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1. Introduction
The investigation of Holocene sea level histories 

and coastal landscape responses can yield vital in-
formation on the coastal environment and future sea-
level rise (Sloss et al., 2018). However, Holocene 
sea-level records are fraught due to lack of regional 
geological investigations and constraints in tectonic 
setting (tectonic upheaval or hydro-isostatic warping) 
of the coastal track (Williams et al., 1998). Such la-
cuna leads to discordance in the Holocene sea-level 
at the regional scale (Li et al., 2012). Further, on the 
contrary to the glacial-interglacial period, the mid-
late Holocene Period remained deprived of drastic 
sea level variations. Thus, local or regional coastal 
tracts responded distinctly during the mid-late Holo-
cene Period, which in turn demands localised sea-
level curves instead of generalised sea level changes 
generated for other regions (Hashimi et al., 1995). 
However, based on the available local or regional sea 
level curve this can be collated to produce a general-
ised sea level variability. On the basis of coastal ge-
omorphic features (Pant and Juyal, 1993; Rust and 
Kershaw, 2000), stable isotopic variation (Waelbroe-
ck et al., 2002; Lamb, Wilson and Leng, 2006) and 
instrumental records (Douglas, 1991; Holgate, 2007) 
several studies have addressed sea level changes. 

Sheltered coastal environments such as mudflats, 
estuaries, lagoons, bays, inlets, rias, and isolation 
basins are potential regions for preserving thick se-
quences of Holocene sediments and respond in 
accordance with the pace of sea level and coastal 
changes during the Holocene (Allen and Haslett, 
2002). Several studies constraining Holocene sea 
level variability have conducted investigations on the 
intertidal region (Wilson et al. 2005; Zhan et al. 2011 
and references therein). In the present study we con-
ducted a geochemical investigation on the mudflats of 
Gujarat, Western India to address sea level variability 
and possible tectonic influences during the mid-late 
Holocene period.

2. Study Area
The coastal landscape of Saurashtra, western 

Gujarat, India is a result of both, eustatic sea level 
changes and tectonics (Ganpathi, Patel and Merh, 
1982). The southern Saurashtra coast is marked by 
40 to 50 m vertical cliffs of limestone. The coast is 
irregular and dissected further east up to Diu. The 
northeast of Diu Island consists of extensive tidal flats 
and the southern coast is cliffy. Beyond Diu, the coast 
is characterised by the presence of a rocky foreshore 
with occasional beaches and limestone cliffs. An ex-
tensive mudflat is located along the Saurashtra coast 
near Diu Island and Jaffrabad. The limestone (mili-
olitic) cliffs are located along the southern coast of 
Diu Island. The age of the miliolites was estimated 
to be of three generations: 200–140, 115–75, and 
70–50 ka BP (Baskaran et al., 1986).

3. Material and methods
Both, relict Vasoj (VV) and active Diu (DV) mudflats 

(Fig. 1) located in the NE of Diu Island, near the south-
ern Saurashtra coast, were investigated to study the 
Holocene sea-level changes along Saurashtra coast. 
Sampling details and chronology for VV and DV have 
been discussed in Banerji et al. (2015) and Banerji 
et al. (2017), respectively. The relict mudflat VV re-
corded a depositional history from 4700 to 1500 cal 
BP and the sedimentation ceased after 1500 cal BP 
(Banerji et al., 2015). The core location DV inundates 
and receives sediment only during exceptionally high 
tide and has recorded a depositional history between 
4100 and 71 cal BP (Banerji et al., 2017). 

The sediment samples from different depths of the 
VV relict section (~ 100 cm, ~ 10 samples) and DV 
sediment core (~ 70 cm, ~ 35 samples) were dried (at 
~ 80 °C), crushed and homogenised with the help of 
an agate mortar to avoid any metallic contamination. 
The chronology of VV was estimated from three car-
bon-14 ages (Banerji et al., 2015), while in the case 
of DV, the chronology was supported by carbon-14, 
caesium-137, and lead-210 dating techniques (Ba-
nerji et al., 2017). Nearly 300  mg of bulk, dried 
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crushed sediment samples were subjected to closed 
digestion (Thermo Microwave digestion system) by 
treating them with concentrated acids (HCl, HF, and 
HNO3). The digested sample solution was aspirated 
in the ICP-AES (Jobin Yvon 38S) for the measure-
ment of Al, and in the ICP-MS (Thermo-X series2) for 
the measurement  of Mn, Ni, Mo, V, Cr, and Co. The 
analytical precision and accuracy were better than 
±5 % for major and trace elements (Agnihotri, 2001; 
Banerji et al., 2017). The sediment samples for esti-
mation of Total Organic Carbon (TOC) were decar-
bonated with 10% HCl and thoroughly washed with 
distilled water and dried. The TOC was estimated 
in FISONS NA1500 NC Elemental Analyzer (Fisons 
Inc.) by introducing ~ 10 to 20 mg decarbonated sedi-
ment samples packed in a tin capsule into a com-
bustion tube through an auto-sampler. The analytical 
precision and accuracy for TOC were better than 4 % 
(Bhushan et al., 2001).

4. Results and Discussion

4.1. Geochemical Variations
Sediments record only a fraction of total biological 

productivity, as the organic matter that is delivered to 
the water-sediment interface passes through bacte-
rial degradation within the water column (Tribovillard 
et al., 2006). Generally, mangrove forests in the inter-
tidal region are extensively productive areas with high 
rates of organic carbon accumulation (Kristensen et 
al., 2008; Marchand, Lallier-Vergès and Allenbach, 

2011). High TOC during 4710 to 3200 cal BP in VV 
(Fig. 2a) suggests improved productivity associated 
with extensive mangrove forests that flourished in the 
region due to high sea level and enhanced monsoon 
intensities (Banerji et al., 2015). A similar observation 
of high productivity supported by TOC, Cu/Al2O3, and 
Ni/Al2O3 during 4105 to 2640 cal BP with high sea lev-
el has been delineated from DV (Banerji et al., 2017).

The simultaneous enrichment of V/Al2O3 and Mo/
Al2O3 (Fig. 2a) in the VV section during 4710 to 
4000 cal BP implies anoxic conditions, but depleted 
values for Ni/Al2O3 suggests that Ni is not scavenged 
by settling organic particles (Tribovillard et al., 2006). 
The marginal increase of Ni/Al2O3 observed between 
4000 and 3200 cal BP indicates the possible forma-
tion of insoluble sulphides that can be taken up by au-
thigenic pyrite (Algeo and Maynard, 2004) and there-
by suggests euxinic conditions (Banerji, Bhushan and 
Maurya, 2016). The prevalence of euxinic conditions 
in VV is further supported by the increasing trend in 
Mo/Al2O3 and V/Al2O3, as V resides predominantly in 
the sulfidic fraction under euxinic conditions (Algeo 
and Maynard, 2004). However, the simultaneous en-
richment of V/Al2O3 and TOC with low values in Mo/
Al2O3 in DV (Fig. 2b) during 4100 to 3000 cal BP sug-
gests anoxic conditions (non-sulfidic), as the V mainly 
resides in TOC (Algeo and Maynard, 2004).

Under anoxic conditions, Cr4+ reduces to Cr3+ form-
ing aquahydroxyl and hydroxyl cations that readily 
form a complex with humic/fluvic acids or gets ad-
sorbed to Fe- and Mn-oxyhydroxides (Breit and Wan-

Figure 1: Map showing the geology of the relict (VV) and active (DV) mudflat region along the southern Saurashtra, Gujarat, western India.
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ty, 1991; Algeo and Maynard, 2004). In DV, the high 
Cr/Al2O3 during 4100 to 3000 cal BP suggests anoxic 
conditions. But the low Cr/Al2O3 in VV during 4000 
to 3200 cal BP (Fig. 2b), in spite of the euxinic con-
ditions, has been attributed to the limited uptake of 
Cr3+ by Fe-sulphides due to the incompatibility of Cr 
with pyrite (Huerta-Diaz and Morse, 1992; Morse and 
Luther, 1999). Under anoxic conditions, Co forms in-
soluble sulphides (CoS), which are taken up as solid 
solution by authigenic Fe-sulphides (Huerta-Diaz and 
Morse, 1992). Thus, the increased Co/Al2O3 in VV 
and DV confirms the prevalence of oxygen-deficient/
anoxic conditions in the region.

Surprisingly, Mn/Al2O3 is low in VV but high in DV, 
even though both witnessed anoxic conditions. Gen-
erally under anoxic conditions, Mn reduces to Mn2+, 
which is a soluble cation (Mn2+ or MnCl+). As the dis-
solved Mn is not readily taken up by the organic mat-
ter or sulphide phase, it diffuses upwards till oxic con-
ditions are encountered. The reduced Mn/Al2O3 in the 
DV suggested the prevalence of anoxic conditions. 
However, the increased Mn/Al2O3 in VV under anoxic 
conditions must be a result of the formation of MnCO3 
or Mn-Ca carbonate (Calvert and Pedersen, 1993). 
The possible formation of MnCO3 or Mn-Ca carbon-
ate can be confirmed from the high values of CaO, 
CaCO3, and CaO/Al2O3 (Banerji et al., 2017, 2019). 

4.2. Evidence of tectonic uplift
The southern Saurashtra coast has provided evi-

dence of past sea level highstands and tectonic im-
prints (Pant and Juyal, 1993; Juyal et al., 1995). The 
palynological investigation of the VV section suggests 
high sea level with dense mangrove forest during 
4710 cal BP. The mangrove forest led to anoxic con-
ditions in VV, which is in agreement with the enriched 
redox-sensitive elements in the DV core, as they were 
part of the same lagoon. The present day elevation of 
VV and DV are ~ 5 m and ~ 3 m respectively and both 
witnessed a high sea level during 4710 to 1500 cal 
BP. The marine influence in VV ceased after 1500 cal 
BP, whereas the DV continued to receive sediment 
under exceptionally high tide conditions. Thus, there 
was a sea regression of ~2 m during 4710 cal BP. The 
estimated high sea level is in line with the radiocar-
bon age of an oyster bed (3.4 ± 0.05 ka) located at an 
elevation of 2 m above the present-day sea-level in 
Rupen River near Diu (Juyal et al., 1995). However, 
the sea level during the mid-Holocene could be an 
interplay of sea level and land level changes, as the 
southern Saurashtra coast near Diu and adjoining ar-
eas witnessed pulsating uplift during the late Quater-
nary period (Pant and Juyal, 1993). The prevalence 
of a tectonic component during the last 3 ka was in-
ferred by the study conducted on the tidal notches 
around Diu Island (Bhatt and Bhonde, 2006). Further, 

Figure 2:  Enriched redox sensitive elements in VV (a) and DV (b) mudflat sections during 4710 to 4000 cal BP and 4100 to 3200 cal BP 
suggests anoxic conditions, while an intermittent euxinic environment during 4000 to 3200 cal BP prevailed in VV. Since 3000 cal BP, both 
regions (VV and DV) witnessed oxic conditions. 
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two tidal notches of Diu Island were examined near 
Vankwara (Diu), which suggested ~1  m of tectonic 
uplift (Banerji et al., 2015). This implies that the ef-
fective sea-level was ~2 m high during the ~4710 cal 
BP, which included ~1 m of tectonic uplift (Banerji et 
al., 2015).

4.3. Phases of sea level and tectonics along 
southern Saurashtra coast

The present study interprets four phases of trans-
formation of the coastal lagoon into mudflat during the 
mid-Holocene period along the southern Saurashtra 
coast. The palynological investigation on the relict 
mudflat section VV demonstrated several mangrove 
species (Banerji et al., 2015), while the presence of 
shells in DV (Banerji et al., 2017) suggested high sea 
level during 4710 to 4000 cal BP.

The presence of mangroves led to high in-situ pro-
ductivity resulting in anoxic conditions as seen from 
the enriched redox-sensitive elements (Fig. 3a). 
Thus, a lagoonal condition prevailed at both study lo-
cations and they formed part of a single lagoon sys-
tem. Marginal sea regression during 4000 to 3200 cal 
BP led to poor water ventilation at VV site resulting in 
euxinic conditions, but the anoxic condition continued 
till 3200 cal BP at DV (Fig. 3b). Further sea regres-
sion after ~3200 cal BP transformed the lagoon into 
a mudflat region as the VV showed the presence of 
Turritella sp. between 3200 and 2825 cal BP (Fig. 3c) 
(Banerji, Bhushan and Maurya, 2016; Banerji et al., 
2015) and the oxic conditions started prevailing in 
both locations (VV and DV). The sea regression after 
3200 cal BP was also accompanied by a tectonic up-
lift which can be elucidated from the elevation of the 
older tidal notch of Vanakwara (Diu Island). The VV 
mudflat remained active till 1500 cal BP after which 
sediment deposition ceased due to sea regression 
and/or tectonic uplift, while DV continued to receive 
sediment under exceptionally high tide conditions 
(Fig. 3d). The sea regression and transformation of 
the lagoon to mudflat was accompanied by tectonic 
uplift in the region.

5. Conclusions
The present study attempts to identify mid-late Hol-

ocene sea-level change accompanied by a tectonic 
component. The study demonstrated that the high sea 
level led to the prevalence of lagoonal conditions be-
hind the barrier bars of the southern Saurashtra coast 
during 4710 cal BP. The high sea level supported the 
extensive mangrove forests thereby leading to an an-
oxic environment during 4710 to 4000 cal BP. Later, 
the sea regression leading to poor water ventilation 

at VV caused the prevalence of euxinic conditions, 
but the DV continued to witness an anoxic environ-
ment. After 3200 cal BP, both sites were transformed 
from lagoon to mudflats as a result of sea regression 
and tectonic influence. Further, sea regression and/
or tectonic uplift after 1500 cal BP transformed VV re-
gion into a relict mudflat while DV continued receiving 
sediment under exceptionally high tides. Thus, the 
present coastal configuration was attained possibly 
after ~1500 cal BP and since then the coast seems 
to be stable. Nevertheless, other mudflats of coastal 
Saurashtra need to be investigated to ascertain the 
mid-late Holocene sea level fluctuations along with 
the tectonic components and should be compared 
with other regional and global coastal environments 
to generate a sea level curve exclusively for the mid-
late Holocene Period.
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