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Abstract 1 

Coastal morphodynamics in barrier systems are governed by changes in sediment supply, sea 2 

level, and storm events. However, the limited availability of well-characterized modern analogs 3 

hinders the interpretation of sediments deposited by tropical storms, particularly in the Bay of 4 

Bengal. This study aims to evaluate the sedimentological proxies for identifying overwash 5 

deposits in the back-barrier region of Chandipur, India, using integrated granulometric and 6 

morphoscopic analyses across five sediment transects. Grain size distributions were modeled 7 

into four end-members (EMs) representing aqueous suspension-dominated transport, aqueous 8 

suspension with minor saltation, aeolian saltation, and high-energy depositional environment. 9 

To address compositional constraints, centered log-ratio (Clr)-transformed EM scores, were 10 

analyzed spatially to assess variations in depositional processes. Quartz grain morphoscopy, 11 

following the Cailleux classification, was used to assign grains to seven established shape 12 

categories, with fractured C-type grains being interpreted as indicative of high-energy 13 

mechanical modification. By combining grain size and morphoscopic characteristics, cluster 14 

analysis distinguished three sediment groups linked to aqueous, aeolian, and overwash-15 

dominated environments. Microtextural observations further refine transport interpretations, 16 

indicating that many grains underwent high-energy collisions typical of marine reworking 17 

during storm events. A multi-proxy approach incorporating EM modelling, compositional 18 

analysis, grain morphology, and microtextural evidence establishes a reliable framework for 19 

differentiating overwash deposits. The results emphasize the value of integrating multiple 20 

sedimentological proxies to identify tropical storm signatures, with clear applications in 21 

paleotempestology and coastal management initiatives.  22 

Keywords: Coastal barrier environment; Tropical storm; Granulometry; Cailleux analysis; 23 

microtexture  24 
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1. Introduction 

The future of global coastlines depends on their capacity to adapt to accelerated sea-level rise 25 

(SLR) and increasing storm intensity (Cooper et al., 2018; FitzGerald et al., 2018). Due to their 26 

position at the land–sea interface, coastal barrier systems are particularly vulnerable to climate 27 

change, driven by the combined influence of atmospheric and oceanic stressors like SLR, 28 

cyclones, and storms (Arkema et al., 2013; Zinnert et al., 2017; Zinnert et al., 2019). During 29 

cyclonic storms, storm surges sediments landward through overwash processes, leading to 30 

significant redistribution of sediments across coastal barriers and associated morphological 31 

changes that may eventually surpass pre-storm configurations (Bullard et al., 2019). SLR 32 

further enhances the inland penetration of storms and waves, promoting landward movement 33 

of barrier systems (Masselink and van Heteren, 2014). Consequently, these processes influence 34 

the rapid evolution of coastal barriers and adjacent wetland ecosystems, highlighting the 35 

importance of understanding their behaviour in response to catastrophic storms and cyclones.  36 

Paleotempestology, a recognized approach for revealing past storm patterns, provides long-37 

term information for storm variability projections. During storm landfall, storm surges may 38 

breach beach barriers, transporting beach and marine sediments to create a storm-surge or 39 

overwash deposits in back-barrier areas. Numerous researchers have used geochemical proxies 40 

to comprehend the paleotempestology of the tropical coastal deposits (Bianchette et al., 2022; 41 

Williams et al., 2022; Yao et al., 2021; Stewart et al., 2017); however, the controversy 42 

surrounding the effectiveness of a few geochemical proxies in identifying storm-surge deposits 43 

persists (Yao et al., 2023). Moreover, the overwash deposits are likely contain marine 44 

microfossils, because the storm surges produce sediment excavation and landward 45 

transportation and deposition of microfossils. Although the presence of the fossils might not 46 

be available in all of the deposited layers (Yao et al., 2023; Hawkes and Horton, 2012) the 47 

granulometric analysis of storm-induced overwash deposits, aids in the comprehension of 48 
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sediment transport mechanisms and the assessment of sedimentary characteristics, provenance, 49 

and depositional processes of storm deposits (Hong et al., 2018; Bennington and Farmer, 2015; 50 

Williams, 2015; Castagno et al., 2021; Ketthong et al., 2024 a,b). The characterization of 51 

sediment grain size, which is influenced by a range of transport processes, is commonly 52 

achieved through the application of end-member mixing analysis (EMMA) to accurately 53 

describe the specific processes (Paterson and Heslop, 2015; Van Hateren et al., 2018; Yang et 54 

al., 2022). The granulometric textures of washover sand deposits at Tiana Beach, Long Island, 55 

New York, were utilized to distinguish overwash episodes produced by Superstorm Sandy 56 

(Bennington and Farmer, 2015). Moreover, sand encroachment patterns in oases ecosystems 57 

have been successfully established with granulometric analysis, EMMA modelling and 58 

multivariate compositional data processing (Puy et al., 2018). The morphology of quartz sands, 59 

on the other hand, offers significant insights into the processes that govern sediment deposition. 60 

Quartz grain morphoscopy significantly helps in distinguishing storm deposits in the coastal 61 

deposits of the Baltic region (Kalińska-Nartiša et al., 2018, 2024). Even the sedimentary 62 

environment along the Brazilian coast has been reconstructed by combining granulometric 63 

investigations with the optical appearance of quartz grains (Machado et al., 2016). Recently, 64 

the sedimentary transport process and depositional environment along the Bay of Bengal 65 

coastal region of Bangladesh have been studied with microtextural evidence on the quartz 66 

grains (Hossian et al., 2024). Moreover, the transportation and deposition of quartz grains 67 

resulting from tsunamis and storm waves exhibit distinct microtextural characteristics 68 

attributed to the intense marine inundations associated with high-energy mechanical 69 

modification (Costa et al., 2012, 2017,2021; Kalińska-Nartiša et al., 2018, 2022; Yhasnara et 70 

al., 2023).  71 

                      To investigate modern analogs of tropical paleotempestological deposits, we 72 

selected the coastal barrier-estuary system of Chandipur on the northeastern coast of the Bay 73 
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of Bengal, India. This region is regarded as one of the most vulnerable regions to SLR and 74 

intensifying tropical storms (Hoque et al., 2025). Over the past 45 years, sea surface 75 

temperature (SST) in the Bay of Bengal has increased by ~ 0.2–0.3°C, with projected warming 76 

of 2.0–3.5°C by the end of the current century (Rajalakshmi and Achyuthan, 2021), 77 

contributing to accelerated SLR and an increase in the intensity of cyclones (Bushra et al., 78 

2019; Sahoo and Bhaskaran, 2018). The resulting storm surge risk is amplified by the semi-79 

enclosed form of the ocean, bathymetry of the continental shelf, and tidal amplitudes (Chan 80 

and Kepert, 2010), as well as the presence of a barrier-estuary system and the shallow nature 81 

of the shelf. Although integrated approaches combining granulometry, micromorphology, end-82 

member modelling, and multivariate statistics are effective for identifying storm deposits 83 

(Leszczyńska et al., 2024), their application in the Bay of Bengal remains limited. Given the 84 

preservation biases and site-specific nature of proxy records in paleotempestology, calibration 85 

with modern event deposits is essential. Accordingly, this study employs a combination of 86 

different sedimentological techniques, i.e., granulometric and grain surface morphological 87 

analysis, along with microtextural analysis to characterize storm-derived sediments. The 88 

objective is to understand sediment provenance, depositional processes, and energy conditions 89 

associated with tropical events, thereby providing a modern analog framework for 90 

paleotempestological reconstructions and supporting improved coastal hazard assessment  91 

2. Study area 

The coastal barrier–estuary system of Chandipur, Balasore, on the northeastern coast of India, 92 

was chosen as the study site (Figure 1). The occurrence of disastrous storm surges in the Bay 93 

of Bengal, in comparison to other regions worldwide, can be attributed to several factors. These 94 

factors include the convergence of the bay with a funnel-shaped configuration, the presence of 95 

a wide continental shelf that encompasses the deltaic environment in the Bay of Bengal, a low-96 
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lying coastal belt, high tidal range, the presence of numerous riverine systems, tidal creeks, 97 

mudflats, and a complex geomorphic environment. These combined factors contribute to the 98 

heightened vulnerability of the Bay of Bengal to storm surges (Bushra et al., 2019). The study 99 

area is situated near the mouth of the Buribulum River along an arcuate coastal stretch of the 100 

Bay of Bengal. This barrier-estuarine coast of Balasore is characterized by an intertidal flat, a 101 

shore-parallel sandy barrier trending NE-SW, and a marshland dominated back-barrier 102 

environment (Chakrabarti, 2005; Saha et al., 2022). The back-barrier marsh ecosystem is 103 

endowed with several kinds of vegetation species like Porteresia coarctata (C3), Leersia 104 

hexandra (C3),Suaeda nudiflora (C3), Suaeda maritime (C3), Myriostachya wightiana (C4), 105 

Paspalum vaginatum (C4), Sesuvium portulacastrum (C4), Acanthus ilicifolius(C3) (Saha et al., 106 

2022). The barrier–estuary system is influenced by a mesotidal regime with a semi-diurnal tidal 107 

character (Chakrabarti, 2005; Mukherjee et al., 1987; Saha & Sinha, 2023). Hydrodynamic 108 

conditions are governed by waves predominantly approaching from the south and southeast 109 

(Saha et al., 2023), generating a northward-directed littoral drift system. Additionally, 110 

prevailing winds predominantly originate from the southeast during most of the seasons and 111 

impact the coastal processes and sediment reworking within the barrier–estuary system. 112 

 113 
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Figure 1: The map displays the storm events in Bay of Bengal region around Chandipur, along 114 

with the sampling locations for the five transects. 115 

3. Materials and methods 

In 2018, surface sediments were collected from five shore-parallel transects (NE–SW 116 

orientation) spaced 50 m apart. Sampling was conducted at 150 m intervals along each transect, 117 

with 11 samples obtained from each (Figure 1). Sediment samples were collected from the top 118 

~10 cm of surface, which were then carefully stored in plastic bags. Subsequently, the samples 119 

were dried in a hot-air oven maintained at a temperature of 50º C.  120 

3.1 Grain size analysis and end-member modelling  121 

The laser diffraction method was employed for the purpose of measuring grain size. 0.5 grams 122 

of desiccated sediments were subjected to a pretreatment process involving the addition of 10 123 

milliliters of 20 % hydrogen peroxide (H2O2) and 10 milliliters of 10% hydrochloric acid (HCl). 124 

This pretreatment was aimed to eliminate organic matter and carbonates from the sediments. 125 

Subsequently, a volume of 100 ml of distilled water was introduced to the samples, which were 126 

then allowed to settle for a duration of 12 hours. Following that, a volume of 10 mL of a 0.05 127 

normal solution of sodium hexametaphosphate (NaPO3)6 was introduced into the sample before 128 

conducting the measurement. The measurements of all samples were conducted using the 129 

Partica mini-LA-350, a laser granulometer manufactured by Horiba Scientific at the laboratory 130 

of the University of North Bengal, India. As suggested by Paterson and Heslop (2015), the 131 

grain-size distributions were analyzed using the Weibull function, to separate the process-132 

related components. End-member modeling analysis (EMMA) is a flexible and robust 133 

statistical method used to unmix complex sediment grain-size distributions (GSDs) into their 134 

fundamental, constituent components, known as end-members. The core of the method is a 135 

linear mixing model expressed in matrix notation as Y = SC + E. In this equation, Y is the data 136 
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matrix of observed GSDs, S is the matrix of end-member GSDs, C is the matrix of end-member 137 

proportions for each sample, and E is the error matrix. The AnalySize software, which was 138 

developed in MATLAB, employs a complex unmixing technique known as Hierarchical 139 

Alternating Least Squares Non-Negative Matrix Factorization (HALS-NMF) to resolve this 140 

equation. The procedure commences with an initialization phase. The Splitting Augmented 141 

Lagrangian (SISAL) algorithm is employed to approximate the end-member distributions, 142 

while the fully constrained least squares technique is employed to approximate the end-member 143 

abundances. The end-member and abundance matrices are incrementally enhanced by 144 

following this configuration. This process is repeated until it converges to an optimal solution, 145 

ensuring that both end-members and their proportions are subject to non-negative and unit-sum 146 

constraints, reflecting their physical reality. The quality of the final model is assessed using 147 

metrics like the coefficient of determination (R2) and the angular difference between the 148 

observed data and the model’s results, which helps to determine the appropriate number of end-149 

members for the analysis. The outcomes of the end-member analysis (EMMA) were acquired 150 

through the execution of AnalySize v1.1.1 in MATLAB, as described by Paterson and Heslop 151 

(2015). 152 

3.2 Grain morphoscopic and microtextural study 153 

In addition to the granulometric analysis, grain exoscopic analyses were performed on all the 154 

samples of the five transects. About 200 grams of the sample was sieved for 20 minutes using 155 

different sieve sizes: 1.0, 0.8, 0.5, 0.315, 0.25, 0.2, 0.125, 0.1, and 0.063 mm, following the 156 

method of Mycielska-Dowgiałło (2007). The roundness and surface features of grains were 157 

determined by a Nikon microscope with a magnification of 50x following Kalinska-Nartisa et 158 

al. (2018). The characteristics of quartz grains were classified according to two criteria: (1) 159 

grain shape, which includes angular, partially rounded, and well-rounded shapes, and (2) 160 

surface type, which includes matte and shiny surfaces following the Cailleux (1942) 161 
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methodology, subsequently extended by Mycielska-Dowgiałło and Woronko (1998). Based on 162 

this classification, quartz grains are grouped into seven distinct categories, each of which 163 

corresponds to specific sedimentary environments. These categories are as follows: (1) RM, 164 

characterized by a well-rounded shape and a matte surface that covers the entire grain surface, 165 

(2) EM/RM, which exhibits a partially-rounded shape and a matte surface limited to the most 166 

convex parts of the grain, (3) EL, well-rounded shape and a shiny surface, formed in a high-167 

energy aqueous environment, (4) EM/EL, partially rounded grains with shiny surfaces, 168 

indicative of an aqueous environment, (5) NU, angular fresh grains that show no visible 169 

transportation trails and have sharp grain edges due to minimal chemical weathering, (6) C, 170 

broken grains, with some portion of the original grain cracked, and (7) O, Lastly, grains with 171 

intense precipitation of silica. For scanning electron microscopy (SEM), approximately twenty 172 

grains (fine to coarse-grained) from each sample, were selected and processed based on the 173 

chemical pretreatment procedures of Vos et al. (2014) and Saha and Sinha (2023). 174 

Subsequently, the grains were affixed to an aluminum stub using double-sided carbon tape and 175 

subjected to a gold coating. Ultimately, a selection was made from the grains, which were 176 

subsequently subjected to photographic documentation using a JSM IT100 instrument to 177 

identify surface microtexture following the procedure of Mahaney (2002) and Vos et al. (2014). 178 

To comprehend and delineate the effects of the storm, characteristic of a specific microtextural 179 

family is presented semi-quantitatively through the analysis of their respective proportions of 180 

grain surface occupation (Costa et al., 2012; Bellanova et al., 2016; Kalinska-Nartisa et al., 181 

2024). The angularity of the grains was classified using the Powers scale (Powers, 1953). For 182 

understanding the temsological modulation of the grains, four groups of microtextural features 183 

are considered: (1) fresh surfaces, (2) percussion marks, (3) adhering particles, and (4) 184 

dissolution (Costa et al. 2012, Kalinska-Nartisa et al., 2024).  185 
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3.3 Statistical analysis  186 

The relevance of compositional log-transformations in geochemical and granulometric data has 187 

been demonstrated in recent sediment geochemical research (Buccianti et al., 2015; Flood et 188 

al., 2016; Saha et al., 2024). The ideal compositional dataset is one that sums to 1 or 100%, 189 

and granulometric datasets are prominent examples of this (van den Boogaart & Tolosana-190 

Delgado, 2008). Each granulometric dataset is divided by the geometric mean of size classes 191 

analyzed and subsequently log-transformed using the centered log-ratio (clr) transformation 192 

for closure effect and nonnormality (Aitchison, 1986).  193 

Clr-transformed variables have been successfully employed to map elemental concentrations 194 

and to visualize the relative contribution of each granulometric EM in a regional dataset 195 

(Reimann et al., 2012; Puy et al., 2018). We also used clr log transformation on the end-member 196 

(EM) scores to enhance the visualization of the relative contribution of each EM within the 197 

dataset. Principal component analysis (PCA) is a widely used technique in multivariate 198 

statistical analysis that employs explanatory methods to elucidate the associations between 199 

variables (Yongming et al., 2006). The coefficients were calculated to examine the correlations 200 

between the end members of grain size and their morphoscopic parameters. The analyses were 201 

performed utilizing the R Studio environment, which is an open-source software (version 4.0.3, 202 

www.rstudio.com). Statistical significance was determined at a significance level of p < 0.05. 203 

Cluster Analysis (CA) is a statistical method used to categorize objects within a system based 204 

on their similarities. The main goal of CA is to identify an optimal grouping where objects 205 

within each cluster exhibit high similarity, while the clusters themselves are distinct from one 206 

another. In the open-source statistical programming language R Studio (version 4.0.3, 207 

http://www.rstudio.com), the "compositions" package is used to convert GSD data into the clr-208 

transformed dataset. The PCA and CA were conducted utilizing the “FactoMineR” and 209 

“factoextra” packages in R studio.  210 
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3.4 Analysis of dynamic drivers of the region  211 

Coastal barriers are characterized by their dynamic nature and composition of unconsolidated 212 

sedimentary materials, which exhibit responses to various drivers. These factors encompass 213 

short-term influences, such as the effects of low magnitude, high frequency wave and tide 214 

processes. In this coastal region, mesotidal conditions and semi-diurnal tidal patterns, the 215 

northward movement of a littoral drift system is primarily influenced by waves originating 216 

from the south and southeast (Chakrabarti, 2005; Mukherjee et al., 1987; Saha & Sinha, 2023). 217 

In contrast, episodic drivers manifest themselves in relation to discrete occurrences, such as 218 

fluctuations in wave energy and water levels that transpire during storm events. The significant 219 

wave height wind velocity data used in this study were accessed from the Climate Data Store 220 

hourly data on single levels from ERA5 dataset (Hersbach et al., 2020).  221 

4. Results  

4.1 Variability of grain size distribution of sediment  222 

The grain-size distribution of the first two transects, which are in close proximity to the barrier, 223 

exhibits a predominance of sand. The average grain size for these sediments ranges between 224 

2.7 and 4.9 φ (Figure 2). The samples collected from the southwest portion of the transect 225 

exhibit a predominant presence of very fine sand particles, whereas the samples obtained from 226 

the northeastern sector are primarily composed of coarse-grained sediments. The sediment 227 

exhibits relatively poor sorting (Figure 2). In contrast, transects CL-3, CL-4, and CL-5 exhibit 228 

the presence of fine-grained sand with moderate to poor sorting (Figure 2). The samples from 229 

the northeastern portions of both transects include a significant amount of sand fraction.  230 
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 231 

Figure 2: The study area map depicts the average grain size and sorting values of sediments. 232 

4.2 EMMA evaluation of sediments  233 

The diagram depicted in Figure 3 illustrates the end-member (EM) model pertaining to the 234 

distribution of grain sizes. The numerical values assigned to the EMs were established within 235 

the range of one to ten. The utilization of the coefficient of determination (R2) and angular 236 

deviation served to assess the level of accuracy in fitting the EMs, as well as to ascertain the 237 

optimal number in a robust manner. In general, a higher value of R2 (0.9) and a lower angular 238 

degree (5%) correspond to a greater degree of precision in the fitting process. Henceforth, it 239 

has been ascertained that four resilient EMs have been discerned within our deposit. The 240 

frequency distributions of all four EMs are visually depicted in Figure 3.  241 

 242 
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 243 

 244 

Figure 3: Illustrating the findings obtained from the end-member modeling analysis of the 245 

grain size data. The linear correlation (a) and angular deviation (b) between each model size 246 

class and the 1–10 end-members was assessed. (C) The grain-size distributions of the modeled 247 

end-members from the selected four-end-member model. 248 

 249 

The four robust EMs have modal grain sizes of 6.7 φ (EM 1), 4 φ (EM 2), 2.8 φ (EM 3) and 250 

2.4 φ (EM 4), respectively. Figure 4 illustrates the variability of the EMs values observed in 251 

the surface sediments. The prevalent distribution of the EM-1 and EM-2 is depicted in Figure 252 

4, away from the bar near the marshland. The EM-3 particle size fraction spreads to a larger 253 

section of the CL-3, CL-4, and CL-5 transects of the back-barrier marshland. The sandy EM-4 254 

size fraction predominates in the northeastern and central sectors of the CL-1 and CL-2 255 

transects (Figure 4). 256 
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 257 

Figure 4: Graph illustrating the spatial representations of the four end-member contributions. 258 

4.3 Variation of the morphoscopic features of the sediment samples 259 

Grain morphoscopic analysis, as outlined in the Cailleux analysis, enables the identification of 260 

different sediment types associated with various processes. Both intermediate rounded 261 

(EM/EL) and well-rounded (EL) grains with shiny surface were observed in the last three 262 

transects (Figure 6). However, the contribution of this set of grains diminishes in the samples 263 

closer to the barrier side. The observed prevalence of shiny grains EL and EM/EL in the 264 

examined samples from the proximity of marshy region suggests that they have an aqueous 265 

origin. The first transect exhibited a predominant presence of intermediate rounded grains, 266 

characterized by mostly matte concave parts (EM/RM) (Figure 6). This dominance was also 267 

observed in certain sections of the second transect during both sampling periods, as depicted 268 

in Figure 5. The grains with a whole matte surface (RM) that exhibit a well-rounded shape are 269 

comparatively less abundant when compared to the grains with an angular to subangular shape 270 
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(EM/RM). These well-rounded grains are primarily found in the southwestern region of the 271 

first two transects. This observation implies that the grains have been transported by wind from 272 

the adjacent dune and subsequently deposited. The presence of cracked (C) and non-abraded 273 

fresh grains (NU) was observed in the northeastern region, and their distribution expanded to 274 

the central southeastern back-barrier region (Figure 6). According to previous research, there 275 

is a notable resemblance between storm grains and cracked C grains (Martewicz et al., 2022). 276 

The prevalence of cracked grains resulting from storm impact exhibited in these sections. The 277 

presence of other grains (O) was found to be relatively low, observed only in selected samples 278 

from the last two transects in proximity to the marshland. 279 

 280 

Figure 5: The spatial distribution of frequency distributions of all classes of quartz grains (RM, 281 

EM/RM, EL, and EM/EL, NU, C, and O) are presented in these graphs. 282 
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 283 

Figure 6:  The photographs showing quartz grains of different groups according to 284 

Cailleux analysis under the binocular microscope. The matte surface eolian grain of well-285 

rounded (RM) and moderately rounded (EM/RM) nature is observed in 1A, and 1B, 286 

respectively. The shiny surface containing grains of aqueous origin showing rounded (EL) 287 

and moderately rounded (EM/EL) shapes is observed in 1C, and 1D, respectively. The 288 

angular grain with a fresh surface (NU) is shown in 1E. The moderately rounded grain 289 
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with broken surfaces (C) is presented in 1F. 1G shows the irregularly shaped grain 290 

containing a weathered surface (O). 291 

4.4 Multivariate statistical analysis 292 

The study employed a principal component analysis (PCA) to examine the interrelationship 293 

between the granulometric end members and morphoscopic variables of grains in all samples 294 

under investigation. The analysis showed that the first principal component (PC1) explained 295 

39.2% of the total variance, while the second principal component (PC2) explained 33.9% 296 

(Figure 7). The first component demonstrated a positive association with the EM1 and EM2 297 

variables, while exhibiting a negative correlation with the EM3 and EM4 variables. The 298 

morphoscopic features EL and EM/EL, observed on the aqueous surface, exhibit positive 299 

values. Conversely, the morphoscopic feature of the aeolian surface exhibits a significant 300 

negative correlation in relation to the first component, as well as a comparable relationship 301 

with EM3. In contrast, the EM4 exhibits a positive correlation with the NU and C 302 

classifications of grains.  303 

As the outputs of CA suggest, there are three distinctive types (Figure 7). The first cluster 304 

grouping, demarcated with 17 samples of blue colour shades, association of the dataset denotes 305 

that these samples consist with predominance presence of EM1 and EM2 and subaqueous 306 

grains (EL, EM/EL and O). The second sample cluster, represented by the 18 yellow colour 307 

samples in Figure 7, exhibited significant contribution of EM3 grain size and aeolian grains 308 

(RM, EM/RM). The third type of sample cluster, presented with 20 samples with brown colour, 309 

exhibited significant contribution of EM4 grain size and stormy grains (C and NU). 310 

 311 
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 312 

Figure 7: Results from principal component analysis of the granulometric and surface 313 

morphoscopic parameters of all of the samples are plotted in this figure. 314 

4.5 Microtextural analysis  315 

Microtextural analyses were conducted by the scanning electron microscope (SEM) images 316 

obtained from all samples of third cluster. The grain angularities show a small range in shape 317 

on the whisker-box plot, with an average of 3.0 (Figure 8). The grains are mostly subrounded 318 

or subangular, with some being angular. The surface features of the samples exhibit a statistical 319 

mean of 1.14, indicating that approximately 0 to 15% of the surface portion's grains possess 320 

fresh surface features. The coverage of percussion marks across all samples is quite 321 

comparable. The mean values of this textural feature vary from 1.7 to 2.4. The adhering particle 322 

characteristics of all samples show a distribution mean of 3.9 and a wider distribution range 323 

between 3 and 5. The dissolution demonstrates coverage on grains throughout all samples, with 324 

a mean of 3.5 to 4.4 and a broader variation spanning from 3 to 5 (Figure 8). 325 
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 326 

Figure 8: Five important exoscopic microtextural parameters are plotted in this figure. The 327 

median value is represented by the central line in the box plot, while the first and third quartiles 328 

are indicated by the boundaries of the box. 329 

4.6 Overview of climatic drivers 330 

The region encountered numerous instances of storms during the perilous periods. During 331 

2018, the tropical storm Daye and a Category 3 cyclone Titli had major impacts, along with 332 

three deep depressions, Land Depression 02, 03, and 05, as named by the IMD (Supplementary 333 

Figure 1). During the occurrence of these events, it was observed that wind velocities reached 334 

maximum speeds ranging from 10 to 20 m/s. These storm events were accompanied by a 335 

significant increase in wave height compared to non-storm periods, resulting in a surge of high 336 

waves that impacted coastal areas in conjunction with the strong winds, which caused the 337 

onshore transport of the sediments, dominated by overwash events (Supplementary Figure 2).  338 
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5. Discussion  

5.1 Detection of the response of the coastal barriers through 339 

granulometric end member modelling 340 

The end member EM1, characterized by a modal grain size of 6.7 ϕ, represents the finest size 341 

fraction that is deposited from the suspension in the back-barrier marshland. This deposition 342 

occurs approximately 200 m inward from the barrier, under calm and quiet conditions. During 343 

higher water levels, the presence of a vegetation canopy reduces tidal current velocities, 344 

allowing for the deposition of a low-energy, fine-grained fraction (Saha et al., 2024). In 345 

contrast, a larger EM2 with a size fraction of 4.0 ϕ is found in the protected areas of the back-346 

barrier marsh. This is primarily influenced by a limited saltation process. The presence of 347 

periodic current flow in these regions facilitates the transportation of sediments to the area. In 348 

this scenario, sedimentation resulting from suspension continues to be the prevailing 349 

depositional process, despite a decrease in the duration of quiescent settling periods. The 350 

episodic tidal flow experiences an increase within the regions, which can be attributed to the 351 

settling trend and the introduction of a saltation population (Saha et al., 2024). Spatial 352 

distribution of clr-transformed EM scores, i.e., clr-EM1 and clr-EM2, suggests a significant 353 

contribution of the tidal current deposit in the CL-3, CL- 4 and CL-5 transects, adjacent to the 354 

vegetated marshland (Figure 10). The EM3 exhibits a dispersed pattern primarily along the 355 

first two transects, with some presence observed along a section of the third transect. According 356 

to previous studies, it is most likely that this specific granulometric fraction is transported in 357 

the sandy barrier adjacent region through aeolian transportation (Rodriguez et al., 2013; Van 358 

Hateren et al., 2020). The transportation of sediment in a landward manner may have occurred 359 

through aeolian suspension during favorable weather conditions. Additionally, the strong wind 360 

can re-suspend sediment, allowing for the transportation of sandy sediments not only through 361 
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saltation but also from suspension and grain fall (Rodriguez et al., 2013). In this scenario, it can 362 

be anticipated that as wind speeds surpass a certain threshold, the sediment was transported from 363 

the barrier dune. In the back-barrier region, there is significant contribution of clr-transformed 364 

EM3 scores in some pockets of the first two transects adjacent to the sandy barrier (Figure 10). 365 

The coarser end member EM4 of 2.4 φ represents a sandy overwash deposit that is clearly 366 

observed in the back-barrier region through the presence of laminated sand deposits penetrated 367 

by the shoots of marsh plants. It is assumed that the storm resultant erosion carries the sand 368 

from the intertidal region through the action of surf and swash. This sediment transport is 369 

particularly prominent during storm events, when wave and wind motion facilitate the erosion 370 

and transportation of the sediment. The clr-transformed EM scores also suggest the 371 

northernmost area shows the highest contribution of the washover deposit (EM4). Some 372 

samples from the middle portion of these transects also show an increase in the contribution of 373 

the overwash sedimentation (Figure 9). 374 

 375 

 376 

https://doi.org/10.5194/egusphere-2026-2347
Preprint. Discussion started: 21 May 2026
c© Author(s) 2026. CC BY 4.0 License.



 22 

Figure 9: The spatial distribution of the clr-tansformed EM scores is used for understanding 377 

the change in the nature of the depositional environment in the back barrier area.  378 

5.2 Characterization of the depositional environment from 379 

granulometric and morphoscopic studies  380 

The first cluster, which consists of the blue shades, demonstrates a correlation between the 381 

finest fractions EM1, EM2 and the presence of shiny EL and EM/EL grains generated by 382 

aqueous processes. The cluster represents a collection of samples that have been deposited 383 

under low energy conditions, primarily derived from suspension and saltation deposition 384 

(Figure 9). Spatial distribution of the first blue shade suggests significant contribution of the 385 

tidal current deposit in the CL-2 and CL-3 transects, adjacent to the vegetated marshland. The 386 

finer grades of sediment are deposited in densely vegetated areas where the decreased flow 387 

velocities facilitate the settling of grains from suspension, creating a slackwater condition. 388 

Moreover, the current flow comprises a significant proportion originating from coarse 389 

suspended particles and a limited amount from saltation load. The shift from a state of low 390 

energy to a state of high energy occurs when there is an increase in the current flow component, 391 

leading to the deposition of most of the sediment from graded suspension.  392 
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 393 

Figure 10: Depositional environments of the coastal region have been classified based on the 394 

cluster analysis of the sedimentological proxies. The diagram presents outputs of end member 395 

analysis, combined with particle size distribution curves and the predominant morphoscopic 396 

characteristics of grains in each depositional environment.  397 

The second cluster, which is delineated by a yellow color, is primarily characterized by a high 398 

concentration of fine sand particles in the EM3 size fraction. Additionally, this cluster exhibits 399 

a significant abundance of matte RM and EM/RM grains. These samples are dispersed across 400 

the eighteen sampling points of the back-barrier region (Figure 10). The transportation of fine 401 

to medium sand fractions to the back-barrier marsh via saltation is a significant mechanism, as 402 

described in Davidson-Arnott et al. (2019) and Van Hateren et al. (2020). This process involves 403 

the launching of sand grains to heights ranging from a few centimeters to 0.5 meters or more, 404 
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followed by their downwind movement over distances ranging from a few centimeters to 405 

several meters. The transport of aeolian sand to the back-barrier marsh at this location is solely 406 

influenced by wind events, specifically during periods of high-speed monsoonal airflow. The 407 

scarcity of vegetation in the high-elevation barrier dunes in the adjacent areas is expected to 408 

enhance the transport of sand to the back barrier marsh.  409 

 410 

Figure 11:  The clustering analysis conducted with the sedimentological proxies of the deposits 411 

elucidates the presence of aqueous, aeolian, and washover types of depositional environments. 412 

The third cluster, depicted in brown, is characterized by a predominance of sandy EM4 size 413 

fraction and a significant presence of matte C-type cracked and NU grains. These samples 414 

extend across 20 locations, encompassing the north-eastern, central parts of the south-western 415 

region (Figure 11). The sediments comprising the analyzed samples have been influenced by 416 

storm and cyclone events, resulting in the presence of various quartz grains exhibiting distinct 417 

types of shapes and characteristics (Costa et al., 2012). The occurrence of storms affects the 418 

sediment flux to the back-barrier marsh at these locations by means of overwash events. During 419 
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the process of overwash, a combination of sediment from dunes, beaches, and the shorefaces 420 

is deposited as a new washover fan onto an existing marshy deposit located in the specific 421 

locations of the study area (Supplementary Figure 2). While cyclone and super cyclone events 422 

typically result in significant coastal flooding and overwash, those portions of the back barrier 423 

marsh in the Chandipur region was affected by the deposition of washover sands. The sandy 424 

washover deposit demonstrates sedimentological attributes that are predominantly unstratified, 425 

with an abrupt interface with the marsh sediments. The occurrence of cracked C-type grains 426 

identified in the washover deposit could potentially be attributed to the significant collision 427 

between grains, which arises from the resuspension and subsequent settling of sand particles 428 

due to wave action during overwash events (Figure 11).  429 

5.3 Evaluating the implication of these sedimentological proxies for 430 

tempestological investigation 431 

In this sedimentary record, the granulometric and morphoscopic analysis helps to distinguish 432 

the washover dominated sedimentary deposits of the back barrier area. Finally, our work 433 

highlights the potential of micromorphological analysis alongside these sedimentological 434 

proxies for paleotempestological research. Recently, the grain micromorphological analysis is 435 

being used in research on storm dynamics. For example, Costa et al. (2012, 2017) Kalińska-436 

Nartiša et al. (2018, 2024) have utilized the mechanical (percussion marks and fresh surfaces) 437 

and chemical features (dissolution and adhearing particles), and long-term characteristics 438 

(angularity) of sand grains to infer or distinguish storm-derived washover deposits. In 439 

accordance with the previous studies, we prioritize the examination of micromorphology to 440 

identify storm surge deposits in different environmental settings. The predominant presence of 441 

subangular grains is observed (Figure 12A), accompanied by few subrounded grains. The 442 

observed samples exhibit a notable prevalence of fresh surfaces, characterized by the presence 443 
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of conchoidal fractures of varying sizes within the grains (Figure 12A; 12D; 13D). These grains 444 

presented with the greatest number of fresh surfaces, suggesting resurfacing in some portion of 445 

the grains due to high-energy clastic collision during stormy events (Figure 12A; 13A). These 446 

samples also commonly exhibit v-shaped percussion marks on their surface (Figure 12B; 12F; 447 

13B; 13C), which could have been formed through grain-to-grain collision, a phenomenon 448 

commonly observed in high-energy, subaqueous environments like wave action during storm 449 

surge events (Ramos-Vázquez and Armstrong-Altrin et al. 2021; Costa et al., 2012; Kalińska-450 

Nartiša et al., 2024). Many grains exhibit a substantial portion of their surface covered with 451 

percussion mechanical features. This is contingent upon the concentration of sediment present 452 

during the catastrophic transportation process. The higher sediment concentration flows have 453 

less intergranular space, resulting in more grain collisions with less kinetic energy and more 454 

percussion imprints (Costa et al., 2012;2017). Chemical dissolution features, such as solution 455 

pits and oriented etch pits and crevasses are frequently observed in these samples (Figure 12C; 456 

13D). It is plausible that these grains were transported from the nearby coastal area, where they 457 

were exposed to alkaline oceanic water for extended durations, leading to the development of 458 

these specific chemical dissolution features (Figure 12B; 12C). The presence of adhering 459 

particles in these samples indicates the grain collision causes small particles to attach to the 460 

surfaces (Figure 12A; 13B). It is likely that these grains have been deposited in the nearshore 461 

region through the aqueous transportation/transportation of the Buribulum River and then 462 

during catastrophic depositional events, the overwash process resurfaced the preexisting 463 

exoscopic features, resulting in the retention of these features on their surfaces. With regard to 464 

microtextural signatures, there is a notable increase in the proportion of percussion marks and 465 

fresh surfaces observed in storm-produced overwash deposit. This indicates that grains were at 466 

least partially resurfaced during transit, even if the distance and period were very short. As 467 

reported in an earlier study, the organic and inorganic geochemical proxies have limitations, 468 
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and they were ineffective for identifying storm-surge deposits in some coastal environments 469 

(Yao et al., 2023). In this context, we can employ microtextural analysis in conjunction with 470 

granulometric and grain exoscopic analysis as effective proxies for identifying allochthonous 471 

storm deposits of nearshore or offshore origin, as distinct from inshore and local autochthonous 472 

deposits within the sediment profile across all littoral environments. 473 

 474 

 475 
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Figure 12: Scanning electron micrographs of the quartz grain surface from stormy 476 

clustered samples of the Chandipur, India (A) sub-angular grain with conchoidal fracture 477 

(CF). The depressed part on the right side of the grain contains some adhering particles 478 

(AP) and precipitation features (PF), probably generated in the nearshore environment. 479 

(B) The sand grain contains v-shaped (VS) percussion marks along with un-oriented 480 

mechanical depressions (MD). The rounded, protruding grains have been subjected to 481 

mechanical action in a subaqueous environment. (C) This subangular grain has a rough 482 

surface (RS), probably due to its residence in higher energy subaqueous environments. 483 

Although the bottom left corner shows a small broken portion (BP), generated due to 484 

collisional impact, (D) The grain shows a mostly rough surface (RS) along with a fracture 485 

surface (FS) on the top left side containing various conchoidal fractures (CF). This 486 

fracture surface may be generated by intense wave action during storm surges. (E) The 487 

sand grains contain a set of curved grooves (CG) in the top portion along with some 488 

cracked faces (CRF) on the grains, suggesting collisional breakage of this portion during 489 

high energy events. (F) The angular grains of higher relief contain a set of v-shaped (VS) 490 

percussion marks on the frontal face. The top surface of this elongated grain contains 491 

several oriented grooves (OG), which probably originated due to mechanical collision 492 

during strong wave action. 493 
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 494 

 495 

Figure 13: Scanning electron micrographs of the quartz grain from stormy clustered 496 

samples of the Chandipur beach, India (A) angular sand grain with high relief showing 497 

radial fractures (RF) of different orientations. This type of grain might have been 498 

generated by an intergranular attrition. (B) subangular grain showing smooth surfaces 499 

(SS) with adhered particles (AP). The mechanical v-shaped (VS) subaqueous depressions 500 

are superimposed on the smooth solution precipitation surfaces. Although the shallow 501 

nature of the v-shaped depressions appears to have been smoothed by chemical action. 502 

Also, some elongated solution pits (SP) are observed in the grains. (C) The subrounded 503 

grains show some sub-parallel old fracture planes (FP), which have been modulated to 504 

smooth surfaces. Numerous v-shaped marks (VS) are also present on the fracture faces 505 

of the grains. (D) The spherical shaped grain contains several conchoidal fractures (CF) 506 
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of different sizes and orientations. Additionally, some elongated dissolution depressions 507 

(EDD) are observed on the grain surface. 508 

5.4 Implications for shoreline management  509 

The Chandipur coast supports critical mass-nesting grounds of olive ridley sea turtles (Biswas 510 

1981), and the stability of its beaches and adjacent back-barrier wetlands is therefore highly 511 

sensitive. Overwash events can rapidly reshape the barrier, alter drainage pathways, and 512 

redistribute pollutants, effects known to influence marsh elevation, vegetation structure, and 513 

long-term ecosystem resilience (Mariotti et al., 2010; Reed, 1995; Cahoon et al., 2006; 514 

Castagno et al., 2021). The sedimentological evidence from this study pinpoints the 515 

geomorphic pathways through which these disturbances operate, with overwash-dominated 516 

deposits, landward-thinning sheets, and washover fans clearly marking the coastal sectors 517 

most frequently reworked by storms. These hazard zones directly overlap with ecologically 518 

sensitive habitats, demonstrating how geomorphic instability translates into conservation risk 519 

for both turtle rookeries and wetland systems. Such spatially explicit insights are directly 520 

applicable to management, enabling authorities to prioritise monitoring in erosion-prone 521 

sectors, direct dune-repair or vegetative-stabilization efforts to the most affected areas, and 522 

identify where development setbacks or sediment-augmentation interventions are most 523 

appropriate. Integrating these sedimentological proxies into a flexible, science-based 524 

management framework will enhance the ability to anticipate barrier response under future 525 

storm regimes. This approach supports the design of adaptive strategies that sustain habitat 526 

integrity, protect critical ecological assets, and balance conservation objectives with the 527 

socio-economic needs of the Chandipur coast.  528 
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6. Conclusion 

Grain size and morphoscopic analysis was used to understand the response of the coastal barrier 529 

to tropical storms in the tropical coast of Chandipur, India. We introduce a novel method that 530 

can be used to reconstruct sediment transport processes from coastal barrier deposits by using 531 

the end-member modelling on grain size distribution. We also evaluated the applicability of 532 

grain shape indices following Cailleux analysis to assess the relative contribution of aqueous, 533 

aeolian and catastrophically modulated grains to the coastal environment. These spatially 534 

distributed various sedimentological proxies are then classified with cluster analysis, which 535 

clearly defines the catastrophically deposited surface sediments of the region. Moreover, the 536 

scanning electron microscopy also supports the stormy modulations of the quartz grains which 537 

show a clear signature of v-shaped percussion marks, dissolution features, various conchoidal 538 

fractures, breakage planes and adhering particles. So, this quantitative analysis for 539 

understanding the storm and cyclone effects on the coastal barrier region will serve as a modern 540 

analogue for understanding the storm effects. Our research can also be used to fathom the inter-541 

seasonal fluctuations of coastal areas, thereby helping to close the knowledge gap and improve 542 

the management of coastal modulation initiatives.  543 
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