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 Abstract  

The Holocene sea-level and associated shoreline regression of beach ridges in the central west coast 

of India have been reconstructed based on internal sedimentary architecture and luminescence 

chronology. For this purpose, various techniques namely ground penetrating radar (GPR), optically-

stimulated luminescence (OSL) dating, and interferometry synthetic aperture radar (InSAR) have been 

used. The berm and beach-dune boundary of paleo beach ridges have been mapped from the high-

resolution sub-surface images and converted into sea-level indicators using modern analogs and OSL 

ages. GPR reflection data shows a number of the seaward dipping radar facies with a few landward 

dipping facies in paleo beach ridges. In the case of swale, radar signal has been highly attenuated due 

to the presence of water and mud causing the appearance of multiple horizontal and parallel positive 

and negative couplets in the sedimentary layer. The results of the research reveal that the oldest beach 

ridge was formed around 7.7 kyr BP and sea-level was +2 m above mean sea-level. The average 

progradation rate of these ridges is 0.14 m/yr. From the grain size analysis, it has been found that the 

larger share of grain size falls into the classes of fine and moderate sand. The present displacement 

map of the region which has been generated from the Sentinel-1 datasets, demonstrates the average 

upliftment is 2.5 mm/yr whereas subsidence is 1 mm/yr. The fall of the Holocene relative sea-level 

with respect to the study region is the consequence of both global and regional events.  

Keywords :- Beach ridge; Central west coast of India; Holocene relative sea-level; Sedimentary 

architecture; GPR; InSAR  

 

 

 

 

 

 

 

 

 

 



 1. Introduction  

Ridge and swale topography are the prominent depositional landforms along the prograding coasts 

throughout the world (Wells, 1996; Neal et al., 2003; Clemmensen et al., 2012; Alappat et al., 2015). 

A beach ridge is defined as a linear mound-shaped ridge, parallel or semi-parallel to the coast that is 

originated in the intertidal or supratidal zones by coastal and aeolian processes (Otvos, 2000; Neal et 

al., 2003; Kunte and Wagle, 2005; Clemmensen and Nielsen, 2010). On the other side, swale is defined 

as an elongated, relatively narrow depression between two beach ridges (Snead, 1982; Otvos, 2000; 

Clemmensen et al., 2012). The origin and evolution of beach ridges have been studied in detail by 

Tanner, (1995); Taylor and Stone, 1996; Otvos, (2000); and Tamura, (2012). The number of beach 

ridges varies from one geographic region to another depending on geological and geomorphological 

processes. Each beach ridge reflects the position of the paleoshoreline and the associated sea-level. 

Well-preserved beach ridges record the past relative sealevels, paleoclimatic conditions, catastrophic 

events, and morpho-dynamics of the region because they respond dynamically to climate change and 

sea-level fluctuations (Kunte and Wagle, 2005; Storms and Kroonenberg, 2007; Tamura, 2012; Choi 

et al., 2014). The changes in relative sealevel in a small geographic area are mostly brought about by 

both global and local conditions such as changes in ice sheets, glacio-isostatic adjustment, tectonic 

instability (emergence or submergence), coastal configuration changes, sediment deposition, and 

thermal expansion of the ocean (Taylor and Stone, 1996; Hede et al., 2015; Banerji et al., 2015; Sharma 

et al., 2021; AlMikhlafi., et al 2021). In regional scale, the records of the Holocene sea-level are not 

concluded without the knowledge of geological, geomorphological, and tectonic settings of the coastal 

sector (Williams et al., 1998). Although the RSL reconstruction should be conducted on local scale, 

the study of sea-level change in regional scale is also meaningful (Hashimi et al., 1995; Li et al., 2012; 

Sharma et al., 2021). The sea-level change and coastal response during the Holocene have been 

described by many researchers (Wang et al., 2012, 2013; Xiong et al., 2018). In South and Southeast 

Asia, the Holocene relative sea-level changes were mainly influenced by global and local drivers like 

tectonic uplift, subsidence and compaction (Mann et al., 2019). Based on geomorphological and 

tectonic features on satellite and aerial photos, Ramaswamy, (1989) revealed that the evolution of the 

Indian coastline has been mainly controlled by tectonism. The neotectonic effects in western India 

have been discussed in the study of Jain et al. (1998) and Bhattacharya, (2021). On the west coast of 

India, eustatic sea-level rise and regional neotectonic effects are the main cause of relative sea-level 

change (Pant and Juyal, 1993; Banerji et al., 2015; Alappat et al., 2015; Sharma et al., 2021). The 

beach ridges of the west coast of India are of very recent origin, not older than the Holocene age (Kunte 

and Wagle, 2005). These beach ridges produce the inventory of the Holocene sea-level changes. At 



present, global warming and resultant sea-level rise have been a matter of constant debate and are 

intriguing to study past climate conditions. In this context, it is necessary to develop the knowledge of 

measuring the paleo sealevel variation to understand and predict future sea-level. Many researchers 

have attempted to show the effect of relative sea-level changes on the environment and humankind 

(Shennan, 1986; Khan et al., 2002; Trenhaile, 2010).  

In earlier studies, the identification of beach ridges was mainly based on the extensive field survey. 

With respect to time and cost, this method is no longer desirable in a larger area. It stands in contrast 

with the nowadays medium to high-resolution satellite images which help immensely to demarcate the 

beach ridges in a greater area minimizing time and cost (Loveson, and Rajamanickam, 1994). 

However, remote sensing technique does not provide in-depth information on beach ridges. For that, 

knowledge of internal architecture and stratigraphic pattern of the beach ridges is required to 

reconstruct the paleo-environment of the region (Neal et al., 2003; Nielsen and Clemmensen, 2009; 

Clemmensen et al., 2012; Houser, 2012; Lindhorst and Schutter, 2014; Hede et al., 2015; Nielsen et 

al., 2017). Among the methods, GPR is a non-invasive geophysical technique that allows collecting 

the high-resolution detailed subsurface sedimentary information from beach ridges and other 

geomorphic landforms (Neal et al., 2003; Maurya et al., 2005; 2006; Sridhar and Patidar, 2005; Deshraj 

et al., 2012). The use of this method is continuously increasing in many fields including 

geomorphology, sedimentology, geophysics, archaeology, civil engineering, and remote sensing to 

solve many problems. However, in modern beach ridges, GPR mapping may have a problem with 

saltwater intrusion because it prevents radar waves to penetrate.  

In continuation of the above discussion, it is also important to establish the chronology of such 

landforms (Nielsen et al., 2006; Clemmensen et al., 2012). The selection of the dating method is one 

of the decisive factors to construct the precise relative sea-level curve (Nielsen et al., 2017). Many 

studies have been done to know the exact chronology of the progradation of the beach ridges 

employing the radiocarbon dating method (Gupta, 1972; Agrawal and Guzder, 1972; McSaveney et 

al., 2006; Bird et al., 2007; Ribolini et al., 2011; Tamura, 2012; Lindhorst and Schutter, 2014; Shah-

Hosseini et al., 2018). However, this method is only applicable to adequate amount of organic matter 

and has a problem of measuring the actual ages of marine shell samples due to the effect of marine 

reservoir (Choi et al., 2014; Souza et al., 2021). On the contrary, the OSL dating method uses sand 

grains (quartz or feldspars) produced by constructive waves having no drawback (except the areas 

where dim quartz exists) for dating and has been successfully applied in many studies (Choi et al., 

2014; Remillard et al., 2015; Souza et al., 2021).   



The combination of three different modern tools, namely high-resolution remote sensing, geophysical 

and geochronology datasets, is efficient in providing high-resolution past sea-level records (Dougherty 

et al., 2019). In the present day, these techniques have replaced traditional methods to obtain detailed 

past sea-level information (Tamura, 2012; Dougherty et al., 2019). In some of the studies, with the 

combination of the GPR technique and quartz optical dating, researchers have reconstructed the 

changes in Holocene sea-level (Dougherty and Dickson, 2012;  

Clemmensen et al., 2012; Dougherty, 2014; Hede et al., 2015; Costas et al., 2016; Brooke et al., 2019; 

Barboza et al., 2021). In India, several attempts have been made with the same purpose using the 

methods of pollen, phytolith and coral (Banerjee, 2000; Kumaran et al., 2004; Banerji et al.,  

2015), geomorphology (Pant and Juyal, 1993; Juyal et al., 1995; Loveson et al., 2001; Kunte and  

Wagle, 2005), geochemistry (Sharma et al., 2021; Dabhi et al., 2021), radiocarbon and OSL dating 

(Nair, 1974; Hashimi et al., 1995; Alappat et al., 2015; Loveson and Nigam, 2019).  Gupta, (1972) 

established the chronology of elevated beaches and inlands coral reefs along the Saurashtra coast, 

Western India. This study revealed that the sea-level was 1 to 3 m above the present monsoon high 

tide level during 5550 ± 1000 B.P. On the other side, the results from the study of Agrawal and Guder, 

(1972) show that sea-level was at -3 to 6 m in the central west coast of India. This variation may be 

because of the fact that elevation has been considered from the tidal level rather than from the mean 

sea-level (MSL). The Holocene sea-level of the western continental shelf of India was reconstructed 

from different sediment cores and found that the sea-level was -92 to -55 m during 10000 years BP 

(Nair, 1974). On the west coast of India, Hashimi et al. (1995) prepared a Holocene sea-level curve 

using several radiocarbon dates. This curve shows that the sea-level was more or less stable in the last 

7 ka. Approximately 18,000 years ago, during the last glacial maximum, sealevel was about 100-120 

m below the present sea-level and afterward sea-level kept rising except slight fluctuations until around 

7,000 years ago. There are some studies that deal with the reconstruction of the regional relative sea-

level on the west coast of India (Alappat et al., 2015; Sharma et al., 2021), have reported that higher 

(high stand) sea-level existed during the Early to Mid-Holocene and followed by series of regressions. 

Most of this research was based on the mean tidal water level rather than the mean sea-level.   

From the above studies, it is observed that the evolution of Holocene beach ridges on the west coast of 

India is not well documented in the literature so far. There is no study regarding the application of 

GPR to the problem at hand has been reported so far. For this, together with GPR and OSL dating 

methods, the present study aims to explain the evolution of beach ridges and changes in the Holocene 

relative sea-level on the central west coast of India.    



2. Regional setting  

The study has been carried out at Malvan beach, located on the central west coast of India. Here beach 

ridge system runs parallel to the present coastline and extends 1 km towards the landside with wide 

plain (Fig. 1). The sequence of ridges and swales produces topographic high and low ranging from 1 

to 5 m with respect to mean sea-level and altitude of ridges is gradually increasing away from the sea. 

The surrounding region of the study site consisting of plateau and plain, represents a rugged 

topography. The area is bounded by two major rivers namely Gad in the northern part and Karli in the 

southern part supplying sediment flux on this coast. The tidal range of the Malvan coast is between 

~0.1 and ~2.5 m. The area experiences mixed semi-diurnal tide with two high and two low. The wind 

direction is not consistent throughout the year. Though, the average speed of wind is 15.8 km/h, it 

reaches around 20 km/h during the southwest (summer) monsoon season.  

Geologically, most of the area is developed on a basement of basalt flows of the Deccan volcanic 

province. The Proterozoic formations include the Kaladgi group (sedimentary rock types) which 

comprises conglomerate, sandstone, and shales and the recent Pleistocene formation contains soil, 

alluvium, laterite and sand deposits (Kumaran et al., 2004; Hanamgond and Mitra, 2008). The central 

west coast of India was tectonically active during the Mio-Pliocene Epoch and the coastal block 

faulting and uplift of the Western Ghats left an enduring effect of the neotectonics in the coastal tract, 

resulting in the development of several major lineaments (Tandale, 1993; Deshpande, 1998). 

Lineaments of the study area have been identified by Hanamgond and Mitra, (2008); Prasad et al., 

(2020) (Fig. 1d). The orientations of these lineaments are almost in NE-SW directions and a major 

lineament runs parallel to the coastline. These lineaments play a key role in the physical settings of 

this coastal sector (Powar, 1993; Biswal et al., 2003, Hanamgond and Mitra, 2008). According to 

Powar, (1993) the alongside of the Western Ghats and lineament patterns are indicative of vertical 

uplift. Geomorphologically, the area possesses a diverse combination of geomorphic features such as 

beach ridge and swale, spit, floodplains, tidal flat, backwater lagoon, wave-cut platform, cuspate 

foreland, island, estuary, creek, and bar systems that make it distinct from the rest of Indian coast 

(Hanamgond and Mitra, 2008). The existence of beach ridges, coral reefs, and lignite beds with in situ 

mangroves high above the present msl along the central west coast of India has manifested the evidence 

of both submergence and emergence coasts (Sukhtankar and Pandian, 1990; Powar, 1993; Kumaran et 

al., 2004). The ridges are made up of fine to medium sand materials and are covered with vegetation 

whereas swales are composed of fine-grained peat soil and are devoid of vegetation cover. The research 

area comes under a sub-tropical climate with an annual mean rainfall around 2275 mm (Prasad et al., 

2020).  



 Materials and methods  

To achieve the aim of the current research, InSAR, beach topography measurement, GPR survey, 

texture analysis and OSL dating have been done.  

2.1 Interferometry synthetic aperture radar (InSAR) data  

The InSAR technique has ability to map the ground deformation resulting from tectonic activity 

(Burgmann et al., 2000; Argyriou et al., 2016; Lakhote et al., 2021). In the previous studies (Chen and 

Liu, 2000; Abelson et al., 2003; Hu et al., 2006; Mazzotti et al., 2006; Huang et al., 2006;  

Čyžienė et al., 2007; Ramos et al., 2010), the neotectonic deformation has been measured applying 

InSAR and Persistent Scatterers-InSAR (PS-InSAR). In the present research, the advantage of InSAR 

has been utilized to understand the deformation in the central west coast of India and adjoining Western 

Ghats.  

In this study, Sentinel-1 single look complex (SLC) products in IW mode were obtained from the 

European Space Agency (ESA) on the dates of 09.03.2017 and 29.03.2020. These datasets have been 

processed in SNAP software. The area of interest has been carved out from the IW mode of images to 

increase the processing speed. For the orbit file correction and coregistration of the images, apply orbit 

file and back geocoding have been used, respectively. An interferogram has been generated from the 

phase difference of the master and slave images. TOPS deburst has been applied to join the burst 

datasets into a single image. Topographic phase removal and range doppler terrain correction of the 

images have been performed using SRTM DEM (30 m resolution). For the purpose of filtering the 

phase band, goldstein phase filtering has been employed. Phase unwrapping and phase displacement 

have been done for the final displacement map. The flow diagram of InSAR data processing is given 

in figure 2.    

2.2 Coastal topography and benchmark   

The beach ridges and swales of the study region and its topographic highs and lows are quantified from 

the very high-resolution Cartosat (1.1 m), LISS IV (5.8 m) and field survey. High resolution differential 

global positioning system (DGPS) survey has been conducted along the GPR profiles at an interval of 

5 to 30 m, with a vertical accuracy of 0.3 m. The benchmark for the present mean sea-level of the study 

site has been established using the datasets of the National Hydrographic Office 

(https://hydrobharat.gov.in/) and the Survey of India (https://www.surveyofindia.gov.in/). The berm 

and boundary of the beach and dune have been identified from the high-resolution continuous images 

and beach profiling. The profile drawn across this ridge and swale topography of the study site is 

https://www.surveyofindia.gov.in/
https://www.surveyofindia.gov.in/


almost continuous up to the R-2. Thereafter this continuity was broken since the GPR instrument had 

to be moved around 130 m in the south-east direction for the presence of water in S-3 (Fig. 1e).   

2.3 Ground penetrating radar (GPR)  

A 200 MHz (central frequency) GPR antenna (SIR 4000) developed by GSSI (Geo-physical Survey 

System Inc.) has been used to acquire the GPR profiles. The survey was conducted in the winter season 

(February, 2019 and March, 2020) to avoid the rise of water level in the summer monsoon season. 

Along the ridge and swale topography, GPR data was acquired from the landside to the present 

shoreline (Fig. 1e). Topographical data has been integrated with the GPR profiles to obtain the actual 

depth of the subsurface image. The penetration depth of the radar waves was 6 m (120 ns). Few 

parameters such as sample/scan 512; bits/sample 32; unit/mark (m); scans/unit (m); scans/s 50; 

dielectric constant 7; high pass 30 (MHz); low pass 500 (MHz); gain range (− 5), (41), (57), (57), (59) 

were tuned in header file based on field condition before the commencement of the  

survey. Besides, the survey wheel was calibrated with the field distance during the survey. Garmin  

GPS was used to obtain the geolocation of the radar image. At first, repeated reflection data were 

recorded along a particular profile to verify the consistency of data.   

The acquired data was processed in Radan 7 (developed by GSSI) and MatGPR 3.2 (compatible  

with Matlab) software. The depth (m) of the radar profile has been derived from the reflected 230 

signals in two-way travel time (TWT). The depths from the homogeneous and isotropic materials  have 

been measured by the equation  𝑑 = vr t m where vr (relative propagation of velocity)  

calculated from 𝑐 𝑚𝑠−1 here εr represents relative permeability and t defines the TWT from the √εr 

target (Daniels, 2004). The air gap between the transmitter and receiver of the GPR profile has  

been vertically adjusted to get the accurate depth using time zero correction (GSSI, 2015; Prasad et al., 

2023). Horizontal background removal has been done to eliminate the noise of similar reflections that 

appeared in the image. To remove the insignificant noise of the raw data, boxer filter has been applied 

in high pass (30 MHz) and low pass (500 MHz) frequency (GSSI, 2015; Prasad and Loveson, 2020). 

The mean, median, exponential, and power decay attenuation curves 23 of each of beach ridge and 

swale have been generated from the MatGPR software to get the sub surface information of radar wave 

attenuation (Tzanis, 2010). Velocity spectra is one of the velocity measurement methods which 

estimates velocity using cross-correlation method (Neal, 2004; Loveson et al., 2014a; Prasad and 

Loveson, 2020). In this method, inversion of reflection amplitudes has been employed to measure the 

reflection coefficients for calculating the velocity of sedimentary layers (Forte et al., 2014).   



3.4 Textural analysis   

A total of 23 samples (17 samples from 4 beach ridges and 6 samples from 2 swales) was analysed for 

deriving information about the textural parameter, specifically about sand-size fraction. Approximately 

~120 grams of each sample were weighed carefully and soaked in the distilled water for dispersion. 

After separating the lumps, these were filled with 1000 millimeters (ml) distilled water and kept 

overnight to make samples salt-free. The salts from the samples were removed by repeated washing 

with distilled water, and excess water was removed by decanting tube. After that, 10 ml of 10% Sodium 

hexametaphosphate was added to the sample in a beaker. The sample containing Sodium 

hexametaphosphate was being stirred at an interval of 20 minutes and this process was repeated for up 

to 4 hours. Subsequently, carbonates and organic matter were extracted by treating them with 

Hydrochloric acid (HCl) and Hydrogen Peroxide (H2O2).            

Approximately ~100 grams of each sample were taken for the analysis. The grain size has been 

obtained using a mechanical sieve shaker consisting of 6 sieves of 63 micrometer (µm), 125 µm, 250 

µm, 500 µm, 1000 µm and 2000 µm. All the fractions (range) were weighed cautiously, and the 

percentage of every fraction was measured for each sample. Sand fraction varies from >63 µm to 2000 

µm (very fine sand = 63-125 µm, fine sand = 125-250 µm, medium sand = 250-500 µm, coarse sand 

= 500-1000 µm whereas very coarse sand = 1000-2000 µm). The grain size >2000 µm represents 

gravel, and <63 µm grain size shows a mixture of silt and clay grain size.  

For clay particle size analysis, the remaining ~15 grams out of 20 grams of each sediment sample were 

taken. Sand, silt, and relative clay ratios were measured following the standard sieving and pipette 

method (Carver, 1971; Folk, 1980). Of the total amount of sample, 63 µm particles were taken into 

account for the wet sieving. The washing was continued until the clear water passed through the sieve. 

Care was taken to show that the total amount of water below the 63 µm does not exceed 1000 ml. The 

coarse fraction obtained in the sieve was dried and weighed, representing the sand fraction's total 

weight (>63 µm). The mud fraction of <63 µm size (clay+ silt) collected in a 1000 ml glass cylinder 

was subjected to pipette analysis for estimation of clay fraction and silt as per the procedure given by 

Folk, (1980).  

3.5 Optically stimulated luminescence (OSL)   

The optically stimulated luminescence dating method utilizes the radiation dosimetric properties of 

mineral grains. The beach ridges of the study area have a sufficient amount of quartz material which 

is suitable for OSL dating. A total of ten samples (below the surface deposit) along the GPR track were 

collected in opaque plastic tubes (length ~25 cm and inner diameter ~5 cm) for dating. Out of these, 



three samples were taken from each beach ridge (except ridge 4) at depths of 2, 1.5, and 1 m. Due to 

the presence of water table in ridge 4, only one sample was collected at 0.8 m depth. These samples 

were processed in subdued red-light conditions. The outer 2 to 2.5 cm of the sample from both ends of 

the tube is kept for dose rate determination and in-situ water content measurement while the remaining 

sample was chemically treated to extract quartz for estimation of equivalent dose (De). Standard 

sample processing protocol was used as described by Aitken, (1998). The samples were treated with 

10% HCl for 12 hrs followed by treatment with 30% H2O2 to remove the carbonates and organic 

impurities, respectively. Then, dried samples were sieved to get sand grains in size fraction of 90-150 

µm. From this. quartz grains are separated using Frantz Magnetic separator at two different magnetic 

fields generated by passing 0.5 A and 1.5 A currents (Porat, 2006). The grains were then etched with 

40% hydrofluoric acid (HF) for 60 minutes to remove the alpha skin and residual feldspars, if any. The 

HF-treated samples were immersed in  

37% HCl to convert insoluble fluorides to soluble chlorides.  The obtained quartz grains were sieved 

to get the desired grain size range and were tested for their purity using infrared stimulated 

luminescence (IRSL) response for three representative aliquots. IRSL test was conducted to check the 

feldspar contamination in the quartz grains. The absence of luminescence signal confirmed the purity 

of the quartz sample. There was no response observed to IR stimulation. Saturated water content of 

the samples was measured using the following formula:  

Water content (%) = (Saturated weight - dry weight)/ (Sample weight)  

Each sample with 24 aliquots was prepared by spreading about 100-200 quartz grains over 3 mm on 

9.8 mm stainless steel discs using silicon spray.  Blue light was used to stimulate the quartz aliquots 

and hence the process is also called Blue Light Stimulated Luminescence (BLSL). For  

BLSL measurement, a Risoe TL/OSL reader (DA-20) system was used (Bøtter-Jensen et al., 2000). 

Blue light stimulation (BLSL/OSL) comprised of blue light LEDs emitting at 470 ± 30 nm, and IRSL 

was measured by stimulating with IR LEDs emitting at 870 ± 40 nm (Bøtter-Jensen et al., 2000). 

Typically, 70% of the full power of LED (delivering an estimated 50 mW/cm2 blue light at the sample) 

was used for stimulation. The detection optics comprised a 7 mm Hoya U-340 Blter allowing a 

transmission band of 290–370 nm with a peak at *340 nm.  

Single aliquot regenerative dose (SAR) technique of Murray and Wintle (2000) was used to measure 

De. The estimated De values were accepted if the following criteria were achieved (i) recycling ratio 

within 10% of the unity, (ii) error to be less than 20%, and (iii) recuperation (ratio of luminescence 

signal of zero dose to that of the natural) signal below 5% of computed De value. The central Age 



model was used to compute De from the set of data of each aliquot. For radioactivity, the 

concentrations of uranium (U), thorium (Th), and potassium (K) of each sample were calculated using 

high-purity Germanium crystal (HPGe) gamma-ray detector. This procedure was done by comparing 

the well-identified gamma rays from the sample and standard radioactive concentrations. Dose rate 

and OSL age have been calculated using dose rate and age calculator (DRAC) software (Durcan et al., 

2015).  

4. Results  

4.1 Regional tectonic and beach morphology  

The present deformation map of the central west coast of India has been prepared using the InSAR 

method (Fig. 3). This map covers the study site and its south and eastern portions. The results exhibit 

that uplifting and subsidence are taking place with an average rate of 2.5 mm/yr and 1 mm/yr, 

respectively. The map reveals that most of the Western Ghats region is experiencing upliftment, while 

the coastal sectors range from stable to subsidence. Various factors cause upliftment and subsidence, 

including tectonic effects, fault displacement, human activity, and earthquakes. In the present time, the 

subsidence of coastal zones and cities in South, Southeast, and East Asia is primarily caused by human 

activities especially groundwater extraction, as reported by Wu et al. (2022).   

By the definition of beach ridge, it is observed from the images that the shape of beach ridges of the 

study region is parallel to the coastline which is the first indication of the past sea-level changes (Fig. 

1). A total of four ridges (three paleo beach ridges and one modern beach ridge) and contiguous swales 

have been recognized as the topographic highs and lows, respectively from the high-resolution satellite 

images and field surveys. Swales separating the beach ridges are topographically flat plain which 

frequently gets waterlogged (water depth ranges between 10 and 60 cm). Plant materials grown in soil, 

in due course of time have transformed into organic soil on the surface. In general, the dimension of 

the beach ridges is directly related to the sediment influx.  

In this study, the dimensions (in width) of the ridge-1 (R-1), ridge-2 (R-2), ridge-3 (R-3), and ridge-4 

(R-4) are 288 m, 93 m, 152 m, and 160 m, respectively whereas the swale-1 (S-1), swale2 (S-2), swale-

3 (S-3), swale-4 (S-4) are of 165 m, 90 m, 28 m, and 107 m, in expanse respectively  

(Fig. 4). The current beach profile of the study area is depicted in figure 4b along with field photos. 

This profile displays the elevations of the beach-dune contact (0.75) and the berm (0.45), which have 

been utilized in modern analogs.  

 



4.2 Stratigraphy  

The interpretation of the GPR sub-surface images is based on the principles of radar facies and radar 

surfaces which are briefly discussed by Neal, (2004); Clemmensen and Nielsen, (2010); Lindhorst and 

Schutter, (2014). On the basis of the reflection, velocity and attenuation of the radar waves, the GPR 

image has been classified into three radar facies as Rf1, Rf2, and Rf3. Rf1 indicates the ground surface 

and uppermost deposit with variable thickness. The reflectivity of this facies is sub-parallel to seaward 

dipping with low to moderate amplitude, mainly explained as aeolian and dune ridge deposits. Rf2 is 

the middle layer below 1-2 m and consists of moderate to high amplitude radar waves with high 

seaward dipping which define the beachface deposit. Although, a few flat and landward reflections are 

also observed in this layer. Rf3 is the lowermost sedimentary deposit with weaker and less continuous 

in increasing depth due to the spreading and loss of the signal. The radar facies of this layer are flat to 

low seaward dipping which is characterized by shoreface deposition. These layers are very common 

in beach ridges which are also observed in other studies (Dougherty, 2014; Hede et al., 2015). Two 

radar surfaces have been identified in the beach ridges based on the pattern of radar facies and velocity 

of the radar waves  

(Fig. 5). Radar surfaces of the beach ridges have been explained by Clemmensen and Nielsen, (2010) 

and Lindhorst and Schutter, (2014). On the other hand, multiple horizontal and parallel positive and 

negative couplets just beneath the surface have been detected from the GPR profiles of swales (Fig. 

6). Additionally, many diffraction hyperbolae have been observed in the radar images. These 

hyperbolae can be found in the images of beach ridges mainly due to the presence of buried boulders 

or voids in sediments. They can also be generated from objects above the ground surface for example 

trees or fences (Jol, 2008). In the present study, diffraction hyperbolae (Fig. 5, 6, 7) are likely caused 

by roots in the beach ridge area. For the buried objects, the migration process can be followed for better 

comprehension of the velocity of radar waves. Otherwise, differential hyperbola will over-migrate and 

produce U-shaped smiles leading to misinterpretation. For this valid reason, migration is not applied 

in the present research. These hyperbolas have also been recognized in other beach ridge studies 

(Lindhorst and Schutter, 2014; Gouramanis et al.,  

2020).                                                                                   

Attenuation curves have been prepared to understand the attenuation of radar waves in ridges and 

swales. These curves include mean attenuation, median attenuation, exponential decay and power 

decay. In these curves, instantaneous power (y-axis) has been plotted against the TWT in ns (xaxis). It 

can be seen that the mean attenuation of R-1 and R-2 is around 1014 and the same for R-3 is a bit more 



than 1013. On the other side, the mean attenuation of S-1, S-2, and S-3 is comparatively lesser (around 

or less than 1013) than the neighbouring ridges due to the presence of water content and mudflat. This 

study points out that the ridges are less attenuated up to 80 ns whereas in the case of swales attenuation 

starts going up after 50 ns (Fig. 8).   

In the velocity diagram (Fig. 9), the y-axis expresses the velocity of the radar wave with respect to 

two-way travel time (TWT) in the x-axis. In general, a high amplitude zone in radar data represents 

strong dielectric contrast between the sediment deposits interpreted as heterogeneous lithology and 

vice versa (Shan et al., 2016). The maximum velocity has been observed in the ridges (R1, R2, and 

R3), owing to different stratigraphic layers. In regards to the swales (S1, S2, and S4), mix velocity 

variation has been recorded because of existing water and mudflat which obstructed the radar waves 

in the top surface.   

4.3 Sedimentology  

The grain size results of the ridge and swale are described in Table 1. In the R-1, the average share of 

125-250 µm and 250-500 µm grain size classes are 63.7% and 30.1%, respectively and the remaining 

portion (6.2%) belongs to the other classes. Regarding R-2, the mean grain size in the  

125-250 µm class is 48.2% followed by 46.3% (250-500 µm), 4.4% (63-125 µm), 0.9% (<63 µm).  

In the case of R-3 and R-4, 86.39% and 77.37% of the total mean grain size are included in the 125-

250 µm class, respectively. On the other hand, in S-1, the maximum portion of average grain size 

comes under the class 125-250 µm (49.68%) followed by 250-500 µm (32.68), <63 µm (7.36%), 63-

125 µm (5.48%). The grain size distribution of S-2 quite resembles the pattern of S1. It is noticeable 

that the grain size percentage of <63 µm has increased with depth in both S-1 and S-2. Overall, this 

analysis demonstrates that a larger share of grain size falls into the classes of fine sand to moderate 

sand which are moderately well sorted to well sorted. Similar results have been found from the beach 

ridges of the southwest coast of India (Alappat et al., 2015).  

4.4 Chronology   

The results of quartz optical dating are summarized in Table 2. The ages of the samples as determined, 

indicate their occurrence in the Holocene. The OSL ages help understand the progradation of beach 

ridges. The three samples of the OSL (R1D2, R1D1.5, and R1D1) collected at different depths in R-1 

reveal that this beach ridge was developed ~7.7-8.7 kyr. The age range of the samples from R-2 (R2D2, 

R2D1.5, and R2D1) lies between ~4.1-4.7 kyr. The samples' age of the third ridge (R3D2, R3D1.5, 

and R3D1) vary from 0.91-1.2 kyr which means this beach ridge is thousand years old. In the case of 



the fourth ridge (R4D0.8), one sample has been dated with an estimated age of ~ 0.12 kyr suggesting 

that this ridge is of recent origin.  

The amplitude and size of the ridges and swales are the indicators of the progradation of the beach 

ridges. Beach ridge progradation has been calculated from the distance divided by the difference of 

age between the beach ridges. The average progradation rates of the beach ridges are as follows:  

0.12 m/yr from 7.7 ± 0.6 to 4.7 ± 0.3 kyr (R1D1.5 to R2D2), 0.03 m/yr from 4.7 ± 0.3 to 1.0 ±  

0.05 kyr (R2D2 to R3D1), and 0.27 m/yr from 1.0 ± 0.05 kyr to 0.12 ± 0.01 kyr (R3D1 to R4D0.8) 

(Fig. 10). In this study, the average progradation rate as computed from the oldest beach ridge to the 

present beach ridge is 0.14 m/yr but has not been constant over the Holocene age. These progradation 

rates are measured on the basis of long-term averages that may vary from actual progradation. Even, 

this might have been punctuated by periods of coastal stability. The relative ages and errors of the 

SLIPs are calculated using the regression method as described in Barboza et al. (2021).   

4.5 Relative sea-level construction  

Two morphological features, namely berm and boundary of beach and dune have been used to measure 

the elevation of past sea-level. The measured elevations of the present beach-dune boundary and berm 

are 0.75 ± 0.10 m and 0.45 ± 0.15 m above msl, respectively. The error has been considered from the 

old and new beach profiles. It is also important to mention that the elevation and spatial displacement 

of the berm can change with seasonal climate variations and tides (Costas et al., 2016). Though, the 

present study site is relatively stable as observed from the previous images. Twenty-six toplap 

terminations of the radar images are represented as berm indicators while twenty-one downlap 

terminations illustrate the boundary between the dune and beach. To obtain precise elevation values of 

these points, it has been digitized in the Origin software. The extracted points are transformed into sea-

level indicator points by subtracting the elevation of the modern berm and contact between the beach 

and dune from toplap and downlap points, respectively. The obtained elevations, ages and cross-shore 

distances have been correlated with each other to understand the past sea-level (Fig. 11). Fig. 11a 

shows the elevations of the beach-dune and berm sea-level indicators with distance from landward to 

seaward. From this figure, it can be seen that the sea-level initially rises in ridge 1 and is followed by 

the fall of sealevel from 2.5-3 m highstand which is also observed on the coasts of Brazil (Hein et al., 

2014). The relative ages of the sea-level indicator points from both indicators have been calculated 

from the OSL ages and plotted with respect to the cross-shore distance (Fig. 11b). It is noticed from 

this figure that the linear relationships of the coefficient of determination are 0.92 and 0.95 for the 

beach-dune boundary and berm, respectively. To prepare the relative mean sea-level, the age and 



elevation of the sea-level indicator points have been plotted (Fig. 11c). It is essential to consider the 

error in relative mean sea-level. The increasing depth of the GPR profile leads to greater heterogeneity 

of the sub-surface material and high attenuation, resulting in increased errors. As a consequence, the 

error of the GPR profile is more pronounced in Costas et al. (2016) compared to Barboza et al. (2021). 

However, since the depths of the GPR profile are less than 6 m in the present study, the maximum 

error for the 200 MHz frequency GPR is considered 0.30 m (Jol, 2008; Barboza et al., 2021). A total 

of 0.6 m and 0.65 m errors have been included in this research considering the GPR (0.3 m) and beach 

profile (0.3-0.35 m). The relative sea-level shows a variation from 2.3 to 1.2 m from the beach-dune 

indicator whereas it is 2 to 1.4 m from the berm indicator during the mid- to late-Holocene. This sea-

level is almost identical to the sea-level curve of the west coast of India prepared by Hashimi et al. 

(1995). From these figures, it is observed that the berm indicator shows slightly better agreement 

compared to the dune-beach boundary which is also reflected in the study of Costas et al. (2016).   

In figure 12, the sea-level data of the Indian coast from different studies have been organized with 

respect to the mid- to late-Holocene ages. It is evident from the figure that the past sea-level elevation 

predominantly ranged from 0.5 to 3.5 m and the trend of sea-level ranged from 2 to 1 m during the 

mid- to late-Holocene. The results of the present study also fall within this range. However, it is 

important to note that the sea-level of most of these previous works is based on the mean low tide level 

rather than the mean sea level. Recently, Sharma et al. (2021) have reconstructed the relative sea-level 

in the Gulf of Kachchh are 1.45 ± 0.33 m and 0.53± 0.33 m above msl during the mid-Holocene and 

late-Holocene, respectively.  

5. Discussion  

The long-term geomorphological evolution in the coastal region must be comprehended to evaluate 

and predict how shoreline dynamics is likely to get affected by sea-level changes, sediment dynamics 

and energy exposure (Loveson et al., 2014b; Sander et al., 2016). The current research aims to build a 

more robust chronological framework based on beach ridges for tracing shoreline migration during the 

Holocene age in the central west coast of India.   

5.1 Ridge and swale as a sea-level indicator  

Selecting the correct geomorphic indicator for paleo sea-level reconstruction in a specific coastal 

region is of vital importance. Many studies have considered both ridge and swale while some studies 

consider only ridge as a sea-level proxy based on the field conditions for example no or limited mud, 

dry topsoil, less saltwater intrusion, and limited aeolian cover. From the attenuation curve (Fig. 8), it 

is evident that the beach ridge is the best past sea-level marker compared to the swale because of less 



attenuation and clear records of past sea-level. Moreover, the velocity diagrams (Fig. 9) of the ridges 

reveal that the velocity has reached its maxima in the contact zone of aeolian and beachface while 

swales have less velocity by reason of water content and mudflat. Clemmensen and Nielsen (2010) 

estimated that the difference in sea-level between ridge and swale is 1 m. Hence, beach ridge has been 

considered for sea-level proxy not swale due to the significant deflation resulting in lowering the 

structures after their formation. Taylor and Stone, (1996) have mentioned that the past records of the 

beach ridges remain well-preserved in the wider beach ridges. Moreover, it is worth mentioning that 

the long-term mean sea-level reflected by appropriate beach ridge systems. The coarse-grained beach 

ridge in the beach ridge systems formed by a single storm event does not represent the long-term 

average wave condition (Tanner, 1995; Billy et al., 2015). This heterogeneity in the beach ridge system 

is primarily influenced by the intensity of local processes such as fetch length, storm surge, and storm 

duration rather than the long-term elevation of relative sea-level. On the contrary, each paleo beach 

ridge of the present study region is the result of wave action which makes it suitable for reconstruction 

of relative sea-level changes with time.  

5.2 Limits of paleo sea-level indicator  

The reconstruction of past sea-level from the deposition of paleo beach ridges is well-known with 

different sea-level markers. Earlier, elevation of beach ridges has been considered as a marker of the 

paleo sea-level. However, with the march of time, it has been observed that this indicator is not 

appropriate as the deposition of aeolian sand creates uncertainty in establishing the relationship 

between the actual altitude of the ridge and sea-level. To address this issue, Bjørnsen et al. (2008) used 

an average value of 0.5 m to describe this deflation to define the sea-level, though this value cannot be 

uniformly applied to all beach ridges worldwide due to the heterogeneity of coastal configurations, 

geomorphological processes, and clast content in the beach ridge deposits (Nielsen and Clemmensen, 

2009). Heteren and Plassche, (1997) have revealed that the boundary between dune and beach 

sediments is clearly identified from the GPR sub-surface image. Later, Heteren et al., (2000) concluded 

that this boundary produced a well-constrained past sea-level indicator.  

Many researchers have used the same indicator for the reconstruction of past sea-level (Dougherty,  

2014; Costas et al., 2016; Dillenburg et al., 2017; Oliver et al., 2020; Barboza et al., 2021). Considering 

this, in the present work, the boundary between dune and beach has been readily defined from beach 

ridge profiles based on the radar facies while it is not distinctly visible in the swale images, because of 

the high attenuation of radar waves.   

 



5.3 Sedimentary architecture of beach ridge and swale  

The sub-surface radar facies of beach ridges are not often similar throughout the world. Even, they 

differ within one beach ridge system of an area due to the varying rates of accumulation of sediment, 

wave height, and storm events during each beach ridge formation. However, they have some common 

characteristics such as seaward dipping of radar facies and boundary between two radar facies (radar 

surface) which have been observed in most of the paleo beach ridges (Nielsen and Clemmensen, 2009; 

Lindhorst and Schutter, 2014; Gouramanis et al., 2020). In the present study, sediment deposits have 

many differential hyperbolas which act as an obstacle to see the radar facies. Despite this, many 

dipping patterns with low to high amplitudes have been identified. It is important to identify the 

termination patterns (boundaries) for the construction of a relative chronology since this is 

representative of chronostratigraphic gaps. Laws of superposition and cross-cutting relations can be 

used to determine the relative chronology of successive radar data. Considering that, radar stratigraphy 

often distinguishes between two distinct radar facies differentiating termination patterns and 

reflections (Neal et al., 2003; Shan et al., 2016). In this study, R-1, R-2, and R-3 profiles of the GPR 

show that the radar facies have mainly westward  

(seaward) dipping (Fig. 5), implying regression formed by wave action. However, a few eastward 

(landward) dipping which has been also observed in the profiles, indicates the activity of washover 

processes (Clemmensen and Nielsen, 2010). It can be inferred from the limited amount of wash-over 

deposits that waves rarely flooded the beach ridges in this environment. The presence of thick mud in 

the swale is the probable reason where electromagnetic waves have bounced within sedimentary units 

and overprinted any stratigraphy (Gouramanis et al., 2020). However, there are some seaward dipping 

radar facies that have also been seen in swales. Besides these paleo beach ridges and swales, the present 

beach ridge shows both landward and seaward radar facies which indicate that probably wash-over 

deposits have resulted from storms or high waves. It can be stated that in the present time these events 

have got intensified on this coast. However, due to the lower elevation and saltwater intrusion, the high 

attenuation of the radar signal has limited the availability of detailed information (Fig. 7). As a result, 

SLIPs have not been identified in ridge 4. Several previous studies (Costas et al., 2016; Barboza et al., 

2021) have correlated SLIPs with the current beach profile (berm and beach profile) to accurately 

estimate past sea levels. For this reason, the present study has also correlated berm and dune-beach 

markers with the SLIPs.  

 

 



5.4 Beach ridge and swale formation  

The main process responsible for the formation of beach ridges around the world includes fairweather 

waves along with aeolian foredune accumulation in prograded sandy beach ridges and storm waves 

building the gravel ridges (Tamura, 2012). Predominantly, the sandy beach ridges are seaward dipping 

stratification due to swash and backwash processes whereas gravel beaches are mainly landward 

dipping due to storm waves. In the current research, seaward dipping is associated with the fair-weather 

waves process for beach ridge formation. In contrast, in the study of Psuty (1965, 1967), it was 

observed that the landward dipping of sandy beach ridge was attributed to storm waves. The deposition 

of sand in fair-weather waves is not the only statement that supports the origin of ridge and swale 

topography. These waves can generate a broad flat aggradation surface rather than the sequence of 

beach ridge and swale. In general, beach ridges cannot exist without swales except for a single broad 

platform (Tanner, 1995). Noticeably, many studies have addressed the formation of beach ridges but 

not the swale formation. There are many arguments for the separation of beach ridges in several studies 

(Tanner, 1995; Taylor and Stone, 1996; Goy et al., 2003; Kelsey, 2015). After reviewing these articles, 

it can be stated that the beach ridges are isolated by storms, by sediment supply due to climate change, 

or by sea-level change. These factors can interact and reinforce one another, ultimately leading to the 

isolation of a beach ridge. Among these factors, the beach ridges are mostly found under the situation 

of regression (BjoØrnsen et al., 2008; Tamura et al., 2012; Clemmensen and Nielsen, 2010) where 

progradation is mainly driven by falling relative sea-level. On the other side, a few beach ridges are 

formed by high sedimentation rates where the relative sea-level is stable or rising (Forbes, 1994; Billy 

et al., 2015). From the result of sea-level (Fig. 11a,b,c), it can be stated that the evolution of present 

beach ridges is mainly the result of falling relative sea-level. However, the rate of sea-level falling is 

not the same during the mid- to late-Holocene. The minor fluctuations in sea-level make the energy 

level of waves different (Tanner, 1995). After 7200 BP, Loveson and Nigam (2019) reported five 

minor sea-level fluctuations on the east coast of India while Bhattacharya, 2021 showed two events of 

high relative sea-level on the east of coast India. The small sea-level rise in a certain period increases 

the high energy of wave action in the surf zone due to the less energy take off as the new high-water 

level achieves. Therefore, the run-up of the swash is increased resulting in the deposition of sand. The 

drop in sea-level from the previous position reduced the run-up of the wave energy. As a result, the 

deposition of sand during the higher position of sealevel generates a beach ridge and the deposition of 

new sand during the falling of sea-level produces a swale. For this, the heights of ridge and swale vary 

with each other. In the study of Clemmensen and Nielsen, (2010), it was seen that most of the swash 

build beach ridges are 0.2 to 0.6 m higher than the adjoining swales except only a few ridges are 1 m 



or higher than the adjacent swales. Subsequently, in the present work, the elevation range of ridge and 

swale is 0.5 to 1.2 m (Fig. 4). Tanner, (1995) discussed different processes of the origin of beach ridges 

and swales and concluded that the small sea-level fluctuation is the major reason for their formation. 

On the contrary, Dougherty, (2014) showed the storm-initiated beach ridge and swale formation in 

Omaha, New Zealand. As such, the genesis of beach ridges and swales in any given region is largely 

contingent upon both global and local processes. The schematic diagram displays the evolution of 

beach ridges and swales with reference to sea-level (Fig. 13).   

The frequency and size of ridge and swale primarily depend on the number and duration of sealevel 

fluctuations. The minor fluctuation of sea-level is reflected in the frequency of beach ridge and swale. 

Therefore, the number of beach ridges on the west coast of India is less compared to the east coast of 

India. Goy et al., (2003) demonstrated that the size of the ridges and swales changes and even reverts. 

The higher rate of sediment accumulation gives rise to smaller beach ridges and vice versa. In the 

present study, the beach ridges are not homogenous due to different rates of sediment accumulation 

and the main source of this accumulation is from offshore. On the other hand, the elevation of the ridge 

and swale relies on the magnitude of sea-level changes. Bhattacharya et al., (1979) studied the beach 

ridges of the southwest coast of India and concluded that the slightly higher elevation of the older 

beach ridge as compared to the younger beach ridge is evidence of hiatus in progradation.   

5.5 Causes of sea-level fluctuation  

There are multiple processes including eustasy, isostasy, hydro and glacio isostasy together with local 

to regional tectonic (upliftment and subsidence), variation in oceanographic and atmospheric 

circulation responsible for the relative sea-level changes (Milne et al., 2009). As a result, the rate of 

sea-level changes in different regions of the Indian coast is not uniform. The relative sea-level curve 

constructed for the east coast of India for the Late Pleistocene and Holocene Period (Loveson and 

Nigam, 2019) discussed various stages of sea-level changes between 15000 BP to Recent. Another 

few studies (Loveson, 1994; Loveson et al., 1996) indicate regional coastal uplifts along the east coast 

which could be corroborated by the sea level fluctuations. However, the sea level fluctuations were 

slightly different along the west coast of India as evidenced by the existing geomorphic setup. Hashimi 

et al. (1995) observed that during 14,500 BP, the sea level was ~100 m depth and rose to 80 m depth 

during 12,000 BP (~10m/1000yr) and between 10,000 to 7,000 B.P, the rate of rise was comparatively 

higher (~20m/1000yr). During this transgressive period, the rate of sea-level rise was ~ 1 cm/per year 

until 6000 years ago. This sea-level was ~2 m above the present, as shown by the present and other 

studies (Fig. 12). The switch from the transgressive phase to the regressive phase was near-coincident 

with the well-documented decrease in the rate of sea-level rise from 6000 to 7000 years ago (Fairbanks, 



1989; Subrahmanya, 1996; Fleming et al., 1998) which is also seen in the current research (Fig. 11). 

The cause of transgression and regression along the west coast of India is debatable because of scanty 

and unevenly distributed data. Subrahmanya (1996, 1998) discussed the several stages of tectonic, 

eustatic and isostatic movements of the west coast of India and concluded that the west coast of India 

had very little subsidence or upliftment during the Quaternary. Verma and Mathur (1979) proposed 

that the change in sea-level on the west coast of India is mainly of eustatic origin. On the other side, 

in the northern part of the west coast of India, tectonic plays a role in relative sea-level changes 

(Sharma et al., 2021; Banerji et al., 2015). Furthermore, other studies (Bruckner, 1989; Nair, 1974; 

Kale and Rajaguru, 1985; Wagle, 1994) indicated sea-level fluctuations along the west coast region 

based on raised beaches and terraces. All these studies have led the sea-level research to further fathom 

towards the future understanding of tectonics contributions. The finding from the present deformation 

map may demonstrate neotectonic effects in this region which are also evident on the southwest coast 

of India (Alappat et al., 2015). In future research, a deformation map of the study area can be prepared 

using the PS-InSAR method to exemplify the evidence of neotectonics with better precision. From the 

present research, it can be stated that the sea-level change during the mid-late Holocene is mainly the 

cause of a combination of tectonic and eustatic origin. Mann et al. (2019) also disclosed that the 

Holocene relative sea level changes in the Indian ocean were mainly influenced by global and local 

drivers. At this juncture, the present study is a contribution to the regional sea-level research in this 

region and would support the construction of a relative sea-level curve for the entire west coast of 

India.   

5.6 Limitation and future scopes  

The present study has reconstructed the Holocene relative sea-level using high-resolution GPR images 

and OSL ages. However, there are some limitations, including the core data of sediment, which needs 

to be correlated with the GPR sub-surface image and more sea-level indicator points could not be 

identified due to the field obstruction. Moreover, in the future, the applied modern tools and more 

advanced numerical models can be employed to determine the possibly multiple driving mechanisms 

for the observed changes and to prepare India's high-resolution sea-level curve from the thirteen beach 

ridges of India identified by Kunte and Wagle, (2005).  

6. Conclusion  

The beach ridges and associated swale deposits of Malvan beach, central west coast of India record the 

Holocene sea-level variation. The sedimentary architecture of these landforms has been deduced from 

GPR subsurface profiles and surface topography measured by automatic level instrument. As observed 



in the field investigation, the sequential topographic highs and lows indicate ridges and swales, 

respectively. The morphological features, namely the berm and beachdune contact have been extracted 

from the geophysical survey and transformed into the sea-level marker. Three different layers 

including aeolian, beachface and shoreface deposits with parallel to seaward dipping radar facies in 

beach ridges have been demarcated. On the other side, multiple horizontal and parallel positive and 

negative couplets in the swale have been noticed because of the presence of mud. These beach ridges 

and adjoining swales are formed by sea-level fluctuation in fair-weather conditions. The transition of 

the Holocene transgressive and regressive record began around 7000 years ago when the sea-level was 

+2 m above msl. The average progradation rate of the beach ridges is 0.14 m/yr. The mid-late Holocene 

sea-level change is most likely due to the combination of tectonic and eustatic origins. Reconstruction 

of the internal architectural pattern of ridge and swale topography by GPR technique will be useful to 

further prepare the Holocene sea-level curve of India.   
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List of captions for figures 

Figure 1  (a) Location of the study site on the central west coast of India; (b) Sentnel-2 

satellite image of the area; (c) geomorphology map displaying the several 

landforms around the study site; (d) lithology map; (e) high resolution Google 

earth image showing the GPR profile (black line) along the ridge and swale 

topography and red dots represent the OSL sample locations   

  

Figure 2  Workflow in SNAP using Sentinel-1 SLC images for the displacement map 

generation between March, 2017 to March, 2020  

  

Figure 3  Displacement map of the coastal area and the Western Ghats region. The study 

site is located upper left corner.  The Western Ghats region shows upliftment and 

coastal sectors indicate stable to subsidence  

  

Figure 4  (a) Elevation above mean sea-level along the GPR transect from landward to 

seaward. The topographic profile shows sequential topographic highs and lows 

represent ridges (R-1, R-2, R3, and R4) and swales (S-1, S-2, S-3, and S-4) 

respectively, (b) beach profile shows elevations of the present berm and 

beachdune boundary which used in modern analogs   

  

Figure 5  GPR data collected from the beach ridges (R-1, R-2, and R-3). Yellow hyperbolas 

representing diffraction hyperbolae. Red lines refer the radar facies. Three radar 

facies such as Rf1, Rf2, and Rf3 represent the aeolian, beachface and shoreface 

deposits, respectively. Two radar surfaces (black dash line) demarcated based on 

patterns of radar facies (Rf1, Rf2, and Rf3) and velocity of the radar waves. The 

yellow and blue circles represent the dune-beach and berm markers, respectively. 

The red circles indicate the location of OSL sample at the depths of 1 m, 1.5 m, 

and 2 m from the surface, at the same location sediment sample taken for texture 

analysis. Vertical rectangles are the obstacles like roads and fences. The water 

table (during summer, it falls below 4 m) has not been identified due to the high 

attenuation beyond 4 m depth. Vertical exaggeration is 1:2 (See the text for 

details)   

  

Figure 6  Swales (S-1, S-2, S-3) showing multiple horizontal ringing and few seaward 

dipping radar facies.  Vertical exaggeration is 1:2. (See the text for details)  

  

Figure 7  Present beach ridge (R-4) of the area showing both landward and seaward dipping 

pattern. It differs from the paleo beach ridges due to the saltwater intrusion, lower 

in elevation and therefore closer to water table and thus the signal is attenuated 

more. Vertical exaggeration is 1:2  

  

Figure 8  Attenuation of radar waves in beach ridges and swales. The high mean and 

median attenuation with best fitting exponential and power law decay curve at 

ridges (R-1, R-2, R-3) while the low mean and median attenuation with best 

fitting exponential and power law decay curve at swales (S-1, S-2, S-4)  



Figure 9  Velocity in the ridges (R-1, R-2, R-3) are maximum because of different 

stratigraphic pattern whereas velocity in swale (S-1, S-2, S-4) are less and mixed 

type due to less radar wave penetration. The blue colour indicates the higher 

velocity contrast in the layer, whereas the grey colour indicates the lower velocity 

contrast in the layer.  

  

Figure 10  The profile running across the beach ridge and swale showing the progradation 

rates based on the OSL ages and distance   

  

Figure 11  Representation of the sea-level indicator points (dune-beach contact and berm) 

and their elevations, ages, and distances. Relationship between (a) distance and 

elevation, (b) distance and age with linear regression, (c) age and relative mean 

sea-level with errors show fall of relative sea-level  

  

Figure 12  Comparing sea-level data of different coast of India with the present study. The 

trend (black line) of sea-level is from 1 to 2 m based on sedimentological and 

geomorphological evidences   

  

Figure 13  Conceptual sketch of ridge and swale landform evolution at different stages by 

sea-level change in the central west coast of India based on topographic data, 

radar facies and OSL ages (See the text for details)  

    

  

 List of captions for tables  

Table 1 Grain size analysis at different depths of beach ridges and swales   

  

Table 2 Summary of OSL measurement details including samples, depth, water content, number of 

aliquots used (N), radioactivity details, over dispersion (OD), dose rate, central age model (CAM) 
equivalent dose (De), and ages of beach ridges of Central west coast of India.  
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