[bookmark: _Hlk45968786][bookmark: _Toc449009041]Sand Dynamics and Utilization in the Geographical Context of Fluvial Geomorphology and Watershed Hydrology


ABSTRACT

This review paper delves into both the simple and complex relationships between sand dynamics, geographical landscapes and their significant implications for fluvial geomorphology and watershed hydrology. Sand, a fundamental constituent of river systems, plays a pivotal role in shaping river morphology and influencing hydrological processes within watersheds. This review synthesizes a broad spectrum of research, integrating established findings from various geographical contexts to provide a comprehensive understanding of the nature of sand dynamics. The review examines the mechanisms governing sand transport, deposition and erosion, elucidating their relationships with fluvial processes. It scrutinizes the influence of geomorphic factors such as channel morphology, sediment supply and discharge variability on sand movement and distribution within river systems. Furthermore, the paper explores the diverse impacts of human interventions and anthropogenic activities on sand dynamics, shedding light on the alteration of natural sediment regimes and its repercussions on fluvial ecosystems. Moreover, the study investigates the utilization of sand resources and its physical and socio-economic implications, emphasizing the balance required between exploitation for construction purposes and preserving environmental integrity. It discusses management strategies aimed at sustainable sand extraction practices to mitigate adverse effects on river ecosystems and watershed hydrology. In summary, this review consolidates and synthesizes the current state of knowledge regarding sand dynamics within the geographical context of fluvial geomorphology and watershed hydrology. It identifies critical gaps in understanding and suggests avenues for future research, emphasizing the importance of integrated approaches that consider both natural processes and human influences in managing sand resources within river landscapes.
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1.0 INTRODUCTION
Sand has various definitions based on chemical, physical, and genetic perspectives. Chemically (Shaffer, 2006:2), it is mainly composed of silica (SiO₂), while physically, it is defined as loose, granular material between 0.0625 and 2.00 mm in size (Barksdale, 1991). Genetically, sand results from the weathering of rocks through mechanical forces (Meador and Lahyer, 1997). It is found in a range of environments such as riverbeds, shorelines, and deserts, and is classified along with gravel as aggregates—the second most consumed natural resource globally after water.
Sand deposits are widespread, but industrial-quality sands are rarer and often require extensive exploration (Pitchaiah, 2017). While deserts seem abundant in sand, not all sand types meet construction standards, leading to significant imports even in desert nations. For example, Qatar and the United Arab Emirates imported sand worth billions of dollars despite their desert environments, underscoring the disparity between sand availability and usability (Churchill, 2016). A good measure of aggregate consumption is cement production, as sand and gravel are core components of concrete. In 2012, global cement production reached 3.7 billion tonnes, which translates to about 25.9 to 29.6 billion tonnes of aggregates used. Countries like China, India, and the U.S. dominate global cement output, with China alone accounting for more than half of the production (Peduzzi, 2014). The demand for aggregates continues to rise with urban development and infrastructure expansion.
Beyond construction, aggregates are vital in land reclamation, shoreline protection, and road building. Global data for these uses is limited, but the scale is massive—China alone constructed over 146,000 km of roads in a single year. Considering all these uses, global aggregate consumption exceeds 40 billion tonnes annually, surpassing the sediment transported by all rivers combined (Peduzzi, 2014). This highlights humanity’s profound impact on Earth’s geological systems.

[bookmark: _Toc144282661]1.1 CONCEPTUAL FRAMEWORK
[bookmark: _Toc144282663]1.1.1 Classification of Sand
Gavriletea (2017) classified sand based on formation, composition, and grain size. Shaffer (2006) noted that sand’s physical characteristics (Table 1) reveal its origin, history, and uses. While sand can contain various minerals, industrial sand is mainly composed of quartz (Bolen, 1996; Shaffer, 2006). Tropical sands may also include olivine, ferromagnesian, and black oxide minerals, depending on local geology (Figure 1). Nonetheless, most sand formations mainly consist of quartz (Barksdale, 1991).
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[bookmark: _Hlk124858715]Figure 1: Classification of Sand	          Source: Gavriletea (2017).
[bookmark: _Hlk124858598]Table 1: Structural Classification of Sand and other Materials
	

	SN
	Soil aggregate
	Size (mm) 
	Surface area (cm3/gm)
	Visibility

	1
	Clay
	< 0.002
	23,000
	Electron Microscope

	2
	Silt
	0.002-0.05
	2,100
	Light Microscope

	3
	Very fine sand
	0.05-0.10
	-
	Light Microscope

	4
	Fine sand
	0.10-0.25
	210
	Natural Eyes

	5
	Medium sand 
	0.25-0.50
	-
	Natural Eyes

	6
	Coarse sand
	0.50-1.00
	21
	Natural Eyes

	7
	Very coarse sand
	1.00-2.00
	-
	Natural Eyes

	8
	Gravels
	2.00-100
	-
	Natural Eyes

	9
	Boulders
	>100
	-
	Natural Eyes


Source: Compiled from Barksdale (1991) and Shaffer (2006).


[bookmark: _Toc144282664][bookmark: _Hlk41042569]1.1.2 Sand Formation and Renewability
Sand is primarily a product of weathering and its distribution is basically a product of transportation; it is the final product of rock weathering which is an important part of the rock cycle (Adamu and Abdulazeez, 2019). Because it takes thousands to millions of years for sand to form via the rock cycle and weathering, it is virtually a non-renewable natural resource. Sand and its solidified form, sandstone, are both very important geologic products that have undergone extensive research (Pettijohn, 1975 in Shaffer, 2006). Forces that produce sand and its parent materials occur all over the Earth thereby making its occurrence to be universal. Many sands and all the highest quality sand deposits are made of quartz. The two most abundant chemicals on Earth, Si (28%) and O (47%), combine to form quartz (The Mineral Gallery, 2004) which is the most common mineral in the crust of the Earth comprising an estimated 35% of all rocks (Shaffer, 2006).  
[bookmark: _Toc144282665]The formation of sand begins with the weathering of quartz-bearing rocks—igneous, sedimentary, or metamorphic—and is part of the Earth's continuous rock cycle. Weathering separates mineral grains from cemented rock structures, after which transportation processes, primarily driven by water, carry the grains to different depositional environments. As sand grains travel, weaker minerals are removed, and the grains become smaller, more rounded, and chemically purer. Repeated transportation and deposition cycles lead to mature sands that are well-sorted and rich in quartz—sometimes exceeding 95% purity—making them valuable for various uses.
Rivers serve as the most efficient transporters of sediment, moving particles of all sizes through processes such as bedload movement, saltation, suspension, and solution. The transport capacity of a river depends on factors like water velocity, turbulence, and the roughness of the riverbed. River dynamics are complex, constantly reworking and redistributing sand deposits across floodplains and terraces. Some sand mining operations depend on this natural replenishment cycle, extracting sand from areas where sediments are continuously supplied by flowing water.
1.1.3 Sand Dynamics
[bookmark: _Hlk42548058]Many features of sand like mineral compositions, grain size distribution and grain roundness and other details are studied not only to understand its genesis and formation, but also to determine suitability for human uses (Zdunczyk and Linkous, 1994). Sand is a key component in a variety of construction products, including cement, mortar, tile, brick, glass, adhesives, and ceramics, as well as water filtering, chemical and metal processing, and the plastics sector. Due to population increase and rising living standards, these various uses resulted in exponential consumption growth, which is predicted to continue (Gavriletea, 2017).
According to Shaffer (2006:10), industrial sand, silica sand, high quartz sand, or simply silica are all terms used to describe pure quartz sands. Quartz sand is widely used for water filtration and the production of glass, with varied levels of purity and grain size required for different types of glass. Heat-resistant moulds or cores for casting metal parts are made by mixing raw, angular quartz sand with clay. Precision coatings, such as jewellery, high-precision items, or dental devices, are made with fine sand. Quartz is used in ceramics to provide toughness and robustness, as well as glazes. Quartz is used to manufacture refractory (temperature-resistant) bricks for lining furnaces, and fused quartz can be made into a variety of intricate shapes for laboratory apparatus (Zdunczyk and Linkous, 1994; Bolen, 1996 and Shaffer, 2006). Shaffer (2006) summarized other salient uses of sand to man thus:

Refined quartz produces a huge range of silicon chemicals used in drugs, cleaners, and pharmaceuticals and also the silicon chips that power our computerized world. Quartz can provide silicon metal or ferrosilicon which is an alloying agent for various metals. Silicon carbide, an important abrasive made from quartz and natural quartz, both have been used for a myriad of abrasive tasks such as sandpaper. Quartz sand is used as a filler or extender for such products as paints, plastics, gels, and other suspensions. It imparts considerable toughness to rubber or plastics, and can provide some temperature resistance. 

[bookmark: _Toc144282666]1.1.4 Sand Budget 
In general, sediment budget is defined as the material transport volume balance for a selected segment of the coast or river. The elements of the budget are processes that increase (sources) or decrease (sinks) the quantity of sand in a defined control volume (Coastal Engineering Research Centre, 1984). Determining the sand budget for a particular stream or catchment requires site-specific topographic, hydrologic, and hydraulic information. This information is used to determine the amount of sand that can be removed or mined from the area or environment without causing undue erosion or degradation, either at the site or at a nearby location, upstream or downstream (Ab.Ghani et.al., 2003).
Sand and gravel mining in or near the channel alters the sediment budget and can cause significant temporal and spatial changes in channel hydraulics (Brown, 1996). Minimizing the detrimental consequences of sand-and-gravel mining necessitates a thorough understanding of the channel's sensitivity to perturbations caused by mining. The definition of a reference state, i.e., a minimally acceptable or agreed-upon physical and biological condition of the channel, as well as the sand budget, is required for decisions on where to mine, how much, and how often (Chauhan, 2010).
[bookmark: _Toc144282669]1.1.5 Sand Mining Environments
Sand mining occurs in various environments, such as beaches, inland dunes, ocean floors, river beds and deltaic regions (Pitchaiah, 2017). Sand was previously taken in land quarries and riverbeds all over the world; however, due to the depletion of inland resources, a shift to marine and coastal aggregates mining has occurred. River and marine aggregates are still the most used building and land reclamation materials (Kondolf, 1997). Because the wind erosion process generates spherical granules that do not bind effectively, most desert sand cannot be used for concrete or land reclamation (Zhang et.al., 2006).
Worldwide, rivers are the preferred source of sand and gravel for a number of reasons listed by Koehnken and Rintoul (2018). River energy grinds rocks into gravels and sands, obviating the cost of mining, grinding, and sorting rock, and the material created by rivers tends to be durable minerals with angular shapes, which are ideal for construction. River sand deposits also have the advantages of being naturally sorted by grain size, being easily accessible, and being able to be carried cheaply by barges. There are cities located near rivers so transport costs are low (Koehnken and Rintoul, 2018).

[bookmark: _Toc144282670]1.2 SAND MINING AND UTILIZATION
Sand and associated sediments mining is defined as the removal, excavating, extracting, quarrying or dredging of sand, gravel, rocks, boulders and other deposits from the bed, bank, or floodplain of a river, or from a river reserve (Environmental Conservation Department, 2000). Sand mining can also occur on coastal and inland environments like dunes, abandoned channels, gullies and deposits (Dhakwa et.al., 2005). Going by the fact that it can be of different scales and dimensions, Saviour and Stalin (2012) simply defined sand mining as the process of removal of sand and gravel at a level that makes it become an environmental issue. Similarly, UNEP (2014) described it as “the temporary or permanent lowering of the productive capacity of land”. 

[bookmark: _Toc144282672]1.2.1 Nature and Scope of Sand Mining
Globally, sand mining is mainly carried out on rivers and associated environments where the material is readily available for extraction (Gurubachan-Singh et.al., 2007). Typically, in the case of inland sand mining, operations begin with the removal of overburden which is often hauled to the perimeter of the mine site and piled into beacons. Once the overburden has been removed, the sand is excavated. Depending upon the geological formation, blasting may be used to make the sand containing materials more amenable to excavation (Hill and Kleynhans, 1999). Atejioye and Odeyemi (2018) noted that large scale excavations involve heavy equipment or rubber-tired front-end loaders. In most other small-scale inland sand mining sites in Ado-Ekiti, Nigeria, the excavated sand materials are loaded on trucks by hired labourers using shovels (Atejioye and Odeyemi, 2018). 
As sand is an essential component in the provision of shelter, the scope of its use is global. Sand mining is a universal phenomenon that no country in the world can claim to be completely free from its direct and indirect benefits and challenges (Starnes, 1983). Demand for sand and gravel relates to the increasing need for construction materials, which accounts for approximately 96% of the total amount of mined sand and gravel (Langer, 1988). The remaining 4% is used for foundry operations, glass manufacturing, abrasives, and filtration beds in water treatment facilities. Of the sand and gravel used in construction, approximately 43% is used for residential and other buildings (Langer, 1988).
According to the United States’ National Sand and Gravel Association, almost 91,000 kg of aggregate material (sand, gravel and crushed stone combined) are needed to construct a 6-room house, and approximately 14 million kilograms of aggregate are needed to construct a school or hospital (Langer, 1988). Although these values are approximations, they give an indication of the volume of material used in construction and how much our sand resources have to suffer (Langer and Glanzman, 1993). 

[bookmark: _Toc144282673]1.2.2 Spatial and Temporal Dimension of Sand Mining
One of the primary determinants of sand mining is location, which significantly influences sediment availability, extractability, movement, and replenishment. Time is also crucial, as seasonal variations affect mining activities—for instance, sand mining becomes more difficult during the rainy season (Abdulazeez, 2018). River channels and floodplains are vital sources of aggregates due to the durable and well-sorted nature of river-processed materials. The relevance of alluvial deposits depends on factors such as quality, location, processing needs, and the availability of alternative sources (Tepordei, 1992). In California, nearly all 120 million tonnes of construction aggregate produced annually are sourced from alluvial deposits (Carillo et al., 1990).
Understanding the spatial and temporal distribution, abundance, and quality of instream sand and gravel is essential for evaluating environmental issues linked to mining (Kondolf, 1995). Some experts propose limiting aggregate extraction to match the annual bed load to mitigate environmental damage. However, accurately estimating the annual bed load is complex due to its dynamic nature, varying hourly, daily, and annually (National Research Council, 1983).
Not all instream deposits are commercially viable; factors such as particle size, shape, hardness, chemical composition, and intended use determine their suitability. Commercial sand and gravel must be chemically inert and resistant to weathering and mechanical degradation (Kondolf, 1997). Instream gravel is particularly valued for its durability, having been naturally sorted and rounded through prolonged fluvial transport (Barksdale, 1991). Additionally, sediments in reservoirs, though largely untapped, are promising as building material sources. They offer the advantage of being size-sorted and their extraction helps reduce sediment accumulation, which in turn partially restores reservoir capacity (Kondolf, 1997).
Economic considerations, particularly transportation, are also crucial. Transporting materials from extraction sites to demand areas constitutes the largest share of total mining costs. Consequently, sand and gravel extraction sites are generally located within 50–80 kilometers of the main demand zones and near transport routes to reduce expenses (Kondolf, 1997).
[bookmark: _Toc144282674]1.2.3 Scientific Sand Mining
Sustainable sand and gravel extraction is vital to maintaining river equilibrium, and it should be guided by sediment transport principles to determine appropriate locations, timing, and quantities. The Geological Survey of India emphasizes mining in large or braided rivers that naturally replenish sediment, avoiding smaller streams. It recommends restricting mining to pre-identified river stretches, favoring abandoned channels and inactive floodplains over active channels. Operations should remain at least three meters from riverbanks to prevent erosion and migration. Additionally, mining should avoid concave banks and eroding areas, instead targeting aggrading sections of meandering rivers. Depths should be limited to three meters and remain above the groundwater table to prevent contamination and promote water sustainability through strategic low-flow period scraping.
Proper waste management and environmental planning are also essential in minimizing the ecological impact of sand mining. Riverbed materials often require washing or more advanced processing, resulting in significant waste that must be safely disposed of in stabilized, vegetated pits to reduce wind erosion. The report highlights the importance of thorough environmental documentation, including mining area details, operation timelines, depth, closure methods, and plans for reclamation and rehabilitation. These measures ensure sand mining activities are not only economically viable but also environmentally responsible and sustainable in riverine systems.
[bookmark: _Toc144282675]1.3 EFFECTS OF SAND MINING
Generally, the effects of sand mining can be positive or negative as well as immediate and long-term. Environmentally, there can be direct and indirect impacts of sand mining both on and off river ecosystems (Abdulazeez, 2018; Abdulazeez and Adamu, 2019). Direct impacts are those in which the extraction of material is directly responsible for the impact to the ecosystem, such as due to the loss of floodplain areas or removal of gravel, cobble or other habitat that is recognised as underpinning a specific ecosystem process. Indirect impacts are related to ecosystem changes that are promoted due to physical changes in the river system resulting from sand extraction.
[bookmark: _Hlk142383237]While studying the spatial concentration of rock minerals mining on the Lower Silesia region in Poland, Blachowski (2015:18) concluded that in the context of regional spatial policy of the study area, increase of rock minerals mining results in growth of regional economy but also leads to intensification of environmental and social problems. The first are associated with pressures to increase production which is often in conflict with the requirements of nature protection and well-being of local populations. The second with growth of road transport of rock minerals and their products, which in turn results in deterioration of roads due to large volumes of rock minerals transport, decrease of road transport safety and discomfort of citizens.
[bookmark: _Toc144282677]1.3.1 Geomorphological and Hydrological Effects
[bookmark: _Hlk142387807]One of the principal causes of environmental impacts from in-stream mining is the removal of more sediment than the system can replenish (Pitchaiah, 2017). Even without morphological studies on the impacts of instream sand mining on riverbank erosion, it has been established (Sreebha, 2008) that when the rate of sand extraction exceeds the replenishment rate, significant and potentially irreversible changes occur in the hydraulic conditions and channel stability. The removal of material from a river channel can alter river hydraulics due to changes in the depth (Figure 2), width or slope of a river, which in turn can alter ecosystem processes (Sreebha and Padmalal, 2010).
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	[bookmark: _Hlk124858871]Figure 2:   Diagram of sand-and-gravel stream bed showing (A) the nick point that develops with a pit excavation, and (B) the upstream head cutting and downstream bed degradation that develop during high flows. Source: Hedge et.al. (2008)
	[bookmark: _Hlk124858917]Figure 3: Diagram of channel cross sections showing (A) a typical sand-gravel bar in relation to the low-flow channel, riparian zone and water table, and (B) the wide shallow channel that results from unrestricted mining characterized by bank erosion, braided flow and increased water temperatures.  Source: Hedge et.al. (2008)



[bookmark: _Hlk142387880]Head cutting mobilizes substantial quantities of streambed sediments which are then transported downstream to deposit in the excavated area and locations further downstream. In gravel-rich streams, effects downstream of mining sites may be short-lived when mining ends, because the balance between sediment input and transport at a site can re-establish itself relatively quickly (Hedge et.al., 2008). Effects in gravel-poor streams may develop rapidly and persist for many years after mining has finished. Regardless of downstream effects, head cutting in both gravel-rich and gravel-poor streams remains a major concern. Head cuts (Figure 3) often move long distances upstream and into tributaries, in some watersheds moving as far as the headwaters or until halted by geologic controls or man-made structures. 

A second form of bed degradation occurs when mineral extraction increases the flow capacity of the channel. A pit excavation locally increases flow depth (Figure 2) and a bar skimming operation increases flow width (Figure 3). Both conditions produce slower streamflow velocities and lower flow energies, causing sediments arriving from upstream to deposit at the mining site (Hedge et.al., 2008). As streamflow moves beyond the site and flow energies increase in response to the "normal" channel form downstream, the amount of transported sediment leaving the site is now less than the sediment carrying capacity of the flow. This sediment-deficient flow or "hungry" water picks up more sediment from the stream reach below the mining site, furthering the bed degradation process (Figure 3). This condition continues until the equilibrium between input and output of sediments at the site is re-established (Hedge et.al., 2008). 
A similar effect occurs below dams, which trap sediment and release "hungry" water downstream, where channel incision usually ensues. Instream mineral excavation downstream of dams compounds this problem. Although other factors such as levees, bank protection and altered flow regimes also promote channel incision, mineral extraction rates in many streams are often orders-of-magnitude in excess of sediment supply from the watershed, suggesting that extraction is largely responsible for observed channel changes. Susceptibility to hungry-water effects depends on the rate of extraction relative to the rate of replenishment. Gravel-poor streams would be most susceptible to disturbance.
Channel incision both causes vertical instability in the channel bed, and lateral instability in the form of accelerated stream bank erosion and channel widening. It increases stream bank heights, resulting in bank failure when the mechanical properties of the bank material cannot sustain the material weight. Channel widening causes shallowing of the streambed (Figure 3) as deep pools fill with gravel and other sediments (Hedge et.al., 2008). Shallowing and widening of the channel also increase stream temperature extremes, and channel instability increases transport of sediments downstream. Mining-induced bed degradation and other channel changes may not develop for several years until major channel-adjustment flows occur, and adjustments may continue long after extraction has ended.
[bookmark: _Toc144282681]1.3.2 Inconsequential Sand Mining 
Generally, extraction of gravel can only cause problems and affect the ecologic functioning of rivers if particularly undertaken at the wrong time and magnitude, or in the wrong place, or in a way that damages the river bed or margins (Rinaldi et.al., 2005). According to the Indian Ministry of Environment (2016) all other things being equal, sand mining will have little to no significant impact if the following are observed;
a) Extracting gravel from an excavation that does not penetrate the water table and is located away from an active stream channel should cause little or no change to the natural hydrological processes unless the stream captures the pit during periods of flooding. 
b) In-stream gravel extraction from below the water level generally causes more changes to the natural hydrologic processes than limiting extraction to a reference point above it.
c) In-stream extraction of sand and gravel below the deepest part of the channel (the thalweg) generally causes more changes to the natural hydrological processes than limiting extraction to a reference point above the thalweg.
d) Excavating sand and gravel from a small straight channel with a narrow floodplain generally will have a greater impact on the natural hydrological processes than excavations on a braided channel with a wide floodplain.
e) Extracting sand and gravel from a large river or stream will generally create less impact than extracting the same amount of material from a smaller river or stream.

[bookmark: _Toc144282682]1.4 SAND MINING AND WATERSHED RESPONSES
Depending on the scope and scale, sand mining is one of the major anthropogenic activities that can generate a chain of reactions from a fluvial system. The dynamics of probable responses or disturbances in a river system are often complex and unpredictable (Schumm, 1991; Lord et.al., 2009). According to Schumm (1991), the concepts of singularity, divergence, and convergence are additional traits of the complexity of fluvial systems important to establishing and understanding cause-effect relationships. Singularity acknowledges that well-established generalizations may not be applicable for site-specific predictions because of unexplained (or unknown) variations at a site (Germanoski et.al., 2002). Convergence is the condition where different processes (causes or stressors) can result in the same response (effect). Divergence is the condition where the same stressor (cause) can yield different responses (effects). In this case, two watersheds may respond differently (divergently) to a similar problem (Gregory & Walling, 1987; Cooke & Doornkamp, 1990).
Fluvial systems can be affected by many single natural and anthropogenic stressors which are either within the watershed or as a result of external factors like climatic change. Changes in some situations are local in nature and subtle (Martin and Hess, 1986). At the most basic level, the altered hydrology category includes any individual stressor that may affect pathway, rates, frequency, or location of water movement in a watershed (Thorne, 2002). This change in hydrology may be due to specific stressors such as forestry practices, withdrawal wash-water discharge, storm runoff, and dredging activities from improper sand and gravel operations which can increase the turbidity of streams. Any stressor that may affect the availability and transport of sediment falls in the altered sediment budget category. While basin-scale stressors are limited to the two general categories above, an additional category of stressor is included for channel-scale stressors—altered channel (Rovira et.al., 2005). This category includes individual stressors that directly affect the stream channel, such as dredging, trail crossings, channelization, and trampling of banks by grazing animals (Waters, 1995). 
[bookmark: _Toc144282683]1.4.1 The River System Equilibrium
[bookmark: _Hlk142552202]Fluvial systems inherently undergo spatio-temporal changes due to various stressors. The U.S. Environmental Protection Agency (2002) notes that these changes and system responses can be immediate or delayed, direct or indirect, and vary in scale and impact—ranging from beneficial to detrimental. Despite this complexity, recurring patterns of response to disturbances are well-documented (Cottingham et al., 2003). One significant stressor is excessive sand removal, which disrupts the sediment continuity and natural equilibrium of stream channels (Yenn-Teo et al., 2017). Such disturbances can lead to adverse effects like riverbank erosion, riverbed degradation, encroachment on river buffer zones, and a decline in water quality. The severity of these impacts largely depends on the scale of sand extraction relative to the sediment supply and transport rates (Kondolf et al., 2001; Collins & Dunne, 1990; Rovira et al., 2005; Rinaldi et al., 2005).
Koehnken and Rintoul (2018) emphasize that sand mining alters sediment transport and deposits, triggering physical changes in river channels. Rivers naturally maintain a dynamic equilibrium between flow, slope, sediment size, and sediment supply. Altering any of these elements disrupts this balance, leading to erosion or deposition until a new equilibrium is reached (Langbein & Leopold, 1964). This dynamic is evident in seasonal sediment movements—sediment accumulates during low flows and remobilizes in high-flow periods, causing constant morphological adjustments.
Lane (1954) proposed a useful model for understanding river response to changes in sediment and flow dynamics. He suggested that river morphology is governed by a balance between four key factors: sediment load, sediment grain size, water discharge, and river slope. For instance, increasing sediment load or size without corresponding increases in slope or discharge causes deposition, while enhancing flow or slope without adjusting sediment load leads to erosion. This conceptual balance helps illustrate the multifaceted responses of rivers to interventions like sand mining and underscores the importance of maintaining equilibrium to sustain river health.

[bookmark: _Toc144282684]1.4.2 The Reservoirs’ Response
Dams significantly impact sediment dynamics and river morphology by trapping sediment and altering natural flow regimes. Regardless of their intended use, all dams impede sediment transport to varying degrees, disrupting the continuity of river systems and modifying flood peaks and seasonal flow patterns. These changes affect alluvial channels both upstream and downstream. Upstream of dams, bedload and suspended sediments are deposited in reservoirs, reducing their storage capacity and altering flow characteristics in backwater-influenced reaches (Brune, 1953).
Downstream, the released water, devoid of sediment, becomes "hungry water"—a term used to describe sediment-deficient flows with high erosive energy. This water erodes the riverbed and banks, leading to channel incision and coarsening of bed material until a new equilibrium is established (Kondolf, 1997). On average, such channels erode about 20% of their former sediment load annually due to this imbalance (Kondolf and Swanson, 1993). Additionally, reservoirs reduce downstream flood peaks, which may suppress the erosive effects of hungry water, encourage vegetation encroachment, narrow the channel, and allow fine sediment to settle.
These geomorphic changes have critical implications for sand and gravel mining. In sediment-starved reaches below dams, such mines are not replenished by upstream sediment flows but rely solely on inputs from downstream tributaries and localized erosion. Consequently, incision and bank erosion are most pronounced in these areas, heightening environmental risks associated with mining activities.
[bookmark: _Toc144282685]1.4.3 Water Quantity and Quality
Instream sand mining significantly impacts river water quality through increased turbidity, sedimentation, and potential oil leaks from machinery (NMFS, 1998). Dredging and excavation activities disturb sediments, elevating suspended solids that degrade water quality, particularly affecting downstream users relying on the river for domestic use. These suspended solids also raise the cost of water treatment (NMFS, 1998). Changes in flow velocity and stream morphology can alter water temperature and dissolved oxygen levels, further impacting aquatic life and human usage. In Peninsular Malaysia, studies have shown that physiochemical parameters and heavy metal concentrations in ex-mining areas often exceed permissible limits, indicating severe pollution (Ashraf et al., 2010). Additionally, sand mining alters riverbeds, forming deep pits and leading to a lowered groundwater table, which can dry up nearby drinking water wells. Bed degradation reduces streamflow elevation and floodplain water levels, affecting the natural hydrology. Furthermore, mining operations such as bar skimming expand flow width and slow stream velocities, promoting upstream sediment deposition at the mining site. These changes collectively degrade water quality, disrupt ecosystems, and impose economic burdens on water treatment infrastructure.
[bookmark: _Toc144282686]1.4.4 Abiotic Well-being and Biodiversity 
Sand mining significantly alters soil properties and ecosystem integrity. It reduces infiltration rates, leading to waterlogging and poor soil aeration (Gurubachan-Singh et al., 2007; Saviour & Stalin, 2012). Ghosh (2002) observed notable differences between unmined and mined soils in Jharkhand: unmined soils were structured and cohesive, while mined soils were loose, less cohesive with disrupted profiles due to layer mixing. Beyond physical degradation, instream mining causes the loss of fertile land, timber, and wildlife habitats, with downstream effects including sedimentation and reduced water quality (Van Dolah et al., 1984). Habitat destruction from vegetation removal and soil profile disruption impacts both terrestrial and aquatic biodiversity, reducing faunal populations. Channel widening and habitat degradation persist until sediment balance is restored (Borges et al., 2002).
[bookmark: _Toc144282687]1.4.5 The Urbanization of Watersheds 
Increased sand mining translates to rapid urbanization most likely within the watershed as more buildings and infrastructure come up. This comes with a response from the fluvial system. Urbanization can have a significant effect on channel characteristics within a watershed. The hydrology is vastly altered when vegetation is replaced with impervious surfaces like pavement and rooftops. Hammer’s (1972) study in Philadelphia examined the effect of impervious surfaces on stream channels and concluded that as little as 10% watershed impervious area can degrade channels. Increases in channel cross-sections were greatest in areas draining large impervious coverage such as parking lots and sewered streets where flood frequency increased the most (Krug and Goddard 1986). 

[bookmark: _Toc144282728]1.5 ENVIRONMENTAL IMPACT ASSESSMENT FOR SAND MINING
Environmental assessment of sand mining activities is influenced by factors such as the operation’s scale, mining methods, and environmental context. Assessing impacts is often challenging due to the difficulty in quantifying many of the effects, particularly with river sand and stone mining. A key focus is determining whether a river can absorb mining activities while maintaining its geomorphic and ecological integrity. This requires evaluating the cumulative impacts of multiple mining operations within the same drainage system. Integrated assessments that consider a river’s sensitivity to environmental changes help ensure that resource management decisions support long-term ecological sustainability and do not compromise other river uses.
The assessment of environmental impacts from sand mining is guided by several criteria: the magnitude of change, which considers the spatial extent and importance of the impact; the permanence of the impact, indicating whether it is temporary or permanent; the reversibility of the condition, which assesses the potential for restoration or mitigation; and the cumulative nature of the impact, evaluating whether it results in isolated changes or contributes to broader, long-term or synergistic effects. These criteria help determine the overall environmental compatibility of sand mining activities and inform strategies for sustainable river resource management.
[bookmark: _Toc144282729]1.5.1 General EIA Approach to Sand and Gravel Mining
According to the Indian Ministry of Environment (2016), the following considerations should be kept in mind for sand and gravel mining:
a) Parts of the river reach that experience deposition or aggradation shall be identified first. The Lease holder/ Environmental Clearance holder may be allowed to extract the sand and gravel deposit in these locations to manage aggradation problem.
b) The distance between sites for sand and gravel mining shall depend on the replenishment rate of the river. Sediment rating curve for the potential sites shall be developed and checked against the extracted volumes of sand and gravel.
c) Sand and gravel may be extracted across the entire active channel during the dry season. Abandoned stream channels on terrace and inactive floodplains be preferred rather than active channels and their deltas and flood plains. Stream should not be diverted to form inactive channel.
d) Layers of sand and gravel which could be removed from the river bed shall depend on the width of the river and replenishment rate of the river. Sand and gravel shall not be allowed to be extracted where erosion may occur, such as at the concave bank. Segments of braided river system should be used preferably falling within the lateral migration area of the river regime that enhances the feasibility of sediment replenishment.
e) Sand and gravel shall not be extracted within 200 to 500 meters from any crucial hydraulic structure such as pumping station, water intakes, and bridges. The exact distance should be ascertained by the local authorities based on local situation. The cross-section survey should cover a minimum distance of 1.0 km upstream and 1.0 km downstream of the potential reach for extraction. 
f) Sand and gravel could be extracted from the downstream of the sand bar at river bends. Retaining the upstream one to two thirds of the bar and riparian vegetation is accepted as a method to promote channel stability.
g) Flood discharge capacity of the river could be maintained in areas where there is significant flood hazard to existing structures or infrastructure. Sand and gravel mining may be allowed to maintain the natural flow capacity based on surveyed cross- section history. Alternatively, off-channel or floodplain extraction is recommended to allow rivers to replenish the quantity taken out during mining. Mining should be preferred in locations selected away from the channel bank stretches which constitutes excellent conduits and holds the greater potential for ground water recharge. Mining depth should be restricted to 3 meter and distance from the bank should be 3 meter or 10 percent of the river width whichever is less.
h) The burrow area should preferably be located on the river side of the proposed embankment, because they get silted up in the course of time. For low embankment less than 6m in height, burrow area should not be selected within 25m from the toe/heel of the embankment. In case of higher embankment, the distance should not be less than 50m. Demarcation of mining area with pillars and geo-referencing should be done prior to the start of mining.

[bookmark: _Toc144282730]1.5.2 Sustainable Sand and Gravel Mining 
[bookmark: _Toc144282731]Sustainable sand mining guidelines aim to responsibly manage riverine resources for both present and future generations. Key principles include identifying suitable zones for mining—such as aggradation areas—while prohibiting extraction near erosion-prone zones and infrastructure. Scientific tools like satellite imagery and replenishment rate assessments help guide responsible extraction. The guidelines emphasize environmental protection, mineral conservation, and prevention of illegal mining to maintain ecological balance.
At the core of the policy is a District Survey Report, treating river stretches within each district as distinct ecological units. This report documents local sand sources, assesses demand and resource availability, and serves as a basis for determining permissible and restricted mining areas. Districts, as administrative units, are best placed to implement and monitor sustainable mining practices.
Periodic surveys by the District Environment Impact Assessment Authority (DEIAA), along with departments like Geology, Forest, and Public Works, support decision-making. These surveys provide data on river behavior, sand availability, and existing mining leases. Scientific studies—geomorphological, geological, and climatic—inform understanding of sediment transport and river dynamics, ensuring that sand extraction does not disrupt natural processes.
Mining zone selection considers river stability, sediment balance, and environmental risks. Reports must include safe mining depths and distances from riverbanks. A Sub-Divisional Committee comprising relevant stakeholders is tasked with inspecting proposed sites and making informed recommendations. Overall, these guidelines promote a systematic, science-based, and environmentally sustainable approach to sand mining.
1.5.3 Key Sand Mining Mitigation Measures
Key mitigation measures for sand mining activities focus on minimizing environmental impacts through improved operational practices, runoff control, and additional environmental safeguards.
Modifying Operational Practices involves carefully timing sand mining to reduce ecological harm. Operations should be conducted during low river flow, outside aquatic breeding seasons, and during non-sensitive periods to limit erosion, protect aquatic life, and reduce noise. Mining should be restricted to one side of the riverbank with minimal, narrow access points. Mined materials must not be dumped or stored within 20 meters of the river, and machinery must be clean before leaving the site. Activities should also be avoided during or after heavy rains, during breeding seasons, and at night.
Controlling Runoff and Discharge is essential for maintaining water quality. This includes constructing sedimentation ponds to trap sediments and designing effective drainage networks to manage runoff. Slope protection and turfing are also important to reduce erosion. Sedimentation ponds, made from earth, rock, or concrete, act as barriers to collect and hold sediment from processing areas.
Additional Mitigation Measures target minimizing disturbance to the river reserve and surrounding environment. A single, carefully chosen access route should be used—preferably one that affects minimal vegetation and lies on a gentle slope. Once mining ends, this access route should be restored and revegetated. Traffic to and from the site should follow environmentally suitable routes, with controlled timing and on-site parking to avoid public disruption.
Air and Noise Pollution Control involves installing dust suppression systems and covering conveyors. Regular water spraying (2–4 times on normal days, over 6 times on dry/windy days) should be done on haul roads, stockpiles, and processing sites to minimize airborne dust. Noise impacts can also be reduced by timing operations during non-sensitive hours.

[bookmark: _Toc144282732]1.6 CONCLUSION
Comprehensive management of gravel and sand in river systems should be based on a recognition of the natural flow of sediment through the drainage network and the nature of impacts (to ecological resources and to infrastructure) likely to occur when the continuity of sediment is disrupted. A sediment budget should be developed for present and historical conditions as a fundamental basis for evaluation of these impacts, many of which are cumulative in nature. The cost of sediment-related impacts of existing and proposed water development projects and aggregate mines must be realistically assessed and included in economic evaluations of these projects. 
The finite nature of high-quality alluvial gravel resources must be recognized, and high-quality PCC-grade aggregates should be reserved only for the uses demanding this quality material (such as concrete). Alternative sources should be used in less demanding applications (such as road subbase). The environmental costs of instream mining should be incorporated into the price of the product so that alternative sources that require more processing but have less environmental impact become more attractive. Instream mining should not be permitted in rivers downstream of dams by virtue of the lack of supply from upstream or in rivers with important salmon spawning (unless it can be shown that the extraction will not degrade habitat).
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