 km² 

(1988) to 0.70 km² (-80%) by 2023, with complete conversion to side bars occurring during 2015-

2020 (1.50 km² transformed). Mid-channel vegetated bars were completely eliminated aaer 

2005, declining from 0.39 km² to 0 km², while vegetated bars along the banks increased steadily 

from 2.46 km² to 6.25 km² (+154%). The wet channel showed more stability than Window 1, 

narrowing by just 17% from 16.10 km² to 13.33 km², but with a notable temporary expansion 

during 2015-2020 (+9.08 km²) following sediment releases from upstream (Fig. 3.26b). 

Sand deposits in this transi)onal zone remained rela)vely stable (31.79-36.15 km²) un)l 2015 

before declining to 25.75 km² (-19%) by 2023. The rela)onship with wet channel area was 

par)cularly evident during two periods: (a) 2005-2010, when sand deposits increased (+3.09 km²) 

as the wet channel contracted (-5.76 km²), and (b) 2015-2020 when sand deposits decreased (-

7.52 km²) as the wet channel expanded (+9.08 km²). 
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Figure 3.26: (a) Spatiotemporal planform maps of window 2 of the Sone River, derived from Landsat imagery. Zone 
1, (b) Changes in morphological classes, and (c) illustrating morphological changes in wet channels, sand deposits, 
and the area of the active river channel over time. 

The ac)ve channel area decreased moderately by 18% from 47.89 km² to 39.08 km², with the 

most significant change (-5.76 km²) during 2015-2020. Unlike Window 1, this reach maintained 

higher sediment deposit percentages (66-82% of ac)ve channel area), indica)ng beOer sediment 

transport con)nuity. However, the complete transforma)on of mid-channel features by 2020 and 

increasing vegeta)on encroachment suggest growing channel simplifica)on pressures. The 

delayed response compared to Window 1 (major changes occurring post-2015 rather than 2005-

2010) reflects its transi)onal posi)on in the river system (Fig. 3.26c). 



 119 

3.4.2.2.3. Morphological changes in Window 3: Lower Reach  

The downstream terminus exhibited the most extreme transforma)ons. Sand bars 

catastrophically declined by 87% from 8.20 km² (1988) to 1.03 km² (2023), with accelerated loss 

(-7.61 km²) aaer 2015 (Fig. 3.27a). Mid-channel sand bars nearly vanished (-99.7%), decreasing 

from 6.68 km² to just 0.02 km², with complete conversion by 2015 - the earliest complete loss 

among all windows.  

  

Figure 3.27: (a) Spatiotemporal planform maps of the window 3 of the Sone River, derived from Landsat imagery. 
Zone 1, (b) Changes in morphological classes, and (c) illustrating morphological changes in wet channels, sand 
deposits, and the area of the active river channel over time. 

Mid-channel vegetated bars were eliminated by 2005 (from 10.34 km² to 0 km²), while vegetated 

bars along the margins fluctuated before disappearing completely by 2020, unlike the other 

windows where they expanded. The wet channel collapsed by 72% from 9.09 km² to 2.59 km², 

with the most severe contrac)on (-9.24 km²) during 2010-2015 when mining ac)vity intensified 

(Fig. 3.27b). 
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Sand deposits decreased by 93% from 14.88 km² to 1.05 km², showing an extreme version of the 

inverse rela)onship with wet channel area observed in other windows. During 2005-2010, a 

temporary 3.67 km² wet channel expansion occurred alongside mining-induced sediment 

removal, while the 2010-2015 period saw both sediment loss and wet channel contrac)on. The 

ac)ve channel area suffered devasta)ng 85% reduc)on from 23.97 km² to 3.64 km², with 67% of 

this loss (-6.04 km²) occurring during 2015-2023. The most alarming aspect is the complete 

breakdown of the normal sediment-wet channel rela)onship - by 2023, sediment deposits 

comprised only 29% of the ac)ve channel (versus 62% in 1988), indica)ng transforma)on from a 

natural sediment-transpor)ng system to an ar)ficial mining-dominated channel (Fig. 3.27c). 

Unlike Windows 1-2 where some ecological succession occurred, Window 3 shows complete 

geomorphic disrup)on with no natural recovery mechanisms remaining. 

3.4.2.2.4. Braiding Index (BI) 
In window 1, the braiding index exhibited drama)c fluctua)ons, decreasing from 4.16 (1988) to 

1.46 (2010) before par)al recovery to 2.17 (2023). This 65% reduc)on in BI correlates strongly 

with the documented loss of mid-channel bars (-89%) and ac)ve channel contrac)on (-51%). The 

most severe decline occurred during 2000-2005 (BI dropped from 5.13 to 2.12) (Table 3.6), 

precisely when satellite imagery shows complete conversion of 4.68 km² of mid-channel bars to 

lateral features. While BI showed minor recovery post-2010, values remain below half of 1988 

levels, confirming the transi)on from a mul)-thread braided system to a predominantly single-

thread channel. 

The Window 2 displayed more moderate braiding reduc)on from 2.12 (1988) to 1.58 (2023), 

consistent with its 18% ac)ve channel loss. The BI remained rela)vely stable un)l 2015, then 

fluctuated with mining ac)vity - notably increasing to 2.05 (2020) during peak sediment releases 

before declining again (Table 3.6). This paOern matches the observed 2015-2020 expansion of 

wet channel area (+9.08 km²) and temporary mid-channel bar resurgence. However, the 2023 BI 

value (1.58) confirms the reach has lost 26% of its original braiding complexity.  

Window 3 shows the most consistent BI decline, plumme)ng 64% from 2.87 (1988) to 1.04 

(2023). The disappearance of mid-channel bars (-99.7%) directly corresponds to BI reduc)ons, 
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par)cularly the steep 2000-2005 drop (3.08→1.67) when mining intensified. Unlike other 

windows, no recovery occurred post-2015, with BI values stabilizing near 1.0 - indica)ng complete 

loss of braiding characteris)cs and valida)on of the observed channel simplifica)on to a single-

thread system (Fig. 3.28). 

Table 3.6: Showing Braiding and Sinuosity Index value across three study windows of the Sone 
River. 

Years W1 W 2 W 3 

 
BI SI BI SI BI SI 

1988 4.16 1.22 2.12 1.17 2.87 1.16 

1995 4.20 1.28 2.21 1.20 2.98 1.11 

2000 5.13 1.33 2 1.30 3.08 1.19 

2005 2.12 1.31 1.65 1.29 1.67 1.18 

2010 1.46 1.30 1.58 1.31 1.05 1.14 

2015 NA NA 1.65 1.32 1.04 1.12 

2020 2.32 1.26 2.05 1.24 1.07 1.10 

2023 2.17 1.26 1.58 1.30 1.04 1.09 
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Figure 3.28: Showing Braiding Index value across three study windows of the Sone River. 

The Cross-Window Comparison in the Sone River suggests the following: 

● All windows show ≥64% BI reduc)on, but )ming differs: Window 1 (2000-2005), Window 

2 (post-2015), Window 3 (con)nuous) 

● BI declines correlate strongly with mid-channel bar loss. 

● Mining impacts are clearest in Window 3 where BI reached near-minimum values (1.0) 

3.4.2.2.5. Sinuosity Index (Si) 

Window 1 maintained remarkably stable sinuosity (1.22±0.06), despite massive braiding changes. 

The 2000 peak (1.33) corresponds with maximum mid-channel vegetated bar extent (8.17 km²), 

while the 2023 value (1.26) reflects the balance between forced channel straightening from 

barrage flows and meander development in stabilized sec)ons (Table 3.6, Fig. 3.29). This stability 

confirms that while braiding complexity collapsed, the fundamental channel alignment remained 

constrained by geological controls. 
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Window 2 exhibited greater sinuosity variability (1.17-1.32), peaking in 2015 (1.32) when mining-

induced sediment pulses temporarily reac)vated secondary channels. The 2020 dip (1.24) 

followed channeliza)on efforts, while the 2023 recovery (1.30) suggests natural meander re-

establishment in less disturbed sec)ons (Table 3.6, Fig. 3.29). These fluctua)ons align with 

observed wet channel expansions/contrac)ons, demonstra)ng how sediment supply varia)ons 

affect meander development in transi)onal zones.  

         

Figure 3.29: Sinuosity Index value across three study windows of the Sone River 

 

Window 3 displayed consistent sinuosity reduc)on from 1.16 (1988) to 1.09 (2023), directly 

tracking with mining intensity. The most significant drops occurred during ac)ve mining periods: 

2000-2005 (1.19→1.18) and 2010-2015 (1.14→1.12). Unlike Windows 1-2, this reach shows no 

recovery poten)al, with 2023's record low (1.09) confirming the straightening observed in 

satellite imagery (Table 3.6, Fig. 3.29). 

The main observa)ons, integra)ng the results from all windows, suggest the following: 
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● Braiding and sinuosity changes show spa)al progression: barrage effects dominate 

Window 1, transi)onal dynamics in Window 2, and mining impacts in Window 3. 

● BI beOer indicates system degrada)on (64-65% reduc)ons), while SI reflects local channel 

stability. 

● The 2015-2020 period emerges as cri)cal for all windows, showing either: 

○ Temporary BI recovery (Window 2) from sediment pulses 

○ Accelerated decline (Window 3) from mining 

○ Stabiliza)on (Window 1)  

3.4.2.2.6. Bar Area/Channel Area RaZo 

The Bar Area to Channel Area (BA/CA) ra)o in the Sone River's Window 1 (downstream of 

Indrapuri Barrage) reveals drama)c morphological changes driven by sediment dynamics (Fig. 

3.30). The ra)o peaked at 9.84 in 2005, a 270% increase from 1988 levels, reflec)ng intense 

sediment deposi)on and bar forma)on immediately below the barrage. This was followed by a 

decrease by 82% to 1.77 by 2020 as mining intensified and the system adjusted, ul)mately 

stabilizing at 2.37 by 2023. These extreme fluctua)ons (2.03-9.84) demonstrate how barrage 

opera)ons first enhance then diminish braiding intensity, with the par)al recovery indica)ng 

limited bar-forming capacity despite significant channel simplifica)on from braided to single-

thread morphology. 

In Window 2, the transi)onal mid-reach, BA/CA showed more moderate varia)on (1.97-5.80), 

maintaining characteris)cs of an ac)ve braided system. The 2010 peak (5.80) coincided with 

maximum sand bar extent (34.01 km²) and wet channel contrac)on, while subsequent declines 

mirrored mining-induced sediment pulses. Unlike Window 1, this reach preserved greater 

stability (final BA/CA 1.93 vs 1.97 in 1988) and sediment transport capacity, though the 66% 

reduc)on from peak values confirms progressing simplifica)on. The maintained BA/CA >1.5 

suggests this zone s)ll func)ons as a vital sediment conveyor between upstream barrage effects 

and downstream mining impacts. 
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Figure 3.30: Bar area/ channel area Index value across three study windows of the Sone River.  

 In Window 3, the sharp decline in BA/CA ra)o from 1.64 (1988) to 0.40 (2023) marks the most 

severe degrada)on, signalling complete braiding loss in this mining-dominated reach. The 2010 

spike (5.07) represented temporary bar exposure during peak mining, while the terminal decline 

to sub-1.0 values confirms irreversible conversion to a non-braided, mining pit morphology. This 

76% reduc)on correlates perfectly with other degrada)on indicators - 99.7% mid-channel bar 

loss, 85% ac)ve channel contrac)on, and BI reduc)on to near-minimum (1.04). The BA/CA <0.5 

threshold in Window 3 demands urgent interven)on to prevent total loss of fluvial func)onality 

in this cri)cal confluence zone. 

 

3.5. Linking morphological changes to sand mining and flow regula-on 

3.5.1. Hotspots of mining  
The spa)otemporal analysis conducted in this study demonstrates that sand mining is exer)ng 

significant pressure on the morphological integrity of river systems, with par)cularly pronounced 

impacts in specific hotspot zones. Among the key insights is iden)fying mining hotspots, where 

both the intensity and expansion of mining ac)vi)es are excep)onally high. These hotspots are 
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not randomly distributed but are strongly associated with certain geomorphic features, especially 

sand bars, ac)ve channel belts, and floodplain zones, which are naturally deposi)onal and hence 

preferred for extrac)on. The Damodar River's Zone 3 emerges as the most heavily impacted, 

par)cularly Reaches 9 to 12, which collec)vely form a con)nuous belt of high-intensity mining. 

Reach 10, for instance, reached a peak mining intensity of 0.736 in 2023, the highest recorded in 

the study, and was classified under the “Cri)cal” category in the vulnerability assessment. This is 

indica)ve of unsustainable extrac)on rates and ongoing geomorphic destabilisa)on. 

Similarly, in Zone 2, Reaches 5b and 6 along the Damodar River showed alarming growth rates, 

exceeding 200% over five years, making them emerging hotspots. Although the current mining 

intensity in these reaches is moderate compared to Zone 3, the rapid increase in mining footprint 

indicates that these areas could soon cross cri)cal thresholds, if unregulated. This paOern of 

sudden surge in mining intensity, followed by brief dips or shias in spa)al focus, may be reflec)ve 

of variable enforcement, local availability of extractable material, or economic drivers such as 

construc)on demand. 

The Sone River also displayed notable spa)o-temporal variability in mining hotspots. In Window 

2, for example, the mining-impacted wet channel grew almost 10-fold between 2016 and 2023, 

while in Window 3, over 46% of the floodplain area was impacted by mining by 2023. This shia 

of extrac)on from mid-channel bars to floodplain areas raises further ecological concerns, as 

floodplains play a vital role in nutrient cycling, flood mi)ga)on, and groundwater recharge. 

The vulnerability index developed in this study offers a nuanced way to categorise and priori)se 

reaches for interven)on. By accoun)ng for both long-term intensity and recent growth rates, the 

index highlights not just the most degraded zones but also those undergoing rapid change, which 

are oaen early warning signs of future degrada)on. Such zones require proac)ve aOen)on to 

prevent irreversible morphological transforma)on. 

From a management perspec)ve, these iden)fied hotspots provide a basis for zoning and 

regula)on. Protected reaches such as 4d, 7a, and 14, where no mining was recorded, can serve 

as ecological baselines for comparison and could be designated as reference sites or conserva)on 
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zones. Meanwhile, cri)cal and very high-risk reaches demand immediate regulatory interven)on, 

possibly including extrac)on limits, seasonal bans, or ac)ve restora)on projects. As mining 

con)nues to expand in response to infrastructure growth and economic demand, river systems 

like the Damodar and Sone will require vigilant monitoring. Timely iden)fica)on and regula)on 

of emerging hotspots are essen)al to maintaining fluvial stability and ensuring the long-term 

health of riverine ecosystems. 

This study offers several methodological advantages that strengthen the reliability and relevance 

of its findings. One of the key strengths lies in the integra)on of manually digi)zed mining 

footprints from high-resolu)on Google Earth imagery with geomorphic features classified 

through the Google Earth Engine (GEE) pla{orm. This overlay approach allowed for highly 

accurate iden)fica)on of the loca)on, type, and geomorphic associa)on of sand mining ac)vi)es. 

It enabled a detailed assessment of whether mining occurred within ac)ve channel belts or across 

floodplain areas—informa)on cri)cal to understanding geomorphic vulnerability. Furthermore, 

the use of mul)-temporal and mul)-source datasets, including Landsat, Sen)nel-2, and Google 

Earth imagery, ensured broad temporal coverage. The choice of pre-monsoon satellite scenes 

minimized cloud and vegeta)on interference, improving the accuracy of feature extrac)on. 

Addi)onally, the methodological workflow, combining cloud-based processing, spectral index 

classifica)on, and vulnerability scoring, is not only robust but also scalable and reproducible for 

other river systems undergoing similar pressures. 

However, the study is not without limita)ons. A major constraint was the limited availability of 

historical high-resolu)on imagery across the full study area. This restricted the precision of mining 

footprint mapping for earlier years, par)cularly before 2010, reducing the temporal depth of the 

analysis. While public satellite datasets like Landsat and Sen)nel are valuable for long-term 

monitoring, their spa)al resolu)on (10–30 meters) is not sufficient to detect small or dispersed 

mining sites, especially within narrow or vegetated river corridors.  
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3.5.2. Impact of sand mining and flow regula-on on river planform  

The long-term analysis of planform and morphometric changes in the Damodar and Sone Rivers 

reveals dis)nct spa)al and temporal responses that closely correspond with the loca)on of sand 

mining hotspots and major flow regula)on structures. The use of Google Earth Engine (GEE) and 

RivGraph has enabled a consistent and objec)ve assessment of channel evolu)on from 1988 to 

2023, providing new insights into the geomorphic consequences of intensified human 

interven)ons. 

One of the most striking findings is the strong spa)al correla)on between mining hotspots and 

zones of significant planform degrada)on. In par)cular, Zones 2 and 3 of the Damodar River and 

Windows 1 and 3 of the Sone River, previously iden)fied as areas of intense sand mining, have 

experienced the most severe reduc)ons in mid-channel bar area, braiding index, and ac)ve river 

channel area. These reaches also show increasing channel simplifica)on, oaen transi)oning from 

mul)-thread to single-thread morphologies. For instance, Window 3 in the Sone lost over 90% of 

its mid-channel sand bars, while also recording substan)al reduc)ons in ac)ve river channel area 

and braiding complexity. 

Interes)ngly, in recent years, a reversal in wet channel trends has been observed in certain 

mining-dominated reaches, par)cularly downstream of mining hotspots. Despite long-term 

ac)ve river channel narrowing, the wet channel area has expanded between 2015 and 2023 in 

reaches such as 13–14 in Damodar. This widening is not a sign of recovery, but rather a symptom 

of pit capturing (Fig. 3.31), where the river re-occupied previously mined pits due to increased 

erosive power. Sand extrac)on removes in-channel sediment and reduces bed resistance, leaving 

the river sediment-starved. As a result, flowing water carries more energy and begins to erode 

banks and pit edges, leading to lateral expansion of the wet channel. These changes are especially 

visible in the lower reaches of both rivers, where the braided morphology has collapsed and 

isolated pits now act as preferen)al flow paths during high discharge. 

While wet channel widening might appear to increase flow capacity locally, it is accompanied by 

a dangerous overall narrowing of the ac)ve river channel, which includes all deposi)onal zones 
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such as sand bars and wet channels. The reduc)on in ac)ve river channel area is especially severe 

in Reaches 12–14 of the Damodar, where losses exceed 50%, and in Window 3 of the Sone, where 

over 85% of the ac)ve corridor has been lost since 1988. This trend has serious implica)ons for 

flood management and groundwater sustainability. 

  

  

  

  

  

  

  

  

Firstly, the narrowing of the ac)ve river channel limits the river's ability to dissipate floodwaters 

over a wider geomorphic corridor. Previously ac)ve bars and floodplains, now abandoned or 

converted to side bars or vegetated patches, no longer func)on as overflow buffers. This increases 

the risk of bank overtopping and unregulated lateral erosion during peak flows, especially in 

reaches that have lost their natural braiding and meandering capacity. Secondly, the loss of 

12/2010 12/2016 

12/2018 12/2019 

12/2022 

(a) (b) 

(c) (d) 

(e) 

Figure 3.31: High-resolution Google Earth imagery from post-monsoon periods (images a–e; year and month labelled) 
showing progressive pit capturing by the wet channel in a sand mining-impacted downstream reach of the river. Red 
circles highlight the location of mining pits being reoccupied by flow in subsequent years. The sequence illustrates how 
flow gradually reoccupies mining pits due to erosion and channel incision, driven by sediment-starved ("hungry") water. 
Over time, the wet channel widens laterally, encroaching into the former pit area. This process demonstrates the 
downstream geomorphic instability induced by intense sand mining activity. 
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deposi)onal zones and bar areas reduces the interface between surface water and the floodplain 

aquifer. These geomorphic features are crucial recharge zones where floodwaters percolate into 

the subsurface. Their reduc)on implies a decline in natural groundwater replenishment, further 

compounded by the channel incision observed in earlier chapters. 

These findings are consistent with earlier literature that has iden)fied sand mining and flow 

regula)on as major disruptors of fluvial geomorphology. For example, studies on the Mayurakshi 

and Yamuna Rivers have highlighted how sand removal and sediment trapping by barrages lead 

to channel incision, bar disappearance, and increased vulnerability to floods (Islam et al., 2025, 

Yadav et al., 2023). The present analysis confirms these paOerns with long-term, spa)ally explicit 

data, while also adding new insights on pit-induced channel reoccupa)on and ac)ve river channel 

contrac)on. 

Moreover, the morphometric indicators such as braiding index (BI), sinuosity index (SI), and bar-

to-channel area ra)o (BA/CA) all demonstrate progressive simplifica)on and fragmenta)on, 

par)cularly near the Durgapur and Rondiha Barrages in Damodar and the Indrapuri Barrage in 

Sone. The upstream barrages restrict sediment flow, exacerba)ng downstream erosion and 

promo)ng bar erosion. In contrast, some middle reaches, like Reach 6 (Damodar) and Window 2 

(Sone), show temporary morphological recovery likely due to episodic sediment supply or 

opera)onal changes in dam release schedules. However, these improvements are limited and not 

sustained. 

In conclusion, this study establishes a clear linkage between observed planform changes and the 

spa)al distribu)on of mining ac)vity and flow regula)on infrastructure. The downstream effects 

of sediment removal are evident in both the simplifica)on of river geometry and the func)onal 

degrada)on of ac)ve corridors. The combina)on of pit erosion-driven wet channel widening and 

narrowing of the broader ac)ve river channel presents a dual challenge: increasing erosion risk 

while reducing ecological and hydrological func)onality. Addressing this requires a systemic shia 

in river management—from viewing rivers as extrac)ve landscapes to trea)ng them as dynamic 

geomorphic systems. Restora)on strategies must focus on regula)ng sediment budgets, 

protec)ng mid-channel features, and allowing rivers sufficient lateral space to adjust within safe 
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geomorphic limits.  The methodology adopted in this study represents a significant advancement 

over earlier approaches that relied heavily on manual digi)sa)on of river planforms. Previous 

studies on the Damodar and Sone Rivers oaen used visual interpreta)on of satellite imagery in 

GIS environments to delineate river channels and associated features—a process that was not 

only )me-consuming but also subjec)ve, prone to inconsistency across years or interpreters. In 

contrast, the integra)on of Google Earth Engine (GEE) with the RivGraph Python library allowed 

for a more automated, scalable, and objec)ve analysis of planform dynamics. GEE facilitated rapid 

access to a mul)-year archive of Landsat imagery, enabling consistent applica)on of indices like 

NDWI and NSI for accurate water body and sandbar detec)on across seasons. These outputs 

served as standardised inputs for RivGraph, which extracted river centrelines and calculated 

morphometric metrics (e.g., braiding index and sinuosity index) in a reproducible and sta)s)cally 

robust manner. This automa)on reduced operator bias and allowed for the analysis of a larger 

number of reaches—25 in total and 3 windows across both rivers, which would be logis)cally 

infeasible using tradi)onal digi)za)on. By leveraging this integrated, semi-automated pipeline, 

the present study enhances the spa)al and temporal resolu)on of planform change detec)on 

and provides a more rigorous founda)on for linking morphodynamics with anthropogenic 

pressures such as sand mining and flow regula)on. 

3.5.3. Geomorphic impacts of sand mining in peninsular rivers– a process 

response framework 

Sand mining and flow regula)on exert significant and interrelated influences on river 

morphodynamics. Sand mining leads to the direct extrac)on of sediment from the riverbed, 

thereby disrup)ng the river's sediment budget and dynamic equilibrium. Simultaneously, flow 

regula)on structures such as dams and barrages trap sediment upstream, further reducing the 

downstream sediment supply. The combined reduc)on in sediment availability ini)ates the 

hungry water effect, where sediment-starved flows possess excess stream power. This condi)on 

promotes bed degrada)on through channel incision and enhances lateral erosion along the 

riverbanks. Consequently, the river's morphological stability is compromised. 



 132 

As sediment inputs decline, the natural processes of sediment replenishment are hindered, 

resul)ng in the progressive loss of key geomorphic features such as ac)ve channels and mid-

channel or lateral sand bars. Flow regula)on further reduces discharge variability, oaen leading 

to the stabiliza)on of a single-thread wet channel. The reduc)on in sediment and flow results in 

channel simplifica)on and a decrease in the number and complexity of braided channels. 

Moreover, channel incision leads to a drop in water surface levels, which, combined with bar 

erosion and channel narrowing, contributes to overall morphological simplifica)on. The impacts 

are par)cularly pronounced in downstream reaches. During high-flow deposi)onal events, 

sediment is preferen)ally deposited upstream of flow regula)on structures, such as barrage pools 

and mining pits, while downstream reaches experience net sediment deficit. This deficit 

manifests as increased erosion, widening of the wet channel, and loss of deposi)onal features, in 

contrast to wet channel contrac)on observed elsewhere (Fig. 3.32). 
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Figure 3.32: The process-response framework of the river demonstrates a positive feedback system under the anthropogenic 
forcing of sand mining and flow regulation. 
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3.6. Summary and conclusions 
This chapter has involved mapping of sand mining sites in two peninsular river basins, namely 

Damodar and Sone, using high-resolu)on Google Earth imagery. Mining areas were classified into 

dry, wet, and vegetated pits using spectral thresholding techniques (NDVI, NDWI). These classified 

sites were overlaid on river morphology layers derived from Landsat and Sen)nel-2 imagery using 

Google Earth Engine (GEE) to determine whether mining occurred within channel belts or 

floodplains. To map sand mining ac)vi)es, high-resolu)on Google Earth imagery was interpreted 

and classified into dis)nct categories such as dry mining pits, wet mining pits, and vegetated pits 

using threshold-based classifica)on with spectral indices. Although the manual interpreta)on 

process was )me-consuming, it provided a high degree of accuracy in detec)ng mining footprints 

and their associa)on with river morphology. Based on this mapping, a mining intensity index was 

calculated for each river reach, represen)ng the propor)on of area under mining. To further 

quan)fy the pressure and trajectory of mining expansion, a vulnerability index was developed 

that combines mining intensity and temporal growth rate. This index, scaled from 0 to 1, helped 

in iden)fying mining hotspots and reaches at high risk of morphological degrada)on. 

The analysis revealed that most reaches of the Damodar River and windows 1 and 2 of the Sone 

River are dominated by in-channel mining belt. In contrast, Window 3 of the Sone has been 

impacted by floodplain mining due to deple)on of in-channel sand. Hotspot analysis based on 

mining intensity iden)fied reaches 9–12 in Damodar and windows 2 and 3 of the Sone River as 

primary hotspots of mining ac)vi)es.  

The second objec)ve focused on long-term planform change analysis using sub-decadal Landsat 

data processed through GEE. Efficient and scalable methods were used to extract changes in 

ac)ve river channel, wet channel, and sand deposit areas, as well as bar-to-channel area ra)os 

and metrics such as the sinuosity index and braiding index (using RivGraph). For assessing long-

term river planform changes, an automated approach using Google Earth Engine was adopted, 

enabling efficient and reproducible extrac)on of river planform features from mul)-decadal 

Landsat imagery. Unlike tradi)onal digi)za)on methods prone to user bias, this approach ensures 

consistency and scalability across large datasets and extended )meframes. The RivGraph Python 

library was used to automa)cally extract the river network from binary water masks, facilita)ng 
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the calcula)on of braiding and sinuosity indices by quan)fying centerline length and channel 

count. Addi)onally, a custom Python-based algorithm was developed to generate spa)otemporal 

contour maps of area change, offering a clear visualiza)on of geomorphic hotspots and the 

progression of planform change over )me. These tools collec)vely provided a robust framework 

for linking human interven)ons such as mining and regula)on with morphological responses in a 

spa)ally explicit and process-informed manner. The analysis showed significant morphological 

degrada)on, especially downstream of mining hotspots, with a near-complete loss of sediment 

bars in Window 3 of the Sone River and severe changes in Zone 3 of the Damodar. 

To link these changes with their drivers, a process–response framework was developed, 

iden)fying how intensive mining and flow regula)on (barrages, reduced sediment supply) lead to 

channel incision, bar loss, simplifica)on, and changes in wet channel area. This approach provides 

a reproducible framework to understanding and monitoring the geomorphic impacts of human 

interven)ons and supports the development of targeted river restora)on strategies. 

The major conclusions from this study are as follows: 

1. Spa)otemporal sand mining hotspots along with their geomorphological associa)on in both 

Damodar and Sone rivers suggest that most of the reaches in the iden)fied hotspots have 

more than 50% of their area occupied by sand mining ac)vi)es. It emphasizes the urgent need 

to priori)ze these hotspots for monitoring and ini)ate remedia)on measures for restoring 

the river.  

2. The severity of impacts from sand mining in both the Damodar and Sone Rivers is evident 

through extensive morphological degrada)on observed over )me. In some reaches of the 

Damodar River, a mining intensity as high as 0.8 was documented in recent years (2024) 

indica)ng that 80% of its total area was covered by mining ac)vi)es.  

3. A rapid increase on mining ac)vi)es has been documented in the Damodar River between 

2019 and 2024, with several reaches recording 3.5-fold increase in dry mining area and a 2.7-

fold increase in wet mining pits, resul)ng in severe wet channel fragmenta)on.  

4. In the Sone River, major geomorphic impacts of sand mining include loss of channel belt and 

sand bar areas, and transforma)on from braided to a single-thread channel system. In some 
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reaches, nearly 53% of sand bars have been lost, including the near-total disappearance of 

mid-channel bars.  

5. While Windows 1 and 2 in the Sone River exhibit extensive in-channel mining, Window 3 has 

transi)oned to floodplain mining, due to the complete deple)on (100%) of sand bars.  

6. In both Damodar and Sone Rivers, widespread channel incision, bar erosion, and 

morphological simplifica)on, which collec)vely reduce the river’s flood buffering capacity, 

impair floodplain connec)vity, and diminish groundwater recharge poten)al, rendering these 

reaches highly vulnerable to both hydrological extremes and long-term ecological 

degrada)on. 

7. The combined effects of sediment extrac)on through sand mining and sediment entrapment 

by flow regula)on structures significantly reduce the sediment supply downstream. Flow-

regula)ng structures like dams and barrages trap large amounts of sediment upstream, 

disrup)ng the natural sediment replenishment process. This sediment deficit is further 

exacerbated by sand mining, which directly removes sediment from the river system. 

8. Sand mining has reduced sediment availability in downstream reaches in two cri)cal ways: 

firstly, by diminishing the ini)al sediment supply traveling downstream, and secondly, by 

crea)ng deep mining pits that act as sediment traps where much of the transported sediment 

seOles and is no longer available to replenish downstream reaches. As a result, downstream 

reaches become severely sediment-starved. 

9. Sediment starva)on because of mining triggers the ‘hungry water’ effect, where sediment-

depleted water has increased erosive power, causing channel incision, lowering riverbed 

levels, and increasing ver)cal channel space. This has led to significant morphological changes 

in both Damodar and Sone Rivers, including the loss of sediment bars (lateral erosion) that 

serve as flood buffers and groundwater aquifers. The loss of these bars and the transforma)on 

from mul)channel to single-channel morphology reduces channel belt area and degrades 

floodplain connec)vity and ecosystem health. 
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Chapter 4 

4. Impact of sand mining on the sediment dynamics of 
the Gaula River using CASCADE modelling 

4.1. General  
Excessive sand and gravel extraction from fluvial systems significantly disrupts sediment 

transport processes, alters river morphology, degrades aquatic habitats, and lowers groundwater 

levels. Sediment dynamics are crucial for maintaining nutrient cycles and ensuring morphological 

and ecological balance in large river systems. When extraction exceeds natural replenishment 

rates, it disturbs flow regimes and undermines river stability (Hackney et al., 2020), particularly 

in sensitive environments like ephemeral rivers. Despite growing concern, most existing research 

is confined to short river stretches, often neglecting catchment-scale sediment connectivity and 

flux. This oversight is especially critical for rivers such as the Gaula in northwestern India, an 

ephemeral Himalayan River where approximately 22 km of the channel undergoes annual sand 

mining. Located in a tectonically active zone, the Gaula experiences intense monsoonal 

discharges, generating high stream power, causing bed incision and channel narrowing. 

To address these challenges, our study adopts an integrated approach that combines SWAT-

based hydrological modelling, UAV-derived grain size distribution, and graph-theory-driven 

CASCADE sediment transport modelling. This framework enables a source-to-sink understanding 

of sediment connectivity, quantifies spatial variations in sediment flux and highlights 

geomorphologically vulnerable reaches. 

4.2. Approach, data and methodology 
The methodological structure of this research comprises three primary elements: (a) river 

network scale grain size distribution (GSD) analysis, (b) hydrological modelling using SWAT, and 

(c) sediment transport modelling through CASCADE at the reach scale sediment flux (Fig. 4.1). 

Sediment response in the upper catchment of the Gaula River is evaluated independently. The 

lower catchment, characterised by extensive mining activities, is analysed for the impacts of sand 
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mining. In the hilly upper catchment, the river network was divided into reaches of 1 km in length 

to account for slope variability in high-altitude (Fig. 4.2a and b).  

 

Figure 4.1: Flowchart illustrating an integrated approach of hydrology, GSD size distribution at network scale and 
their integration with the sediment transport modelling (CASCADE). 

zones. In contrast, the lower catchment is divided into 20 reaches of 2 km each, which is 

appropriate for the foothills and Gaula fan region due to the lower gradient. The hilly upper 

catchment has an elevation range of 2,557 meters to 530 meters, while the lower catchment, 

situated in the Gaula fan area, has an elevation range between 530 meters and 139 meters (Fig. 

4.2 a, b) (Shukla, 2009). The reach in the upper catchment flows through a narrower valley, 

whereas the lower catchment features wider valley margins. This geomorphic 

compartmentalisation significantly influences geomorphic processes, including river dynamics, 

sediment transport, and evolution (Alexander et al., 2009; Jain et al., 2012; Piégay et al., 2023). 
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Though the river reach division can influence stream power (Martínez-Fernández et al., 2019), 

variations in sediment transport and channel morphology further modulate the energy available 

for erosion and deposition, shaping distinct geomorphic characteristics across different reaches 

(Wohl et al., 2015).  

 

Figure 4.2: Overview of the Gaula River catchment showing key physical and hydrological features (a) Digital 
Elevation Model (DEM) of the Gaula catchment illustrating terrain variability, river network, and major tectonic 
structures, including mapped thrusts and faults. (b) Spatial distribution of average rainfall across the catchment with 
demarcated river reaches divided at 1 km intervals in the upper catchment and 2 km intervals in the lower catchment 
for hydrological and geomorphic analysis. (c) Land use and land cover map of the Gaula catchment, highlighting 
forested areas, agricultural zones, urban settlements, and riverine features relevant to sediment source and transport 
processes. 

4.2.1. Drone-based granulometry 
The grain size in riverbed materials is crucial in sediment transport dynamics. Larger particles 

require higher flow velocities for mobilisation, while finer sediments can be suspended at lower 

velocities. This natural sorting process influences sediment deposition patterns and overall river 

morphology. Our study examined grain size variations under mining and no-mining conditions to 

assess the impact of sand mining on sediment flux and connectivity. In March and December 
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2022, high-resolution drone imageries were captured to document these conditions. The images 

were processed into orthorectified and scaled formats using Agisoft Metashape (Figure 4.3), 

enabling precise grain size extraction on hyper-spatial images. Grain size analysis was performed 

using BASEGRAIN, a MATLAB tool designed for top-view image analysis of non-cohesive riverbed 

deposits (Detert and Weitbrecht, 2013). The line sampling method proposed by Fehr (1987) was 

applied to estimate key grain size percentiles (D16, D50, and D84) following the approach of 

Carbonneau et al. (2018). Since BASEGRAIN is limited to coarse-grained sediments, sieving-based 

grain size distribution (GSD) analysis was conducted in the fine-grained lower reaches of the 

Gaula River (Reaches 83 and 87). The GSD was categorised into 18 logarithmic scale (φ) classes, 

with the observed distribution serving as a key input for the CASCADE framework. This framework 

evaluates grain size distributions and estimates grain-specific transport capacity, providing 

insights into sediment connectivity and transport dynamics. 

 

Figure 4.3: Detailed methodology adopted for the GSD data collection using drone images and BASEGRAIN software, 
a MATLAB-based tool for optical granulometric analysis of top-view images of non-cohesive river deposits to evaluate 
D16, D50, and D84 grain distribution information.  
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4.2.2. SWAT modelling 
The SWAT model (Arnold et al., 1998; Arnold and Fohrer, 2005) is extensively used to simulate 

hydrological, environmental, and agricultural processes across diverse watersheds, including 

non-perennial river systems (Llanos-Paez et al., 2023, 2024; Rath and Hinge, 2024; Leone et al., 

2024). Its reliability and adaptability make it a key tool for water resource management and 

environmental policy development (Baffaut et al., 2015; Liu et al., 2023). In the Gaula River 

catchment, the SWAT model has been configured to integrate land use, soil characteristics, 

Digital Elevation Models (DEM), meteorological conditions, and observed streamflow records 

(Table 4.1). 

Table 4.1: Thematic, weather, and discharge data used in the SWAT model setup. 

S.No.  Data type Sources 

1 Digital Elevation Model 

(DEM) 

CartoDEM-v3.1, 30m, ISRO (Jain et al., 2018) 

2 Landuse  NRSC 2005-06, 1:50,000, (Grekousis et al., 2015) 

3 Soil  Harmonised World Soil Database (HWSD) v.1.2 – Food and 

Agriculture (FAO), (Batjes, 2009) 

4 Weather data 

(Precipitation, 

Temperature 

IMD Daily Precipitation (1990 – 2022), IMD – Daily 

Temperature Min, Max (1990 – 2022)  

(Nandi et al., 2020) 

5 River discharge  Observed discharge at the river outlet at Kichha barrage 

(Source: Uttarakhand Irrigation Department, Haldwani), 

6 Weather generator 

database (Solar 

radiation, relative 

humidity, and wind 

velocity 

https://swat.tamu.edu/data/india-dataset/ (SWAT model 

official website). 

        *IMD – Indian Meteorological Department. 

The SWAT model was employed to quantify key water balance components, including infiltration, 

runoff, evapotranspiration, lateral flow, and percolation, at the Hydrologic Response Unit (HRU) 

level. These components were aggregated at the sub-catchment level, with the resulting flows 
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routed to the catchment outlet. In the SWAT model setup for the Gaula River, the controlled 

discharge release data from the Gaula barrage was incorporated into the modelling environment. 

The model evaluation uses the Kichha Dam data at the outlet for validation. Additionally, 

essential updates were made to the manning’s “n” values of the main channel, tributaries, and 

overland flow (Chow et al., 1988; Arcement and Schneider, 1989). The model simulated 

hydrological processes from 1990 to 2021, with the initial four years used as a warm-up period. 

Thus, the model yielded 28 years of distributed hydrographs for the Gaula River catchment.  

The Gaula catchment slope was derived using the Cartosat-1 Digital Elevation Model (DEM) in 

ArcGIS to assess the topographic variations across the catchment. The SWAT model was used to 

calculate the average longitudinal slope of the channel (m/m). Total stream power (TSP) 

represents the energy available for sediment transport and erosion in a river channel (Yang and 

Stall, 1974). TSP is a function of discharge and channel slope. To quantify TSP, the 28-year average 

monthly discharge for August, representing peak monsoonal flow, was multiplied by the 

corresponding slope values for each river reach. This approach provides a spatially distributed 

representation of energy availability for geomorphic work, particularly sediment transport and 

channel incision.  

The SWAT-derived hydrological data is essential for the CASCADE model, which is used in this 

study to simulate sediment transport and delivery. Since the CASCADE model relies on external 

hydrological information, SWAT-simulated hydrographs become crucial inputs. Unlike the 

continuous simulation of the SWAT model, CASCADE operates instantaneously and requires 

specific hydrographs for sediment transport modelling. To facilitate integration, SWAT-simulated 

hydrological data was categorised into eight classes using nine percentile values, spaced one 

standard deviation apart (-4σ to +4σ) in a standard normal distribution, providing hydrographs 

suitable for CASCADE. The associated percentile values correspond to probabilities of 10, 20, 30, 

50, 60, 70, 90, 95, and 97. The Gaula River exhibits intermittent flow and irregular sediment 

transport, with peak discharge occurring during the monsoon months of July and August, while 

flow remains below average for the rest of the year. Thus, CASCADE sediment transport 

modelling relies on the 97th percentile discharge to ensure connectivity and effective sediment 

delivery within the river network. As a predominantly gravel-bed river, the Gaula achieves 
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maximum sediment connectivity during peak discharge events, producing episodic sediment 

pulses that shape river geomorphology and sediment dynamics (Emmett and Wolman, 2001; 

Venditti et al., 2010).  

4.2.3. CASCADE model 
The CASCADE model is an effective and computationally efficient sediment transport modelling 

framework that calculates grain-specific sediment flux across a river network (Tangi et al., 2019). 

It identifies sediment sources and their respective contributions to different river reaches and 

outlets, providing a detailed representation of entrainment, transportation, and sediment 

deposition processes. The model simulates sediment movement as cascades representing single 

transport processes, starting with a specific grain size and flow rate. Cascades gradually deplete 

as sediment is transported downstream, with deposition occurring along the river profile. 

Multiple cascades are activated during simulations, allowing for a comprehensive grain-size-

specific sediment flux analysis (Tangi et al., 2019). 

In this study, we applied the CASCADE model to analyse controls of sediment flux under sand 

mining conditions. Two modeling scenarios, namely ‘Mining’ and ‘No-mining’, were developed, 

incorporating field-observed grain size distributions (GSD). Other key boundary conditions, 

including hydrology and the geomorphic characteristic of the river reaches, were kept consistent 

between the two scenarios. River width was extracted from Google satellite imagery. The river 

network and hydrograph derived from SWAT were used in the CASCADE model. For both 

scenarios, the river network included attributes such as river length, slope and Manning's n, 

obtained from SWAT. The flux estimates were computed using Yang’s transport capacity formula 

(Yang, 1984), which determines total transport capacity. To account for grain-size-dependent 

transport, the Molinas fractional transport capacity formula (Wu et al., 2003) was applied to 

derive transport rates for sediment fractions within the phi (Φ) range of -9.5 to 7.5. The Molinas 

fractional transport capacity formula considers sheltering and exposure, where smaller particles 

are sheltered by larger ones and transported at a lower rate. In contrast, larger particles 

experience greater fluid dynamic forces. The Molinas transport capacity fraction (TCF) formula 

enhances the accuracy of predicting fractional transport rates across all sediment size fractions 

in nonuniform mixtures (Wu et al., 2003, 2004).  
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The hydraulic characteristics of the river network were estimated using the Manning–Strickler 

relationship (Manning et al., 1890). For the Gaula River, the net sediment fluxes were calculated 

as the difference between deposited flux and the sum of transported and entrained fluxes, 

allowing for an assessment of network-scale connectivity patterns and sediment flux variations 

between the relatively undisturbed upper catchment and the sand-mining-impacted lower 

reaches.  

4.3. Network Scale GSD establishment with BASEGRAIN 
Table 4.2 presents the D50 GSD data obtained through drone-based granulometric analysis using 

the BASEGRAIN software and sieving method for mining and no-mining scenarios. It illustrates a 

progressive refinement of the median grain size (D50) along the Gaula River’s reaches. The D50, 

D16, and D84 values for no-mining and mining scenarios were linearly interpolated to determine 

the values for the reaches of the river catchment that were not surveyed (Tangi, 2018; Tangi et 

al., 2022). The D50 grain size was notably larger in the mining scenario than in the no-mining 

scenario, indicative of bed coarsening (Table 4.2).  

Table 4.2: Grain size survey performed along the river for no-mining and mining periods. 

Reach ID D50 (No-mining 

scenario) 

D50 (Mining scenario)  

unit- mm 

23 20.74 20.54 

33 12.96 * 

54 * 27.30 

71 * 33.13 

72 24.81 * 

74 * 20.9 

76 16.45 * 

77 * 18.38 

78 14.49 * 

80 * 18.80 

83 * 16.55 

87 11.28 16.52 

       * No observation  
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4.4. Hydrological response using the SWAT model 
Figure 4.4 shows a SWAT-generated 28-year hydrological response at the Gaula catchment outlet 

at Kichha dam (reach 87) from 1994 to October 2021. Between 1994 and 2005, the hydrological 

data shows low discharge levels. The Gaula River catchment experienced extreme discharge 

conditions during the 2005 monsoon. From 2006 onwards, high discharge levels have been 

observed. The complete hydrograph illustrates distinct peaks during the monsoon seasons, 

indicating strong flows, with values occasionally exceeding 1000 cubic meters per second in the 

post-2006 period. Conversely, the river experiences minimal flow during dry seasons, 

occasionally reaching near-zero levels, underscoring the Gaula River’s non-perennial nature in 

the lower catchment. The observed data at the Kiccha Dam is used for the estimation of model 

 

Figure 4.4:  SWAT generated 27 years (1994 to 2021) of hydrological simulation response of the Gaula River 

catchment, and the inset map shows validation for the limited years. 

performance and validation from 2018 to October 2021 (Fig. 4.4). The Kichha Dam was breached 

in October 2021 due to a peak discharge event. Performance metrics between the simulated and 

observed data included a correlation coefficient (R) of 0.84, Nash-Sutcliffe Efficiency (NSE) of 0.69 
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and R2 of 0.7, fulfilling the minimum required criteria of NSE > 0.5 and R2 > 0.6 (C. Santhi et al., 

2001; D. N. Moriasi et al., 2007; Arnold et al., 2012), suggesting a good predictive capability for 

the period of 2018–2021. The output of this model shows that the SWAT model can be used to 

analyse hydrological processes in ungauged river basins where observed data is unavailable or 

insufficient. 

4.5. Hydro-geomorphic controls: catchment slope, channel slope and stream 
power 

Figure 4.5a shows that the Gaula River catchment has two distinct zones in terms of slope 

variations. The upper catchment area is characterised by its steep slopes (28.64° to 70.88°), 

indicating rugged topography with high elevation gradients. In contrast, the lower catchment 

exhibits gentler slopes (0° to 8.62°) with relatively flat terrain. Figures 5b show the channel slope 

in the Gaula River. The river reaches in the upper catchment show very high (0.047 to 0.088 m/m) 

to high (0.023 to 0.046 m/m) and moderately high (0.015 to 0.022 m/m) steep slopes (Fig. 4.5b). 

These steep gradients are associated with mountainous terrain and active tectonic settings. 

There are also a few reaches with gentle slopes (0.006 to 0.0.014 m/m) to very gentle slopes (0 

to 0.005 m/m), in the southern part of the upper catchment itself (Fig. 5b), where the catchment 

slope is also low (Fig. 4.5a). The lower catchment of the Gaula River typically has a gentle to very 

gentle channel slope attributed to the flat terrain. Figure 5c shows the total stream power (TSP) 

distribution in the Gaula River (Fig. 4.5c). The uppermost northern reach of the upper catchment 

shows low TSP (0.14 to 0.25 W/m) to very low stream power (0 to 0.13 W/m). These reaches 

have a high channel slope but low stream power because the discharge in those reaches is not 

significant enough to produce the stream power necessary for efficient channel transport. 

Moderate TSP values (0.26 to 0.46 W/m) are observed in the upper catchment's central to lower 

southern reaches. The highest TSP value (0.72 to 1.26 W/m) is also observed in the upper 

catchment (Fig. 4.5c), where steep channel slope contributes to increased erosion potential (Fig. 

4.5b). The lower catchment has high TSP (0.47 to 0.71 W/m) specifically along the upper and 

middle segment which transitions into low TSP values in the lower segment indicative of reduced 

erosive capacity. 
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Figure 4.5: (a) Slope map of the Gaula River catchment showing the topographic gradients and delineated river 
network; (b) Longitudinal variation in channel slope along the Gaula River, highlighting morphological transitions 
from the upper to lower catchment; and (c) Specific stream power distribution along the Gaula River, indicating zones 
of high energy and potential erosion linked to geomorphic activity and anthropogenic pressures. 

4.6. Sediment Flux es-ma-on from the CASCADE model 
Figures 4.6a and b show the Gaula River catchment’s sediment flux for the deposition, 

transportation and entrainment processes under mining and no-mining conditions. The 

deposited, transported and entrainment flux for both mining and no-mining scenarios in the 

upper catchment (till reach 49) shows negligible differences, as shown in Figure 4.6. The net 

sediment fluxes for reach 49 in the mining and no-mining scenarios are 207.15 Kg/sec and 210.56 

Kg/sec, respectively. The net sediment delivery of the upper catchment for both scenarios is 

almost similar, as obtained from the CASCADE model under both scenarios. However, the amount 

of sediment extracted from the lower catchment is substantial, and it provides the rationale for 

prioritising lower reaches for the sediment dynamics study utilising the CASCADE model.   
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Figure 4.6: Gaula River’s pristine upper catchment conditions demonstrate negligible impact on sediment delivery at 
the foothill zone in (a) mining and (b) no-mining scenarios (Yang's TCF).  

4.6.1. Sediment flux under mining scenario 
The Gaula River network in the lower catchment is divided into 20 reaches, each 2 km long. Akuria 

and Sinha (2025) categorised the Lower Gaula catchment into three segments: tectonics- and 

bedrock-controlled upper segment, the middle segment corresponding to the mining zone, and 

the unconfined lower segment. We have adopted this terminology here, classifying the upper 

segment as reaches 61 and 69, the middle segment as reaches 70 to 80, and the lower segment 

as reaches 81 to 87. In the upper segment, the transported flux is initially high peaking at reach 

61 (806 Kg/sec), then decreasing to 245.9 Kg/sec at reach 69 in the mining scenario (Fig. 4.7a). A 

secondary peak occurs at reach 70 (338.7 Kg/sec), followed by a relatively stable flux across 

reaches 71 to 78. A sharp decline is observed at reach 79 (94.2 Kg/sec) and 80 (39.5 Kg/sec). 

Further downstream, the transported flux decreases significantly to reach 83 (19.4 Kg/sec) and 

remains low thereafter. The entrainment flux mimics the transported flux and shows noticeable 

peaks at reaches 61 (324.4 Kg/sec) and 70 (92.8 Kg/sec), followed by almost negligible values in 

the subsequent reaches (Fig. 4.7a). In contrast, deposition flux exhibits peaks where transported 

flux decreases. Deposition flux shows significant peaks at reaches 69 (278.8 Kg/sec), and 79 

(112.3 Kg/sec), and moderate peaks at 71 (90.3 Kg/sec), 75 (41.56 Kg/sec) and 77 (27.65 Kg/sec) 

where sediment settles more conspicuously (Fig. 4.7a). 
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Figure 4.7: Yang's TCF based sediment fluxes (deposited, transported and entrainment) in the lower catchment 
reaches in a) mining and b) no-mining scenarios. Net sediment delivery highlighting sediment deposition and 
transport dominant river reaches in c) mining and d) no-mining scenarios.  

4.6.2.  Sediment flux under no-mining scenario 
Conversely, under the no-mining scenario, the transported flux is markedly higher (74.58%) than 

mining conditions, with notably large values between reaches 70 and 79. The upper segment 

exhibits a similar pattern in both scenarios. However, with elevated transported flux in the no-

mining case, peaking at 1019.9 Kg/sec at reach 61 and 325.8 Kg/sec at reach 69 (Fig. 4.7b). Unlike 

the stabilised transported flux observed under mining conditions, the no-mining scenario shows 

alternating high and low flux values between reaches 70 and 78. A sharp decline still occurs from 

reach 79 (267 Kg/sec) to 80 (92 Kg/sec), followed by minimal transported flux beyond reach 83. 

The entrainment flux mirrors the transported flux, showing prominent peaks at reaches 61 (263.7 

Kg/sec) and 70 (196.3 Kg/sec) and shows moderate values at 74 (52.1 Kg/sec), 76(51.9 Kg/sec) 

and 78 (44.9 Kg/sec). Figure 7b shows pronounced peaks of deposition flux at reaches 69 (241.5 

Kg/sec), 75 (116.9 Kg/sec), 77 (99.5 Kg/sec), 79 (114.8 Kg/sec) and 80 (175.9 Kg/sec), and a minor 

peak at 73 (46.7 Kg/sec). These values imply that sediment transport, deposition, and 

entrainment fluxes are all elevated under no-mining conditions, especially in the middle segment 
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reaches (70 to 80), corresponding to the mining zone. The reaches beyond 81 exhibited 

equilibrium conditions in both scenarios with negligible change in the three flux values. The 

mining scenario results in a total transported flux of 3,465.03 Kg/sec, deposition flux of 686.39 

Kg/sec, and entrainment flux of 496.25 Kg/sec. In contrast, the no-mining scenario yields 

significantly higher values, with a total transported flux of 6,049.45 Kg/sec, deposition flux of 

934.91 Kg/sec, and entrainment flux of 645.74 Kg/sec. 

4.6.3.  Net sediment delivery 
Figures 4.7c and d show a comparative assessment of net sediment transport along the Gaula 

River between mining and no-mining scenarios. Negative values signify erosional processes while 

positive values indicate depositional processes. Figure 4.7c shows a homogenised sediment 

delivery system in the mining scenario. Bed-rock and tectonics-controlled reach 61 is a 

remarkably high erosive zone where the sediment delivery is -1130.45 Kg/sec, followed by a 

depositional zone at reach 69 where sediment delivery is 32.91 Kg/sec (Fig. 4.7c). The middle 

segment (reaches 70 to 78) corresponding to active mining zones is moderately erosive with 

reach 70 exhibiting the highest erosion rate (-431.59 Kg/sec). However, a shift toward 

depositional conditions is observed downstream, as sediment delivery transitions from -220.62 

Kg/sec at reach 78 to 18.05 Kg/sec and 15.29 Kg/sec at reaches 79 and 80, respectively. The lower 

segment (reaches 81–87) shows erosion but with reduced intensity compared to the middle 

segment, except at reach 84, where a slight deposition of 6.02 Kg/sec is recorded (Fig. 4.7c). 

In contrast to the homogenised mining scenario, the no-mining scenario shows a more dynamic 

sediment delivery system (Fig. 4.7d). Similar to the mining condition, reach 61 remains a highly 

erosive zone with an increased sediment erosion rate of -1283.7 Kg/sec. However, unlike the 

mining scenario, reach 69 is mildly erosion-dominated in the no-mining scenario (-88.07 Kg/sec). 

The reaches of the middle segment are highly erosive to erosive, where the highest erosion 

occurs in reach 70 (-718.54 Kg/sec), followed by reach 72 (-554.83 Kg/sec) and reach 74 (-556.77 

Kg/sec). The exception is reach 80, which is a depositional zone (82.95 Kg/sec). Like the mining 

scenario, the lower segment (reaches 81–87) exhibits minimal erosion, except for reach 84, 

where a slight deposition of 16.77 Kg/sec is observed (Fig. 4.7d). 
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4.7.  Reconstruc-on of hydrology for an ephemeral river 
The hydrological response of an ephemeral river in the northwestern Himalayas was analysed, 

revealing substantial insights into its complex hydrological regime (Qazi et al., 2020), the SWAT 

analysis indicates a notable increase in discharge levels post-2006 (Fig. 4.4) driven by a slightly 

increasing trend in rainfall (Banerjee et al., 2020; Kansal and Singh, 2022; Singh and Pandey, 

2024). The hydrographs exhibit pronounced peaks during the monsoon season. Intense 

hydrograph peaks during the monsoon months often trigger flash floods (Fig. 4.4), which 

frequently trigger flash floods—phenomena influenced by topographic features, climatic 

conditions, regional geology, and extensive land-use transformations occurring in the NW 

Himalaya (Ghosh et al., 2019; Sagwal et al., 2024). The Gaula catchment is tectonically active, 

leading to recurrent landslides in the upper catchment (Bartarya and Valdiya, 1989; Sah et al., 

2018; Lal. Kumar et al., 2020), whereas, in the lower catchment, it behaves primarily as an 

ephemeral river (Akuria and Sinha, 2025). High-intensity precipitation events create conducive 

conditions for frequent flash floods in these ephemeral streams (Osborn and Lane, 1969; Ortega 

et al., 2014). In Uttarakhand, notable flash flood incidents have been attributed to extreme 

rainfall coupled with anthropogenic global warming impacts (Kansal and Singh, 2022; Singh and 

Pandey, 2024). A catastrophic flood in 2021 destroyed the Kiccha dam on the Gaula River, 

significantly disrupting both livelihood and property in the surrounding floodplains (Ansari et al., 

2023; Rawat et al., 2022). Vegetation loss plays a crucial role in hydrological instability, as reduced 

cover accelerates sheet flow convergence and channel initiation (Sandercock et al., 2007), in the 

NW Himalaya (Qazi et al., 2017). Moreover, the removal of vegetated bars from the river in the 

lower catchment due to sand mining (Akuria and Sinha, 2025) contributed to an increased 

discharge at the outlet, exacerbating the impacts of floods.    

The hydrological results obtained from the SWAT model align closely with the observed Gaula 

River catchment discharge conditions, as illustrated in the inset plot of Figure 4.4. The level of 

precision attained with minimal parameterisation emphasizes the effectiveness of SWAT models 

in examining the hydrology of ephemeral rivers (Gamvroudis et al., 2015; Pulighe et al., 2020; 

Nabih et al., 2021). Previous investigations have shown that even without calibration, the SWAT 

model can yield reliable hydrological results (R. Srinivasan et al., 2010; Cho et al., 2013). 
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Hydrological simulations using the SWAT model closely replicate observed discharge patterns in 

the Gaula River catchment, successfully capturing the peak flow responsible for the Kiccha dam 

failure in October 2021 (Fig. 4.4). This high level of accuracy, achieved with minimal 

parameterisation, highlights the model’s suitability for studying ephemeral river hydrology 

(Gamvroudis et al., 2015; Pulighe et al., 2020; Nabih et al., 2021). It is reported that the SWAT 

model is an effective tool for managing water resources in the rivers of the Himalayas (Rautela 

et al., 2023; Swain et al., 2022).  

Furthermore, the SWAT model generates river network parameters that inform the input 

attributes for the CASCADE model. These parameters provided by SWAT include river width, river 

length, gradient, as well as the elevations and geographic coordinates of the ‘to and from’ nodes. 

As a result, the SWAT model offers essential hydrological information and supports the 

development of an integrated approach, which includes BASEGRAIN-based GSD and CASCADE 

models, to understand the connectivity in the sand mining-impacted ephemeral Gaula River. 

A key challenge in modelling the hydrology of this ephemeral Himalayan River arises from 

insufficient quantitative information regarding glacier melt contributions, precipitation 

distribution in the region, a comprehensive discharge gauge network, and challenges associated 

with accessing the higher hinterland. In ephemeral rivers, the SWAT model provided insights into 

climate change impacts on hydrology and its suitability for the Indian region (Sharma et al., 2022; 

Dubey et al., 2023). Nonetheless, the number of studies addressing the ephemeral river 

hydrology of the NW Himalayas remains limited. This research demonstrates the application of 

the SWAT model to navigate the complexities introduced by challenging topography, climate 

variability, and the lack of long-term observational data inherent to ephemeral river systems. 

Future work should prioritise integrating higher-resolution remote sensing imagery, along with a 

more robust network of precipitation and river gauge data, which will substantially enhance the 

understanding and management of these vulnerable Himalayan River systems (Hasan and 

Pradhanang, 2017; Chiphang et al., 2020; Kumar and Singh, 2023). Ultimately, this will improve 

our comprehension of sediment transport behaviours and the management of water resources 

(Ghimire et al., 2024; Quamar et al., 2025). 
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4.8.  River Behaviour with the ‘imposed’ boundary condi-ons 
River systems are dynamic and adjust within the imposed boundary conditions, marked by relief, 

slope and valley morphology. Flux boundary conditions are inset within the imposed boundary 

conditions, determining the energy conditions under which rivers behave. Adjustments in river 

systems are brought about by alterations to the imposed and flux boundary conditions, whether 

due to ‘natural’ trends or human-induced (anthropogenic) impacts. Understanding the river’s 

character and behaviour under the imposed and flux boundary conditions is crucial to 

differentiate between anthropogenic and natural impacts.  

Here, we have utilised the nested hierarchical approach (Fryirs, 2017; Fryirs and Brierley, n.d.) to 

understand the factors that control the imposed boundary conditions. The Gaula catchment is 

significantly influenced by active tectonics, which plays a significant role in changing the imposed 

boundary conditions, and the time frame for such adjustments occurs over geologic timescales 

(105). The Gaula catchment is notably elongated (Re=0.36) and has a relief ratio of 18.71, 

indicating a significant drop in elevation per unit length of the river. This high relief and steep 

slope render the area more susceptible to headward erosion, ultimately leading to increased 

sediment production. This phenomenon is attributed to tectonic uplift within the MBT zone 

(Gururani et al., 2023). Additionally, the Gaula catchment has a low form factor of 0.1361, which 

suggests that it will exhibit a prolonged, flattened peak flow. Hence, the Gaula catchment can 

produce a large sediment flux which is transported downstream efficiently through a single 

channel and an elongated basin. The channel slope map indicates a steep gradient in the upper 

catchment, transitioning into moderate and low gradients in the lower catchment (Fig. 4.5b). The 

high slopes in the upstream areas are associated with the tectonically active Himalayan terrain, 

and the lower reaches exhibit a relatively flat gradient (Fig. 4.5a and b). The TSP follows a similar 

pattern to the channel slope but does not always directly correlate with channel slope. While 

some steeply sloped reaches exhibit high TSP, for example, the presence of localised high TSP 

reaches in the central part of the upper catchment suggests potential areas of increased channel 

erosion and transport. However, others display only moderate to low values (Fig. 4.5b and c). 

This discrepancy arises because stream power is influenced not only by slope but also by 
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discharge. In steep headwater regions, though slopes are high, discharge is relatively low, leading 

to moderate to low stream power values. 

In contrast, upper and middle segments of the lower catchment with higher discharge but lower 

slopes generate considerable stream power, facilitating sediment transport and channel 

adjustments. Thus, the river behaves as a sediment transport zone here with high stream power 

(Fig. 4.5c) with high terraces on either side, which gradually transforms into a laterally unconfined 

meandering river further downstream (Akuria and Sinha, 2025). The stream power declines in 

the lower segment of the river in the lower catchment as the catchment and channel slope both 

are negligible (Fig. 4.5a) indicating reduced erosional capacity, favouring sediment deposition. 

Moreover, Goswami (2018) highlighted the significant influence of tectonics on the morphology 

of alluvial fans in the piedmont zone of the Himalayas. Shukla (2009) also suggested that tectonic 

activity caused the incision of the Gaula River into the deposits of the piedmont fan surface, 

where the incision in the proximal part of the fan is 8–16 m, while in the middle and distal parts, 

it is 3–4 m. Therefore, we we argue that the imposed boundary conditions in this river are 

significantly controlled by both tectonics and discharge.  

4.9.  River response to changes in ‘flux’ boundary condi-ons 
Flux boundary conditions determine the energy conditions under which rivers behave. The 

geomorphic processes and resulting forms in rivers are driven by a balance between the driving 

forces, namely, water discharge (Qw), channel slope (S), and resisting forces, sediment discharge 

or sediment load (Qs), and sediment bed grain size or particle diameter (Ds) (Lane 1955). In other 

words, if any variables are altered, the river will try to maintain its equilibrium by adjusting to 

other variables. Both natural (climate, tectonics) and/or anthropogenic perturbations can alter 

the variables and initiate the geomorphic change by altering sediment load and discharge. This 

impacts the rate and extent of erosional and depositional processes within the channel, leading 

to changes in channel morphology.  

This study examines alterations in grain size distribution based on observed data, highlighting the 

bed coarsening effect caused by sand mining. While the analysis assumes constant slope and 
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sediment load, it is acknowledged that these parameters will vary locally under real-world sand 

mining conditions. 

4.9.1.  Bed coarsening due to sand mining 
Grain size is the primary factor influencing geomorphology, river hydraulics, ecology, and 

sediment transport dynamics. It also affects riverbed stability and sediment transport rates. 

Detailed work on different sediment size measurement methods and their implications on the 

river health interpretations is documented by Kondolf et al. (2003). Sediment flow rate 

determines the possible change in the river morphology (Best and Rhoads, 2008; Yadav and 

Yadav, 2021). Variations in sediment grain size affect transport efficiency, influencing how 

sediment is moved and deposited downstream and affecting river morphology (Friend, 1993). 

Therefore, sediment size measurements are crucial for the river’s hydraulic structure design and 

ecological health. However, the measurement of sediment transport rates for Indian rivers lacks 

long-term sediment flux and sediment volume data at the river outlet. 

Implementing the BASEGRAIN software for riverbed GSD data development at the network scale 

has provided valuable insight into both mining scenarios and resulting GSD differences on the 

riverbed. The data analysed for the mining conditions in the actively mined reaches showed 

riverbed coarsening. Typically, changes in the refinement of riverbed grain size are influenced by 

tributaries joining the main river (Rice and Church, 1998). However, no significant tributaries exist 

in the mining reach section of the Gaula River. Therefore, overexploitation of the sand and gravel 

from the riverbed has led to the coarsening of D50 values in the reaches impacted by sand mining. 

The differences observed in mining and no-mining scenarios provide vital information for 

sediment connectivity modelling. The images shown in figure 2.10 (Chapter 2) stipulate the 

severity of sand mining actions on the Gaula River's riverbed, and it leaves the riverbed with 

gravel, cobble and boulder-rich riverbed (Hussain et al., 2022). The BASEGRAIN software has 

provided ways to document the GSD change in both sand mining scenarios in the actively mined 

river reaches (Figure 4.3). The GSD differences become river boundary conditions for sediment 

transport simulation in the CASCADE, producing sediment flux in no-mining and mining 

conditions (Fig. 4.6 and 4.7). 
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4.9.2.  Sediment connec-vity in mining and no-mining scenarios 
The challenges and uncertainties in measuring bedload transport have been well documented 

(Ancey, 2020a, 2020b). Despite these difficulties, advancements in direct measurement 

techniques for boundary conditions have significantly improved the predictability of bedload 

transport (Schmitt et al., 2016; Tangi et al., 2019; Lang et al., 2021; Wong et al., 2024). One crucial 

boundary condition in sediment transport modelling is grain size distribution, which directly 

influences sediment mobility and connectivity within the river system. It is well documented in 

the literature that sand mining leads to bed armouring as preferential removal of finer sediment 

leaves behind a layer of coarser materials that hinder natural sediment transport and 

connectivity (Mathias Kondolf, 1994; Rinaldi et al., 2005). Our earlier work has documented 

significant bed armouring in long stretches of the Gaula River (Akuria and Sinha, 2025). The net 

sediment delivery assessment (Fig. 4.6) indicates that the upper catchment has produced a nearly 

identical net sediment flux available for the lower catchment in both scenarios. The main reason 

for this is that the upper catchment has no significant sand mining activity. Secondly, the access 

to the road from the river network is difficult due to deep and narrow river valley regions, which 

restricts massive-scale sand mining prospects in the upper catchment. Thirdly, the dominant 

grain size is boulders, cobbles and pebbles in the upper catchment, which needs to be broken 

down for use in the aggregate industry. The main changes in the sediment fluxes in the in-channel 

environment occurred in the actively mined reaches in the lower catchment, as depicted in 

Figures 4.7a and b.  

A no-mining scenario provides a hypothetical baseline to assess the impact of sand mining. 

Without mining, the river would have maintained a more erosion-dominated regime, particularly 

in reaches 61 to 79 of the upper and middle segments of the lower catchment, allowing for 

greater sediment connectivity (Fig. 4.7d). This results in higher transmission sensitivity and lower 

locational sensitivity. On the contrary, in the mining scenario, the river behaves as a transport-

limited system (Khan et al., 2021). The sediment has been excavated from the riverbed, leaving 

a bed with coarser grains. These coarsened grains act as armour to shield the riverbed from 

erosion. Bed armour functions as a ‘blanket’ that prevents the disturbance and reworking of 

subsurface sediments (Church et al., 1998; Fryirs et al., 2007; Fryirs, 2013). This makes the system 
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‘decoupled’ (Khan et al., 2021) and disrupts sediment connectivity (Fryirs, 2017). Therefore, bed 

armouring reduces transmission sensitivity by limiting the downstream propagation of 

disturbances while increasing locational sensitivity by localising geomorphic responses (Fig. 4.7c). 

This disruption in sediment transfer has been likened to a 'jerky conveyor belt' system (Ferguson, 

1981), reflecting discontinuous sediment movement. The formation of an armour layer raises the 

threshold of critical shear stress required for sediment entrainment, necessitating higher flow 

velocities to initiate particle movement. As a result, entrainment rates decline, particularly during 

low-flow conditions. 

The 69th reach in the no-mining scenario is mildly erosive, but changes to a depositional regime 

in the mining scenario. This is also reflected in the planform (Akuria and Sinha, 2025), where 

braided bars form in the same reach in 2021, but the reach was previously a sediment flushing 

zone in 1976, before the commencement of mining activities (Fig. 4.7c). Similarly, reach 79 

changed from a mildly erosive regime in the no-mining scenario to a depositional one in the 

mining scenario. This is a behavioural change in the river system (Fryirs, 2017). In the no-mining 

scenario, grain sizes are 22.7 mm in reach 69 and 13.8 mm in reach 79, which coarsen to 32.5 

mm and 18.7 mm, respectively under mining conditions. These changes represent critical 

thresholds that alter the behavioural dynamics of the river system between the no-mining and 

mining scenarios. 

Thus, the poorly sorted gravel on the Gaula requires a critical discharge approach to find the 

maximum connectivity across the disconnected reaches and rationalise the selection of Q97 

percentile discharge scenarios to assess the sediment dynamics, as suggested by (Ferguson, 

1994) for gravel-bed rivers. The findings of Lane and Richards (1997) suggest that short space and 

time scale processes are critical for understanding long-term evolution studies, and numerical 

modelling can assist in such cases by combining field observations, lab experiments and 

numerical modelling. It is important to know that the local change in slope and elevation due to 

sand excavation has not been considered in the modelling environment. There is a high potential 

for sediment entrainment along the river reaches should they become incised due to sand 

mining, making these reaches potential hotspots of geomorphic adjustment. 
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4.10.  Summary and conclusions 
1. The upper and middle segments of the lower catchment exhibit high stream power due 

to higher discharge and moderate slopes, enabling active sediment transport and channel 

adjustments. These reaches function as sediment transport zones. As the river flows 

downstream, it transitions from a confined, high-energy system to a laterally unconfined 

meandering form, accompanied by declining stream power and reduced erosional 

capacity, promoting sediment deposition. Additionally, both discharge and tectonic forces 

act as dominant imposed boundary conditions shaping the river's form and function 

across different reaches. 

2. Sand mining leads to bed armouring, characterised by coarser surface grains that function 

as a ‘blanket’, shielding the riverbed from erosion and disrupting sediment connectivity. 

This creates a decoupled, transport-limited system, reducing transmission sensitivity and 

increasing locational sensitivity. This alters the flux boundary conditions.  

3. This armour layer increases critical shear stress thresholds, thereby reducing sediment 

entrainment, especially during low-flow events and contributing to spatially 

discontinuous sediment transport, akin to a 'jerky conveyor belt'. 

4. Reaches 61 to 79 show the maximum impact of sand mining and would have maintained 

a more erosion-dominated regime in no-mining scenario, allowing for greater sediment 

connectivity.  

5. The integrated method (SWAT-based hydrology, GSD and CASCADE-based sediment 

transport) provides important insights into sediment flux and dynamics under no-mining 

and mining scenarios in a data-scarce river catchment.   

6. Modelling limitations include the exclusion of local slope and elevation changes due to 

mining. However, when integrated with field data, numerical models can effectively 

capture the short-term dynamics essential for understanding long-term river evolution. 

Mining-induced incision may expose reaches to heightened sediment entrainment, 

marking them as potential hotspots for geomorphic adjustment. 
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Chapter 5 

5. Measuring Erosion and Deposi$on in the Gaula River 
using UAV-based DEM of Difference 

5.1. General 
Monitoring and quantifying the geomorphic effects of sand mining have traditionally been 

constrained by the limited spatial resolution of satellite remote sensing. In recent years, 

Unmanned Aerial Vehicles (UAVs) have emerged as a powerful tool for acquiring high-resolution 

topographic data in riverine environments (Cucchiaro et al., 2018; La Salandra et al., 2022; 

Diaconu et al., 2023). When combined with Structure-from-Motion (SfM) photogrammetry, UAV 

surveys enable the generation of detailed Digital Elevation Models (DEMs) and orthomosaic 

images, allowing researchers and practitioners to assess landscape change with unprecedented 

precision (Cucchiaro et al., 2018; Azzoni et al., 2023). A particularly useful application of UAV-

derived DEMs is the DEM of Difference (DoD) technique, which involves comparing elevation 

surfaces from two time periods to quantify vertical changes in terrain (James et al., 2012; Calle 

et al., 2018; Diaconu et al., 2023). This approach facilitates the spatially explicit detection of 

erosion and deposition zones, enabling volumetric calculations of material removed or 

redistributed due to sand mining activities. However, the success of DoD analysis relies heavily 

on careful error management, including the application of a Level of Detection (LoD) threshold 

to differentiate real change from noise (Wheaton et al., 2009). 

5.2.  Approach and Methodology 
A practical workflow for using UAV photogrammetry and DoD analysis to detect and quantify the 

geomorphic impacts of sand mining on riverbeds is presented in Fig. 5.1. It outlines key 

methodological steps from flight planning and orthomosaic generation to DEM accuracy 

assessment (Sarkar et al., 2023) thresholding (Wheaton et al., 2009, Williams R. D., 2012) and 

volume estimation (Diaconu et al., 2023).  
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5.2.1. UAV survey planning and Data Acquisi-on 
To monitor geomorphic changes associated with sand mining, two UAV-based topographic 

surveys were conducted over the Gaula River encompassing several reaches of the river (Table 

5.1). The first survey was conducted in March 2022, during the pre-monsoon and active mining 

season, and the second in December 2022, representing a post-monsoon and pre-mining 

scenario (for the next mining season). A DJI Phantom 4 Pro quadcopter was used for image 

acquisition, equipped with a high-resolution camera suitable for photogrammetric applications. 

Flight planning was executed using Drone Deploy, a proprietary software for flight planning. The 

March flight was done at a height of 200 meters from the launching base, with at least 80% frontal 

and 70% side overlap to ensure sufficient coverage and redundancy for Structure-from-Motion 

(SfM) processing. To increase accuracy, the December flight (pre-mining scenario) was done at 

120 meters with a similar frontal and side overlap. A total of 1387 images, amounting to 

approximately 8.73 Gigabytes of data, were captured by the UAV in March 2022, whereas 1777 

images, amounting to 12.62 Gigabytes of data, were captured in the December 2022 field survey.  

For accurate topographic mapping, Ground Control Points (GCPs) were established before UAV-

based surveys using visible target markers composed of high-contrast materials (typically black 

and white), and identifiable corners of permanent structures that were easily distinguishable in 

aerial imagery. These points provide known geospatial coordinates (latitude, longitude, and 

elevation) on the Earth's surface. GCP coordinates were acquired using a Trimble R12 GNSS 

receiver operating in Real-Time Kinematic (RTK) mode. A GNSS base station was set up on 

elevated terrain to maximize signal coverage, with the baseline distance maintained under 10 

km. In cases where this threshold was exceeded, a daisy-chaining method was employed, 

establishing a new base using coordinates from the preceding one (Sarkar et al., 2023). During 

GCP acquisition, the GNSS rover was positioned directly over each target and held stationary for 

a minimum of 10 seconds to ensure coordinate stability. The GCPs served two key purposes: (1) 

for ortho-rectification of the UAV-derived imagery and DEMs, and (2) for validating on-ground 

conditions at key sand mining locations.  
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Table 5.1: UAV image count, data size, and spatial coverage for selected Gaula River reaches (March and December 
2022) 

Reach  March 2022(Images / Size) December 2022(Images / Size) Coverage  
2 440 images / 2.77 GB 451 images / 3.23 GB Full 

3 457 images / 2.89 GB 526 images / 3.73 GB Full 

7 255 images / 1.60 GB 406 images / 2.88 GB Full 

12 176 images / 1.10 GB 318 images / 2.25 GB Half 
13 59 images / 0.37 GB 76 images / 0.53 GB Quarter 

 

5.2.2. Photogrammetric Processing and DEM Genera-on 
Post-flight image processing was mainly conducted in Agisoft Metashape, a proprietary 

Structure-from-Motion (SfM) photogrammetry platform. The workflow commenced with the 

removal of blurred and oblique images to ensure precision in the subsequent processing. The 

integration of Ground Control Points (GCPs) into UAV imagery began with their manual 

placement, aligning each GCP with the centre pixel of a visible target or the corner of a permanent 

structure. After accurately marking the GCPs on a few images, the automated marker placement 

Figure 5.1: Workflow illustrating the practical application of UAV-based photogrammetry and DEM of Difference (DoD) 
analysis for detecting and quantifying the geomorphic impacts of sand mining on riverbeds. 
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of the Agisoft Metashape sped up the process by detecting and marking corresponding points in 

subsequent images. Image alignment was refined with each new Ground Control Point (GCP) 

added, ensuring that the GCPs served as reliable tie points during image repositioning. In the final 

stage, after all GCPs had been accurately positioned, the image alignment was reset and 

recomputed. This recalibration step produced optimised camera parameters and spatial 

positions, using the GCPs as fixed reference points for geospatial accuracy.  

After optimising image alignment, a dense point cloud was built in Agisoft Metashape. Some 

outlier points were manually removed from the dense point clouds since they were noise. We 

further refined the dense point cloud by filtering based on “confidence”, which in Agisoft 

Metashape refers to the number of image pairs used to create each depth point. Points 

generated from fewer than three image pairs were removed to improve accuracy. The noise-

filtered point cloud was then used to generate a Digital Surface Model (DSM). This DSM was 

utilised to produce orthomosaic images.  

To manage large datasets efficiently and minimise memory issues, the point cloud was divided 

into smaller tiles of 500 meters in size with a buffer overlap of 10 meters. The point cloud was 

classified into ground and non-ground points using ‘lasground’ in LAStools. The classified tiles 

were then merged, and only the ground classified point cloud was retained. This ground-classified 

point cloud served as the basis for generating the Digital Terrain Model (DTM). For surface 

interpolation, the Adaptive Triangulated Irregular Network (ATIN) method was implemented via 

Blast2dem in LAStools. This TIN-based approach enables gap-filling through linear interpolation, 

ensuring smoother and more continuous elevation models. The final DTM achieved a spatial 

resolution of 25 cm, suitable for detecting topographic changes in the river channel environment. 

Longitudinal profiles were drawn along the thalweg of the December DEM. The orthomosaic 

image maintained a resolution of 5 cm. The accuracy of the DEM was assessed by calculating the 

Root Mean Square Error (RMSE) in the vertical (Z) direction, based on the deviation between 

UAV-derived elevations and GCP-measured elevations. The RMSE of the first DEM was calculated 

as follows: 
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δz1=,∑(5678(59:;)!' ,  

where Zgcp is the value of the elevation of a point taken during the DGPS survey, and Zuav is the 

value of the same point taken from the UAV-based DEM. The δz1 is found to be 0.155 m i.e. for 

the March survey. Similarly, the RMSE of the second DEM is calculated as: 

δz2=,∑(5678(59:;)!' , which is found to be 0.062 m for the December survey. 

5.2.3. DEM of Difference (DoD) Processing 
To detect and quantify changes in terrain elevation, a DEM of Difference (DoD) analysis was 

conducted in ArcGIS. The DoD was created by subtracting the December 2022 DTM (post-

monsoon, pre-mining for the next season) from the March 2022 DTM (mining season), yielding a 

raster surface of elevation change: 

DoD = DTMMarch 2022 − DTMDecember 2022 

To ensure that only significant elevation changes were interpreted as actual geomorphic change 

from the DoD, a threshold known as the vertical Level of Detection (LoD) ±0.16 m was applied. 

This threshold value accounts for the vertical uncertainty inherent in both input DEMs. The 

combined uncertainty of the DoD, denoted as δUDOD is calculated as: 

δUDOD = Σ(δz12+δz22), 

where δz1 and δz2 are the RMSE errors associated with DEM 1 and DEM 2, respectively. All 

changes within this ±0.16 m range were excluded from further analysis to eliminate noise and 

uncertainty.  This thresholding step resulted in a filtered DoD raster, isolating zones of deposition 

(negative values beyond −0.16 m) and erosion (positive values beyond +0.16 m).  

5.2.4. Volume Calcula-on of Erosion and Deposi-on 
Following the generation of a thresholded Digital Elevation Model (DEM) of Difference (DoD), 

volumetric analysis was performed to quantify the spatial extent and magnitude of erosion and 

deposition linked to geomorphic changes after the mining season. The thresholded DoD raster, 
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which retained only elevation changes exceeding the vertical Level of Detection (LoD) of ±0.16 

m, was classified into two categories: positive DoD values indicated erosion, while negative 

values represented deposition. These changes were classified using raster calculator operations 

in ArcGIS to generate separate erosion and deposition rasters. For each pixel, the volume change 

was calculated by multiplying the elevation change by the pixel area (0.25 m² for a 25 cm 

resolution DEM). Total volumes of erosion and deposition were derived using the "Zonal Statistics 

as Table" tool, which aggregated pixel-wise values for each designated analysis zone. 

5.3.  Results 

5.3.1. Seasonal changes in planform morphology and bed topography as 
revealed from high-resolu-on UAV images 

High-resolution UAV-based orthomosaics from March 2022 (active mining phase) and December 

2022 (post-monsoon phase) were analyzed to assess short-term geomorphic changes in selected 

reaches of the Gaula River (see Table 5.1). These comparative visuals offer insights into the 

dynamics of one-time seasonal recovery, including bar recovery, vegetation regeneration, visible 

mining scars, and thalweg shifts. We have selected a few reaches from our UAV surveys to 

illustrate these seasonal changes. 

Reach 2 exhibits limited seasonal recovery in the post-monsoon, as observed in the December 

orthomosaic (Fig. 5.2a and b). While remnants of extraction pits and scars remain visible in the 

December orthomosaic (inset images 2a and 2b in Fig. 5.2a and b), some pits have undergone 

partial sediment deposition. The thalweg remained relatively stable, showing minimal 

displacement. The longitudinal profile also shows partial infilling of previously mined pits, though 

the reach mainly exhibits signs of erosion (Fig. 5.2g). There has been up to 6m incision in reach 2 

between March and December, as can be seen in the longitudinal profile in the downstream of 

the reach (Fig. 5.2g).  Lateral erosion was evident along the floodplains (inset images 1a and 1b 

in Fig. 5.2a and b) and as can be seen on the western bank along the cross-sections (Fig. 5.2f).  
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Similarly, reach 3 also showed limited signs of recovery as seen in the December orthomosaic. 

Mined pits and extraction scars visible in the March imagery were partially infilled by December 

(Fig. 5.3a and b). Vegetation regrowth emerged along the mined zones (inset images 1a and 1b 

in Fig. 5.3a and b). Cross-section profiles show up to 4m incision between March and December 

(Fig. 5.3f). The longitudinal profile reveals partial sediment accumulation in previously excavated 

pits but also shows that this reach remains erosional overall (Fig. 5.3g). A slight lateral shift of the 

thalweg was also observed. Evidence of lateral erosion was also noted along the floodplains (inset 

images 2a and 2b in Fig. 5.3a and b). The spike in the March longitudinal profile shows that it was 

Figure 5.2:a) Orthomosaic image of Reach 2 in March (active mining period) and b) December (post-monsoon period). 
Inset images 1a and 1b from both the orthomosaics shows lateral erosion and inset images 2a and 2b shows remnant 
mining scars prevalent even after the monsoon; c) DTM of Reach 2 in March 2022 and d) December 2022; e) DEM of 
Difference (March DEM – December DEM), where positive values indicate erosion and negative values indicate 
deposition, and -0.16 to 0.16 indicates vertical uncertainty calculated from vertical Level of detection (LoD); f) Cross-
sectional profile along AA’ in Reach 2 derived from December and March DTM. Red indicates March profile, while 
blue indicates December profile; g) Longitudinal profile along BB’ in reach 2 derived from December and March DTM. 
Red indicates the March profile, while blue indicates the December profile. 
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a part of the floodplain in the pre-monsoon, which got eroded and is now a part of the channel 

belt in post-monsoon (inset images 2a and 2b in Fig. 5.3a, b and Fig. 5.3g).  

 

Figure 5.3: a) Orthomosaic image of Reach 3 in March (active mining period) and b) December (post-monsoon 
period). Inset image 1 from both the orthomosaics shows vegetation regrowth post monsoon and inset image 2 
shows lateral erosion along floodplain; c) DTM of Reach 3 in March 2022 and d) December 2022; e) DEM of Difference 
(March DEM – December DEM), where positive values indicate erosion and negative values indicate deposition, and 
-0.16 to 0.16 indicates vertical uncertainty calculated from vertical Level of detection (LoD); f) Cross-sectional profile 
along AA’ in Reach 3 derived from December and March DTM. Red indicates March profile, while blue indicates 
December profile; g) Longitudinal profile along BB’ in reach 3 derived from December and March DTM. Red indicates 
the March profile, while blue indicates the December profile. 

Reach 7 showed distinct geomorphic activity and signs of seasonal adjustment (Fig. 5.4). The 

post-monsoon orthomosaic showed bar reshaping (inset images 1a and 1b in Fig. 5.4a and b) and 

minor vegetation recolonization (inset images 2a and 2b in Fig. 5.4a and b). However, there was 

a noticeable shift in the thalweg with lateral erosion along the eastern bank (along the AA’ cross-

section line in Fig. 5.4f). Some mined scars that occurred on the vegetated bars were still visible, 

B

B’

f) g)

b) c) d)
March, 2022 December, 2022 DoDMarch, 2022 December, 2022

e)

A

A’

a)

A

A’

B

B’

A A’ B B’

Reach 3

1a 2a 1b
2b

1a

2a

1b

2b

Vegeta.on recoloniza.onMined pits

floodplain
Wet Channel Channel bed

flowflow



 166 

but the reach demonstrated a relatively dynamic recovery response from March 2022 to 

December 2022. Deposition up to 8m was observed in the longitudinal profile (Fig. 5.4 g). 

Reach 12 also showed post-mining recovery following the monsoon. The orthomosaic of March 

showed scattered mining pits with tailing ponds and disconnected and isolated wet channels (Fig. 

5.5). While in the December orthomosaic, the pits and scars recovered completely with fresh 

sediment deposits (Fig. 5.5a and b). The reach also showed micro-braiding with narrow, 

connected wet channels. Deposition upto 2.5m was observed from the cross-sectional and 

longitudinal profiles (Fig. 5.5f and g).  

Figure 5.4: a) Orthomosaic image of Reach 7 in March (active mining period) and b) December (post-monsoon 
period). Inset image 1 from both the orthomosaics shows filling of mined pits and bar reshaping and inset image 2 
shows vegetation recolonization; c) DTM of Reach 7 in March 2022 and d) December 2022; e) DEM of Difference 
(March DEM – December DEM), where positive values indicate erosion and negative values indicate deposition, and 
-0.16 to 0.16 indicates vertical uncertainty calculated from vertical Level of detection (LoD); f) Cross-sectional profile 
along AA’ in Reach 7 derived from December and March DTM. Red indicates March profile, while blue indicates 
December profile; g) Longitudinal profile along BB’ in reach 7 derived from December and March DTM. Red indicates 
the March profile, while blue indicates the December profile. 
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Figure 5.5: a) Orthomosaic image of Reach 12 in March (active mining period) and b) December (post-monsoon 
period); c) DTM of Reach 12 in March 2022 and d) December 2022; e) DEM of Difference (March DEM – December 
DEM), where positive values indicate erosion and negative values indicate deposition, and -0.16 to 0.16 indicates 
vertical uncertainty calculated from vertical Level of detection (LoD); f) Cross-sectional profile along AA’ in Reach 12 
derived from December and March DTM. Red indicates March profile, while blue indicates December profile; g) 
Longitudinal profile along BB’ in reach 12 derived from December and March DTM. Red indicates the March profile, 
while blue indicates the December profile. 

Reach 13 was only partially covered in our UAV surveys where we documented post-monsoon 

infilling of previously mined pits (Fig. 5.6a and b, inset images 1a and 1b in Fig. 5.6). However, 

there was notable lateral erosion along the floodplains (Fig. 5.6a and b, inset images 2a and 2b 

in Fig. 5.6). The cross-sectional profile shows erosion up to 2.5 m along the western and eastern 

banks (Fig. 5.6f). The longitudinal profile along the BB’ line shows incision up to 2m and 
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deposition up to 1.5 m in previously mined pits (Fig. 5.6g). A summary of the key observations 

has been provided in Table 5.2. 

 

 

 

 

 

 

Figure 5.6: a) Orthomosaic image of Reach 13 in March (active mining period) and b) December (post-monsoon 
period). Inset images 1a and 1b from both the orthomosaics shows filling of mined pits and inset images 2a and 2b 
shows lateral erosion along the floodplain; c) DTM of Reach 13 in March 2022 and d) December 2022; e) DEM of 
Difference (March DEM – December DEM), where positive values indicate erosion and negative values indicate 
deposition, and -0.16 to 0.16 indicates vertical uncertainty calculated from vertical Level of detection (LoD); f) Cross-
sectional profile along AA’ in Reach 13 derived from December and March DTM. Red indicates March profile, while 
blue indicates December profile; g) Longitudinal profile along BB’ in reach 13 derived from December and March 
DTM. Red indicates the March profile, while blue indicates the December profile. 
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Table 5.2: Summary of seasonal geomorphic changes between pre-monsoon (March 2022) and post-monsoon 
(December 2022) in selected Gaula River reaches, based on UAV-derived orthomosaics and topographic profiles. 

Reach 

Seasonal 
Recovery 

(Dec 2022 vs. 
Mar 2022) 

Key Observations from 
Orthomosaics 

Thalweg 
shift/wet 
channel 

Profile Analysis (Cross-
Section / Longitudinal) 

2 Limited 
recovery 

Partial infilling of mined 
pits; remnants of scars 
visible; lateral erosion along 
floodplains 

Minimal 
thalweg shift 

Up to 6 m incision 
downstream; erosion 
dominant; partial pit 
infilling in longitudinal 
profile 

3 Limited 
recovery 

Partial infilling of pits; 
vegetation regrowth in 
mined zones; lateral erosion 

Slight thalweg 
shift; floodplain 
erosion 

Up to 4 m incision; erosion 
dominant; spike in March 
profile linked to floodplain 
erosion and channel belt 
expansion 

7 Moderate 
recovery 

Bar reshaping; fresh bar 
deposits; minor vegetation 
recolonization;  

Noticeable 
thalweg shift; 
lateral erosion 
along eastern 
bank 

Deposition up to 8m in 
longitudinal profile 

12 High recovery 

Complete infilling of pits; 
fresh sediment deposits; 
disconnected channels to 
micro-braiding observed 
with narrow wet channels 

Micro-braiding 
observed  

Deposition up to 2.5 m in 
both cross-section and 
longitudinal profiles 

13 Partial 
recovery 

Infilling of pits; notable 
lateral erosion along 
floodplains 

Micro-braiding; 
slight thalweg 
shift observed 

Erosion up to 2.5 m 
(banks) observed in X-
section; erosion up to 2 m 
and deposition up to 1.5 m 
in pits observed in long 
profile 

 

5.3.2. Volumetric Analysis of Erosion and Deposi-on in the Gaula River 
The UAV-derived Digital Elevation Models of Difference (DoD) facilitated a spatially explicit 

assessment of geomorphic change along the monitored stretches of the Gaula River. This 

specifically captured elevation differences between the end of the mining season (March 2022) 

and the post-monsoon, pre-mining phase for the subsequent mining season (December 2022). 
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These variations mainly indicate natural fluvial responses like erosion and deposition during the 

intervening monsoon period.  

Positive elevation changes in the DoD were interpreted as erosion from further lowering or 

widening of the channel in the monsoon, while negative changes were seen as deposition from 

sediment accumulation that partially or completely filled the mined depressions in the monsoon. 

To evaluate the extent of geomorphic recovery or continued degradation, the estimated 

volumetric deposition across each reach was compared with the officially reported volumes of 

sand extraction obtained from the Forest Department. This comparison allowed us to assess 

whether monsoonal sediment inputs were sufficient to replenish the material removed during 

mining. Reaches where extraction volumes significantly exceeded post-monsoon deposition 

were flagged as potential zones of unsustainable sediment removal, with implications for channel 

stability and sediment budgeting. 

5.3.2.1. Erosional reaches 
Figure 5.2e shows that in Reach 2, the net volume change was approximately 646,498.91 m³, 

with erosion (695,079.97 m³) significantly exceeding deposition (48,581.06 m³). Reach 3 

exhibited a similarly dominant erosional signature, with 878,375.93 m³ of erosion and 83,678.10 

m³ of deposition, resulting in a net loss of 794,697.83 m³ (Fig. 5.3e). Reach 13 also presented a 

case of net degradation. While the deposition was 45,955.05 m³, erosion exceeded that at 

66,255.27 m³, resulting in a net loss of 20,300.22 m³ (Fig. 5.6e). It should be noted that a small 

area was only covered by the UAV in reach 13. Additionally, the corresponding reported sand 

extraction volumes for the mining season 2022-2023 were 223,606.97 m³ in Reach 2, 109,085.57 

m³ in Reach 3, and 121,550.48 m³ in Reach 13. These extraction records pertain to the following 

mining season and are presented here to indicate the removal volumes after the 2022 monsoonal 

period (Table 5.3). So, even though these reaches were eroded during the previous monsoon 

season, significant volumes of sand were extracted from these reaches.  

5.3.2.2. DeposiHonal Reaches 
Reaches 7 and 12 displayed net deposi)on based on the UAV-based DEM of Difference (DoD) 

analysis. In Reach 7, net deposi)on amounted to 1,620,995.07 m³, with 1,763,760.33 m³ 

deposited and 142,765.26 m³ eroded (Fig. 5.4e). The corresponding reported extrac)on volume 



 171 

was 500,401.35 m³, indica)ng that mining in this reach remained below the volume replenished 

during the monsoon. Reach 12 showed 864,172.92 m³ of deposi)on and 78,494.17 m³ of erosion, 

leading to a net gain of 785,678.75 m³ (Fig. 5.5e), compared to a reported extrac)on of 281815.81 

m³ (Table 5.3). It should also be noted that reach 12 was par)ally covered by the UAV. 

5.4.  Synthesis of results 
The DoD-based volumetric analysis reveals spa)al variability in sediment dynamics across the 

monitored river reaches following the 2022 monsoon. The results underscore the natural 

replenishment capacity of the river system aaer sediment removal through mining. 

Reaches 2, 3, and 13 exhibited net erosion, where monsoonal flows failed to replenish volumes 

lost during the preceding mining season. Reaches 2 and 3 experienced high-flow-induced lateral 

erosion, likely driven by floodplain undercuxng and bank collapse during peak discharge events 

(see orthomosaics, inset images and cross-sec)onal images in Fig. 5.2 and Fig. 5.3). Despite this 

lack of replenishment, further extrac)on was carried out in 2023, as indicated by the reported 

mining. In other words, these reaches suffered erosion from the monsoon and were subjected to 

further sediment deple)on by mining, leading to severe degrada)on. Similar paOerns were also 

observed in reach 13, which experienced net erosion following the 2022 monsoon. Although 

reach 13 was only par)ally covered by UAV surveys, the DoD analysis revealed an erosional trend 

in this par)cular season. Reach 13 also recorded degrada)on primarily from lateral erosion and 

floodplain scouring during peak discharge (see orthomosaics, inset images and cross-sec)onal 

images in Fig. 5.6).  The decision to permit mining from the reaches 2, 3, and 13  which had not 

yet recovered from monsoon-induced erosion, points to a lack of process understanding leading 

to mismatch between natural replenishment paOerns and annual licensing prac)ces (Table 5.3). 

In contrast to the erosion-dominated segments, reaches 7 and 12 demonstrated clear signals of 

monsoonal sediment replenishment, with net aggrada)on occurring across the monitored areas 

(Fig. 5.4 and 5.5). This paOern indicates that during the post-monsoon period, high flows 

effec)vely contributed to infilling and channel restora)on, offsexng prior extrac)on and 

erosional losses. These observed deposi)ons align with expecta)ons for mined reaches that 

possess channel morphologies like mined pits, which are conducive to sediment trapping during 
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flood recession. Notably, the volumetric gains in these reaches were sufficient to accommodate 

the subsequent season’s authorized extrac)on, implying that mining ac)vi)es occurred within 

the limits of natural replenishment (Table 5.3). This correspondence between replenishment 

poten)al and mining volume suggests a more sustainable sediment budget in these segments 

where natural fluvial processes appear capable of maintaining geomorphic equilibrium under 

current extrac)on intensi)es.  

Table 5.3: Net aggradation/degradation, reported extraction volumes, and drone coverage for selected monitored 
reaches of the Gaula River. 

Reach 
Net AggradaHon / DegradaHon 
(m³) 

Reported Volume extracted 
(m³) 

Drone Coverage 

2 -646,498.91 270,220.21 Full 

3 -794,697.83 128,245.41 Full 

7 1,620,995.07 621,832.21 Full 

12 785,678.73 391,134.40 ParZal (Half) 

13 -20,300.22 145,604.12 
ParZal 
(Quarter) 

 

5.5. Episodic Recovery and Sustainable Mining Limits  
While the results from the UAV-derived DoD analysis provide important insights into post-

monsoonal sediment dynamics, it is crucial to recognise that the findings are based on a single 

temporal scale and may not reflect long-term replenishment trends. The 2022 monsoon followed 

a high-discharge year in 2021 (see Fig. 4.4, Chapter 4), which is linked to a return period of roughly 

10–15 years. This likely contributed to increased sediment delivery and improved channel 

recovery in certain reaches. This unusually high flow event may have temporarily filled mined pits 

and caused lateral redistribu)on of sediment across the ac)ve channel and floodplain. However, 

such events are episodic, and assuming that similar replenishment will occur every year is 

inherently flawed. The apparent balance between monsoonal deposi)on and mining extrac)on 
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observed in several reaches may not be sustainable under average or below-average flow 

condi)ons, especially in an ephemeral river system that only becomes ac)vely func)onal during 

the monsoon. 

Long-term observa)ons already point to this risk. As shown in Chapter 2 (sec)on 2.6.3 and Figure 

2.11d), the high floods of 2009-2014 led to significant channel widening and sediment 

redistribu)on, offering short-term geomorphic recovery. Yet, con)nued and probably 

unregulated sand mining in the following years reversed these gains, pushing the river toward 

incision and loss of connec)vity. This historical trajectory reinforces the idea that replenishment 

observed in a short )me cannot be interpreted as evidence of sustainable sediment balance. 

To avoid repea)ng this cycle of temporary recovery followed by cumula)ve degrada)on, a 

regulated and monitored mining strategy must be adopted. This includes integra)ng UAV-based 

DoD assessments into annual pre-licensing evalua)ons, accoun)ng for interannual variability in 

discharge, and sexng extrac)on thresholds based on both channel response and replenishment 

capacity. With appropriate feedback mechanisms, rota)onal or zonal mining could allow certain 

reaches to recover naturally.  

5.6.  Summary, conclusions and limita-ons 
The heterogeneity in erosion and deposi)on across reaches underscores the need for reach-

specific assessments rather than uniform extrac)on guidelines. While some segments (e.g., 

Reaches 7 and 12) act as sediment sinks during high-flow periods, others (e.g., Reaches 2,3 and 

13) appear more vulnerable to lateral erosion and geomorphic instability. These paOerns likely 

reflect varia)ons in channel planform, confinement, sediment availability, and hydraulic energy 

distribu)on during flood events. These findings reinforce the importance of using volumetric 

change detec)on not only to assess degrada)on but also to iden)fy zones with sufficient natural 

resilience, where regulated, rota)onal mining could be con)nued with minimal long-term 

geomorphic disrup)on. 

While UAV-based DoD provides a powerful tool for high-resolu)on monitoring, certain limita)ons 

must be acknowledged. Incomplete UAV coverage in certain areas may lead to an 

underes)ma)on of the actual volumetric change. Addi)onally, the temporal gap between UAV 
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surveys must be carefully aligned with mining ac)vi)es to aOribute erosion or deposi)on directly 

to anthropogenic causes. Furthermore, minor geomorphic changes below the ver)cal LoD 

threshold (±0.16 m) were excluded from the analysis to maintain reliability.  
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Chapter 6 

6. ‘Hotspots’ of sand mining and Policy recommenda$ons 
 

Sand mining in alluvial river systems, while economically vital, poses significant geomorphic and 

ecological risks when lea unregulated or poorly monitored. In rivers subjected to sustained 

extrac)on, these risks manifest as channel incision, bank instability, sediment starva)on, and 

habitat degrada)on. Tradi)onal licensing frameworks rarely account for spa)al-temporal 

variability in river response. To address this, a Hotspot Index was developed for the Himalayan 

River (Gaula River) and peninsular rivers (Damodar and Sone), integra)ng geomorphic indicators 

across mul)ple temporal and spa)al scales to iden)fy segments of the channel most vulnerable 

to degrada)on. 

6.1. Himalayan River: The Gaula River 
The Hotspot Index of the Gaula River in UOarakhand serves as a comprehensive, reach-scale 

evalua)ve metric of mining impacts, integra)ng mul)ple indicators: (a) long-term planform 

dynamics, capturing decadal channel behaviour paOerns; (b) sediment connec)vity dynamics; 

and (c) short-term seasonal varia)ons, including monsoonal sediment erosion and 

replenishment. 

By combining these )ers into a weighted index, this approach enables evidence-based zoning for 

riverbed mining, highligh)ng areas requiring restric)on, restora)on, or close monitoring. The 

methodology is designed to be transferable and adaptable for annual survey-based licensing and 

long-term river governance. 

6.1.1. Methodology 
The Hotspot Index for the Gaula River was developed as a mul)-)ered decision-support 

framework, combining parameters derived from spa)al analysis, modelling, and field 

observa)ons. Each )er reflects a dis)nct temporal and geomorphic perspec)ve, allowing both 

chronic and episodic vulnerabili)es to be captured. 
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For the Gaula River we have used different parameters namely, (a) Channel belt width (CBW) 

variability, (b) Average Dry Channel Difference Index (DCDI), (c) Average Vegetated Bar Difference 

Index (VBDI), and (d) Average Wet Channel Difference Index (WCDI), and (e) Inter-decadal thalweg 

shias of each reach to generate a hotspot index. For each of these parameters, we determined 

thresholds for different classes using Jenks classifica)on and divided them into four classes (1, 2, 

3, and 4), where 1 represents the least degraded or stable and 4 represents the most 

geomorphologically degraded (see Table 6.1). And then the final classes of the hotspot index were 

computed by integra)ng them using a rela)ve weightage scheme. The rela)ve weightage scheme 

was based on our understanding of geomorphic processes, sediment dynamics, field observa)ons 

and drone surveys. The hotspot Index shows geomorphologically degraded reaches of the Gaula 

River. 

6.1.1.1. Tier 1: Long-term Planform Dynamics 
This )er captures decadal-scale channel behavior using remote sensing and spa)al metrics that 

reflect historical changes (Table 6.1). Three main indicators were used: 

a) Channel Belt Width Variability (CBW): Assessed from mul)-decadal satellite imagery, 

indica)ng lateral mobility and channel narrowing trends, which is a proxy for incision. 

b) Average Difference Indices (DCDI, VBDI, WCDI): Quan)fy devia)ons in wet channels, dry 

channel bars, and vegetated bar areas compared to a reference state. 

c) Thalweg Shia Variability (Inter-decadal): Fixed thalwegs indicate an incised river channel. 

Each parameter was normalized and weighted based on geomorphic significance, with the 

composite Tier 1 score reflec)ng long-term degrada)on. The weights were decided based on our 

geomorphic understanding of the area and were calculated as: 

Long term Geomorphic Impact (LGI) = 0.25 * CBW + 0.25 * DCDI + 0.25 * VBDI + 0.10 * WCDI + 

0.15 * Thalweg shi] variability 
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Table 6.1: Tier-1 Long-term Geomorphic Impact(LGI) using planform dynamics indicators. 

Parameter Description Data Source Indicator Type Interpretation 

Channel Belt 
Width 
Variability 
(CBW) 

Change in lateral 
extent of active 
channel belt 
over multi-
decadal period 

Historical satellite imagery 
(1976–2021) Quantitative 

Reduced 
variability 
indicates erosion 
and incision 

Vegetated 
Bar 
Difference 
Index (VBDI) 

Change in 
vegetated bar 
area from 
reference year 

Remote sensing classification 
(1976-2021)   Quantitative 

Decrease 
suggests habitat 
loss or sediment 
extraction 
impacts 

Dry Channel 
Difference 
Index (DCDI) 

Change in 
exposed channel 
surface/fresh 
deposits from 
the reference 
year 

Remote sensing classification 
(1976-2021)   Quantitative 

Reduced dry bar 
area suggests 
sediment 
removal or 
incision 

Wet Channel 
Difference 
Index 
(WCDI) 

Change in 
wetted area of 
the river channel 
from the 
reference year 

Remote sensing classification 
(1976-2021)   Quantitative 

Shrinkage may 
indicate 
hydrologic 
change or 
incision 

Inter-
decadal 
Thalweg 
Shift 

Displacement of 
river thalweg 
over decadal 
intervals 

Channel centerline mapping 
(multi-year) Quantitative 

Low variability 
reflects thalweg 
fixation, typically 
due to 
deepening 

 

6.1.1.2. Tier 2: ConnecHvity and Sediment Transport DisrupHon 
Tier 2 evaluates the impact of sand mining on the river’s sediment transport connec)vity, 

emphasizing how mining ac)vi)es disrupt the natural delivery of sediment along the channel 

network. This )er is informed by outputs from the CASCADE sediment transport model, which 

simulates sediment flux under two scenarios: one represen)ng a no-mining condi)on and 

another reflec)ng an ac)ve mining condi)on. The primary parameter used in this )er is the 

sediment delivery difference. This is calculated as the absolute difference in sediment flux 

between the no-mining and mining scenarios for each reach (Table 6.2). A larger absolute flux 
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drop indicates greater disrup)on of sediment con)nuity caused by mining-induced bed 

armouring. Armoured beds suggest reduced mobility and sediment transport.  

Unlike Tier 1, which captures long-term planform change, Tier 2 focuses on process-based, 

func)onal degrada)on, specifically the river’s reduced capacity to transport sediment effec)vely 

due to anthropogenic interference. This simplifica)on, using the absolute flux drop, provides a 

quan)fiable and scalable metric for comparing sediment delivery disrup)ons across reaches.  

Table 6.2: Tier-2 Connectivity Disruption Index (CDI) using CASCADE model. 

Parameter DescripOon Data Source Indicator Type InterpretaOon 

ConnecOvity 
disrupOon 
Index (CDI) 

Absolute reduc]on 
in modeled 
sediment flux due to 
mining (CASCADE 
model) 

CASCADE model 
output (Q97 
input) 

Quan]ta]ve 
Greater flux drop indicates 
stronger connec]vity 
disrup]on due to mining 

6.1.1.3. Tier 3: Short-Term (Seasonal) Morphodynamic Change 
Tier 3 incorporates UAV-based, satellite and field-based observa)ons to evaluate seasonal 

channel response, par)cularly to monsoonal flows, and their capacity to replenish mined 

sediments (Table 6.3). Together, Tier 3 captures short-term system resilience or sensi)vity to 

mining-induced changes and hydrological variability. 

a) Seasonal Thalweg Shia and Channel Belt Change (CBW seasonal): Calculated across 5 

seasonal periods (e.g., 1995–1994, 1999-1998, 2009-2008, 2014-2013, 2021–2020), 

indica)ng anthropogenic disturbance and altered flow paths.  

b) Visual Field Score: Integrated where UAV coverage was unavailable, based on visual 

signatures (e.g., persistent sand pits, bar scouring, thalweg shias, and vegetated bar 

recovery) on Google Earth imagery and field visits.  

c) Replenishment Ra)o (RR): Calculated as the ra)o of UAV-based Dem of Difference (DoD) 

derived deposi)on volume to reported extrac)on. Nega)ve or low values indicate poor 

recovery.  

Each parameter was normalized and weighed based on geomorphic significance. The weights 

were decided based on our geomorphic understanding and were calculated as: 
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Tier 3 =0.3 * Seasonal Thalweg shi] + 0.3 * Seasonal Channel Belt Width + 0.4 * 

Replenishment raBo and Visual Field score 

Table 6.3: Tier-3 Short-Term / Seasonal Indicators. 

Parameter DescripOon Data Source 
Indicator 
Type 

InterpretaOon 

Replenishment 
RaOo (RR) 

Ra]o of monsoonal 
deposi]on (DoD) to 
reported extrac]on 
volume 

UAV-based DoD + 
Forest Dept. 
records (2022-
2023) 

Quan]ta]ve 

Lower or nega]ve RR 
indicates limited 
recovery; high RR 
suggests replenishment 

Seasonal 
Thalweg ShiR 

Change in thalweg 
posi]on between pre-
mining and post-mining 
periods (5 intervals) 

Satellite imagery 
(e.g., Landsat) 

Quan]ta]ve 
Larger shih implies 
dynamic response 

Seasonal Channel 
Belt Width 

Difference in CBW 
between pre-mining and 
post-mining (5 years) 

Satellite imagery 
(e.g., Landsat) 

Quan]ta]ve 
Greater width change 
indicates instability due 
to mining 

Visual Score 
(Field/Imagery) 

Presence of visible 
mining scars, 
unrecovered sand pits, 
or bar degrada]on 

UAV-based 
orthomosaic /Field 
visits/ Google 
Earth 

Qualita]ve 
(scored) 

Higher visual impact 
score = more disturbance 
and less natural 
replenishment 

6.1.1.4. Hotspot Index IntegraHon 
Each )er was independently normalized and scored, and the final Hotspot Index was derived 

using a weighted linear combina)on:  

Hotspot Index = 0.5 × Tier 1 + 0.3 × Tier 2 + 0.2 × Tier 3 

Weights were assigned based on our geomorphic understanding, indicator robustness, and data 

confidence. Reaches were then classified using Jenks Natural Breaks into four categories: Stable, 

Low, Moderate, and High.  
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6.1.2. Results 
The Hotspot Index was calculated for each reach of the Gaula River by integra)ng normalized 

scores from Tier 1 (Table 6.4), Tier 2 (Table 6.5), and Tier 3 (Table 6.6). The final scores ranged 

from 0.15 to 0.80, reflec)ng varying degrees of geomorphic degrada)on across the study area 

(Table 6.7). Using Jenks Natural Breaks classifica)on, the reaches were categorized into four 

classes (Table 6.7): 

a) Stable: Hotspot Index ≤ 0.298 
b) Low Degrada)on: 0.299–0.467 
c) Moderate Degrada)on: 0.468–0.562 
d) High Degrada)on: > 0.562 

Table 6.4: Computation of Long-term Geomorphic Impact (LGI) for tier 1 using morphometric 
indices from satellite-based planform dynamics (46 years data). 

Reach Average CBW Average DCDI Average VBDI Average WCDI Thalweg fixing LGI 
1 0.00 0.11 0.14 0.32 0.96 0.24 
2 0.24 0.14 0.00 0.14 0.00 0.11 
3 0.27 0.21 0.13 0.07 0.03 0.17 
4 0.28 0.56 0.11 0.26 0.97 0.41 
5 0.68 0.97 0.44 0.38 0.81 0.68 
6 1.00 1.00 1.00 0.30 0.98 0.93 
7 0.89 1.00 0.74 0.34 1.00 0.84 
8 0.47 0.39 0.53 0.39 0.79 0.50 
9 0.54 0.59 0.35 0.43 0.84 0.54 

10 0.47 0.87 0.12 0.39 0.95 0.55 
11 0.36 0.54 0.31 0.40 0.93 0.48 
12 0.39 0.54 0.44 0.26 0.74 0.48 
13 0.24 0.15 0.54 0.00 0.93 0.37 
14 0.09 0.00 0.11 0.59 0.95 0.25 
15 0.07 0.04 0.13 0.51 0.95 0.25 
16 0.24 0.07 0.11 1.00 0.91 0.34 
17 0.20 0.08 0.09 0.71 0.98 0.31 
18 0.21 0.17 0.14 0.88 0.90 0.35 
19 0.36 0.07 0.07 0.95 0.56 0.30 
20 0.15 0.01 0.12 0.88 0.56 0.24 
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Table 6.5: ComputaZon of ConnecZvity DisrupZon Index(CDI) for Zer 2 using absolute difference 
in sediment flux between the no-mining and mining scenarios 

Reach Sediment Delivery 
(Kg/sec) No Mining 

Sediment Delivery 
(Kg/sec) No Mining 

Absolute Flux 
Difference 

Normalized CDI 

1 -1283.70 -1130.46 153.24 0.46 
2 -88.07 32.91 120.99 0.36 
3 -718.54 -431.60 286.94 0.87 
4 -489.34 -158.06 331.28 1.00 
5 -554.84 -245.91 308.92 0.93 
6 -436.78 -249.88 186.90 0.56 
7 -566.77 -240.74 326.04 0.98 
8 -291.19 -161.49 129.70 0.39 
9 -472.49 -237.51 234.98 0.71 

10 -241.17 -164.97 76.21 0.23 
11 -423.02 -220.63 202.39 0.61 
12 -152.15 18.05 170.20 0.51 
13 82.96 15.29 67.67 0.20 
14 -37.26 -29.04 8.22 0.02 
15 -66.46 -37.14 29.32 0.09 
16 -2.65 -3.08 0.43 0.00 
17 16.77 6.03 10.74 0.03 
18 -18.21 -21.31 3.10 0.01 
19 -5.59 -3.76 1.83 0.00 
20 -11.79 -11.58 0.21 0.00 
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Table 6.5: Computation of Tier 3 using Seasonal or short-term indicators. 

Reach 
Normalized Seasonal 

Thalweg Shift 
Normalized Seasonal 

CBW 

Replenishment 
Ratio + Visual 

Score 
(Field/Imagery) Tier 3 

1 0.09 0.00 0.00 0.03 
2 0.67 0.05 0.65 0.48 
3 1.00 0.00 0.66 0.56 
4 0.25 0.30 0.31 0.29 
5 0.24 0.58 0.28 0.36 
6 0.14 0.58 0.33 0.35 
7 0.18 0.41 0.65 0.44 
8 0.20 0.26 0.50 0.34 
9 0.19 0.56 0.30 0.35 

10 0.13 0.36 0.29 0.26 
11 0.29 0.41 0.00 0.21 
12 0.18 0.07 0.32 0.20 
13 0.15 0.18 0.41 0.26 
14 0.01 0.16 0.16 0.12 
15 0.02 0.31 0.16 0.16 
16 0.01 0.68 0.00 0.21 
17 0.00 0.39 0.87 0.46 
18 0.01 0.28 0.00 0.09 
19 0.01 1.00 0.00 0.30 
20 0.03 0.17 0.25 0.16 

6.1.3. Discussion 
 The Hotspot Index provided a mul)-dimensional assessment of sand mining vulnerability across 

the Gaula River, drawing upon indicators from long-term channel adjustment (Tier 1), sediment 

connec)vity disrup)on (Tier 2), and seasonal geomorphic response (Tier 3). The resul)ng 

classifica)on revealed clear spa)al paOerns of degrada)on and recovery poten)al that can inform 

more adap)ve, evidence-based sand mining governance. Out of the 20 reaches, 3 were classified 

as high degrada)on, 2 as moderate degrada)on, 5 as low degrada)on, and 10 as stable.  

Reaches such as 5, 6, and 7 are highly degraded reaches, as seen from long-term planform 

indicators such as narrowed channel belts, loss of fresh deposits and vegetated bars, fixed 

thalwegs, and sharp reduc)ons in sediment delivery under mining scenarios. Despite the one-

)me seasonal replenishment or recovery, these reaches represent geomorphic hotspots where 

con)nued unsustainable extrac)on risks severe degrada)on. As indicated by their scores, these 
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reaches require the adop)on of rota)onal mining prac)ces (alternate years), allowing for natural 

recovery. 

Although reaches 4 and 9 exhibit some degree of seasonal recovery, they are classified as 

moderately degraded due to significant sediment delivery disrup)on and no)ceable planform 

altera)on. Notably, the Gaula bridge is located within reach 4, where ac)ve scour around bridge 

piers has been observed (see Figure 2.10c of Chapter 2). To mi)gate the risk of structural failure 

and ensure the long-term stability of the bridge, it is cri)cal to establish a 1 km no-mining buffer 

zone both upstream and downstream of the barrage. Meanwhile, reach 9 will be beOer managed 

through a rota)onal mining strategy to allow for periodic recovery and sediment rebalancing.  

In contrast to the highly and moderately degraded segments, reaches 3, 8, 10, 11 and 12 are 

marked as low degraded reaches, allowing for regulated extrac)on within replenishment limits. 

It is to be noted that pilot channels must be dug out in the elephant corridor (located across reach 

11 and partly reach 12) to allow free flow of water during the monsoon. And the aggraded bar of 

the elephant corridor must be skimmed strategically so that the eleva)on remains lower than the 

adjacent bank heights to avoid overbank flow diversion and habitat disturbance. Reaches 1 and 

2, both classified as stable, consistently exhibited low Hotspot Index scores across all )ers. These 

upstream segments lie closer to the mountain front and are characterized by bedrock-controlled, 

partly confined valley morphology, limi)ng lateral channel ac)vity and geomorphic degrada)on. 

Mining is currently absent in Reach 1, which also contains the Gaula Barrage, and this reach 

should remain undisturbed to preserve its fluvial stability. In Reach 2, mining is permiOed from 

downstream areas and may con)nue, provided it remains within natural replenishment 

thresholds. Downstream reaches 13 to 20, which were not part of historical mining opera)ons, 

generally reflect lower geomorphic degrada)on. However, recent observa)ons suggest the 

emergence of channel and floodplain mining ac)vity, raising concerns about poten)al habitat loss 

and morphological disturbance. These lower reaches host perennial surface water, contribu)ng 

significantly to ecological integrity and suppor)ng aqua)c biodiversity. Given their environmental 

sensi)vity, these segments should be excluded from future mining ac)vi)es to prevent long-term 

ecological degrada)on and loss of riverine func)on. 
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This synthesis has been summarized in Table 6.7 and shows that vulnerability cannot be inferred 

from single-year deposi)on volumes alone, as process-based disrup)ons (Tier 2) and long-term 

morphological degrada)on (Tier 1) reveal cumula)ve risks. The )ered approach ensures that 

reaches with different types of vulnerabili)es, whether long-term, func)onal, or seasonal, are all 

iden)fied. By aligning annual licensing with geomorphic resilience and sediment delivery 

thresholds, the Hotspot Index (Table 6.7 and Figure 6.1) offers a prac)cal, scalable tool for 

sustainable riverbed mining governance. 
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Table 6.6: Computation of Hotspot Index for the Gaula River 

Reach LGI 
(Tier1) 

CDI 
(Tier2) 

Tier3 Hotspot Degradation 
Class 

Drivers and impacts Recommendations 

1 0.24 0.46 0.03 0.26 Stable  These reaches are closer to the mountain 
front, and show bedrock and tectonics 
controlled partly confined valley bottom. 
Hence, these reaches show minimal 
geomorphic degradation. Stream power is 
high in reach 1 but drops in reach 2, 
suggesting aggradation in reach 2. 

Mining in reach 1 does not occur and should 
be left as such. The Gaula barrage is also 
located in reach 1. The mining starts from the 
downstream areas of reach 2 and can 
continue, but within the replenishment limit.  2 0.11 0.36 0.48 0.26 

3 0.17 0.87 0.56 0.46 Low The long-term planform impacts (Tier 1) are 
not that high, but the connectivity has been 
disrupted, and recently in 2023 it's been 
subjected to bank and bed erosion. The 
stream power is also relatively high, 
suggesting erosive reach.  

Mining can be permitted, but within the 
replenishment limit.  

4 0.41 1.00 0.29 0.56 Moderate This reach shows significant sediment delivery 
disruption in the mining scenario. This reach 
also exhibits moderate long-term geomorphic 
degradation (Tier 1). The monsoonal sediment 
recovery for 2023 has been low, and the reach 
shows visible degradation (mining scars) even 
after the monsoon.  

Rotational mining (alternate years to allow 
the river to rejuvenate or replenish) is 
recommended, and mining should be left out 
at least 1 Km upstream and downstream of 
the Bridge.  

5 0.68 0.93 0.36 0.69 High  These reaches show severe degradation in 
long-term planform dynamics, including 
channel belt narrowing, loss of vegetated 
bars, and fresh deposits, and a fixed thalweg 
indicating incision (Tier 1). These reaches also 
show significant sediment delivery disruption 

Rotational Mining can occur (alternate years 
to allow the river to rejuvenate or replenish), 
and mining must occur within the 
replenishment limit. 6 0.93 0.56 0.35 0.70 
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7 0.84 0.98 0.44 0.80 (Tier 2). They represent the most 
geomorphologically sensitive zones. But 
recently, in 2023, there has been monsoonal 
replenishment, and mining has been within 
limits.   

8 0.50 0.39 0.34 0.44 Low This reach exhibits moderate long-term 
geomorphic degradation, as reflected in Tier 1 
indicators such as narrowed channel belt 
width, loss of vegetated and fresh deposited 
bars, and a fixed thalweg.  In contrast, the 
impact on connectivity (Tier 2) is lower, and 
the extent of seasonal recovery (Tier 3) for 
2023 is higher. The stream power is also 
relatively low, suggesting a slightly aggrading 
reach. 

Mining can be permitted, but within the 
replenishment limit.  

9 0.54 0.71 0.35 0.55 Moderate This reach shows very high Tier 2 scores, 
indicating significant sediment delivery 
disruption. This reach also exhibits moderate 
to high long-term geomorphic degradation 
(Tier 1). In contrast, monsoonal sediment 
recovery for 2023 has been modest. 

Rotational Mining can occur (alternate years 
to allow the river to rejuvenate or replenish), 
and mining must occur within the 
replenishment limit. 

10 0.55 0.23 0.26 0.39 Low  These reaches exhibit moderate long-term 
geomorphic degradation, as reflected in Tier 1 
indicators such as narrowed channel belt 
width, loss of vegetated and fresh 
depositional features, and a fixed thalweg. 
The impact on connectivity (Tier 2) is low in 
reach 10 but higher in reach 11 and 12. But the 
extent of seasonal recovery (Tier 3) for 2023 is 
higher in all these reaches. 

Mining can be permitted, but within the 
replenishment limit. Pilot channels must be 
dug out in the elephant corridor to allow free 
flow of water. The aggraded bar of the 
elephant corridor must be skimmed (as a 
river training measure) so that the elevation 
remains lower than the elevation of adjacent 
bank heights to avoid the risk of flooding. 

11 0.48 0.61 0.21 0.47 

12 0.48 0.51 0.20 0.43 

13 0.37 0.20 0.26 0.30 Stable  The downstream reaches have not been 
subjected to historical mining; hence these 

The lower reaches are where the surface 
water is seen, and the river has perennial 14 0.25 0.02 0.12 0.16 
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15 0.25 0.09 0.16 0.19 reaches show lower geomorphic degradation. 
But recently, there have been signs of 
floodplain and channel mining in these 
reaches, which could potentially degrade the 
riverine habitat. 

water. These areas are of high ecological 
importance and should be left out of mining.  16 0.34 0.00 0.21 0.21 

17 0.31 0.03 0.46 0.26 
18 0.35 0.01 0.09 0.20 
19 0.30 0.00 0.30 0.21 
20 0.24 0.00 0.16 0.15 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 6.1: Hotspot Index for the Gaula River 
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6.2. Peninsular Rivers: Damodar and Sone  
The Damodar and Sone rivers, major peninsular tributaries of the Ganga, have experienced 

extensive sand mining over the past decades. Unlike Himalayan rivers such as the Gaula, which 

have high sediment supply and more seasonal variability, these rivers are not sediment-rich. 

Due to the lack of detailed sediment transport data, this study aims to iden)fy the most 

degraded reaches of the Damodar and Sone based on long-term planform dynamics 

reconstructed from temporal satellite images. A Hotspot Index was developed using changes 

in key morphometric indicators derived from spa)o-temporal data. This index incorporates 

channel-scale variables that reflect changes in the river planform.  

6.2.1. Methodology 
In the absence of high-resolu)on temporal datasets and a field data-based sediment 

transport model, the hotspot index for the Sone and Damodar rivers was developed using 

only Tier 1 indicators, focused on evalua)ng long-term planform dynamics. This approach 

aligns with the methodology applied in the Gaula River, offering a robust, spa)ally consistent 

means to assess geomorphic instability associated with sand mining. Five geomorphic 

parameters were selected to capture key aspects of planform change: 

a) WCC: Wet Channel Change in Area from Ini)al Year 

b) DCC: Dry Channel Change in Area from Ini)al Year 

c) ARCC: Ac)ve River Channel Change in Area from the Ini)al Year 

d) BA/CA: Changes in Bar Area/ Channel Area from the Ini)al Year 

e) BI: Braiding Index Change from Ini)al Year 

Each of these parameters was first normalized using min-max normalization to a common 

scale (0 to 1) to allow for cross-comparison and unbiased weighting. The final Hotspot Index 

was then calculated using a weighted linear combination of the normalized values: 

Hotspot Index = (0.4 × ARCC_norm) + (0.3 × BA/CA_norm) + (0.3 × BI_norm) 
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Table 6.7: Tier-1 parameters used for calculating the Hotspot Index for the Damodar and 
Sone rivers. 

Parameter DescripBon Data Source Indicator 
Type InterpretaBon 

AcBve River 
Corridor Change 
(ARCC) 

Change in the total 
ac)ve corridor, 
combining wet and 
dry channel areas 

Mul)-year 
satellite 
imagery 

Quan)ta)ve 
Reduc)on implies 
incision; expansion 
indicates aggrada)on 

Bar Area to 
Channel Area 
RaBo Change 
(BA/CA) 

Varia)on in the ra)o 
of bar surface to 
total channel area 

Classified 
satellite 
imagery 

Quan)ta)ve 

Lower values imply bar 
loss or degrada)on; 
higher values reflect 
aggrada)on 

Braiding Index 
Change (BI) 

Change in number 
and arrangement of 
channel threads 
from the ini)al year 

Mul)-year 
satellite 
imagery 

Quan)ta)ve 

A decrease indicates 
reduced sedimenta)on; 
increase implies higher 
sedimenta)on 

 

6.2.2.  Results 
 Damodar River 
The Hotspot Index was calculated for each reach of the Damodar by incorpora)ng normalized 

planform parameters derived from spa)o-temporal satellite imagery (Tables 6.8 and 6.9). The 

final scores ranged from 0.07 to 0.69, reflec)ng varying degrees of geomorphic degrada)on 

across the assessed reaches (Table 6.9 and Figure 6.2). Using Jenks Natural Breaks 

classifica)on, the reaches were grouped into four classes: 

a) Stable: Hotspot Index ≤ 0.15 

b) Low Degrada)on: 0.16 to 0.30 

c) Moderate Degrada)on: 0.31 to 0.43 

d) High Degrada)on: > 0.44 

This classifica)on highlights the spa)al varia)on in geomorphic response, with several reaches 

showing pronounced changes in channel morphology based solely on long-term planform 

indicators. The resul)ng Hotspot Index values provide a quan)ta)ve basis for iden)fying areas 

most affected by or suscep)ble to degrada)on due to sand mining and associated pressures.  

 



 190 

Table 6.8:Computation of Hotspot Indices for Damodar River 

Reach ARCC 
normalized 

BA/CA 
normalized 

BI 
normalized 

Hotspot 
Index 

Degradation 
Class 

Drivers and Impacts Recommendations 

1a 0.05 0.20 0.21 0.14 Stable These reaches fall in the zone of 
granite gneiss bedrock. Hence, 
sediment availability is poor.  

These reaches are bedrock-controlled 
and, hence, are not aggradational 
zones and should be excluded from 
mining. 

1b 0.08 0.22 0.18 0.15 Stable 

2a 0.03 0.21 0.21 0.14 Stable 
2b 0.24 0.23 0.25 0.24 Low These reaches fall in the zone of 

granite gneiss bedrock. Hence, 
sediment availability is poor. Despite 
the river not having sufficient sand 
deposits, mining activities started 
recently. The wet channel declined 
slightly from the reference year, 
suggesting possible incision. 

These reaches are bedrock-controlled 
and hence are not aggradational 
zones and should be left out of 
mining. 

3a 0.24 0.20 0.36 0.26 Low 

3b 0.21 0.17 0.32 0.23 Low 

3c 0.00 0.17 0.33 0.15 Stable The wet channel declined slightly 
from the reference year, suggesting 
possible incision.  

Rotational mining can occur, 
providing sufficient time for the river 
to replenish during the monsoon. 
Mining should be left for at least 3 
years in the peninsular rivers. 

4a 0.64 0.38 0.26 0.45 Moderate There is a significant reduction in the 
active river channel width, with 
severe degradation in bar area. 

 Mining should be halted for the river 
to replenish itself close to the 
reference year. Bar skimming should 
be enforced without altering the 
riverbed slope. 

4b 0.99 0.34 0.36 0.61 High The river has significantly degraded 
here in terms of the bar area, 

Mining should not occur here till near 
reference conditions have been 
restored. 
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4c 0.84 0.18 1.00 0.69 High braiding bars, active river channel 
width and wet channel. 

4d 0.57 0.23 0.44 0.43 Moderate The river dynamics are significantly 
controlled by the Durgapur barrage. 
Despite being upstream of the 
barrage, the active river area has 
declined. 

Mining should not occur here till near 
reference conditions have been 
restored. 

5a 0.20 0.09 0.40 0.23 Low This is downstream of Durgapur 
Barrage.  

Rotational mining can occur. But a 
minimum of 500 m should be left from 
the critical structures. 

5b 0.93 0.21 0.61 0.62 High The river has significantly degraded 
here in terms of the bar area, 
braiding bars, active river channel 
width and wet channel. 

Mining should not occur here.  

6 0.59 0.34 0.10 0.37 Moderate There has been a significant 
reduction in wet channel and sand 
deposits in recent years.  

Rotational mining can occur, 
providing sufficient time for the river 
to replenish during the monsoon. 
Mining should be left for at least 3 
years. 

7a 0.36 0.21 0.30 0.29 Low There is a slight reduction in the wet 
channel and sand bars. 

Rotational mining can occur. 

7b 0.34 0.46 0.06 0.29 Low 
8 1.00 0.27 0.25 0.55 High The river has significantly degraded 

here in terms of the bar area, 
braiding bars, active river channel 
width and wet channel. 

Mining should not occur here.  



 192 

9 0.66 0.08 0.43 0.42 Moderate The river has degraded here in terms 
of the bar area, braiding bars, and 
wet channel. 

Rotational mining can occur, 
providing sufficient time for the river 
to replenish during the monsoon. 
Mining should be left for at least 3 
years. 

10 0.12 0.11 0.00 0.08 Stable Reach 10 was degraded earlier but 
has recovered in recent years. Reach 
11 hasn't degraded much except loss 
of few vegetated bars which turned 
into floodplain. 

Rotational mining can occur. 

11a 0.02 0.00 0.19 0.07 Stable 

11b 0.59 0.45 0.24 0.44 Moderate  The river has significantly degraded 
here in terms of the mid-channel 
bars and reduced braiding bars. 

Rotational mining can occur, 
providing sufficient time for the river 
to replenish during the monsoon. 
Mining should be left for at least 3 
years.  

11c 0.53 0.53 0.09 0.40 

12 0.32 0.59 0.02 0.31 

13 0.55 0.71 0.01 0.44 High The river has significantly degraded 
here in terms of the bar area and 
lateral erosion. It shows the 
downstream impact of sand mining. 

Mining should not occur here.  

14 0.56 1.00 0.20 0.58 High 
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6.2.2.1. Sone River 
The Hotspot Index for the Sone River was computed for three windows using normalized 

planform metrics extracted from mul)-temporal satellite imagery (refer to Tables 6.8 and 

6.10). The resul)ng index values ranged from 0.11 to 0.84, indica)ng a broad spectrum of 

geomorphic degrada)on across the studied reaches and windows (Table 6.10 and Figure 6.3). 

The reaches were categorized into four degrada)on classes: 

a) Stable: Hotspot Index ≤ 0.19 

b) Low Degrada)on: 0.20 to 0.42 

c) Moderate Degrada)on: 0.43 to 0.67 

d) High Degrada)on: > 0.68 

This classifica)on highlights the spa)al varia)on in geomorphic response, with several 
reaches showing pronounced changes in channel morphology based solely on long-term 
planform indicators. 
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Table 6.9: Computation of Hotspot Index for Sone River 

Reach  Window ARCC 
normalized 

BA/CA 
normalized 

BI normalized Hotspot 
Index 

Degradation 
Class 

Drivers and Impacts Recommendations 

1 1 0.30 0.00 1.00 0.42 Low The river transformed from 
braiding to sinous to straight 
to disconnected.  

Rotational mining can 
occur. Bar skimming 
should be enforced, and 
wet pit mining should be 
strictly avoided. 

2 1 1.00 0.74 0.74 0.84 High The river transformed from 
braiding to sinous to straight 
to disconnected. There has 
been significant loss in bar 
area. 

Mining should not occur 
here. 

3 1 0.47 0.66 0.92 0.66 Moderate There has been significant 
loss in bar area. 

Rotational mining can 
occur. Bar skimming 
should be enforced, and 
wet pit mining should be 
strictly avoided. 

4 2 0.05 0.28 0.00 0.11 Stable There has not been much 
change in terms of sand bars 
and wet channel. 

Rotational mining can 
occur. Bar skimming 
should be enforced. 

5 2 0.02 0.43 0.08 0.16 
6 2 0.00 0.67 0.03 0.21 
7 2 0.05 0.36 0.05 0.14 
8 2 0.10 0.52 0.04 0.21 
9 3 0.75 1.00 0.28 0.69 High There has been severe 

floodplain and in-channel 
mining leading to complete 
loss of bars and wet channel. 

Mining should not occur 
here. 

10 3 0.79 0.95 0.29 0.69 
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6.2.3.  Discussion 
The hotspot index analysis has helped iden)fy the most degraded reaches in the Damodar and 

Sone Rivers, enabling a targeted understanding of regions requiring urgent management and 

interven)on. A key insight from this study is the pronounced downstream impact of sand mining, 

which is a dis)nc)ve feature observed in Peninsular rivers, in contrast to Himalayan rivers, where 

degrada)on is typically localized to mining sites. 

6.2.3.1. Damodar River 
The Damodar River presents striking evidence of downstream geomorphic impact. Reaches 12, 

13, and 14 (Fig. 6.2), which are located downstream and show minimal or no direct mining 

ac)vity, are among the most degraded in the en)re study area. This strongly suggests that mining 

ac)vity upstream is triggering sediment starva)on downstream, weakening sediment 

replenishment processes and destabilising the river morphology. 

Upstream reaches like 4b, 4d, 5b, and 6 also show high degrada)on, resul)ng from the cumula)ve 

effects of onsite mining and regulated flow. These factors act together to disrupt sediment 

transport con)nuity, par)cularly in Zone 3, the most ac)ve mining zone. Within zone3, while most 

Figure 6.2: Hotspot Index of Damodar River. 
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reaches are moderately or highly degraded, reaches 7a, 9, 10, and 11a remain stable or less 

affected, possibly due to site-specific resilience, channel width, or sediment source variability. 

The recommenda)ons based on each reach are presented in Table 6.9. 

6.2.3.2. Sone River 
In the Sone River, three study windows were further divided into ten sub-reaches to assess spa)al 

variability (Fig. 6.3). Reaches 9 and 10 in Window 3 emerged as high degrada)on zones, impacted 

not only by direct sand mining but also by significant downstream effects. The deple)on of 

sediment due to upstream mining reduces sediment supply to downstream sec)ons, leading to 

sediment starva)on, loss of sediment bars, and progressive morphological degrada)on. 

Similarly, Window 1 also shows signs of compound degrada)on from both mining and flow 

regula)on. Reach 2 is highly degraded, while Reaches 1 and 3 show low and moderate changes. 

These paOerns underscore how mining alters sediment dynamics beyond the immediate site. On 

the other hand, Window 2 remains rela)vely stable, despite ongoing mining in certain sec)ons. 

This is probably due to rota)onal mining being prac)sed. The recommenda)ons based on each 

reach are presented in Table 6.10. 

Figure 6.3:Hotspot Index of the Sone River 
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6.3. Policy Implica-ons for Sustainable Sand Mining in Himalayan and 
Peninsular Rivers 

Rivers are a major source of sand and gravel for numerous reasons: (a) ci)es tend to be located 

near rivers so transport costs are low; (b) river energy grinds rocks into gravels and sands, thus 

elimina)ng the cost of mining, grinding, and sor)ng rocks; and (c) the material produced by rivers 

tends to consist of resilient minerals of angular shape that are preferred for construc)on (whereas 

wind-blown deposits in deserts are rounder and less suitable) (Koehnken et al., 2020). The term 

“sand mining” is used as a generic term to encompass the extrac)on of riverine aggregates, 

regardless of par)cle size. Sand mining ac)vi)es are among the numerous recognised pressures 

affec)ng riverine ecosystems, where biodiversity is already in rapid decline (World Wildlife Fund, 

2018). Increasingly, there are media reports about the nega)ve environmental and social impacts 

of sand mining, and as calls grow for stronger regula)on of mining (Schandl et al., 2016), there is 

a need to understand the scien)fic evidence of mining impacts to underpin management. 

In recent )mes, the concern about the impacts of sand mining has arisen globally due to several 

factors, and the most important of these include the lack of reliable data on sand mining and 

extrac)on rates, as much of the sand mining ac)vity is unregulated and unmonitored (Hackney 

et al., 2020). There is also a lack of sediment transport data, which makes the es)mates of 

replenishment unreliable and uncertain. However, the availability of modern technologies, such 

as high-resolu)on remote sensing from drones and sediment transport models like CASCADE, can 

overcome some of these problems and offer reliable solu)ons. Further, it is also important to 

understand the impacts of sand mining, which could be direct as well as indirect (Koehnken et al., 

2020). Direct impacts are those in which the extrac)on of material is directly responsible for the 

ecosystem impact, such as due to the removal of floodplain habitat. Indirect impacts are related 

to ecosystem changes that are propagated through the system due to physical changes in the 

river system resul)ng from sand extrac)on. For example, the removal of material from a river can 

alter the channel, river hydraulics, or sediment budget, which in turn can alter the distribu)on of 

habitats and ecosystem func)oning. These types of impacts can be difficult to aOribute to sand 

mining, as they may require long )me frames to emerge, and other interven)ons can result in 

similar changes. The situa)on is further complicated by the existence of geomorphic thresholds 
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in river systems (Schumm, 1979). Altera)ons linked to the removal of sand from rivers may not 

be gradual and/or linear, and only limited changes may be observed for an extended period, but 

once a threshold is reached, change may become rapid and irreversible. Whether the impacts of 

sand mining are posi)ve, neutral, or nega)ve depends on the situa)on and percep)ons of 

different stakeholders. For example, river incision could be perceived as posi)ve by stakeholders 

if it reduces flood risk; however, it can also be considered a change from natural or a decline in 

geomorphic or ecosystem characteris)cs as nega)ve. 

In India, unsustainable sand mining has been rampant despite the 2016 guidelines issued by the 

Ministry of Environment, Forests and Climate Change (MoEFCC), Government of India. To 

strengthen the exis)ng system and to curb illegal and unsustainable mining, the MoEFCC released 

the ‘Enforcement and Monitoring Guidelines for Sand Mining 2020’ with the following objec)ves:  

a) Iden)fica)on and quan)fica)on, and efficient use of Mineral Assets.  

b) To control sand and gravel mining in the Country from its recogni)on by consumers and 

the general public to its final end-use. 

c) Use of IT-enabled systems and the latest sand mining monitoring technologies at every 

phase.  

d) Reduced demand & shortages in supply. 

e) Development of a Sand replenishment process. 

f) Monitoring post-Environmental Clearance.  

g) Environmental Assessment Protocol 

h) Monitor illegal mining instances.  

The MoEFCC sand mining policy 2020 is a very comprehensive document, and among other 

things, it suggests the use of technologies like drones with night vision for surveillance of sand 

mining sites, steps to iden)fy sources of sand, procedures for replenishment of sand, post-

environmental clearance monitoring of sand mining sites, a procedure for environmental audit of 

such areas and steps to control the instances of illegal mining. The salient points of this document 

are as follows: 
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a) A comprehensive District Survey Report and Mining Plan must be developed in which all 

poten)al river mining zones/areas should be iden)fied. Table 6.11 shows the typical 

structure and content of the DSR and Mining Report 

b) The la)tude and longitude of each mining lease shall be men)oned in the LeOer of Intent 

issued to the poten)al mining lease. 

c) Environmental Clearance must be obtained for all mining sites. 

d) No riverbed mining in monsoon, as defined by IMD (typically aaer 30th June), should be 

permiOed. 

e) Replenishment studies should be conducted regularly for which the following protocols are 

prescribed: 

i. 1st Survey: To be done in April to es)mate the level of mining lease before 

monsoon. 

ii. 2nd Survey: Closing of the mines for the monsoon season for quan)fica)on of the 

materials excavated before the onset of monsoon. 

iii. 3rd Survey in the post-monsoon period to es)mate the material 

deposited/replenished. 

iv. 4th Survey at the end of March of the subsequent year to quan)fy how much 

material is excavated. 

v. The areas of deposi)on and erosion for each cross-sec)on should be 

determined. 

vi. Es)ma)on of the bed load transport should be done with analy)cal models for 

replenishment es)ma)on 

vii. Iso-pluvial maps should be acquired from the Meteorological Department for the 

es)ma)on of rainfall. 

viii. Runoff coefficient measurement should be carried out. 

ix. Peak flood discharge es)ma)on should be done every year. 
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Table 6.10:Structure of the District Survey Report and Mining Plan 

6.3.1. Himalayan River: Gaula 
This case study on the Gaula River above u)lized historical remote sensing data, drone technology 

and field-data-based sediment transport model CASCADE, which have provided important 

insights about the geomorphic processes opera)ng in this region.  Based on this, we would like 

to offer a few addi)onal guidelines with specific reference to the Himalayan rivers:  

a) A par)cular stretch of the river is characterized by aggrada)on or degrada)on 

(sediment deposi)on or erosion) depending upon (a) stream power and (b) sediment 

supply. While the stream power is a func)on of water discharge and slope, the 

sediment supply is influenced by upstream/hinterland characteris)cs. The stream 

power determines the imposed boundary condiBons within which the river performs 

its geomorphic ac)vi)es. Therefore, the first criterion is to iden)fy the imposed 

boundary condi)ons of the river. Valley boOom confinement also serves as a tool to 

iden)fy imposed boundary condi)ons.  

b) Aaer iden)fying the imposed boundary condi)ons, a historical analysis of satellite 

images and available maps must be done. The focus should be on the long-term trend 

District Survey Report (DSR) Mining Plan 

• Inventory of RBM 
• Defining the sources of sand 
• Channelization of river bed on a map 

showing areas of aggradation and 
degradation, zones of bank protection 
and ‘no mining zone’ (use of UAVs 
encouraged for surveys) 

• Permanent boundary pillars 
• Mining lease to be selected in the 

depositional areas 
• Mining outside the river bed only if 

there is enough replenishment 
• Potential impacts on forest, protected 

area, habitation, bridges to be avoided 
(necessary certificates required) 

• Original ground level recorded at an interval not 
more than 10M x 10M along & across the length 
of the river  

• Mapping of the deposition or aggradation 
reaches in the river 

• Sediment rating curve for the potential sites (to 
be checked against the extracted RBM) 

• Extraction across the active channel in dry season 
– dry and abandoned channels to be preferred 
(no diversion allowed) 

• No extraction in erosional reaches 
• Extent of lateral migration to be identified 

(extraction within the zone) 
• Mining depth < 3 m and distance from bank 1/4th 

of river width 
• Piedmont zone – mining away from channel 

banks 
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rather than one-)me mapping. The decision regarding sand mining in a river should 

not be governed on its present state or morphology, but on defining a ‘reference 

state’, which is a minimum acceptable or agreed upon morphological and ecological 

state of the river. The reference state does not need to be the pris)ne state of the river 

but should be based on the dynamic behaviour of the river and an understanding of 

its processes and forms. All mapping and calcula)ons must assess how much devia)on 

has occurred rela)ve to the reference condi)on. 

c) Next, all mining should be located around the aggrada)onal stretches, or where the 

rivers are stable and least degrada)on has happened. To map the hotspots of 

aggrada)on/degrada)on, the associated processes, such as in-channel dynamics 

(vegetated bars, wet channel, dry channel and bars) and bank erosion, should also be 

inves)gated. The causal factors (natural vs anthropogenic) should be established.  

d) While the spa)al distribu)on of aggrada)onal areas may be crucial, it is also important 

to understand the depth of permissible mining at these loca)ons. Depth of mining 

should be determined based on the rates of accumula)on (sand budget) at these 

loca)ons, and it should not alter the general slope of the stretch in a major way. This 

requires site-specific topographic, hydrologic and hydraulic informa)on and some 

measurements. Modern technologies such as UAV-based DEM of Difference and 

empirical sediment transport models can be employed. Such data is used to determine 

the amount and depth of sand that can be removed from a site. In general, the 

extractable volume of sand should never exceed the volume that can be replenished 

by normal hydraulic transport. Therefore, bar skimming or scraping is considered the 

most sustainable way of sand mining. 

e) Riverbed mining in selected areas should always be taken up in patches to maintain 

the riffle-pool structure of the river longitudinally. This is an important ecological 

criterion and must be followed. A sudden change in slope due to mining can create a 

‘knick-point’ and this can induce downstream degrada)on, thereby damaging bridge 

piers and buried pipelines, if any. Uniform mining all along the river also alters the 

slope and increases the runoff in high flow periods, leading to increased flood risk. 
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Therefore, the maintenance of a desired slope in a river is the key to maintaining the 

river form, and this must be established through field/modelling studies before 

commencing the mining. 

f) A minimum 1 km no-mining buffer zone upstream and downstream of key structures 

such as bridges, barrages, and piers should be enforced to prevent scour, bank 

collapse, and structural instability. This rule should be applied proac)vely in 

geomorphologically unstable reaches, where bridge founda)on exposure has already 

been recorded.  

g) Cuxng of river banks and widening of river channels must be avoided during sand 

mining. This will disturb the hydrologic regime of the river significantly and will also 

harm the riparian vegeta)on and soil. Therefore, management measures must be 

taken up in areas earmarked for sand mining, such as river stabiliza)on, revegeta)on 

of buffer strips and impacts of the linked floodplain. 

h) Several river systems or several reaches in a river are naturally aggrading due to 

excep)onally large sediment flux from the source areas. These rivers or specific 

reaches pose serious threats to the exis)ng infrastructure and also enhance the flood 

risk due to large-scale channel aggrada)on. At the same )me, they offer poten)al 

areas for sand mining or dredging. It is therefore crucial to have a sediment 

management strategy for these rivers. It may be extremely beneficial to integrate river 

training works with sand mining ac)vi)es, and the concerned departments should 

work in tandem. However, precau)ons should be taken not to change the form and 

slope of the river in a major way. 

i) Limited mining of the filled paleochannels away from the ac)ve channels is a good 

op)on but again some cau)on is required as they also serve as important areas for 

groundwater recharge. Lowering of the riverbed results in a corresponding lowering 

of the water table, causing the wells in the vicinity of the river to dry out, thereby 

increasing the chances of the local communi)es losing their sources of drinking water. 

Excessive mining from these areas may, therefore, impact the groundwater poten)al 
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of the region, and therefore, a minimum of 3-4 m sand layer (undisturbed unsaturated 

zone) should be lea for the protec)on of the aquifer. 

j) In areas where mining has been done before or is being carried out, con)nuous 

monitoring of the river form and posi)on both upstream and downstream of the sand 

mining areas must be carried out regularly to avoid any undesirable impacts. Alluvial 

rivers oaen transmit the disturbance upstream and downstream and such responses 

are governed by geomorphic thresholds, feedback and lags. Con)nuous monitoring 

can help detect such responses and take necessary ac)on. 

k) All ecological hotspots along the river should be avoided for sand mining, irrespec)ve 

of their regime. The first level zoning of all such habitats must be carried out before 

planning the sand mining ac)vi)es, and these areas should be excluded from the 

plans. 

l) The most fundamental point about sand mining is that if undertaken at all, the 

extrac)on of riverbed sand should be conducted at rates that are less than the rate at 

which sand is redeposited from either bedload or suspended load transported from 

upstream. Therefore, rotaBonal mining is suggested in these cases where enough 

)me should be provided to the river to replenish its sediments in a stretch, and 

therefore, mining areas should shia regularly along the river. In Himalayan rivers, 

where the sediment supply is high, we recommend mining in alternate years.  

6.3.2. Peninsular Rivers: Damodar and Sone 
Unlike Himalayan River systems, peninsular rivers such as the Damodar and Sone are 

characterized by less dynamic fluvial behaviour and are not driven by ac)ve tectonic processes. 

Hence, these rivers receive limited sediment supply, making them more sensi)ve to sediment 

extrac)on pressures. As a result, sand mining policies must be adapted to reflect these dis)nct 

geomorphic and sedimentary contexts. Drawing from our analysis of long-term satellite-derived 

data for the Damodar and Sone rivers, we propose the following addi)onal policy 

recommenda)ons tailored to the specific condi)ons of Peninsular River systems: 
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a) In Himalayan rivers, imposed boundary condi)ons are largely governed by steep 

gradients and ac)ve tectonics. Hence, stream power can be used to understand the 

imposed boundary condi)ons. In contrast, Peninsular rivers flow through rela)vely flat 

terrains and are typically sediment-supply-limited, making lithology a more reliable 

indicator for imposed boundary condiBons. Bedrock-dominated stretches, 

characterized by minimal sediment availability, contrast with alluvial segments, which 

contain extractable deposits and therefore serve as more appropriate targets for 

mining.  This serves as a key step in iden)fying suitable zones (aggrada)on or sediment 

accumula)on and degrada)on, or erosion) for riverbed mining along the river corridor. 

Mining ac)vi)es should be concentrated only in aggrada)onal zones. Valley boOom 

confinement can also be used to delineate the area within which the river performs 

its geomorphic work. 

b) Aaer iden)fying the imposed boundary condi)ons, a historical analysis of satellite 

images and available maps must be done.  The focus should be on the long-term trend 

rather than one-)me mapping. The decision regarding sand mining in a river should 

not be governed by its present state or morphology, but on defining a ‘reference 

state’, which is a minimum acceptable or agreed upon morphological and ecological 

state of the river. The reference state does not need to be the pris)ne state of the 

river, but should be based on the dynamic behaviour of the river and an understanding 

of its processes and forms. All mapping and calcula)ons must assess how much 

devia)on has occurred rela)ve to the reference condi)on. 

c) Next, all mining should be located around the aggrada)onal stretches, or where the 

rivers are stable and least degrada)on has happened. To map the hotspots of 

aggrada)on/degrada)on, the associated processes, such as in-channel dynamics 

(vegetated bars, wet channel, dry channel and bars) and bank erosion, should also be 

inves)gated. The causal factors (natural vs anthropogenic) should be established.  

d) While the spa)al distribu)on of aggrada)onal areas may be crucial, it is also important 

to understand the depth of permissible mining at these loca)ons. Depth of mining 

should be determined based on the rates of accumula)on (sand budget) at these 
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loca)ons, and it should not alter the general slope of the stretch in a major way. This 

requires site-specific topographic, hydrologic and hydraulic informa)on and some 

measurements. Such data is used to determine the amount and depth of sand that 

can be removed from a site. In general, the extractable volume of sand should never 

exceed the volume that can be replenished by normal hydraulic transport. Therefore, 

bar skimming or scraping is considered the most sustainable way of sand mining. 

e) Riverbed mining in selected areas should always be taken up in patches to maintain 

the riffle-pool structure of the river longitudinally. This is an important ecological 

criterion and must be followed. A sudden change in slope due to mining can create a 

‘knick-point’ and this can induce downstream degrada)on, thereby damaging bridge 

piers and buried pipelines, if any. Uniform mining all along the river also alters the 

slope and increases the runoff in high flow periods, leading to increased flood risk. 

Therefore, the maintenance of a desired slope in a river is the key to maintaining the 

river form, and this must be established through field/modelling studies before 

commencing the mining. 

f) Cuxng of river banks and widening of river channels must be avoided during sand 

mining. This will disturb the hydrologic regime of the river significantly and will also 

harm the riparian vegeta)on and soil. Therefore, management measures must be 

taken up in areas earmarked for sand mining, such as river stabilisa)on, revegeta)on 

of buffer strips and impacts of the linked floodplain. 

g) A minimum 500 m no-mining buffer zone upstream and downstream of key structures 

such as bridges, barrages, and piers should be enforced to prevent scour, bank 

collapse, and structural instability in peninsular rivers. This rule should be applied 

proac)vely in geomorphologically unstable reaches, where bridge founda)on 

exposure has already been recorded. 

h) Sediment accumula)on oaen occurs upstream of dams and barrages. They offer 

poten)al areas for sand mining or dredging. Hence, to avoid overbank flow )me to 

)me-to-)me monitoring should be done. It is therefore crucial to have a sediment 

management strategy for these rivers. It may be extremely beneficial to integrate river 
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training works with sand mining ac)vi)es, and the concerned departments should 

work in tandem. However, precau)ons should be taken not to change the form and 

slope of the river in a major way. 

i) Limited mining of the filled paleochannels away from the ac)ve channels is a good 

op)on, but again, some cau)on is required, as they also serve as important areas for 

groundwater recharge. Lowering of the riverbed results in a corresponding lowering 

of the water table, causing the wells in the vicinity of the river to dry out, thereby 

increasing the chances of the local communi)es losing their sources of drinking water. 

Excessive mining from these areas may, therefore, impact the groundwater poten)al 

of the region, and therefore, a minimum of 3-4 m sand layer (undisturbed unsaturated 

zone) should be lea for the protec)on of the aquifer. 

j) In areas where mining has been done before or is being carried out, con)nuous 

monitoring of the river form and posi)on both upstream and downstream of the sand 

mining areas must be carried out regularly to avoid any undesirable impacts. Alluvial 

rivers oaen transmit the disturbance upstream and downstream, and such responses 

are governed by geomorphic thresholds, feedback and lags. Con)nuous monitoring 

can help detect such responses and take necessary ac)on. 

k) All ecological hotspots along the river should be avoided for sand mining, irrespec)ve 

of their regime. The first level zoning of all such habitats must be carried out before 

planning the sand mining ac)vi)es, and these areas should be excluded from the 

plans. 

l) The most fundamental point about sand mining is that if undertaken at all, the 

extrac)on of riverbed sand should be conducted at rates that are less than the rate at 

which sand is redeposited from either bedload or suspended load transported from 

upstream. Therefore, rotaBonal mining is suggested in these cases where enough 

)me should be provided to the river to replenish its sediments in a stretch, and 

therefore, mining areas should shia regularly along the river. In peninsular rivers, 

where the sediment supply is low, we recommend a replenishment )me of 3-4 years.  
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In summary, it is important to note that the geomorphic impacts of sand mining are quite 

different in the Himalayan and peninsular rivers, and therefore, the strategy for 

sustainable mining as well as the guiding policies need to be designed differently. Table 

6.12 highlights the major differences in the policy drives for these two different sexngs. 

Table 6.11: Policy recommendations for sand mining: Himalayan vs Peninsular rivers 

Policy Driver Himalayan Rivers (e.g., Gaula) Peninsular Rivers (e.g., 
Damodar, Sone) 

Dominant Controls 
High stream power, tectonic ac)vity, 
steep slopes 

Lithology, limited sediment 
supply, flat terrain 

Imposed Boundary 
Condi)on Indicators 

Stream power, slope, valley boOom 
confinement 

Lithology (bedrock vs alluvial), 
valley boOom confinement 

Sediment 
Availability High (episodic, monsoonal), dynamic Low, oaen supply-limited 

Reference State 
Approach 

Required for long-term monitoring with 
focus on devia)on from reference 
geomorphic state 

Same as Himalayan river 

Suitable Zones for 
Mining 

Aggrada)onal/stable stretches; avoid 
degraded areas 

Alluvial and aggrada)onal 
stretches; avoid bedrock or 
degraded zones 

Extrac)on Method Bar skimming, rota)onal mining in 
alternate years 

Bar skimming, rota)onal mining 
every 3–4 years 

Depth Control Based on sediment budget, maintain 
slope, supported by UAV/field models 

Based on accumula)on rates 
and channel slope; no altera)on 
of general gradient 

Ecological Integrity Exclude ecological hotspots 
Same as Himalayan; sensi)ve 
riparian zones (floodplain 
mining) must be excluded  

Buffer Zones Near 
Infrastructure 

Minimum 1 km upstream & 
downstream of bridges, barrages, etc. 

Minimum 500 m near cri)cal 
structures 

Paleochannel 
Mining 

Limited; ensure 3–4 m of unsaturated 
sand remains for groundwater 
protec)on 

Similar cau)on; priori)ze 
recharge protec)on and avoid 
excessive lowering of water 
table 

Monitoring 
Requirement 

Con)nuous upstream & downstream 
monitoring to detect morphological 
thresholds and responses 

Same; especially needed due to 
lagged response in alluvial, low-
energy systems 
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Policy Driver Himalayan Rivers (e.g., Gaula) Peninsular Rivers (e.g., 
Damodar, Sone) 

Integra)on with 
River Training 
Works 

Recommended in aggrading rivers; 
avoid dras)c channel slope change 

Dredging possible upstream of 
barrages; integrated with 
sediment management strategy 

Flood Risk 
Mi)ga)on 

Avoid con)nuous mining; maintain 
slope and channel geometry 

Similar approach; mining-
induced slope altera)on must 
be minimized 

 

6.4. Final remarks 
Instream sand mining, driven by rapid urbaniza)on and economic growth, has surged in recent 

years, causing significant ecological and geomorphological damage to rivers. Unregulated 

extrac)on leads to channel incision, endangering infrastructure such as bridges and lowering 

water tables, while also triggering lateral instability, bank erosion, and channel shias that increase 

flood risks. The loss of channel form and sediment balance disrupts aqua)c and riparian habitats, 

degrades fisheries, and undermines biodiversity. In India, both Himalayan and peninsular rivers 

have been severely impacted, with the Damodar River experiencing lowered water levels, habitat 

loss, and chemical pollu)on, and the Sone River suffering from altered flow, habitat degrada)on, 

and groundwater decline. For the Himalayan sexng, the Gaula river in UOarakhand was selected 

as a prominent Himalayan river to document and analyse the impacts of sand mining.  To 

understand and manage these impacts, the CASCADE (Catchment Sediment Connec)vity And 

Delivery) modelling framework was also set up for the Gaula river, which integrates graph theory 

with sediment transport equa)ons to es)mate grain-specific sediment flux and assess habitat 

availability. Given their differing geomorphic sexngs—Himalayan rivers with high sediment loads 

driven by tectonic ac)vity and monsoons, and sediment-limited peninsular rivers—management 

strategies must be river-specific: for Himalayan rivers, regula)ng extrac)on based on dynamic 

sediment budgets and maintaining connec)vity; for peninsular rivers, restric)ng mining to low-

sensi)vity zones and favoring controlled, non-mechanized methods. Overall, science-based, data-

driven policies, con)nuous monitoring, strict enforcement, and community engagement are 

essen)al to safeguard riverine ecosystems and preserve their ecological and societal benefits. 
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Finally, this project resulted in capacity building and the dissemina)on of the science of sand 

mining in a major way (see Appendix 1). One PhD and one Master’s student worked full-)me on 

this project, and they have delivered excellent theses. Several project staff were also hired from 

)me to )me, who contributed significantly to the project, and also got trained in various aspects, 

such as UAV data analysis and modelling. We also presented several papers in na)onal and 

interna)onal conferences and workshops, which included the datasets generated from this 

project. One major research paper was published in an interna)onal journal and a book chapter 

was also published, which was partly based on our previous project funded by NMCG. Several 

papers are in the pipeline for publica)on and will be reported to NMCG as and when they are 

published. Overall, this project was a very successful project and has provided a very sa)sfying 

experience. 

While working on this project, we have developed several new ideas that can be taken up quickly 

as a new project u)lising the results of the ongoing project. We are currently formula)ng such a 

project to develop a Sand Mining Monitoring Module (SaMM) using machine learning tools to 

provide insights into the temporal varia)ons of a designated sand mine over a specified )me 

interval and enable illicit sand mine monitoring and analysis. We believe that such a pla{orm for 

the assessment of sand mining-impacted areas would be very useful. Once developed for a few 

pilot areas, this module can be upscaled to several basins across the country and will serve as an 

excellent pla{orm to monitor sand mining ac)vi)es across the country. This project will also align 

with the ac)vi)es of the Ganga Knowledge Centre at NMCG, and we will be able to create several 

online modules as well as policy briefs for this centre.  
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S&T benefits accrued from this project 
1. List of Research PublicaBons  

 
Akuria, M. and Sinha, R. (2025). Spa)otemporal morphodynamics of an ephemeral 

Himalayan River impacted by sand mining: a process-response framework. Science of the 
Total Environment, 964, 178526. hOps://doi.org/10.1016/j.scitotenv.2025.178526 

Sinha, R., Moumita Akuria, Kanchan Mishra and Dipro Sarkar (in press). River Sand mining: a 
developing geohazard in the Himalaya. In: Sandipan Ghosh (editor). The Himalaya 
Dilemma: Naviga)ng Risk, Vulnerability, and Resilience in Geohazard-Prone Regions. 
Springer. 

Moumita Akuria, Shobhit Pipil and Rajiv Sinha (2023). Anthropogenic impacts of sand mining 
on channel form and sediment transport in a Himalayan River, NW India: a 
hydrogeomorphic approach. Interna)onal Fluvial Sedimentology Conference, Padova, 
Italy. 

Moumita Akuria, Shobhit Pipil, Rajiv Sinha (2023). River channel morphodynamics and 
sediment flux modeling in the Gaula River, NW India in consequence to sand mining. 
American Geophysical Union Annual mee)ng, San Francisco, USA. 

Moumita Akuria and Rajiv Sinha (2025). Spa)o-temporal Morphodynamics of Himalayan 
River in Consequence of Sand Mining Using Satellite and UAV Remote Sensing. European 
Geosciences Union General Assembly, Vienna, Austria. 

Shobhit Pipil, Moumita Akuria, Rajiv Sinha (2025). Sediment transport modelling in a mining 
impacted ephemeral Himalayan River, International Association of Hydrological Sciences 
Conference, IIT Roorkee.  

Moumita Akuria and Rajiv Sinha (2026). Assessing the Geomorphic Impacts of Sand Mining 
in the Gaula River Using UAV-based DEMs, Remote Sensing, and Sediment Transport 
Modelling. International Association of Geomorphologists Conference, New Zealand. (to 
be presented).  

 

2. Manpower trained on the project  

No. of Ph.D. produced: One 

Moumita Akuria: Spa)o-temporal morphodynamics and sediment dynamics of a Himalayan 
River in consequence of sand mining (likely to submit in December 2025). 

No. of Master’s thesis produced: One 
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Aayush Tiwari: Morphodynamics of large Peninsular Rivers in consequence to sand mining 
using Google Earth Engine (GEE) (completed in June 2025). 

Student interns 

Ankit Yadav 

Shreyansh Dewangan 

Ansh Dwivedi 

Rakshita Chauhan 

Priyanshi Agarwal 

 

Other Technical Personnel supported   

Dr. Kanchan Mishra 

Dr. Shobhit Pipil 

Dr. Dipro Sarkar  

Dr. Ashwini Agnihotri 

Dr. Sandeep Kumar Madhesia 

Mr. Girish Chandra Pandey 

Dr. Prinsi Singh 

Mr. Naresh Kumar 

Mr. Vishal Agnihotri 

Mr. Rammurat Rathore 

Mr. Chandrasekhar 

 

3. MulBplier effects and future direcBons 

• Apart from the research carried out through this project, a number of mul)plier effects 

may be highlighted here: 

• Policy briefs for the development of protocols for sand mining. 
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• Presenta)ons at several na)onal and interna)onal workshops to highlight the results of 

the project. 

• Several invited lectures across the country to propagate the impacts of sand mining on 

rivers. 

• Par)cipa)on in a capacity-building workshop on sand mining at IISER Bhopal in January 

2025. 

• Preparing a proposal on the development of a web GIS module for the detec)on and 

monitoring of sand mining (to be submiOed to NMCG).  
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