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ABSTRACT 

The present paper highlights the sequence development within the Mesoproterozoic 

Koldaha Shale Member of the Kheinjua Formation, Vindhyan Supergroup which records the 

occurrence of a forced regressive wedge and associated discontinuity surfaces at the base of the 

wedge. Nine lithofacies have been identified within the study area that are grouped into three 

lithofacies associations varying in depositional setting from outer shelf, through shoreface-

foreshore-beach to continental braidplain. The outer shelf sediments are aggradational to slightly  

progradational representing highstand systems tract. The rapidly progradational, wedge-shaped 

shoreface to foreshore-beach succession occurs sharply or erosively above the outer shelf 

sediments and is bounded by a regressive surface of marine erosion (RSME) at the base and by a 

subaerial unconformity at the top. This, along with its downstepping trajectory, supports 

deposition of this sedimentary wedge during falling sea level.  A laterally extensive soft 

sediment deformation zone occurs at the base of the wedge.  

The forced regressive wedge is incised by fluvial braidplain deposits that rest on an 

erosive surface representing a sequence boundary.  The thin braidplain deposits are the product 

of aggradation during a subsequent early rise in relative sea level, and thus, they are inferred to 

represent a lowstand systems tract. The constituent architectural elements that characterize the 

braidplain deposits are downstream accretion elements and small channel elements. Further 
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landward, the base and top of the shoreface wedge merge to form an unconformity across 

deposits that rest directly on the outer shelf sediments. The identification of forced regressive 

wedges has significant economic importance in view of the potential occurrence of hydrocarbons 

within the Proterozoic formations. 

Keywords: Koldaha Shale, Mesoproterozoic, Vindhyan Supergroup, Forced regression, 

Regressive surface of marine erosion (RSME), Microbial mat. 

1. INTRODUCTION

Forced regression can be defined as shoreline advance under dominance of fall in relative 

sea-level (Hunt and Tucker, 1992; Posamentier et al., 1992; Ainsworth and Pattison, 1994; 

Posamentier and Morris, 2000). Over the past two to three decades, studies carried out on active 

and passive margins demonstrated that the deposits of the continental shelves mostly consist of 

lowstand and transgressive systems tract deposits (Suter and Berryhill, 1985; Suter et al., 1987; 

Tesson et al., 1990, 1993; Saito, 1991; Okamura and Blum, 1993; Trincardi and Correggiari, 

2000). It is argued that highstand deposits are rarely preserved on outer shelves; they commonly 

occur on the inner part of the basins and form thick wedges thinning significantly basinwards. 

Moreover, the preservation of highstand deposits is often difficult in the outer shelf, possibly due 

to the erosive action of waves and currents (Aiello and Budillon, 2004). Evidently, dominance of 

relative sea-level falls on the inner shelf, subsequent to phases of rising, are more prominent and 

often cause partial erosion of highstand deposits, along with sediment reworking in the coastal 

areas (Field and Trincardi, 1992; Gensous et al., 1993). Nevertheless, the large-scale 

stratigraphic architecture of forced regressive deposits has been addressed in many previous 

studies (e.g., Posamentier et al., 1992; Posamentier and Allen, 1999; Posamentier and Morris, 

2000). Moreover, evidence of outer shelf forced regressive deposits is not rare, and  a variety of 

forced-regression deposits has been documented from the Plio–Quaternary settings (Trincardi 

and Field, 1991; Ercilla et al., 1994; Sydow and Roberts, 1994, Morton and Suter, 1996; 

Gensous and Tesson, 1996; Somoza et al., 1997; Chiocci et al., 1997; Naish and Kamp, 1997; 

Berné et al., 1998; Massari et al., 1999; Rodero et al., 1999; Haywick, 2000; Chiocci, 2000; 

Pomar and Tropeano, 2001; Berné et al., 2002; Amorosi et al., 2004; Cantalamessa and Di 
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Celma, 2004; Cantalamessa et al., 2006). Despite the vulnerability of the forced regressive  

deposits to erosion during sea level fall and subsequent early rise (Posamentier and Morris,  

2000), in recent years, considerable work has been carried out on forced regressive deposits due  

to their potential for hydrocarbon reservoirs (Posamentier et al., 1992; Plint and Nummedal,  

2000; Posamentier and Morris, 2000; Hunt and Gawthorpe, 2000; Lee et al., 2007; Zecchin and  

Catuneanu, 2015). The relatively thin and detached occurrence of these sand bodies may be the  

reason for their limited identification and description in the literature (Plint, 1988; Proust et al.,  

2001). The small thickness of these forced regressive wedges is possibly related to the limited  

availability of time for their deposition, marked foreshortening during forced regression, and  

transgressive ravinement processes (Zecchin et al., 2011; Catuneanu and Zecchin, 2013). Thick  

and extensive forced-regression deposits include a significant amount of fine-grained material  

and form multi-storey progradational/regressive sequences in many Quaternary margins,  

reflecting the periodicity of climate-driven sea level cycles (Ridente and Trincardi, 2005). High- 

resolution seismic analysis is useful in understanding the forced regressive deposits; such  

analysis in the Quaternary shelf-edge deltas of the Gulf of Lions and the Gulf of Mexico,  

provides insights into the stratigraphic organization of forced regressive deposits (Hart and Long,  

1996; Tesson et al., 2000; Anderson and Fillon, 2004; Serge and Gorini, 2005; Gwenael et al.,  

2006). 

 The studies on the forced regressive deposits are mostly confined to Phanerozoic 

formations. Only a few examples are focused on Precambrian settings (cf. Chakraborty and Paul, 

2008). Despite the paucity of examples in the literature it is pertinent to note that the  slow 

subsidence and low-gradients inferred for many Proterozoic epeiric basins (Bose et al., 2001; 

Sarkar et al., 2001, 2008; Taylor et al., 2001; Eriksson et al., 2002, 2008) make them ideal 

situations for understanding the response of falling stage systems tracts in such basins. In other 

words, the Proterozoic formations were more significant in forming falling-stage systems tracts. 

High-resolution sequence stratigraphic observations and modeling are limited in the Precambrian 

basin-fills, and have been attempted mostly on low resolution ‘layer cake’ lithostratigraphy at 

different scales of observation (Christe-Blick et al., 1995; Catuneanu and Eriksson, 1999). Thus 

it is necessary to revisit the shallow marine epeiric deposits, and also those on the preserved 

outer shelf settings of these basins to understand the high resolution sequence architecture of 

these basin-fills in time and space.  
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The present paper uses depositional facies, facies associations and transitions of facies  

associations for understanding palaeoenvironments and their shift with time and space.  

Correlation of palaeoenvironments has been made by using field evidence of major erosion  

surfaces (unconformities) and other correlative surfaces to build-up sequence architecture for  

understanding a Meoproterozoic forced regressive deposit in the Koldaha Shale Member,  

Vindhyan Supergroup, central India. The outcrop-based study aims at identifying depositional  

discontinuities/unconformities through high resolution sequence analysis, characterizing the  

highstand, forced regressive and lowstand products (rising stage, falling stage and subsequent  

early rise), and documentation of sequence architecture of the marine and terrestrial deposits in  

the Koldaha Shale Member. Documentation of outcropping shelf-edge sand bodies ideally  

requires continuous lateral exposures from terrestrial basin margin, across the shelf to palaeo- 

shelf edge, and further exposure also of slope to basin deposits, which are only rarely available  

(Surlyk and Noe-Nygaard, 2005). The present study investigates a fortuitous long continuous  

outcrop of the Koldaha Shale and allows us to understand the stratigraphic architecture of the  

Koldaha Shale that records a falling stage systems tract in this Mesoproterozoic formation. In the  

study area the Koldaha Shale can be subdivided into two major intervals: marine and terrestrial.  

The marine interval can further be subdivided into an entirely muddy unit of offshore origin  

below and a dominantly sandy wedge of shallow marine origin above (Fig. 1). A terrestrial  

interval of dominantly fluvial origin unconformably overlies this shallow marine interval. The  

transition of the argillaceous to arenaceous intervals shows that the change is sharp and erosional  

in the present study area. Three depositional sequences have been established that record  

highstand, falling stage and lowstand systems tract in the Mesoproterozoic Koldaha basin.   

  

2. GEOLOGICAL BACKGROUND  

  

The Vindhyan Supergroup in central India (Fig. 1), ranging in age from Palaeo- to  

Neoproterozoic, is dominantly composed of siliciclastic and carbonate sedimentary rocks. The  

entire Vindhyan Supergroup is only mildly deformed (Bose et al., 2001) and covers an area of  

104,000 km2. The Supergroup is roughly 4.5 km thick and divided into two parts, the lower  

Vindhyan, also known as the Semri Group, and the upper Vindhyan, separated by an  

unconformity laterally passing into a conformity surface (Fig. 1). The lower Vindhyan  
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Fig. 1. Geological background of the study area: location and geological map showing distribution of the Semri Group (Lower Vindhyan) and 

associated younger formations. Note the study area has been marked by the rectangular area. Numbers indicate the litholog locations used in 

Figs. 15 and 16 (left). The relevant stratigraphic column and subdivisions of the Kheinjua Formation are shown on the right. The inferred 

subdivisions into marine and fluvial units of the Koldaha Shale and their palaeoenvironmental ranges have also been shown. Note that the 

stratigraphic age of the dated rock has been marked with an asterisk. Map of India within inset. UNC = unconformity and TL = transgressive lag. 
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sedimentation commenced in an intracratonic rift setting that later transformed into a sag basin 

during upper Vindhyan time (Bose et al., 2001). The Semri Group outcrops in a fairly continuous 

exposure along the southern limb of a westerly plunging broad syncline in and around the valley 

of the Son River, whereas the exposures are discontinuous on the northern limb (Fig. 1).         

Within the Semri Group, the Kheinjua Formation is divisible into two Members, the 

Koldaha Shale and the Chorhat Sandstone (Fig. 1), in a sedimentation continuum (Bose et al., 

2001). The Koldaha Shale has a gradational contact with the underlying Porcellanite Formation 

and also conformably passes into the overlying Chorhat Sandstone (Bose et al., 2001; Banerjee 

and Jeevankumar, 2005). The interpreted palaeoenvironment of the Koldaha Shale is dominantly 

offshore (Banerjee, 2000) while the Chorhat Sandstone is seen as shallow marine, ranging in 

palaeogeography from subtidal to supratidal-erg margin through an intertidal setting (Sarkar et 

al., 2006). The Kheinjua Formation is dated as 1.63 - 1.60 Ga on the basis of U/Pb SHRIMP 

dating of zircon grains in the tuffaceous layers bounding the Formation immediately below and 

above (Rasmussen et al., 2002). A relatively younger age of 1205±233.6 Ma has been assigned 

to the Koldaha Shale by the fission track (F-T) dating method (Srivastava and Rajagopalan, 

1988). Detailed review of recent literature indicates that the age of the Koldaha Shale can be 

assigned as Mesoproterozoic (Sarkar et al., 1995, 1996, 2002a; Ray et al., 2002: Schieber et al., 

2007 and references therein).  

Excellent exposures of the Koldaha Shale occur in and around the Chorhat area, on either 

side of the Son River, upon which this study is, based (Fig. 1). A comprehensive 

palaeogeographic analysis including temporal variations has been carried out by Bose et al. 

(2001) in a study that also provided a general outline of sequence stratigraphic architecture of the 

Semri basin in central India. Despite these broad palaeoenvironmental interpretations (Bose et 

al., 2001), in-depth sedimentological analysis of the Vindhyan Supergroup has been initiated 

only lately. This paper utilizes the spectacular preservation of sedimentary structures and 

lithologies of both terrestrial and marine segments of the Mesoproterozoic Koldaha Shale 

Member to reconstruct the depositional mileu in detail, and to use the inferred palaeogeography 

and its temporal variations to provide a detailed sequence stratigraphic framework for the 

Member.   
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The succession in the study area can be subdivided into three units on the basis of 

lithology. Three distinct lithological assemblages are found, and occur in vertical succession with 

sharp contact to each other. The basal litho-assemblage consists of shale with occasional siltstone 

layers and a massive ash bed. The middle assemblage consists mostly of sandstone with 

subordinate shale and/or siltstone. The shale and the overlying sandstone (lower and medial 

litho-assemblages) together constitute the marine assemblage of the Koldaha Shale (Fig. 1). The 

upper litho-assemblage is composed of relatively coarse-grained, poorly sorted sandstone that 

has incised into the middle, and even the lower litho-assemblage.  

These three litho-assemblages essentially correspond to three facies associations across 

the marine-fluvial succession of the Koldaha Shale, with distinct depositional environments 

inferred from facies characterized by specific lithologies and primary sedimentary structures.  

3.1. Facies Association I: 

This facies association constitutes the basal litho-succession, with little variation in 

character and is exposed all along the study area. The thickness of the facies association varies 

laterally, ranging from 20 m to 6.8 m. This facies association is well exposed along the Son 

river-cut section, and is divided into four facies. 

3.1.1. Facies A: Black shale 

Description: This facies is dark greenish to black in colour, comprised mainly of shale with 

well-developed fissile planes and locally contains laterally extensive silt stringers (Fig. 2a). The 

thickness of these silt layers is centimetric in scale and they are internally massive. Maximum 

thickness of this facies is ~20 m. The shale is pyrite-bearing (Bose et al., 2001). The silt stringers 

have sharp lower contacts and gradational upper contacts with the shale. Clastic sediment 

microbial mat features like wrinkles (small scale crinkles on bed surfaces; Schieber et al., 2007) 

are present abundantly on the bed surfaces of both shale and silt laminae (Fig. 2b).  

3. FACIES ANALYSIS
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Fig. 2. Dark coloured shale with well-developed fissile planes within facies A. Note occurrence of laterally extensive massive siltstone stringers 

(arrows). Pen length 14 cm (a). Wrinkle marks of microbial mat origin within the siltstone of facies A. Pen length 15 cm (b). 
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Fig. 3. Photomicrograph under crossed polars of facies C composed of microcrystalline quartz grains. Note occurrence of larger grains (solid 

arrow) and glassy materials (open arrow) (a). Facies B alternating with siltstone-mudstone of facies A. Note both the upper and lower contacts 

are sharp (arrows). Pen length 15 cm (b). 
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Description: This facies is grey to fleshy coloured, consists of very fine-grained microcrystalline 

quartz with occasional bombs and blocks (Fig. 3a; Bose et al., 2001). It is interbedded with facies 

A and C (described below) in variable proportions (Fig. 3b) and thus the resulting thickness 

varies. Commonly the ash beds are amalgamated to form large thicknesses (maximum measured 

thickness 5.8 m) of porcellanite in certain parts of the study area. Quenching cracks and pumice 

are also frequently present (Bose et al., 2001). Both the lower and upper contacts of this facies 

with facies A and C are sharp (Fig. 3b). 

3.1.3. Facies C: Black to grey shale interbedded with siltstone and fine sandstone 

Description: This facies gradationally overlies facies A and varies in lithology laterally. The 

thickness and the character of the shale vary laterally as well as vertically. The shale layers are 

also organic-rich. The shale changes colour, becoming greyish from black towards the top and is 

interbedded with siltstone and fine sandstone (Fig. 4). The siltstone/fine sandstone layers are 

internally massive or sometimes planar laminated (Fig. 4). The silt : shale ratio is relatively 

greater than that of facies A.  

3.1.4. Facies D: Grey shale and siltstone interbedded with lenticular medium 

sandstone 

Description: This facies gradationally overlies facies A and/or C and is composed of grey shale 

and siltstone alternations (Fig. 5a). The thickness of this shale-siltstone alternation varies from 5 

cm to 30 cm. The colour of the shale is grey indicating low carbon content and the sand : shale 

ratio is more than that observed in facies A and C. The sand bodies are lenticular and internally 

graded at the base followed by current ripple laminated sandstone above (Fig. 5b). The thickness 

of the sandstone beds varies from a few centimetres up to 1.2 m. The basal contacts of the 

sandstone bodies are sharp, locally erosional, and their gradational upper contacts are often 

indistinct.  

3.1.2. Facies B: Porcellanite/Ash bed
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Fig. 4. Greyish shale alternating with planar laminated siltstone and fine sandstone within facies C. Note the shale : silt ratio is greater than for 

facies A. Pen length 15 cm. 
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Fig. 5. Shale – siltstone alternations with lenticular sandstone beds interspersed with the heterolithic units within facies D. Pen length 15 cm (a). 

The sandstone body is massive at the base followed by ripple laminae towards the top. Note the sharp basal contact and gradational upper 

contact of the sandstone unit. Hammer head 8 cm (b). 
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From the grain size and lack of identifiable wave/current or emergence features within facies A, 

it is suggested that the facies was deposited in the oxygen deficient outer shelf setting below 

storm wave base (cf., Davis et al., 1989). The occasional silt stringers are interpreted as the 

product of relatively high energy events, such as major storms (cf., Sarkar et al., 2002b; 

Chakraborty and Sarkar, 2005). The wrinkles are thought to have been the product of emission of 

gas bubbles from beneath the decomposing mats (Sarkar et al., 2006, 2008). Facies B is seen as 

the product of syn-depositional volcanic ash laid down with the shale facies (Bose et al., 2001). 

Logically, this facies has no relation with the depositional environment of Facies A or C as it is 

of a volcanic ash origin and should temporally and spatially be distributed all through the 

depositional surfaces covering all palaeogeographic regions during that time. The depositional 

condition of facies C is still oxygen-deficient low energy conditions similar to that of facies A as 

evident from lack of emergence features and colour of the constituent shale (cf., Olszewski and 

Patzkowsky, 2003). The lack of any current/wave structures clearly points to its origin below 

storm wave base. The interbedded siltstone laminae are interpreted as the product of occasional 

strong high energy events, such as major storms (Sarkar et al., 2002b; Chakraborty and Sarkar, 

2005). The increase in silt : shale ratio suggests relatively shallower condition of deposition of 

facies C but still within the outer shelf and below storm wave base. The internal structures and 

association with the other three facies suggest that the facies D formed in the outer shelf, below 

storm wave base as no fair-weather wave features are found. The lenticular sandstone bodies 

probably represent turbidity current generated flows due to slope instability or may be the 

product of liquefaction of storm derived materials upslope (cf., Walker, 1984; Pattison, 2005). 

Facies D is inferred to have been of relatively shallower depth than facies A and C. Thus this 

facies association altogether represents an outer shelf depositional setting with gradual 

shallowing of the depositional condition and the transition from facies A to D through C is 

aggradational to slightly progradational (Fig. 6). 

3.2. Facies Association II: 

This facies association is predominantly sandy in its lithology. The facies association is 

progradational within itself as well as in it being stacked above facies association I. Laterally 

3.1.5. Interpretation
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Fig. 6. Litho-successions showing distribution of lithofacies within each facies association of 

the Koldaha Shale constructed at different locations of the study area, shown in Fig. 1. Note 

that the facies association I is aggradational to slightly progradational as silt : shale increasing 

upward. Composite parasequences within the forced regressive wedge (facies association II) 

have also been shown on the right. The grain-size and facies transitions clearly show 

thickening and shallowing upward trend suggesting progradation within both the facies 

associations I and II. Note the double-arrowed markings at the basal part of facies association 

II in the lithologs represent occurrence and range of distribution of soft sediment deformation 

structures for each 

succession. 
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Fig. 7. Soft sediment deformation structures within the basal part of facies E: Convolute lamination and associated water escape structures 

(arrow). Pen length 15 cm (a) and large scale slump fold. Note trace of axial plane marked by dotted line (b). 
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extensive soft sediment deformation structures are distributed in the lower stratigraphic horizon 

within this facies association (Sarkar et al., 1995). The soft sediment deformation structures 

include loading, convolute lamination, water escape structures, and large scale slide/slump 

folding (Figs. 7a, b). 

This association sharply or erosively overlies facies association I and includes two facies. 

3.2.1. Facies E: Heterolithic bodies interbedded with fine sandstone 

Description: This facies is composed mainly of heterolithic bodies, comprising fine sandstone- 

siltstone interbeds with profuse wave ripples on their bed surfaces (Fig. 8a). The sandstone units  

are tabular or trough cross-stratified and the siltstone layers are planar laminated or ripple- 

laminated (Fig. 8b). Some intervening fine-grained tabular sandstone units also occur and mostly  

have sharp lower contacts and gradational or diffuse upper contacts. Internally most of these 

intervening sandstone units are swaley to hummocky cross-stratified with sole features (Figs. 8c, 

d); some of the sandstone beds are massive or planar laminated at the base and ripple laminated 

at the top (Fig. 8e). These sandstones are relatively fine-grained and are classified 

petrographically as quartz arenites.  

3.2.2. Facies F: Fine sandstone with minor siltstone, interbedded with tabular 

amalgamated coarse sandstone 

Description: This facies is composed mostly of fine-grained sandstone with local siltstone, with 

a marked increase in sandstone : siltstone ratios compared to facies E. This facies is gradationally 

associated with facies E with the proportion of facies F gradually increasing towards the top of 

the succession. The facies F sandstone units are planar laminated to trough cross-stratified or 

ripple-laminated (Fig. 9a). The proportion of planar laminae gradually increases towards the top 

of the succession. The planar laminated bed surfaces often bear parting lineations. Wave ripples, 

desiccation cracks and wrinkle marks also characterize the bedding surfaces of these sandstones 

(Figs. 9b, c). This fine sandy succession is commonly interrupted at regular intervals by sharp 

based relatively coarse-grained sandstone with hummocky and swaley cross-strata internally 
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Fig. 8. Facies E composed of siltstone – sandstone interbeds (a). The fine-grained sandstone units have trough cross-strata. Coin diameter 1.5 cm 

(b). Swaley cross-strata within facies E. Coin diameter 1.5 cm (c). Flute cast at the base of hummocky cross-stratified sandstone. Coin 

diameter 1.5 cm (d). Sandstone interbeds within facies E with planar laminae at the base and ripple laminated towards the top. Coin diameter 1.5 

cm (e). 
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Fig. 9. Siltstone – sandstone alternations within facies F. The sandstone units are trough cross stratified. Coin diameter 1.5 cm (a). Microbial mat 

related structures within facies F: desiccation cracks. Pen length 15 cm (b). Wrinkle marks. Pen length 15 cm (c). Relatively coarse-grained 

hummocky cross-stratified sandstone often interspersed with facies F. Coin diameter 1.5 cm (d). 
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(Fig. 9d) and sole features at their bases. These coarser sandstones are laterally persistent and 

often amalgamate to form thick sandstone bodies not exceeding 1.2 m in thickness.  

3.2.3. Interpretation 

The heterolithic facies (facies E) with wave-generated features clearly suggests deposition 

above the fair-weather wave base. The tabular cross-bedded sandstone and wave/current rippled 

bed-tops suggest deposition in the middle to upper shoreface setting by storm events (cf., Dott 

and Bourgeois, 1982; Shirai and Tada, 2000). The interbedded heterolithic siltstone unis are 

interpreted as in situ fair-weather deposits reflecting lower energy interludes between storm 

events (Chakraborty et al., 2012a). The locally occurring intervening sharp based sandstones 

often bearing sole features and with hummocky cross-strata and/or massive to planar laminated 

character is inferred to be of storm origin (cf., Eriksson et al., 1998; Sarkar et al., 2002b). The 

wave rippled bed surfaces, trough cross-stratified to ripple-laminated fine sandstone beds within 

facies F indicate deposition in the middle to upper shoreface setting above the fair-weather wave 

base. The dominance of planar laminae with parting lineation towards the top of the succession 

clearly suggests deposition within a foreshore-beach environment (Sarkar et al., 2008). The 

frequent amalgamation of coarse sandstones, inferred as storm units with or without erosion, also 

corroborates the near-coastal condition of deposition of these units (Bose et al., 2001, 2012). The 

rectangular to polygonal desiccation cracks in non-cohesive sandstone owe their origin to 

microbial mats (cf., Noffke et al., 2001; Sarkar et al., 2008, 2014; Eriksson et al., 2010; Samanta 

et al., 2011, 2015). The wrinkles on sandstone bed-tops may have originated by gentle shear by 

waves or through currents acting on cohesive mat layers (Sarkar et al., 2008, 2014).  The 

occurrence of mat-related desiccation cracks suggests subaerial exposure that is consistent with 

the interpretation of a foreshore-beach palaeogeography. The gradual coarsening and thickening 

upward trend clearly shows progradational character in this facies association also (Fig. 6). 

3.3. Facies association III: 

The facies association is deeply incised within facies associations II and I thereby 

demarcating an unconformity above the marine segment of the Koldaha Shale Member (Fig. 6). 
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Fig. 10. Compound cross-stratified facies G. Note flat base and convex-upward top (arrows) of the macroform internally characterized by the 

compound cross-strata (DAE). Also note that the palaeocurrent roses of large (open) and small (solid) scale cross-strata are oriented in the same 

range of direction (a). 
 

20



This facies association is wedge-shaped and displays variable thicknesses across the study area. 

Facies association III is the coarsest of all the described associations. . The following facies 

constitute this facies association.  

3.3.1. Facies G: Compound cross-stratified sandstone 

Description: The facies is characterized by compound cross-strata (Fig. 10a). The large cross- 

strata dip at low angles, usually less than 100, and both the large and small cross-strata are  

oriented in the same range of direction (Fig. 10a). Locally, pebbles define the top of the facies 

and are generally well rounded. This facies has a planar/erosional base and convex-up top and is 

associated with facies H described below (Fig. 10a). The facies is composed of very coarse- to 

medium-grained sandstone, often pebbly, ill-sorted and composed of sub-rounded to sub-angular 

grains. 

3.3.2. Facies H: Cosets of trough cross-stratified sandstone 

Description: This facies is relatively finer grained than facies G and is composed of cosets of 

trough cross-strata (Fig. 11a). The trough cosets of this facies vary in thickness between 2.5 m 

and 10 cm. The set thickness varies from 32 cm to 2.2 cm. However, in the majority of 

occurrences cross-set thickness and grain size noticeably decrease upward within individual co-

sets (Fig. 11a). Preserved width : depth ratios of the troughs range between 6 and 10. The  

foresets are generally pronouncedly normally graded within themselves. Facies H is composed of 

medium-grained, moderately sorted sub-lithic to lithic arenites. 

3.3.3. Facies I: Planar laminated sandstone 

Description: This facies comprises of coarse- to fine-grained, moderate to well sorted sandstone. 

This sandstone facies is devoid of pebbles, can be substantially thick up to about 50 cm (Fig. 

12a) and is traceable laterally for up to 2 m. Locally, this planar laminated facies occurs on top of 

facies H (Fig. 12a). These tabular laterally extensive and thick planar laminated sandstone units 

are sometimes found overlying the master erosion surfaces (Fig. 12b).  
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Fig. 11. Lenticular sandstone of facies H internally characterized by cosets of small-scale trough cross-strata (equivalent to small channel 

element). Note concave-upward base, often scoured (marked by dotted line) and flat top of the sandstone body (a). 
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Fig. 12. Planar laminated medium- to fine-grained sandstone (marked by double-headed arrow) of facies I (equivalent to a type of sandsheet 

element). It rests over large trough cross-stratified sandstone units of facies H (representing small channel element) (a). Planar laminated 

relatively coarse-grained sandstone unit overlying master erosion surface (marked by dotted line) representing laminated sandsheet element (b). 
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3.3.4. Interpretation 

The coarse grain size, poor sorting and trough cross-strata of this facies association suggest 

its fluvial origin (Sarkar et al., 1996). Facies G is interpreted as having formed from bars on 

channel floors. Migrations of smaller bedforms across the crests and along the gentle 

downstream surfaces of the larger bedforms are inferred to have formed the small cross-strata 

(Sarkar et al., 2012). The pebble sheets on top of the sets are a possible product of high shear 

flow before emergence of the bedform, winnowing out the finer fractions. The facies H is most 

likely a product of dune migration along the channel floors at a high level of the lower flow 

regime (cf., Miall, 1985, 1988; Hadlari et al., 2006; Smith et al., 2006). In facies I sedimentation 

is interpreted to have taken place under high flow regime sheet flow conditions, particularly with 

reference to the sediment grain size (Bose et al., 2012).  

4. FLUVIAL ARCHITECTURAL ELEMENT

Facies analysis may provide inferred depositional settings for fluvial deposits; however, 

change in facies characteristics along and across river channels is too frequent to be integrated in 

an evolutionary model. Moreover, in fluvial deposits, vertical successions are not generally 

correlatable between detached outcrops and cores (Miall, 1985). Similar litho-facies cycles may 

develop from both autocyclic as well as allocyclic processes (Miall, 1977, 1978; Nichols, 1999; 

Martinius et al., 2002). In comparison, study of a fluvial deposit in terms of geomorphic 

elements, designated as architectural elements, provides a more invariable picture, and a better 

understanding of the past fluvial systems and their evolution through time and space (for detailed 

discussion, see Miall, 1985). The term architectural element which can be defined as the 

macroform units that are larger than bedforms and smaller than channels (cf., Miall, 1985, 2006; 

Yu et al., 2002; Miall and Jones, 2003; Fielding, 2006; Bose et al., 2012; Sarkar et al., 2012), is 

essential to understand the fluvial channel pattern and its evolution through time (Miall, 1985; 

Sarkar et al., 2012). Hence, a combination of facies analysis and architectural element analysis 

offers a far better and fairly comprehensive understanding of an ancient fluvial system and its 

evolution through time (Miall, 1988; Miall and Jones, 2003; Bose et al., 2008; Sarkar et al., 
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Table 1. Description and interpretation of architectural elements identified within the fluvial 

interval of the Koldaha Shale. 

Architectural 

element 
Description Interpretation 

Small channel 

element (SCE) 

Characterized by lenticular sandstone 

bodies, where not eroded, having 

concave upward bases and flat tops 

(Fig. 11); internally composed of 

cosets of trough cross-strata. Often it 

appears as multi-storeyed, with 

multiple cosets juxtaposed one above 

another (Fig. 13). Cross-set thickness 

as well as grain size decreases upward 

within individual cosets. Multiple units 

of the SCE are often amalgamated and 

preserved thickness is widely variable, 

but commonly in the range of 2.3 m–

1.8 m. The width also varies from 5 to 

24 m. This element corresponds to 

facies H, and is commonly associated 

with elements DAE, LAE and SBE. 

Interpreted as river channels and/or individual 

branches of a braided river (Miall, 1985, Miall, 

1996 and Long, 2006). Upward reduction in 

cross-set thickness and in grain size within 

individual trough cosets clearly suggests 

temporal decrease in flow strength as 

gradually shifting bars blocked the upstream 

entry to the channels (cf., Bridge, 2003, 

Bridge, 2006 and Sarkar et al., 2012). 

Downstream 

accretion 

element (DAE) 

Composed of sandstone bodies that 

display lenticular geometry with nearly 

flat bases and convex-upward tops in 

transverse sections (Fig. 10). 

Characterized by a set of compound 

cross-strata within which both the 

larger and smaller groups of trough 

cross-strata are oriented in the same 

range of direction (Fig. 10). The cross-

strata orientation is closely similar to 

that of the SCE. Locally the orientation 

of smaller cross-strata and the larger 

cross-strata shows a reverse 

relationship (Fig. 14). Maximum 

measured height is 2.8 m and the 

maximum measured width is 30 m. It is 

commonly associated with the SCE 

Possibly represents longitudinal bars, as 

suggested by its preferred association with the 

SCE. Smaller cross-strata representing 

downstream accretion on the lee side of the 

larger bedforms, i.e., longitudinal bars, 

possibly gave rise to this element (cf., Miall, 

1985, Miall, 1996 and Long, 2006). Accretion 

on the upstream face, formed during events of 

enhanced rates of sedimentation (cf., Long, 

2006 and Bose et al., 2008), of longitudinal 

bars is identified by opposite orientation 

between the smaller cross-strata and their 

bounding surfaces (Fig. 14; Mumpy et al., 

2007, Bose et al., 2008 and Long, 2011). 
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Architectural 

element 
Description Interpretation 

and locally with the SBE, and it 

corresponds to facies G. 

Laminated 

sandsheet 

element (LSE) 

Characterized by coarse- or fine-

grained sandstone bodies, tabular, 

sheet-like or wedge-like in geometry, 

10–34 cm thick and laterally traceable 

beyond 2 m. The bodies are internally 

planar laminated and commonly 

associated with the SCE. Ripples 

locally constitute the internal structure 

of this element and mostly are found 

towards the top of the planar laminated 

units. A coarse-grained variety often 

rests on major erosional surfaces and is 

invariably overlain by SCE (Fig. 12b). 

Another medium grained variety 

commonly occurs below master 

erosion surfaces and typically overlies 

DAE or SCE (Fig. 12a). This element, 

as a whole, corresponds to facies I. 

The coarse-grained units overlying major 

erosion surfaces possibly represent cross-

channel bars or linguoid bars (cf., Allen, 1968, 

Collinson, 1970 and Collinson, 1978). The 

medium-grained units immediately underlying 

major erosion surfaces indicate sediments that 

settled out during high water stage, and were 

then reworked during low water stage (Sarkar 

et al., 2012). Upward transitions from trough 

cross-strata to upper flow regime planar 

laminae in channel-fill deposits suggests 

enhancement of flow shear in ephemeral 

condition of river channels (cf., Hassan, 2005, 

Long, 2006 and Sarkar et al., 2012). 

Sandy bedform 

element (SBE) 

Characterized by a variety of sandstone 

bodies and internal structures. Some 

elements are characterized by 

internally crudely trough cross-

stratified sandstone bodies having 

convex-up geometry (Fig. 15a). 

Maximum measured thickness and 

width of this element are 30 cm and 

3.4 m respectively. In other examples, 

they are internally constituted primarily 

by a solitary set of tabular or trough 

cross-strata; cross-laminae as well as 

planar laminae atop them may be 

integral to these examples (Fig. 15b). 

Distinct lenticular geometry with rapid 

lateral thickness variation makes them 

The first variety represents rapid deposition 

under high velocity traction current, possibly 

during flash floods (Bose et al., 2012). The 

other type suggests migration of generally 

unitary bedforms (cf., Miall, 1985, Singh 

et al., 1993, Batson and Gibling, 2002, Miall 

and Jones, 2003 and Long, 2011), although 

their tops may have been reworked and 

thereby incorporated components of different 

characters. The element manifests migration of 

dunes, transverse bars or bank attached bars 

(cf., Smith, 1970, Olsen, 1988, Reading, 1996, 

Best et al., 2003 and Labourdette and Jones, 

2007). 
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Architectural 

element 
Description Interpretation 

different from the LSE. In direction 

perpendicular to the cross-strata, the 

greatest measured length of the 

element is 5 m and in direction parallel, 

up to 15 m. This element has been 

included within facies H. 
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Fig. 13. Juxtaposed channel sandstone bodies stacked vertically one above another; the contact is marked by hammer 
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Fig. 14. Upstream accretion on inferred longitudinal bar. Note opposite inclinations of the larger cross-strata (solid rose) and smaller cross-strata 

(open rose). 
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Fig. 15. Crudely cross-stratified sandstone bodies of sandy bedform element. Note convex-up geometry, marked by arrows, of the sandstone unit 

(a). Solitary set of trough cross-strata overlain by planar laminae characterize the sandy bedform element (b). 
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2012). In the studied inferred fluvial litho-succession of the Koldaha Shale, fluvial architectural 

elements have been identified on the basis of lithology, internal structure and three-dimensional 

geometry of macroforms. The architectural elements have been described and interpreted in table 

1. 

5. SEQUENCE ARCHITECTURE AND DISCUSSION

The spatial and temporal variation in the identified facies records the sequence 

development in the Koldaha Shale of the study area, leading to recognition of three distinct 

sequence stratigraphic units, namely, highstand systems tract, forced regressive systems tract and 

lowstand systems tract (Figs. 6, 16). These units apparently responded to three  positions along a 

curve of relative sea level change, which characteristically influenced the depositional 

environments and their temporal shift in the study area. It is generally accepted that the origin of 

sea-level fluctuations results from a combination of tectonic and eustatic processes (Vail et al., 

1991); however, high-frequency, short-term variations in relative sea level are commonly 

interpreted to be essentially controlled by eustasy (Mitchum and Van Wagoner, 1991). The 

small-scale shallowing/shoaling upward cycles (parasequences) are interpreted to reflect global 

climate changes related to Milankovitch cycles (Fig. 6; e.g., Vail et al., 1991; Mitchum and Van 

Wagoner, 1991; Strasser et al., 1999).  Parasequences may also be autocyclic in origin 

(Catuneanu et al., 2009; Zecchin and Catuneanu, 2013). However local and regional tectonic 

activity can also play a significant role in creation of accommodation space and hence in 

determining the stacking pattern. The term ‘sequence’ has been redefined by Catuneanu et al. 

(2011) as ‘a cycle of change in accommodation or sediment supply’. Changes in accommodation 

are typically of allogenic origin (i.e., eustasy and tectonics, although additional space can also be 

created by compaction and sediment loading), whereas changes in sediment supply can be either 

of allogenic (e.g., climatic) or autogenic (e.g., fluvial channel avulsion, delta lobe switching and 

abandonment, efficiency of longshore sediment transport) origin (Catuneanu and Zecchin, 2013). 

The sequence stratigraphic architecture records the stratal stacking patterns, which is typically 

related to specific types of shoreline trajectory (Helland-Hansen and Hampson, 2009; Henriksen 

et al., 2009 and references therein). Forced regression is defined as downstepping at the 

shoreline, interpreted as the result of negative accommodation (Catuneanu et al., 2010). 
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Sharp-based shoreface deposits overlying muddy shelf sediments are significant in view  

of their potential for hydrocarbon reservoirs (Zecchin and Catuneanu, 2015). The Koldaha shale  

is divided into three lithological units, inferred as the lowermost outer shelf shale unit, the  

middle sandy shoreface wedge unit and the upper coarse sandy braidplain unit (Fig. 16). The  

litho-succession records evidence of highstand, falling stage and lowstand systems tracts within  

the Koldaha Shale. In the marine unit, the outer shelf setting was the deepest part of the Koldaha  

shale palaeoenvironment (Facies A). Following deposition of the Kajrahat Formation (Fig. 1) the  

sea transgressed reaching up to at least outer shelf depths, records of which are confined to the  

lower part of the Koldaha Shale (Bose et al., 2001). The occurrence of black shales (Facies A)  

without any emergence features clearly suggests the deepest water deposits lying below the  

sandy litho-unit and the maximum marine flooding surface lies within them (Bose et al., 2001).  

However, the outer shelf succession is aggradational to slightly progradational within itself and  

the transition from facies A to facies D through facies C clearly shows a slightly coarsening- 

upward succession representing a ‘Highstand Systems Tract’ (HST). The Koldaha sea possibly  

reached up to outer shelf conditions in this study area, however the shelf was most probably of  

low gradient as was common in other Proterozoic basins. Lack of occurrence of any mass flow  

products possibly supports this connotation. Existing models for sequence analysis for such  

Precambrian low gradient shelf settings consider the depositional sequences as composed either  

of transgressive and highstand deposits, or only superposed highstand deposits without any  

transgressive deposits (Sarkar et al., 2005; 2008) due to the omnipresent occurrence of microbial  

mats during that period (Sarkar et al., 2005, 2008, 2014; Samanta, 2009; Samanta et al., 2015).  

Lowstand and forced regressive deposits are typically restricted or absent in such settings (Baum  

and Vail, 1988; Chakraborty and Paul, 2008). The rarity in identification of falling stage systems  

tracts always causes an incomplete stratigraphic record, only representing half of a sea level  

cycle (Chakraborty and Paul, 2008).   

The studied stratigraphic section of the Koldaha Shale records progradational shoreface- 

beach lithosomes above the distal shelf shale, with a basal erosional contact, known as regressive  

surface of marine erosion (RSME) (Fig. 16; cf. Zecchin and Catuneanu, 2013). This progradation  

clearly suggests rapid basinward migration of the shoreline with relative fall in sea level.  The  

soft sediment deformation structures at the base of shallow water sediments are very common on  

the shelf edge and are directly related to its gravitational instability (Jones et al., 2015).  
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Fig. 16. Fence diagram based on correlation of facies associations, across the study area of 

the Koldaha Shale Member, is reconstructed from litho-successions shown in fig. 6, 

correlating a number of vertical sections, using maximum marine flooding surface as 

horizontal surface. Facies association I is aggradational to slightly progradational and 

bounded by the maximum marine flooding surface at the base and RSME (regressive surface 

of marine erosion) or its laterally coeval surface, the unconformity, at the top, representing 

the highstand systems tract (HST). Note that the facies association II (shoreface - beach) is 

wedge shaped with erosional basal contact, RSME, and downsteps from SW to NE 

directions. The wedge is unconformably overlain by fluvial braidplain deposits that in turn 

are overlain by the shallow marine Chorhat Sandstone with a transgressive lag at the base, 

representing a lowstand systems tract. Palaeocurrents for each facies association are given. 
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However, their laterally extensive occurrence and stratigraphic constraints in the present case 

may points towards a tectonic origin (cf. Bose et al., 1997). The basal contact of this shoreface- 

beach sandstone appears to be planar or erosional for individual sections, but by correlating all  

localities of this section above the maximum flooding surface, the erosional contact becomes 

more evident; the contact shows down-stepping along SW to NE directions (Fig. 16). Such 

down-stepping of the basal contact of the progradational shoreface-beach litho-unit clearly 

suggests progressive fall in sea level with a continuous reduction in accommodation space. 

Similar sharp-based shoreface-beach deposits may be formed locally by rapid progradation due 

to high sediment supply or by storms (Schlager, 1993). However, the regional occurrence of such 

progradational facies cycles and the development of a subaerial unconformity at the top, suggest 

a regional fall in relative sea level. As such, the wedge shaped, basinward down-stepping 

shoreface-beach deposit can be considered as a product of forced regression or a falling stage 

systems tract (cf., Posamentier et al., 1992; Handford and Loucks, 1993; Helland-Hansen and 

Martinsen, 1996 Catuneanu and Eriksson, 1999; Fitzsimmons and Johnson, 2000; Plint and 

Nummedal, 2000; Veiga et al., 2005).  

The basal erosion surface (RSME) of the forced regressive wedge possibly formed by 

wave ravinement concomitant with seaward migration of the palaeo-shoreline and diminishing 

accommodation space from landward to seaward side, or may have been related to sediment 

bypass during forced regression (cf., Li et al., 2011). The palaeo-shoreline for the Koldaha Sea is 

established to have been east-west (Bose et al., 2001; Sarkar et al., 2002a, 2011) and the forced 

regressive wedge pinching out southwest-ward clearly suggests that shoreline recession was 

from southwest to northeast (cf., Chakraborty and Paul, 2008).  

The fluvial interval (facies association III) of the Koldaha Shale has apparent lithologic 

distinctiveness from the lower two facies associations (I and II). The architectural elements and 

their makeup indicate a predominantly braided pattern within the fluvial system, similar to most 

of the Precambrian rivers (cf., Long, 2011; Sarkar et al., 2012). Evidence of bar-top reworking 

coupled with frequent occurrence of reactivation surfaces (Fig. 17) suggests common and intense 

flow fluctuations within the fluvial system. The transition of this fluvial unit over the marine unit 

with a sharp erosional contact clearly depicts a subaerial unconformity associated with a drop of 

the base level. In the absence of any independent evidence for climatic interpretation, however, 

the abundance of flashy flow characters, evidence for flow fluctuations, and proliferation of high 
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Fig. 17. Cross-sets are locally intercepted by broadly concave-up reactivation surfaces indicating flow fluctuation. Pen length 15 cm. 
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flow regime facies argue against a wet palaeoclimate. The overall fining upward trend of the 

fluvial interval suggests sediment aggradation during rise of the base level that followed the 

preceding fall. Nevertheless, frequent channel amalgamation within the fluvial unit suggests 

limited accommodation space conditions and a slow rise in relative sea level (Fig. 13). Limited 

availability of vertical accommodation space tends to lead to frequent avulsion of the river and 

the process appears to be exaggerated in the absence of vegetation (Catuneanu, 2006, 2009; 

Sarkar et al., 2012). A laterally extensive transgressive lag overlies the fluvial unit and the 

unconformity at the base identifies the unit as a sea level lowstand product (cf., Posamentier and 

Vail, 1988). The fluvial braidplain deposits thus clearly suggest a lowstand systems tract (Fig. 

16). 

Banerjee and Jeevankumar (2005) documented two highstand systems tracts (HSTs) 

within the Koldaha Shale without any transgressive systems tract in between. They reported a 

wide variety of microbial mat features from the unit and suggested that the occurrence of two 

HSTs was due to the influence of microbial mats (cf., Sarkar et al., 2005, 2008, 2014; Eriksson et 

al., 2010). Their study area possibly represents a more seaward part where a gradual transition 

from outer shelf to shoreface had taken place.  Fluvial downcutting of the shelf is quite common 

for forced regression (Posamentier and Morris, 2000) and indications of this are evident towards 

the landward part of the basin. Thus the two erosion surfaces, i.e., at the top and the base of the 

forced regressive wedge, are coeval and they eventually merge together towards the landward 

side. A rise in relative sea level occurred following the unconformity that caused aggradation of 

the fluvial braidplain deposits (cf., Bose et al., 2012; Sarkar et al., 2012). Marine incursion again 

prevailed with continuing transgression and development of a shallow marine shelf environment 

(Chorhat Sandstone) accumulated sediments in the depositional site with a transgressive lag at 

the base (Sarkar et al., 2006). The preservation of the lowstand systems tract was possibly due to 

weakening of ravinement energy with continued transgression in a low gradient epeiric sea 

setting, as inferred commonly for the Precambrians (Catuneanu, 2002). Thus the study area 

records three regressive systems tracts: highstand normal, forced and lowstand normal. Abundant 

occurrence of microbial mat features within this Koldaha Shale has been described elsewhere 

(e.g., Banerjee and Jeevankumar, 2005; Schieber et al., 2007) with few examples having been 

shown here. Prolific growth of microbial mat on sediment surfaces causes severe impedance of 

either erosion or sediment reworking and thereby increases net sedimentation rate (Sarkar et al., 
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2005, 2006, 2008; Samanta et al., 2015).  Thus, microbial mat may act as a facilitator for 

preservation of these regressive products and may also have facilitated rapid progradation within 

this low gradient epeiric basin (cf. Chakraborty et al., 2012b). In view of the high organic carbon 

content within the Koldaha shale (facies A; Banerjee, 2000) the forced regressive wedge bears 

good economic importance for its possible hydrocarbon potential (Zecchin and Catunennu, 

2015). 

6. CONCLUSIONS

High resolution sequence stratigraphic analysis of the Koldaha Shale of the Lower 

Vindhyan suggests that the changes in facies pattern were concomitant with sea level changes. 

Three facies associations have been recognized, viz., shelf, shoreface-foreshore-beach and fluvial 

braidplain. The facies analysis unravels the depositional setting as having varied from outer shelf 

below wave base to foreshore-beach in the marine realm. The aggradational to slightly 

progradational outer shelf deposits overlying the maximum marine flooding surface and 

underlying the shoreface-beach deposits represent a highstand systems tract. The shoreface 

wedge overlies the outer shelf with sharp, often erosional contact, thus clearly suggesting rapid 

fall in relative sea level. Nevertheless, there was basinward shift of the shoreface wedge, as 

shown when correlating the palaeobathymetry across the study area and equating the 

palaeodepositional marker horizon (such as top of MFZ, Maximum Flooding Zone/MFS). The 

basal erosional surface of the shoreface wedge can thus be termed a “regressive surface of 

marine erosion” (RSME). The top of the shoreface wedge is incised by fluvial channels which 

deposited fluvial braidplain sediments. The subaerial unconformity clearly demarcates the 

sequence boundary. The shoreface wedge is absent landward and the fluvial braidplain deposits 

directly overlie the outer shelf sediments of the Koldaha Shale. Thus, the two erosion surfaces at 

the base, i.e. RSME, and top, i.e. subaerial unconformity, of the shoreface wedge were coeval, 

defining the maximum limit of marine and subaerial erosion, respectively. The sharply or 

erosionally overlying shoreface wedge with progradational stacking over the outer shelf 

represents the falling stage systems tract (FSST) or forced regressive systems tract (FRST). 

Following the unconformity, the sea level rose again and the aggradational thin braidplain 
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deposits possibly record the short term early rise of sea level during lowstand, thereafter the 

study area again became inundated below the Chorhat sea.  

Low sea floor gradient and lowered freeboard during formation of many of the 

Proterozoic intracratonic basins possibly rendered ideal conditions for development of forced 

regression during that time. However, the preservation potential of this forced regressive wedge 

is also very low due to the high erosion rate common during the Proterozoic. The rare record of 

forced regression may be due to lack of identification of such deposits due to their limited 

thickness or may be due to erosion by subsequent transgression. Microbial mat may have played 

a significant role in preserving this forced regressive wedge. Thus the stratal geometry of these 

Proterozoic basins may need to be re-examined and reassessed to redefine sequence stratigraphic 

architecture. In view of the hydrocarbon potential of these Proterozoic basins, these forced 

regressive wedges may provide high quality potential reservoirs.  
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