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Abstract

Deltas generally exhibit morphological and architectural variations due to repercussions of
fluvial, wave and tidal currents. The Neoproterozoic Chhaosa Formation, Simla Group,
Lesser Himalaya, a shallow-marine, mixed-energy deltaic system represents a unique
example of variability of those processes at different scales. Outcrop-based facies analysis
was combined with application of sequence stratigraphy in the present study to elucidate
signatures of fluvial, tide and wave currents. The proximal part of the delta plain deposits
(FA1) displaying fluvial attributes like sand sheets, large and small scale trough cross-
beddings, channels, are combined with tidal activity. Delta front (FA2) deposits and prodelta
deposits (FA3) essentially record mixed tidal and wave activity like mud drapes, flasers,
lenticular, wavy beddings, syneresis cracks, tidal rhythmites, low angle cross-stratification
oscillation ripples, hummocky and swaley cross-stratifications. Coastal process classification
ternary plots are prepared to identify the interplay of different processes and their control
in the deposition of Chhaosa delta system. The Chhaosa Formation has developed during
elevated pulse rates of progradation and retrogradation, overlapped with elongated phases
of progradation. A comparison between the Chhaosa delta and modern as well as ancient
delta system has been made to understand the control of mixed-energy processes on
sedimentation patterns throughout the global history.

Keywords: Mixed-energy delta; Neoproterozoic Chhaosa Formation; Simla Group;
Retrogradation; Progradation; Coastal process classification ternary plots

Introduction

Deltas have been broadly categorized according to the dominance of fluvial, wave and tidal
energy. A study on numerous deltas reveals that the deltas generally reflect the synergy of
fluvial, tidal and wave mechanisms (Brown Jr et al. 1990; 1973; Olariu et al. 2010; Vakarelov
et al. 2012; Eide et al. 2016; Peng et al. 2018). Evaluation of mixed-energy deltas
encompasses a coeval composite of fluvial, wave and tidal energies. However, the intensity
and preservation potential of every system varies through space and time (Ta et al. 2002a,



b; Dalrymple et al. 2003; Ainsworth et al. 2011; Rossi and Steel 2016). Hence, it is essential
to recognize and differentiate the evidence of the three predominant processes (fluvial,
tides and waves) by the application of outcrop-based facies analysis. Facies analysis
revealed that the Chhaosa Formation represents a unique case history of a mixed-energy
system with diverse processes.

Sedimentological analysis of the Chhaosa Formation exhibits the contrasts between mixed-
energy delta systems from standard river, tide, or wave-dominated deltas. Objectives of this
work are: (i) to interpret different lithofacies and facies associations; (ii) to enumerate the
features of river, tide and wave currents; (iii) to analyse the controls and effects of mixed-
energy processes in the Neoproterozoic Chhaosa deltaic system by preparing coastal
process classification ternary plots based on sand—shale ratios, sand—body geometries and
various sedimentary structures deposited by various processes; (iv) a comparison between
the inferred Chhaosa delta system and other delta systems has been elucidated to
understand the control of mixed-energy system in ancient as well as in the modern coastal
systems.

Geological framework

Constituting an essential stratigraphic element of the Lesser Himalayas of India, Simla Group
(Fig. 1) of rocks broadly comprises a coarsening upward clastic succession which was
primarily recorded as the Infra-Blaini by Medlicott (1864). It unconformably overlies the
Mesoproterozoic Shali Group and Neoproterozoic Darla volcanics (Table 1). It is broadly
categorized into: Basantpur Formation, Kunihar Formation, Chhaosa Formation and Sanjauli
Formation (Geological Survey of India 1976). Sedimentation of the Shimla group of rocks
started with the lowermost Basantpur Formation, which represents a carbonate ramp
(Mukhopadhyay and Banerjee 2016), over which the Kunihar Formation was laid down in a
tidally influenced shallow marine environment (Mukhopadhyay and Thorie 2016; Thorie et
al. 2018; Thorie et al. 2020). Chhaosa Formation has direct conformable contact with both
Basantpur and Kunihar Formation. Significant evidence of deltaic environment has been
observed from the intermediate sections of the Basantpur Formation which advanced into
the Chhaosa Formation (Kumar and Brookfield 1987). With the gradual shallowing of the
basin, Sanjauli Formation was deposited in a braided fluvial setting and marks the demise of
Simla Basin (Mukhopadhyay et al. 2016). Studies on detrital micas and zircons of Simla
Group have generated ages of 860 Ma and 770—-850 Ma sequentially (Frank et al. 2001;
McKenzie et al. 2011), furnishing that the Simla Group belongs to Neoproterozoic Era.

The current work encompasses a sedimentologic study of the deltaic Chhaosa Formation
constituting a rhythmic sequence of sandstone, siltstones and shales with profuse
development of flute, load casts and current ripples, flaser, lenticular, wavy beddings and
mud drapes. The sandstones are predominantly medium to coarse-grained and tabular
bedded marked with cross-, trough- and hummocky stratifications. Chhaosa shales are
characteristically green or grey and occasionally purple in colour (Geological Survey of India
1976; Kumar and Brookfield 1987).
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Table 1 Generalised stratigraphy of the Simla Group (modified after GSI 1976)

Chhaosa Formation | Sanjauli Formation

Neoproterozoic

Basantpur Formation| Kunihar Formation

Legend

- Conglomerate - Siliciclastic
- Gritty to pebbly sandstone : I : I : Carbonate
Methods

Detailed field analysis of the study area was carried out to delineate various facies and their
associations. This study involves the documentation of facies stacking pattern, primary
sedimentary structures, thicknesses of beds, vertical lithologs, correlative panel and process
dominance to delineate the vertical and spatial facies variabilities, and depositional
environment. The field data has been supplemented with photographs. Maps were
compiled from previously published articles and imageries from Google Earth Pro. Fifty rock
thin sections have been prepared from collected rock samples to study the petrography.
Based on sand—shale ratios, sand—body geometries and various sedimentary structures
deposited by various processes (fluvial, wave and tide) a semi quantitative process-based
ternary diagram (modified after Galloway 1975 and Ainsworth et al. 2011) has been made
and plotted to identify the process variability throughout the chosen sections of the study
area. The ternary diagram has been drawn by using AutoCad 2010.
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Facies description and interpretation

Outcrop-based facies analysis was carried out in the middle and upper segment of the
Chhaosa Formation along Kandaghat—Kaithlighat, Kiarighat—-Waknaghat, Domehar—
Chhaosha, Kuftu—Rauri, Ghanahatti—Gohri, Kanda—Kannair, Khiari—-Miaon, Dangi—Tudul,
Bog—Arki, Rouri—Arki transects and in and around Baliana river section, Kohbag, Bog,
Chayabag, Ukhru, Kothighati villages (Fig. 2). The Chhaosa Formation comprises sandstones,
siltstones and silty-shales. The sandstones are generally medium- to fine-grained,
moderately sorted but coarse-grained sandstones are also observed. Some of the
sandstones are micaceous. Three major facies associations were identified: delta plain
deposits (FA1), delta front deposits (FA2) and prodelta deposits (FA3) by analysing lithology,
texture, grain size and internal sedimentary structure.

Delta plain deposits (FA1)

FA1 deposits are observed along Kandaghat—Waknaghat and Waknaghat-Domehar traverses
(Fig. 2). The facies association consists of channelised erosionally-based sandstones (F1),
thin-bedded siltstone and mud (F2). The rocks in FA1 are generally arenites. FA1 dominates
the proximal part of the succession in the study area and interfingers with the delta front
deposits (FA2).

Channelised erosionally-based sandstones (F1)
Description

Facies F1 represented by fining upward successions of buff-coloured coarse-grained
concave-up erosionally scoured based sandstones (Fig. 3a, height varies from 12 to 18 cm
width varies from 67 to 75 cm) are preserved along the Kandaghat—Waknaghat
mountainous region for 7-8 km. Trough cross-stratified sandstone units are the most
common occurrences in F1 which laterally pinch-out into 25 to 30 cm thick massive
sandstone beds (lateral continuity of 50-55 m) in the lower interval. The troughs are
generally 7-10 cm thick and laterally continuous for 26-38cm (Fig. 3b). Shallow channelized
sandstones are coupled with ripple cross-laminations (thickness varies from 2 to 5 cm), in
the upper intervals (Fig. 3c). Soft sediment deformation structures (ball and pillow
structures) are present at lower intervals. Ball structures (Fig. 3d) are 14-15cm thick, 18-22
cm laterally extend and pillow structures are 10-12 cm thick and 20—25cm laterally extend.
These erosive-based sand bodies cut into F2 deposits at places.

Interpretation

Profuse development of concave-up erosionally-based scour surfaces with fining upward
successions indicated that F1 is deposited within distributary channels (Bhattacharya and
Walker 1991; Gugliotta et al. 2016). The shape of channels, coarse size of grains and
widespread trough cross-stratifications reflect channel deposits with dominant fluvial
influence (Uroza and Steel 2008; Magalhdes et al. 2015). Trough cross-stratifications result
as a repercussion of two-dimensional and three-dimensional dune migrations (Skelly et al.
2003; Zielinski and Widera 2020). The channels with relatively shallower depth, associated
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Fig. 3. Field photographs of channelised erosionally-based sandstones (F1) of delta plain deposit (FA1) are observed along the Kandaghat—Kaithlighat traverse. (a) The base
of the channel is marked by an erosional surface. Yellow arrow marks the base of channel. Scale: length of scale =6¢cm. (b) Trough cross-stratifications in F1. Yellow arrow
shows the base of trough and black arrow marks the base of channel. Scale: length of hammer =32.5cm. (c) Ripple cross-laminations in coarse sandstone units. Red arrow

indicates ripple cross-laminations. Scale: length of diagonal scale =15cm. (d) Profuse development of ball structures due to fluvial flooding. Scale: length of scale =5cm



with ripple cross-laminations are indicative of distributary channel deposition in a lower
delta plain depositional setup (Rossi and Steel 2016). Ball and pillows are probably
deposited by gravity loading in high hydrodynamic condition generated by fluvial flooding
(Tanner and Lucas 2010; Zhang et al. 2018). F1 suggests delta-plain distributary channels
where there is a decrease in fluvial energy in the direction of more distal environments.

Thin-bedded sandy siltstone and mud (F2)
Description

F2 is represented by fining- upward heterolithic successions of buff-coloured laminated
sandy siltstones (12 to 15cm thick) intercalated with mudstone units (1 to 2 cm thick) which
generally display a sheet-like geometry (Fig. 4a). Outcrops of F2 are found to be laterally
extended along strike direction for about 5-6 km in and around Domehar village in the
northwest of Kandaghat. The heteroliths of F2 mainly comprise plane-parallel laminations
(0.4-0.6cm thick) (Fig. 4b) with small scale micro ripple laminations (0.5-0.9cm thick) (Fig.
4c). Heterolithic beddings (flaser, lenticular and wavy beddings) are common throughout
the successions in F2 (Fig. 4d). The lower intervals of F2 are characterized by sandy siltstone
units of 50—60 cm thickness with numerous scour surfaces whereas the upper intervals are
dominated by 26 to 30 cm thick parallel-laminated mudstone units. Load structures such as
flame (0.4-0.5cm thick), diaper structure (0.3—0.5cm thick) and complex structures (5-7cm
thick) have been found at several units (Fig. 4d).

Interpretation

F2 is interpreted as an overbank counterpart of F1 (Fernandez et al. 1988; Shukla et al.
2010; Buatois et al. 2012). The overall finning upward characteristics and tabular sheet-like
geometry reflect channel overflow deposition during fluvial flooding over a large area
(Spalletti and Pifiol 2005; Hampton and Horton 2007; De Souza et al. 2019). Deposition of
the finer silt reflects suspension due to gravity loading during low-energy sedimentation
(Dasgupta 2005; Buatois et al. 2012; Kiwango and Mishra 2020). Continual changes in
current velocities lead to the development of interbedded siltstone and mudstone deposits
(Taral and Chakraborty 2018; Kiwango and Mishra 2020). The dominance of plane parallel
laminations with ripple lamination represents a fluctuation in flow energy conditions,
characterising hyperpycnal beds (Mulder et al. 2003; Olariu et al. 2010). The presence of
heterolithic units (especially flaser, lenticular and wavy beddings) points towards the
deposition of F2 in a lower delta plain environment by tidal currents (Jaiswal and
Bhattacharya 2018). Extensive fining and thinning upward sandstone units with numerous
scoured bases can be interpreted as channel deposits formed during high-energy fluvial
flooding (Horne et al. 1978; Buatois et al. 2012). The presence of load and complex
structures in the alternating sand—silt and clay layers indicates that these soft-sediment
deposition structures probably deposited in a floodplain during fluvial surges (Rana et al.
2016; Shanmugam 2017).
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Fig. 4. Field photographs of thin-bedded sandy siltstone and mud (F2) of delta plain deposit (FA1) is observed in and around Waknaghat village. (a) Laminated sandy
siltstones intercalated with mudstone units displaying a sheet-like geometry. Red arrows indicate sandy silt units, and blue arrows mark the mud units. Scale: length of the
clinometer = 9cm. (b) Heteroliths of F2 mainly comprise plane-parallel laminations. Red arrow indicates parallel laminations. Scale: diameter of coin =3cm. (c) Small scale
ripple laminations are present. Red arrows indicating ripple laminations. Scale: diameter of coin =3cm. (d) Heteroliths of silt—-mud representing lenticular bedding and

complex structure. Blue arrows show lenticular beddings and red arrows mark complex structures. Scale: diameter of coin =3cm




Delta front deposits (FA2)

FA2 comprises depositional elements: (a) Proximal delta front (FA2a); (b) Distal delta front
(FA2b). The facies association has been documented along Domehar—Chhaosha, Kuftu—
Rauri, Ghanahatti—Gohri, Kanda—Kannair, Khiari-Miaon and Dangi—Tudul road sections (Fig.
2).

Proximal delta front (FA2a)

FA2a is composed of thick sandstone beds with thicknesses of about 3.5 m and a few
hundred metres wide and is well observed along Domehar—Chhaosha, Kuftu—Rauri,
Ghanahatti—-Gohri and Kanda—Kannair road transects. The sand bodies show inverse grading
from medium- to fine-grained sandstones, to succeeding thicker sandstone beds and
uppermost coarse-grained cross-stratified sandstones. Towards the southwest of Domehar
village, profuse development of soft-sedimentary deformation structures viz. load
structures, dish and pillar structures, convolute lamination has been observed. The rocks are
mainly medium- coarse-grained arkosic wackes. In the clayey matrix, grains have concavo-
convex contact as well as sutured contact. The sedimentary rocks are poorly sorted, closely
packed and have a greater proportion of clay (Sub arkosic and arkosic wacke). Most of the
rocks in FAla are not well sorted. The FA2a association comprises ripple-laminated
sandstones (F3), tabular thick-bedded sandstones (F4) and cross-stratified sandstones (F5).

Ripple laminated sandstones (F3)
Description

This facies (F3) comprises coarsening-upward successions of light grey to greenish-grey
coloured sandstones (thickness varies from 20 to 30cm), truncated by distributary channels
(F1). Sandstones are well-sorted, medium- to coarse-grained, and intercalated with siltstone
laminations (3—4cm thick) (Fig. 5a). The sandstone beds are about 30-60cm in thickness and
extend laterally up to 3—4km. Very good exposures of F3 are found along Domehar—
Chhaosha and Kuftu—Rauri road sections. This facies exhibits dominant asymmetrical ripple
marks associated with current ripple cross-laminations (Fig. 5b). The amplitude of
asymmetrical ripples ranges between 0.5 and 1.2 cm, wavelengths vary from 7 to 15cm and
the thickness of current ripple cross-lamination varies from 1.5 to 2cm. Asymmetric ripples
are bidirectional at some places (Fig. 5c). In some places, hummocky-cross-stratifications
(HCS) are present within sand beds. Most of the sandstone beds have ball-and-pillow
structures that load into the underlying silty intervals (Fig. 5d). Pillow structure is 15 to 20cm
thick and laterally continuous for 25-30cm. Ball structures are generally 5—10cm thick and
laterally continuous for 15-20cm.

Interpretation
The coarse and thick light grey to greenish coloured sandstone beds truncated by
distributary channels (F1) have been identified as delta front deposits based on their vertical

alignments and truncations (Uroza and Steel 2008; Chen et al. 2015; Peng et al. 2020).
Dominance of asymmetrical ripples and current ripple cross-lamination indicates sand
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Fig. 5. Ripple laminated sandstones (F3) of proximal delta front deposit (FA2a) have been documented along Domehar—Chhaosa and Kuftu—Rauri road sections. (a)
Coarsening-upward, medium- to fine-grained ripple laminated sandstone units. Red arrows show sandstone units, and blue arrows mark siltstone units. Scale: length of the
clinometer = 9cm. (b) Current ripple cross-laminations typical of facies F3. Yellow arrows mark the ripple cross-laminations. Scale: length of pen =15cm. (c) Preservation of
bidirectional asymmetrical ripples and ripple cross-lamination within sandstone units. Blue arrows mark the direction of ripple migration. Scale: diameter of coin =3cm. (d)
Profuse development of ball-and-pillow structures that load into the underlying silty intervals. Red arrows mark the ball structures and blue arrows mark the pillow

structures. Scale: length of scale =5cm
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deposition during ripple migration as a result of unidirectional subaqueous flow (Miall 1996;
Magalhdes et al. 2015; Van Cappelle et al. 2016). The presence of few bidirectional
asymmetric ripples points towards the influence of tidal activity in F3 (Wilson 2005; Peng et
al. 2018). The rare occurrences of HCS indicate the influence of hyperpycnal flows (Tinterri
2011; Basilici et al. 2012). The ball-and-pillow structures indicate slumping resulted due to
gravity loading representing rapid sedimentation of unconsolidated sediments (Li et al.
2011; Plink-Bijorklund 2020; Peng et al. 2020).

Tabular thick-bedded sandstones (F4)
Description

This facies (F4) constitutes coarsening upward successions of grey to greenish-grey coloured
sandstone beds having horizontal (with thin flakes of mud and mica) or low angle
stratifications and displaying tabular extensive sheet-like geometry (Fig. 6a). The beds are
40-60 cm thick and laterally persistent for over 3—5 km. Sandstones of F4 are mainly trough
cross-stratified (5-10cm thick and laterally continuous for 18-20cm) with erosional surfaces
(Fig. 6b). Water escape structures (0.5—1cm thick), and load casts (10—15cm thick and
laterally continuous for 20-25cm) are also common (Fig. 6¢). F4 shows a prominent upward
coarsening (along Ghanahatti—Gohri road transects), from wavy laminated muddy
sediments to succeeding fine-grained sandstones with small cross-strata sets (0.2—-0.3cm
thick), and then to medium-grained sandstones with sigmoidal cross-stratifications which
are 0.2—0.4cm thick, with uppermost coarse sandstones. Individual sandstone beds exhibit
stratification with a thickness of 0.4—0.5cm, separated by mud drapes. Planar, parallel and
wavy laminations are the main characteristics of the sand bodies. The scale of the
sedimentary structures increases from ripple laminations, flasers and planar, parallel and
low angle cross-laminations up to comparatively larger-scale cross-bed sets of 2.5-4 cm
thickness. Bidirectional cross-stratifications (0.3—0.4cm thick) are also present at some
places (Fig. 6d).

12
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Fig. 6. Field photographs of tabular thick-bedded sandstones (F4) in proximal delta front deposit (FA2a) have
been documented along Ghanahatti—Gohri road transects. (a) Tabular thick-bedded sandstones with thin
laminated siltstones. Blue arrows indicate sandstone units, and pink arrows indicate thin siltstone units. Scale:
length of clinometer = 9cm. (b) Trough cross-stratifications in sandstone units. Blue arrows mark the base of
the troughs. Scale: length of pen =15cm. (c) Load structures and water escape structures. Red arrows indicate
load structures and blue arrow shows water escape structure. Scale: diameter of coin =3cm. (d) Bidirectional
cross-sets. Red arrow shows bidirectional cross-stratification. Scale: length of pocket lens =4cm

Interpretation

This facies (F4) reflects sediments deposited in terminal distributary channels (Olariu and
Bhattacharya 2006; Buatois et al. 2012; Van Yperen et al. 2019). Laterally extensive, sheets
of coarse-grained sandstones are deposited by unconfined flows (Eide et al. 2016). The
erosional bases with abundant trough cross-strata, suggest terminal distributary channels
(Olariu and Bhattacharya 2006; Ahmed et al. 2014; Johnson et al. 2016). Soft sedimentary
deformation structures and plane-parallel laminations are deposited in a fluvially influenced
depositional setups (Olariu and Bhattacharya 2006; Rana et al. 2016; Zhang et al. 2018).
Development of rippled laminae, sigmoidal cross-bedding, flaser beds, bidirectional cross-
strata, plane parallel lamination, the presence of mud drapes between stratification sets
and low-angle lamination points towards a tidal origin in a shallow marine setup (Rossi and
Steel 2016; Anell et al. 2020).
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Cross-stratified sandstones (F5)
Description

Facies F5 comprises coarsening-upward successions of medium- to coarse-grained cross-
bedded sandstones (15—20cm thick), traced along the Kanda—Kannair road section.
Sandstones at basal intervals exhibits concave-up erosional surfaces. F5 is mainly
characterized by sigmoidal cross-stratification (0.3—-0.4cm thick), bidirectional cross-strata
(0.2-0.3cm thick), plane-parallel laminated (0.2—0.4cm thick) sandstones. At places,
sigmoidal cross-beddings with mud drapes have been recognized (Fig. 7a). Sandstones at
upper intervals exhibit planar to undulatory parallel laminated beds deposited over scoured
surfaces resembling swales (SCS) (10—12cm thick and laterally continuous for 25-30cm).
Convex upward laminae with flat bases and internal stratifications (hummocks) (10-15cm
thick and laterally continuous for 20-25cm) are moderately abundant in outcrop sections
(Fig. 7b). The swales in cross-stratified sandstones of F5 transition upward into hummocky
cross-stratified sandstones. Planar-laminated sandstone intervals are approximately 2—4m
thick in outcrop sections (Fig. 7c). Occasionally, hummocky cross-stratified sandstones are
associated with asymmetric ripples filled up with muddy units. Cross-set thicknesses vary
between 5 and 10cm. Syneresis cracks (0.5—-1cm thick) are locally present (Fig. 7d). Soft
sedimentary deformational structures like load structures (15—18cm thick and laterally
continuous for 25-30cm), water-escape structures (1-2cm thick) and dish and pillar
structures (10—12cm thick and laterally continuous for 20—25cm) are recorded at few
intervals.

Interpretation

The coarsening-upward depositional trend of cross-stratified sandstones of F5 attests to
deposition in tide-dominated delta front, intensely reworked by mouthbars (Anell et al.
2020). Concave-up erosional surfaces are indicative of terminal distributary channels
(Ahmed et al. 2014; Johnson et al. 2016). The close association of mouthbars and
distributary channels point towards a proximal delta front depositional environment
(Ahmed et al. 2014). The abundance of sigmoidal cross-stratification, bidirectional cross-
strata and mud drapes indicate deposition of F5 in shallow-marine setups with tidal
influence (Allen and Honewood 1984; Plint and Wadsworth 2003; Rossi and Steel 2016;
Anell et al. 2020). The stacked sandstones with HCS, SCS represents deposition by high-
energy oscillatory currents, in storm-influenced middle-lower shoreface settings at intervals
of fair-weather wave base and storm wave base (Li et al. 2011; Bowman and Johnson 2014).
Sandstones with parallel laminations reflect deposition in the upper-flow-regime (Tunbridge
1981; Plink-Bjorklund 2005; Kiwango and Mishra 2020). The cross-stratification with
symmetric ripples indicates a wave-dominated process (Gani and Bhattacharya 2007; Peng
et al. 2018). Syneresis cracks reflect short phases of salinity reduction (Plummer and Gostin
1981; Buatois et al. 2012). A high rate of sedimentation along an unstable slope led to the
deposition of soft-sediment deformation structures (Carmona et al. 2009; Buatois et al.
2012).

14
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Fig. 7. Cross-stratified sandstones (F5) of proximal delta front deposit (FA2a), traced along Kandaghat—Kannair road section. (a) Abundance of sigmoidal cross-stratification
indicates the influence of tidal activity. Yellow arrows show sigmoidal cross-stratifications. Scale: diameter of coin =3cm. (b) Hummocky cross-stratifications. Yellow arrow
marks the flat base of hummock. Scale: length of scale =5cm. (c) Planar-laminated sandstones. Blue arrows show planar laminations. Scale: length of the pen =15cm. (d)
Syneresis cracks are locally present. Blue arrows show syneresis cracks. Scale: diameter of coin =3cm
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Distal delta front (FA2b)

FA2b comprises 3—4-m thick cross-stratified sand bodies in the upper part and fine siltstones
in the lower part of the succession. FA2b extends laterally up to hundreds of metres along
Khiari-Miaon and Dangi—Tudul road sections and in and around Kohbag and Jodhana village.
The fine-grained siltstones in the lower part are closely packed and mainly consist of quartz.
Three major facies attributes have been delineated from the study area: wavy-bedded
sandstone and mudstone (F6), heterolithic sandstone-prone thin units (F7) and sheet-like
heterolithic units (F8).

Wavy-bedded sandstone and mudstone (F6)
Description

This facies (F6) consists of a coarsening upward sand dominated succession characterized by
moderately sorted to well-sorted buff to khaki green coloured interbeds of sandstones (5—
30cm thick) and mudstones (1-10 cm thick). Interbedded fine-grained sandstone—mudstone
exhibit wavy geometry (Fig. 8a), well documented along Khiari—-Miaon transects.
Symmetrical ripples (Fig. 8b) with amplitude ranges between 0.5 and 1 cm and wavelength
ranges from 3 to 4 cm are observed within some sandstone units. The basal sand bodies
show intense soft-sediment deformation structures (load casts, pseudonodules). The upper
units preserve mud flasers along the foresets and asymmetrical current ripples (Fig. 8c). In
some places, rare occurrences of low angle cross-stratified (Fig. 8d) and hummocky cross-
stratified beddings are also observed.

Interpretation

F6 attest to sedimentation in a wave-influenced middle delta front (Lee et al. 2005).
Intermittent mudstone layers within sandstones demonstrate oscillating energy conditions
(Todd 1996; Magalhdes et al. 2015). The presence of symmetrical ripples within some
sandstone units indicates F6 is locally influenced by wave action (Carmona et al. 2009; Anell
et al. 2020). Rapid sedimentation resulted in profuse development of different types of load
structures (Buatois et al. 2012). The existence of mud drapes over cross-laminations and
asymmetrical current ripples suggests deposition by fluctuating mechanisms of subaqueous
traction and suspension (Miall 1996; Magalhdes et al. 2015; Eltayib et al. 2018). Low angle
cross-stratified and hummocky cross-stratified beddings are deposited by storm waves
(Dumas et al. 2005; Legler et al. 2014).

Heterolithic sandstone-prone thin units (F7)
Description

F7 comprises coarsening- upward successions (2—16 m thick) of sandstone-dominated
intervals which are laterally exposed approximately 6—7 km along the Dangi—Tudul road
section. Intervening mudstones are generally grey in colour and range in thickness from 4 to
22 cm. The sandstone intervals are generally enclosed by mudstone layers (Fig. 9a). The
sandstone units preserve continuous alternation of parallel laminations (0.3—0.4cm thick)
(Fig. 9b) and climbing ripple laminations (0.5—0.8cm thick) (Fig. 9c). Syneresis cracks (1-4cm
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Fig. 8. Wavy-bedded sandstone and mudstone facies (F6) of distal delta front deposit (FA2b), documented along Khiari-Miaon transects. (a) Interbedded fine-grained
sandstone—mudstone exhibit wavy geometry. Scale: length of hammer =32.5cm. (b) Symmetrical ripples within sandstone units. Scale: length of scale =7cm. (c)
Asymmetrical current ripples. Scale: 7cm, blue arrows indicate direction of ripple migration. (d) Rare occurrences of low angle cross-stratifications. Red arrow shows low

angle cross-stratifications. Scale: length of scale =6cm
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Fig. 9. Heterolithic sandstone-prone thin units (F7) of distal delta front deposit (FA2b), exposed along Dangi—Tudu road section. (a) Sandstone-dominated heterolithic unis.
Red arrow indicates sandy units and yellow arrows show silty-muddy units. Scale: height of the person =1.3m. (b) Sandstones exhibit parallel laminations. Blue arrows
indicate parallel laminations. Scale: length of pen =15cm. (c) Climbing ripple laminations. Scale: length of scale =6¢cm. (d) Sole marks are locally present at the base of

sandstone intervals. Blue arrows mark the sole marks. Scale: length of scale =6cm
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thick) are locally present within sandstone—mudstone intervals. Sharp-based sand beds (10—
12cm thick) comprise symmetrical ripple lamination (0.2-0.3cm thick). Some mud intervals
exhibit occurrences of fine sand lenses (0.8 to 1.5 cm thick and laterally extends 1-2cm).
The flute casts are 2—3cm thick and groove marks are 1-2cm thick (Fig. 9d). Soft-
sedimentary deformation structures (mainly loading) are present throughout the facies. The
sandstone beds are sharply scoured based and contain sole marks (flutes and groove
marks).

Interpretation

The upward-coarsening depositional trend generally indicates a progradational depositional
system (Olariu et al. 2010; Ainsworth et al. 2016). The interbedding characteristics reflect
periodic deposition in a distal delta front below the fair-weather wave base (Ahmed et al.
2014). Continual preservation of alternated parallel lamination and climbing ripple
lamination indicates towards flows with variable velocities (Mutti et al. 2003; Bowman and
Johnson 2014). Short-lived intervals of salinity reduction are represented by the rare
presence of syneresis cracks (Vakarelov et al. 2012; Mode et al. 2018). Prominent scoured
bases, dominance of low angle stratified units (at places hummocky cross stratified)
indicates occasional storm-wave activity (Clifton 2006; Buatois et al. 2012). Symmetrical
wave ripples are the possible indicators of local wave influence (Anell et al. 2020).
Preservation of fine sand lenses within muddy intervals indicates that they have been
developed by distal density currents (Smyrak-Sikora et al. 2019).The flute casts, sole marks
and underlying mudstone layers suggest an initial turbulent stage which was later possibly
followed by a depositional stage of low concentration turbidity currents (Puigdomenech et
al. 2014). The erosional thick sandstone beds containing soft-sediment deformation
structures in F7 are probably indicative of rapid deposition by dense hyperpycnal gravity
flow in a steep slope (Mulder et al. 2003; Mutti et al. 2003; Smyrak-Sikora et al. 2019).

Sheet-like heterolithic units (F8)
Description

This facies (F8) consists of successive thinly interbedded 2 to 6 m thick, laterally extensive
(6=7km) sandstones—siltstones and mudstones (Fig. 10a), near Jodhana village. Mudstones
account for about 40-50% of the lithofacies and the rest is composed of sandstones and
siltstones. At places, sandstone units exhibit profuse development of soft sedimentary
deformation structure (slump folds) (Fig. 10b). Slump folds are 1.5—3cm thick and laterally
continuous for 12—15cm. The sandstone—siltstone and mudstone layers often form couplets
that are 4-5 m thick with flaser bedding (0.5-1.5cm thick) (Fig. 10c). From the basal part of
the interbedded units to the top, the sandy intervals are planar laminated to the current
ripple cross-laminated. However, sandstones exhibiting cross stratifications (0.3—0.4cm
thick) with mud flasers (Fig. 10d) are common at the base of laterally extensive heteroliths.

Interpretation

Sheet-like geometry and interbedded heteroliths suggest F8 deposited in a distal delta front
depositional environment below the wave base (Chen et al. 2015). Abundance of mud units
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Fig. 10. Field photographs of sheet-like heterolithic units (F8) of distal delta front deposit (FA2b) have been observed near Jodhana vnllage (a) Th|nIy mterbedded
sandstones—siltstones and mudstone units displaying sheet-like geometry. Scale: length of clinometer =10cm. (b) Sandstone units exhibit the development of slump folds.
Blue arrow indicates slump folds. Scale: length of pen =15cm. (c) Flaser beddings. Blue arrows mark flaser bedding. Scale: length of scale =4cm. (d) Cross-stratifications with
mud flasers are common at the base of heteroliths. Blue arrow shows mud flasers. Scale: length of scale =7cm
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and soft sedimentary deformation structures, slump folds signifies low-energy slope
sedimentation (thickness of the slope varies randomly) (Bowman and Johnson 2014; Kundu
et al. 2011; Rana et al. 2016). Occurrence of flaser bedding also points to tidal activities
(Allen 1980; Visser 1980; Van Yperen et al. 2020). Sandy intervals with planer laminations
and current ripple cross-laminations are indicating that the velocities of the flows changes
periodically (Mutti et al. 2003; Bowman and Johnson 2014). Cross-stratified sandstones with
mud flasers attest to suspension settling at a standstill condition of water probably due to
change in directions of tidal currents (Olariu et al. 2012).

Prodelta deposits (FA3)

This facies association consists of mud—sand couplet facies (F9), interbedded mudstone—
siltstone and fine-grained sandstone facies (F10), and rhythmically laminated sandstone and
mudstone (F11). FA3 deposits are observed in and around Ukhru, Chayabag, Kothighati
village and along the Chhaosa—Baliana, Bog—Arki, Rouri—Arki transects (Fig. 2). The distal
part of the prodeltaic succession in the study area is mainly represented by FA3 deposits.
FA3 is represented by quartz wackes and quartz arenites. The rocks are generally fine-
grained and moderately sorted. The matrix in the arenites is sericitic and in some places
quartzo feldspathic. Rock fragments of mudrocks occur occasionally.

Sand-mud couplets (F9)
Description

The sandy-muddy intervals of (F9) are well recorded in and around Ukhru village (Fig. 11a).
The sandstones are fine-grained (10 to 18 cm thick) and generally enclosed by mud layers.
Mud layers (generally grey in colour) range from 2 to 5cm in thickness. Interlaminated
sandstones and siltstones with rounded crested asymmetrical ripples (combined-flow
ripples) are common occurrences in the sandstone units (Fig. 11b). The amplitude and
wavelength of the ripples approximately vary from 2 to 2.5cm and 8-10cm respectively. The
dimensions of the mud flasers vary from 0.3 to 0.9cm. The sand—mud couplets exhibit
occurrences of scours, normal and inverse grading, planar to low-angle cross-laminations.
The sandstone and mudstone layers in the heteroliths form flaser, lenticular and wavy
bedding (Figs. 11c). Load structures and convolute laminations occur as soft sedimentary
deformation structures in many intervals (Fig. 11d).

Interpretation

The laminated sand—mud couplets reflect periodic flow activity associated with repetitive
slack water sedimentation which led to the suspension of finer sediments (Reineck and
Singh 1980; Waresak 2016). The presence of combined-flow ripples within F9 represents
variations in flow velocity during their deposition (Dumas et al. 2005; Basilici et al. 2012).
Variations in the geometry of the beds and laminations containing scours, normal and
inverse grading, planar to low-angle cross-laminations are indicative of turbulent flow
deposits reflecting a continuous effect of waxing and waning of currents (Wilson and
Schieber 2014). The flaser, wavy and lenticular bedding indicates a tidal deposition setting
(Reineck and Wunderlich 1968; Rahman et al. 2009; Khanam et al. 2017). Load structures
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Fig. 11. Sand—mud couplets (F9) in prodelta deposits (FA3) have been documente.d in and around Ukhru village. (a) Sand—mud couplets. Scale: length of scale =6¢cm. (b)
Combined-flow ripples are common occurrences in F9. Red arrows show combined-flow ripples. Scale: diameter of coin =3cm. (c) The sandstone and mudstone layers in
the heteroliths form flaser beddings. Scale: length of scale: 6cm. (d) Convolute laminations. Red arrows indicate convolute laminations. Scale: length of scale 7cm
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and convolute laminations occurring as soft sedimentary deformation structures are likely
to be a product of deltaic depositional setup where the rate of sedimentation is higher
(Buatois et al. 2012).

Interbedded siltstone and fine-grained sandstones (F10)
Description

This facies (F10) mainly comprises 3—6 m thick successions of interbedded siltstones and
fine-grained rippled sandstones. Good exposures of F10 have been observed in and around
Chayabag village along the Bog—Arki road section (Fig. 12a). The upper intervals are
characterized by 2—-3m thickening and coarsening upward mud dominated siltstones which
grades into hummocky cross-stratified sandstones (Fig. 12b) which possess sharp bases
represented by sole marks. In few intervals of successions of F10, the sandstones are
observed as inversely graded (0.6—0.9cm thick) exhibiting increase in grain size from the
base of the unit towards the top of the unit (Fig. 12C). Starved current ripples (Fig. 12d) with
amplitude 0.5cm to 2cm and wavelength 3cm to 4cm are also present.

Interpretation

The rhythmites of sandstone—siltstone are indicative of fluctuations in energy condition; the
thinner intervals of sand—silt are a product of suspension settling of sediment due to gravity
loading whereas the comparatively thick rippled sandstone beds are deposited by fluvial
flood Bhattacharya (Eide et al. 2016). The presence of HCS in a few sandy intervals indicates
a wave-storm influenced depositional setting (Walker and Plint 1992; Johnson and Baldwin
1996; Eriksson et al. 1998; Leren et al. 2010; Li et al. 2015). Abundance of inverse grading at
the bases of the heterolithic intervals is probably indicative of acceleration of the flow
velocities (Kneller 1995; Basilici et al. 2012; Saitoh and Masuda 2013). The presence of
starved wave ripples reflects periodic storm (Ahmed et al. 2014). F10 exhibiting overall
coarsening upward trend indicates deposition along the distal zone of a prograding delta.

Rhythmically laminated sandstone and mudstone (F11)
Description

F11 is characterized by fine- to very fine- sandstone and mudstone units which are thinly
laminated (Fig. 13a). Heterolithic units range in thickness from 1 to 10cm. This facies occurs
mainly in and around Kothighati village. F11 is volumetrically dominated by flaser, lenticular
and wavy beddings. Lower intervals exhibit rhythmic occurrences of small scale (amplitude
ranges 0.1-0.2cm from and wavelength 0.5-0.8cm) climbing ripple cross-laminations (Fig.
13b). Few sandstone beds exhibit symmetrical ripples. Mudstone beds generally preserved
abundant sand loading which induced soft sedimentary deformation structures like
convolute lamination, ball-and-pillow, and pseudonodules (Fig. 13c). Wrinkle marks and
syneresis cracks are observed locally (near Kohbag village) (Fig. 13d).
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Fig. 12. Field photographs of interbedded siltstone and fine-grained sandstones (F10) of prodelta deposits (FA3), traced along the Bog—Arki road section. (a) Interbedded
siltstones and fine-grained sandstones are indicative of fluctuations in energy conditions. Scale: height of the person 1.6m. (b) Hummocky cross-stratified fine-grained

sandstones. Blue arrow indicates hummock and red arrows indicate swales. Scale: length of scale =7cm. (c) Sandstones are exhibiting inverse and normal grading. Yellow
arrows indicate inverse and normal grading. Scale: diameter of coin =3cm. (d) The presence of starved wave ripples reflects periodic storm activity. Scale: length of scale

=6cm
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Fig. 13. Rhythmically laminated sandstone and mudstones (F11) of prodelta deposit (FA3) have been documented in and around Kothighati village. (a) Tidal rhythmites. Red
arrow indicates sand units and yellow arrow shows mud units. Scale: length of hammer 32.5cm. (b) Rhythmic occurrences of climbing ripple cross-laminations. Red arrows

show climbing ripple cross-laminations. Scale: length of scale 7cm. (c) Pseudonodule structures and slump folds. Red arrow indicates pseudonodule and yellow arrow mark
the slump folds. Scale: diameter of coin =3cm. (d) Wrinkle marks and syneresis cracks. Red arrows indicate syneresis cracks and blue arrows show wrinkle structures. Scale:

length of scale 6cm
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Interpretation

The laterally extensive rhythmites of sand and mud exhibiting continuous variation in
thickness reflect fluctuations in energy conditions caused by tidal currents (Kvale et al. 1989;
Cummings et al. 2006; Gani and Bhattacharya 2007; Feldman et al. 2014). Profuse
development of flaser, lenticular and wavy beddings within laminated sand—mud units
indicate towards tidal origin (Williams 1991; O'Connell et al. 2017). Small scale rhythmic
climbing ripple-laminations are indicative of strong tidal origin (Choi 2010; Choi 2011).
Abundance of soft-sediment deformation structures reflects rapid sedimentation along
relatively steep slopes (Buatois et al. 2012). The appearance of the wrinkle structures on the
upper surface of the beds is probably generated by low energy wave currents or action of
wave currents on cohesive mat layers (Sarkar et al. 2008, Sarkar et al. 2014; Samanta et al.
2016). Syneresis cracks reflect accelerated reversals in salinity conditions (MacEachern and
Pemberton 1994; Buatois and Mdngano 2003; Buatois et al. 2011; Taral and Chakraborty
2018) in intertidal zones. F11 is therefore interpreted as a tidal rhythmite (Williams 1989;
Kvale 2003; Mangano and Buatois 2004; Mazumder and Arima 2005; Cummings et al. 2006;
Eilertsen et al. 2011).

Process summary

Outcrop-based facies analysis reveals that the Chhaosa Formation represents a typical
representation of a mixed-energy depositional setup which includes the interplay of
different depositional processes in different scales. The outcrops of Chhaosa delta systems
prominently display typical characteristics of a mixed-energy depositional system (Figs. 14
and 15) and thereby indicate that this ancient delta system is quite characteristically distinct
from the ideal river-dominated, tide-dominated and wave-dominated deltas.
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Fig. 14. Correlation panel based on measured sections (L-1 to L-18) represents the disposition of different
lithofacies and lithofacies associations and their spatial and temporal relationship recorded in the Chhaosa
delta system. Different colours have been used to indicate different lithofacies and lithofacies associations.
The distribution of sedimentary structures across the outcrop sections of the study area reveals that they have
been deposited by tidal (50.04%), fluvial (30.83%) and wave (19.13%) processes. Overall coarsening-upward
succession represents progradational stacking pattern of a mixed-energy delta deposit (from prodelta (FA3) to
delta front (FA2) to delta plain (FA1) deposit of the Chhaosa). The outcrop belt is approximately 63,520m long

and the total stratigraphic thickness is about 1100m

Three major depositional processes have been determined: tidal (50.04%), fluvial (30.83%)
and wave (19.13%) activity. The individual depositional processes exhibit a change in a
typical pattern during marine-fluvial transitional period. A signature of wind action, though
present, is deemed insignificant. The interaction of these processes has an important role
indeed in the generation of the dominant facies associations identified (FA1, FA2 and FA3),
characterising distinctive sub-environments, i.e. delta plain (FA1), proximal delta front
(FA2a), distal delta front (FA2b) and prodelta (FA3). Coastal process classification ternary
plots (modified after Galloway 1975, Ainsworth et al. 2011) have been constructed to
understand the interplay of tide, fluvial and wave energy throughout the study area (Fig.
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Fig. 15. Coastal process classification ternary plots (modified after Galloway 1975 and Ainsworth et al. 2011) of Chhaosa delta system, representing the interplay of tide,
fluvial and wave energy throughout the study area. The basal part of the triangles indicates classification of non-fluvial shorelines. Apart from the basal line of the triangles,
all the lines exhibit a few amount of fluvial activity. Similarly, lines on the left part of the triangles denote decreasing tidal activity, and lines on the right part represent
decreasing wave activity. The ternary plots represent a simplified classification that emphasis the classification of predominant, secondary and minor processes and
explains the way of counting percentages of sedimentary structures of different lithofacies and lithofacies associations from the study area (Fig. 14), which can be framed
on the diagrams. F = dominance of fluvial activity; W = dominance of wave activity; T = Dominance of tide activity; Fw = Fluvial energy is predominantly present with
influence of wave-activity; Ft= Fluvial energy is predominantly present with influence of tide activity; Tf = Tidal energy is predominant with influence of fluvial energy; Tw =
Tidal energy is predominant with influence of wave activity; Wt = Wave energy is predominant with tidal influence; Wf = Wave energy is predominant with influence of
fluvial activity; Fwt = Fluvial energy is predominantly present with wave influence and minor tidal activity; Ftw = Fluvial energy is predominantly present with tide influence
and minor wave activity; Tfw = Tidal energy predominantly present with fluvial influence and minor wave activity; Twf = Tidal energy predominantly present with wave
influence and minor fluvial activity; Wtf = Wave energy is predominantly present with tide influence and minor fluvial activity; Wft = Wave energy is predominantly present
with fluvial influence and minor tide activity; fw = influence of fluvial and wave-activity; tf = influence of tide- and fluvial activity; wt = influence of wave and tide- activity;
fwt = influence of fluvial, wave and tidal activity; Twf = Tide is the primary and wave and fluvial are secondary processes; Wtf = Wave is primarily present, and tide and
fluvial are secondary processes. (a) The ternary plot represents the percentage of tide fluvial and wave energy processes in eleven lithofacies from the chosen outcrop
sections of the study area and they have been marked by different colours. (b) The ternary plot represents percentages of tide fluvial and wave energy process in different
facies associations, i.e. delta plain (FA1), proximal delta front (FA2a), distal delta front (FA2b) and prodelta (FA3) deposits and they have been marked by different colours.
(c) The ternary plot represents percentages of tide, fluvial and wave energy processes in Chhaosa delta. It indicates that Chhaosa delta is a tide-dominated (50.04%),
fluvially influenced (30.83%) with minor wave reworking (19.13%) system
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15). The ternary plots exhibit potential orders of tidal, fluvial and wave activities in the
setting of twenty-two probable classification levels (Fig. 15). Sedimentary structures
deposited by tide, fluvial and wave action have been estimated from the chosen sections of
the study area (Fig. 14) and plotted on the ternary diagrams (Fig. 15).

Predominance of fluvial (68%) influence is well preserved in proximal parts (F1) of FAL. Flis
represented by several fluvial channels, troughs, etc. Soft sediment deformation structures
like ball and pillows are indicative of fluvial flooding. The interplay of wave (19%) and tidal
(13%) processes is minor in F1. F2 exhibits strong fluvial influence (56%), represented by
channels, extensive sand sheets, parallel laminations and fluvial flood generated soft-
sediment deformation structures. Tidal (30%) influence are indicated by flaser, wavy and
lenticular bedding. Wave (14%) generated sedimentary structures are rare. Facies attributes
reveal that delta plain deposit (FA1) is fluvial (62%) dominated with tide (16.5%) and wave
(21.5%) influence (Fig. 15).

FA2a is considered to be deposited closer to the river mouths during progradational phases
and comprises a significant amount of fluvial-generated structures. The proximal part (F3
and F4) of the delta front deposits (FA2a) exhibits strong fluvial action. F5 preserves strong
tidal influence. Facies F3 exhibit strong fluvial (44%) action with tide (37%) and wave (19%)
influence. Facies F4 preserves the signature of strong fluvial (40%) current, with tide (39%)
and wave (21%) influences. F5 comprises primarily tide (48%) generated structures with
secondary fluvial (32%) attributes and tertiary wave (20%) generated structure. Laterally
extensive sand sheets, erosional bases with cross-stratifications, soft-sediment deformation
structures like load cast, water escape structure and plane-parallel laminations are
indicative of strong fluvial influence in the proximal part of the delta front deposit (FA2a).
Abundance of sigmoidal cross-stratification, flaser beds, bidirectional cross-strata, low-angle
laminations and the presence of mud drapes between stratification sets, represents overall
strong tidal influence in the deposition of FA2a deposits. Wave influence in FA2a is denoted
by the limited occurrences of asymmetric ripples, hummocky and swaley cross-
stratifications. The interpreted proximal delta front deposits (FA2a) show a strong tidal
(41.33%) and fluvial (38.67%) influence with wave (20%) activity (Fig. 15).

FA2b deposits have been inferred as tidally and wave reworked distal delta front deposits
with fluvial influences (Figs. 14 and 15). Wave reworking is more pronounced in F6 and F7.
F8 represents deposition by strong tidal currents. F6 exhibits dominant tide (54%) generated
structures. Wave (31%) also plays an important role in the deposition of F6 with minor
fluvial (15%) processes. Facies F7 preserves profuse development of tide (59%) generated
sedimentary structures with significant wave (29%) and minor fluvial (12%) generated
structures. Facies attributes of F8 indicate strong tidal (69%) generated structures with
minor wave (19%) and fluvial (12%) influences. Tidal reworking has been delineated by the
abundance of cross-stratified sandstones with mud flasers and flaser bedding. Wave-driven
currents were inferred from the dominance of symmetrical ripples, oscillatory ripples, low-
angle flat laminations, hummocky and swaley cross-stratification. Sedimentary structures
generated by various processes indicate that FA2b bears the signature of strong tidal (61%)
currents. Wave (26.33%) processes also play an important role in the deposition of FA2b
with minor fluvial (12.67%) influences (Fig. 15). The top of the coarsening-upward
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successions has sharp surfaces which indicate a pause in sedimentation and
commencement of flooding and deposition (Fig. 15).

The strongest tidal reworking has been recognised in FA3 deposits (F9, F10 and F11). The
fine-grained deposits of FA3 suggest deposition in a prodeltaic environment, with a
predominance of tidal activity. Wave influences are also present in FA3 with minor fluvial
activity (Figs. 14 and 15). Facies F9 reveals an indication of high tidal (72%) activity with
secondary action of wave (17%) and minor fluvial (11%) generated structures. F10
represents tide (77%) generated sedimentary structures with minor wave (13%) and fluvial
(10%) influences. Tidal energy (81%) is the primary process in F11 with rare or insignificant
occurrences of wave (11%) and fluvial (8%). Tidal reworking has been delineated by the
abundance of tidal rhythmites, flaser, wavy, and lenticular bedding, mud drapes within sets
of cross-stratifications and syneresis cracks. Wave currents were also present in the
prodelta deposit (FA3) as delineated by wrinkle structures, rare occurrences of asymmetrical
ripples and hummocks (HCS). Fluvial-influence is rare or insignificant in the distal parts of
FA3. FA3 has been designated as tide (76.67%) dominated with minor occurrences of wave
(13.67%) and fluvial (9%) currents (Fig. 15).

Sequence stratigraphy

Application of sequence stratigraphy in the Chhaosa Formation was based on the mixed-
energy delta depositional model facilitating palaeogeographic remodelling and identification
of facies, facies relationship and facies associations distant from the depositional source.
The sequence stratigraphic architecture helps to understand the process of development of
different stratal stacking patterns in response to continual changing accommodation space
and sediment supply in the basin. The main tools used for understanding the sequence
stratigraphic architecture of the Chhaosa delta system are different lithofacies and
lithofacies associations, and their spatial and temporal relationship and vertical stacking
patterns of the facies associations.
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Interpreted palaeoenvironments vary from fluvial-dominated, tide and wave-influenced
delta plain (FA1), to tide-dominated, fluvial and wave-influenced delta front (FA2) to tide-
dominated, wave- and fluvial-influenced prodelta (FA3). The inferred delta system
comprises basinward-prograding wedges, exhibiting a downlap relationship onto a mixed
siliciclastic carbonate platform which itself is seen as a transgressive systems tract (TST)
(Mukhopadhyay and Banerjee 2016; Mukhopadhyay and Thorie 2016; Thorie et al. 2018;
Thorie et al. 2020). The calcareous marl and dark grey silty shale overlying the mixed
siliciclastic carbonate platform indicates termination of transgression and thereby inferred
as maximum flooding surface (MFS). The development of Chhaosa mixed-energy deltaic
deposits on the top of the MFS initiates with a gradual fall of sea level along with continuous
terrigeneous clastic inputs, which connotes the initial stage of regression (Fig. 16). The
basinward downstepping of the deltaic deposits indicates a fall in wave base in response to
a gradual sea-level fall. The progradational bed sets of prodelta (FA3) to delta front (FA2) to
delta plain (FA1) record the history of sea-level fluctuation. Detailed outcrop-based facies
analysis and their spatial and temporal relationship and the stacking pattern of the
component sequences illustrate that two different types of systems tract have been
developed during the deposition of the Chhaosa mixed-energy delta succession in response
to shifting of the shoreline i.e. (i) highstand systems tracts (HST) that prograde basinward
with aggradational shoreline trajectory (ii) lowstand systems tracts (LST) that are
represented by basinward progradation of facies belts and directly overlie the sequence
boundary (Figs. 16 and 17)

Highstand systems tracts

Facies associations are composed of basinward progradational wedges, downlapping over
the underlying maximum flooding surface (MFS) deposits (indicated by dark grey silty shale
and dolomudstone) recorded in Basantpur Formation (Mukhopadhyay and Banerjee 2016)
prominently exposed in the lower part of the prodelta deposits (Fig. 16). The highstand
deposits represented by the prodeltaic deposit directly overlie the mixed siliclastic inner
ramp deposit of the Basantpur carbonate platform indicating that the high stand position of
the sea-level prevailed from the initiation of the deposition of the inferred Chhaosa delta
system. In the initial stage of highstand, the rise in relative sea-level outpaces the
sedimentation rate, and the entire facies belts of FA3 and FA2b are more aggradational
rather than progradational. The highstand deposits are characterized by aggradational
heterolithic units FA3 (F9—F11). The occurrences of channels and troughs in the FA2b (F6—
F8) might have developed due to dissection of the delta at the terminal stage of highstand
(Fig. 16). Facies associations constitute basinward prograding wedges and have a
downlapping relationship with fine heterolithic deposits. An increase in sediment supply
during sea-level still stand condition gradually led to the culmination of progradation and
ultimately deltaic sedimentation. The higher stratigraphic intervals of the successions of FA3
and FA2b display a coarsening and shallowing upward depositional trend. Hence, the
prodelta and distal delta front deposits are interpreted to have deposited in highstand
mixed energy condition during normal regression (Fig. 16).
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Fig. 17. Schematic diagram illustrating the evolution of Proterozoic Chhaosa mixed-energy deltaic deposit in response to sea-level fluctuations (blue dotted arrows indicate
different stages of HST and LST; green dotted line marks the maximum flooding surface (MFS) and red dotted line marks sequence boundary (SB). Chhaosa delta system is
composed of delta plain deposit-FA1 (powder blue coloured area, top part of the diagram), proximal delta front deposits-FA2a (purple coloured area, upper middle part of
the diagram), distal delta front deposits-FA2b (pink coloured area, lower middle part of the diagram) and prodelta-FA3 (brown coloured area, lower part of the diagram).
Variability of tide, fluvial and wave processes has been indicated by different coloured triangles (green colour indicates tide-, energy, orange colour indicates fluvial energy,

and blue colour shows the wave- energy)
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Sequence boundaries

The prominent and widespread erosional surfaces (along Kandaghat—Waknaghat transects)
that are capped by the coarse-grained channelled sandstone deposits representing the
proximal delta front deposit are demarcated as sequence boundaries as (1) these surfaces
incise the entire successions of proximal delta front (FA2a)succession, (2) these surfaces
caps the channelled sandstone indicating landward stepping of entire facies belts. The basal
part of the proximal delta front (FA2a) is erosional to sharply based which cuts through
prodelta deposit into the underlying distal delta front deposit of the Chhaosa mixed-energy
delta system. The scoured base of the F5 has been identified as a sequence boundary (SB).

Lowstand systems tracts

Proximal delta front deposits (FA2a) and delta plain deposits (FA1) erosionally overlie the
HST deposits of distal delta front (FA2b) and prodelta (FA3). It can be inferred that during
the initiation of the evolution of the delta system regression condition of the relative sea-
level prevailed and caused basinward incision which led to gradual progradation of delta.
The most prominent, more-or-less continuous fluvial channels have built out strongly across
the proximal part of entire deltaic succession (Figs. 16 and 17). The successions of coarse-
grained deposits are interpreted as lowstand deposits. F5 and F4 can be interpreted as the
early stage of LST. Fine-grained sand—silt—-mud deposits overlying the fluvial channels are
documented at numerous places (Fig. 16). These finer sediment deposits represent as flood
plain deposits characterized by thin-bedded, fine-sandy siltstone and sandstones—
mudstones (F3, F2). The late stage of LST deposit is characterized by fluvio-tidally influenced
channel infillings, which (F1) ended with the initiation of braided fluvial deposits of the
upper Sanjauli Formation (Mukhopadhyay et al. 2016). The fluvial deposits (channelled
sandstones) with heterolithic intervals indicate interplay of tides on the fluvial deposits at
the mouth of the river below the mean high tide. During the late stage of LST deposition,
the fluvial deposits evolved to tidally influenced fluvial deposits, indicative of a rise in
relative sea level (Fig. 16).

Depositional model

The detailed study of lithofacies and application of sequence stratigraphy facilitated to
propose a paleogeographic model for the Chhaosa deltaic deposits which represents an
excellent example of tide, fluvial and wave-influenced delta system (Fig. 17).

The exposures of the Chhaosa mixed-energy delta representing complex facies association
(FA1) consisting of facies trends (F1 and F2) attest to the deposition of delta plain deposits
(Figs. 14 and 17). The proximal part (F1) of the delta plain deposits represents distributary
channels and preserves primarily fluvial-generated sedimentary structures with interplay of
wave- and tide-activity (Figs. 14 and 15). The distal part (F2) of the delta plain corresponds
to floodplain deposits with strong tidal, fluvial and minor wave influences (Figs. 14 and 15).

Proximal delta front deposits (FA2a) comprise facies F3, F4, F5 and exhibits common

interplay of tidal, fluvial and wave activity (Figs. 14 and 17). F3 is more proximal part of FA2a
and preserves signatures of strong fluvial action with tide and wave influence. Facies
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attributes of F4 reveals that they have been deposited in terminal distributary channels and
exhibits signature of strong fluvial, tide and wave actions (Figs. 14 and 15). F5 comprises
tidally influenced mouthbar deposits and shoe strong tide-generated structures with
interplay of fluvial and wave currents.

Deposition of F6, F7 and F8 leads to the development of distal delta front deposit (FA2b)
(sharply overlying the deposits) with prominent signatures of tide, wave and fluvial
influence (Figs. 14 and 15). F6 represents middle part of the delta front deposits (FA2),
which is tidally influenced but wave also plays an important role with minor fluvial action. F7
and F8 represent distal part of the delta front deposit (FA2b). F7 preserves predominant
tide-generated sedimentary structures with significant wave-influence and minor fluvial
activity. F8 exhibits strong tidal influence with minor wave and fluvial activity.

Prodelta deposits (FA3) (interfingers with FA2b) consisting of F9, F10 and F11 exhibit clear
evidence of tide- and wave-influence (Figs. 14 and 15). Facies attributes of F9 are indicative
of prodeltaic origin, which preserves strong indication of tidal activity with secondary action
of wave and minor fluvial activity. F10 and F11 represent the distal part of the prodelta
deposits (FA3). F10 exhibit dominantly tide-generated sedimentary structures with minor
wave and fluvial influence. F11 is interpreted as tidal rhythmites, which exhibit tide as the
primary process with rare or insignificant occurrences of wave and fluvial processes. The
percentage values of tide, fluvial and wave-generated structures delineated from eleven
facies (F1-F11), measured from the chosen sections of the study area represent a tide
(50.04%), fluvial (30.83%) and wave (19.13%) influenced delta system.

The reconstruction of the Chhaosa deltaic system in response to sea-level fluctuation,
accommodation space and facies relationships has been determined to understand the
depositional trend and history of the basin evolution in response to shoreline migration. The
inferred Chhaosa mixed-energy delta exhibits an overall progradational depositional trend
corresponds to normal regression. Development of highstand deposits (HST) started with
the deposition of prodelta deposits (FA3) (Figs. 16 and 17). The early phase of HST deposits
is represented by the deposition of F9, F10 and F11 (prodelta deposits-FA3). Distal delta
front deposit (FA2b) containing F6, F7, F8 marks the late stage of HST (Figs. 16 and 17).
Proximal delta front deposits (FA2a) and delta plain deposits (FA1) erosionally overlie the
HST deposits of distal delta front (FA2b) and prodelta (FA3). The erosion surface at the base
of F5 is interpreted as sequence boundary (Figs. 16 and 17). Proximal part of delta front
(FA2a) exhibits progradational facies trends. Vertically stacked ripple laminated sandstones
(F3), tabular thick-bedded sandstones (F4) and cross-bedded sandstones (F5) with fluvial
and tidal indicators represent an early stage of lowstand deposit (LST) (Figs. 16 and 17). The
delta plain (FA1) containing thick channel fills (F1) and thin-bedded siltstone and mud (F2)
with fluvial indicators mark the late stage of LST (Figs. 16 and 17).

Comparison with modern mixed energy delta systems
The inferred Chhaosa delta system represents a classic illustration of a mixed-energy
depositional environment. A comparative study of the depositional processes of recent as

well as ancient deltas has been established in the present work. Few analogues of modern
as well as ancient deltas have been taken into consideration for comparison as they
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represent typical mixed-energy delta system to understand the control of mixed-energy
processes in the ancient deltas as well as in modern deltas (Table 2). Table 2 shows that
recent mixed-energy deltas are well studied and analysed rather than ancient deltas.

The Chhaosa delta system finds similarity to various mixed-energy delta systems well
documented in global literature, such as the Proterozoic Reynolds Point delta (Young and
Long 1977), Pennsylvanian Perrin delta (Brown Jr et al. 1990, 1973), Early Jurassic Gule Horn
delta (Eide et al. 2016), Jurassic Lagas delta (Rossi and Steel 2016), Pliocene Orinoco delta
(Peng et al. 2018), Holocene Mekong delta (Ta et al. 2002a, b; Xue et al. 2010) and Holocene
Ganges—Brahmaputra delta (Kuehl et al. 2005) in depositional trend and nature of
gradation, i.e. these deltas represent a coarsening upward subagueous successions overlain
by a fining-upward subaerial successions (delta plain deposits). But contrary to this, Table 2
shows that Pleistocene Arente delta (Fabbricatore et al. 2014) and Holocene Mitchell River
delta (Massey et al. 2013; Lane et al. 2016) exhibit fining upward succession (though mixed-
energy processes prevailed during their development). When lithology and depositional
trend is considered, the Chhaosa represents a sand-rich delta system like recent as well as
ancient deltas such as Copper River delta (Galloway 1976), Mekong delta (Ta et al 2005,
20023, b; Xue et al. 2010) Gule Formation (Eide et al. 2016) and Lajas Formation, (Rossi and
Steel 2016). Process variations in Chhaosa delta system reveal that it is tide-dominated,
fluvial-influenced and wave-affected (Fig. 15), which is quite similar to Gule delta inferred by
Eide et al. 2016. But Lajas delta (Rossi and Steel 2016) shows profuse development of wave-
generated structures in its distal reaches, which is quite different from Chhaosa prodeltaic
deposits as it records prolific development of tidal rhythmites. Fluvial energy is more
pronounced in the proximal part (delta plain-FA1) and decreases towards the distal areas of
the Chhaosa delta system, which resembles the depositional architecture of the delta plain
and delta front deposits of Gule Formation (Eide et al. 2016) and Lajas Formation (Rossi and
Steel 2016); Orinoco delta (Peng et al. 2018). But the tidal energy increases from the distal
part of the delta plain (FA1) and is more pronounced in the prodelta (FA3) of the Chhaosa
delta system, which is further correlative with the characteristics of the prodelta of the Gule
delta (Eide et al. 2016); Orinoco delta, (Peng et al. 2018). When interplay of wave is
considered, it has been observed that the Chhaosa delta system records dominant wave
influence in its distal delta front (FA2b) part which is analogous to Orinoco delta (Peng et al.
2018) and Ferron delta (Li et al. 2011). The above case histories reveal that the mixed-
energy processes dominantly prevailed during the sedimentation of both modern and
ancient deltas and the processes of their generation are quite similar. The authors have
tried to provide a brief sedimentation history of both the delta systems (Table 2).

Global case histories of ancient deltas reveal that previous workers had not concentrated
much on the common interplay of the mixed-energy processes (Fluvial, wave, tide) rather
they had focused on the individual depositional processes. In the present work, the Chhaosa
delta has been analysed in details in terms of process variability, i.e. common interplay of
fluvial, wave and tide actions and it has been inferred as a mixed-energy delta. Hence, the
authors have introduced a new concept of mixed-energy processes in the present work,
which led to development of a mixed-energy delta system. The ‘mixed-energy’ concept is
not common in the global sedimentation history of the ancient deltas and the inferred
Chhaosa delta system finds its uniqueness in this regard.
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Table 2
established

Comparative study of the depositional processes of the Neoproterozoic Chhaosa delta system with recent as well as ancient deltas has been

SI  Name of delta Age Depositional Depositional processes Coarsening/fining Sand/silt/  References
No. environment upward succession mud
dominated
1. Copper River delta, Holocene Subaerial deltaic Wave- and Coarsening upward Mud-rich  Galloway 1976
Cover River Basin, plain; tidal tide-dominated tidal subaqueous tidal
Alaska lagoon complex; energy with rare flu-  lagoon complex
coastal vial activity overlain by a
barrier-shoreface fining-upward sub-
and prodelta, tec- aerial delta plain
tonically uplifted,
abandoned delta-
ic plain
2. Ganges—Brahmaputra Holocene Upper delta plain,  Tide-dominated Coarsening-upward Sand-rich  Kuehl et al.
delta, Bengal Basin, lower delta plain, subaqueous 2005; Peng et
Bangadesh delta front and clinothem overlain al. 2018
subaqueous delta by a fining-upward
subaerial clinothem
3.  Fraser, British Holocene Delta plain, delta Fluvial dominated, Sand-rich Evoy et al. 1994;
Columbia front and tidally influenced Dashtgard
development of etal. 2012;
many subtidal Rossi and
channels Steel 2016
4. Mekong, Vietnam Holocene Sub-aerial delta Tide-dominated to Coarsening upward Sand-rich Ta et al. 2005,
plain (including mixed tide- and delta front overlain 2002; Rossi
floodplain, beach wave-influenced by a fining-upward and Steel
ridges, marsh, or delta plain 2016; Xue
foreshore), delta etal. 2010
front, subtidal to
intertidal flat, and
prodelta
5. Mitchell River delta,  Holocene Beach ridges, Tide-dominated, Fining-upward Sand-rich Massey
Karumba Basin, distributary fluvially influenced succession etal. 2013;
Gulf of Carpentaria, channels, channel and wave affected Lane et al.
Australia bars, crevasse 2016
splay and
mouthbar
deposits
6.  Arente delta, Pleistocene Mouthbar Fluvial-influenced with Fining and thinning Sand-rich  Fabricatore et al.
Crati Basin (northern sandstones, distal evidence of wave upward succession 2014
Calabria, southern mouthbar reworking
Italy) conglomerates
and sandstones,
proximal delta
front pebbly
sandstones, distal
delta front
sandstones,
wave-influenced
distal delta
sandstone and
prodelta
mudstones
7. Orinoco delta, Pliocene Muddy prodelta, Wave influence Coarsening upward Mud-rich  Peng et al. 2018
Manzanilla sandier prodelta increases from the subaqueous
Formation, slope, outer prodelta towards the clinothem overlain
Trinidad delta-front outer delta front and by a fining-upward

platform, inner
delta-front
platform, lower
delta plain

decreases to the
inner delta front and
tide influence
increases from inner
delta front to outer
delta front and
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Table 2 (continued)

S Name of delta Age Depositional Depositional processes Coarsening/fining Sand/silt/  References
No. environment upward succession mud
dominated

decreases towards

prodelta; fluvial

signals were

generally rare but

stronger towards the

upper intervals

8. Dir Abu Lifa Member Eocene Distributary Tide-dominated with ~ Coarsening upward Mud-rich  Legler et al.
of Qasr El-Sagha channels, lower fluvial influence and successions (delta 2013
Formation, Gindi delta plain, delta rare wave activity front) overlain by
Basin(Western front, Prodelta fining upward
Desert, Egypt) successions

(Channel-fills
9.  Battfjellet Formation, Eocene Distributary Wave-dominated, Coarsening upward Sand-rich  Plink-Bjorklund
Spitsbergen channel-deposits, fluvial and tide successions of 2005
proximal influenced proximal and distal
mouthbar mouthbar deposits
deposits, distal are overlain by
mouthbar fining upward
deposits, prodelta channel-fill deposits
slope

10. Ferron Sandstone Cretaceous Proximal delta Wave and river Coarsening upward Sand-rich  Lietal. 2011
Member (‘Notom’ (Turonian) front; distal delta dominated successions ( distal
delta), Mancos front, prodelta, lower shoreface to
Shale Formation, distributary upper shoreface)

Utah, USA channel and passing into a fine
mouthbar grained succession (
from upper
shoreface to beach)

11. Panther Tongue delta, Cretaceous Terminal River-dominated with ~ Coarsening-and Sand-rich  Olariu et al.
Star point distributary seasonal wave- and thickening- upward 2005; Olariu
Formation central channel, channel storm influence succession and
Utah, USA mouth, proximal Bhattacharya

delta-front and 2006; Olariu
distal delta-front et al. 2010
12. Lajas Formation, Jurassic Coastal plain, Delta Wave generated Coarsening- upward ~ Sand-rich  Rossi and Steel
Neuquén Front and structures were more  delta front and 2016
Basin, Argentina Subaqueous pronounced in the subaqueous
Platform, distal part of the platform overlain by
Prodelta and delta and whereas fining upward sub
Offshore, Tidal river influence were subaerial coastal
Inlet and Estuary stronger towards the plains
proximal parts. Tidal
influence was
stronger in the delta
front and
subaqueous platform
areas
13. Gule Early Jurassic Delta plain, delta Tide-influenced with ~ Coarsening upward Sand-rich  Eide et al. 2016
Horn Formation, front, prodelta strong fluvial tidal bars of delta
Jameson Land, influence and minor front deposits are
Greenland wave activity overlain by fining
upward distributary
channels of delta
plain deposits

14. Perrin Delta, Canyon Pennsylvanian  Delta plain, River and wave Coarsening upward Sand-rich Brown et al
Group in distributary dominated sequences 1990, 1973
North-Central channels,

Texas proximal delta

front, distal delta
front, Prodelta
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Table 2 (continued)

S1  Name of delta Age Depositional Depositional processes Coarsening/fining Sand/silt/  References
No. environment upward succession mud
dominated

15. Chhaosa Formation, = Neoproterozoic  Delta plain (FA1), = Dominance of tidal Coarsening-upward Sand-rich Kumar and
Simla group, Lesser proximal delta currents with fluvial- front deposit (FA3 Brookfield
Himalaya, India front (FA2a), and wave- influence and FA2) overlain 1987,

distal delta front by fining upward Mukhopadhy-
(FA2b) and delta plain deposit ay et al. 2016.
prodelta (FA3) (FAL)

16. Morro do Chapéu Mesoproterozoic Wave-reworked Mixed Coarsening upward Sand-rich De Souza et al.
Formation, fan-delta wave-tide-- successions 2019
Chapada dominated
Diamantina Basin,

Espinhago
supergroup—
Ne/Brazil

17. Braid delta in the Proterozoic Prodelta slope, Flash-flood dominated ~Coarsening upward Mud-rich  Hjellbakk 1997
Neeringselva delta-front sand- successions
Member, stones
Bésnaeringen
Formation of the
Barents Sea Group,

Varanger
Peninsula, northern
Norway

18. Reynolds Point Proterozoic Prodelta and distal ~ Tide-influenced Coarsening upward Sand-rich  Young and Long
Formation, Shaler delta slope successions 1977
Group Victoria deposits (prodelta and distal

Island, Canada

delta slope) overlain

by fining upward
distributary bays
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Palaeotectonic significance

In ancient and modern coastal clastic systems, mixed-energy deltas reflect rapid variations
in the depositional process in space through time. These variations in energy condition and
depositional setup throughout different time frames are usually associated with base-level
fluctuations accompanied by the development of deltas and estuaries (Dalrymple et al.
1992; Buatois et al. 2011; Ichaso and Dalrymple 2014; Rossi and Steel 2016; Peng et al.
2018). Global sedimentological history of mixed-energy deltas reveals that changes in
process regime occur within a short span of time due to local sedimentary processes and
tectonic processes (Ta et al. 2002a, b; Olariu 2014; Rossi and Steel 2016). These changes are
crucial, due to their influence on sediment pattern, distribution of facies attributes and also
delta morphology. The Simla Basin, considered a typical rifted basin by Kumar and
Brookfield 1987 represents a suitable example in this regard. It can be assumed that due to
rifting, the palaeotectonic condition of the Simla Basin, provides favourable conditions for
the generation of mixed-energy deltaic deposits. Similar ancient basins bearing mixed-
energy deltaic deposits were also recorded by other workers (Massey et al. 2013; Lane et
al. 2016; Rossi and Steel 2016; Peng et al. 2018. Rifting introduced extra complexity to the
evolution of the Chhaosa coastal successions. The rifted basin increased in depth, length
and gradually infilled with sediment, with mixed-energy conditions marked by rapid lateral
and vertical facies variations in the Chhaosa coastal deposits. The abundance of load
structures in several stratigraphic horizons in the Chhaosa Formation indicates rapid
deposition before auto-compaction probably due to faulting (Kumar and Brookfield 1987).
Kumar and Brookfield (1987) speculated that the deposition of sediments in the Simla
Group took place within a short period. Hence, it can be assumed that the rapid facies
variation in response to sea-level fluctuation occurred due to continuous subsidence of the
basin related to basin marginal faulting during rift extension. The agglomeration of
displacement due to the repetitive occurrence of faulting caused by rifting generated
greater accommodation and thicker regressive deposits.

In spite of being an ancient deltaic system, the Chhaosa delta provides an excellent example
in this regard where all these process fluctuations can be prominently observed (Fig. 17).

Conclusions

The Chhaosa Formation has developed during aggradation and progradation, superimposed
on longer-term periods of progradation. Traverses along chosen transects unravel the
different facies associations of the Chhaosa Formation.

The lateral and vertical facies variations found in the middle-upper part of the Chhaosa
Formation reveal that the depositional environment of a sand-rich mixed-energy delta
system with delta plain (FA1) proximal delta front (FA2a), distal delta front (FA2b) and
prodelta (FA3) representing aggradational-progradational staking pattern. The delta system
was predominantly medium- to fine-grained.

Fluvial currents are stronger in more proximal areas (FA1). The sediments of proximal delta
front deposits (FA2a) were re-worked by tidal and wave activity. Distal delta front (FA2b)
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comprises tide-generated structures with a significant amount of wave activity. Prodelta
(FA3) represents strong tidal activity with a minor wave and fluvial influences.

Overall, the Chhaosa delta is strongly influenced by tidal energy, which is characterized by (i)
heterolithic bedding; (ii) flaser, lenticular and wavy bedding; (iii) mud flasers along with
forests; (iv) sigmoidal cross-bedding; (v) bidirectional cross-stratification; and (vi) tidal
rhythmites. Fluvial processes were infused with the other processes, but they are
distinctively noticeable from (i) vertically stacked fluvial channels; (ii) trough cross-
stratifications; (iii) coarse grain size; and (iv) extensive sand-sheets. Signatures of wave
activities have been indicated by the following features: (i) swales and hummocky cross-
stratifications; (ii) low-angle lamination; (iii) wavy bedding; (iv)wave ripples; (v) oscillatory
ripples; (vi) current ripples; and (vii) wrinkle structure.

Profuse development of fluvial generated structures towards the proximal part of the
successions with decreased wave action indicates progradational trend of the delta system.

The coastal process classification ternary plots reveal that the Chhaosa deltaic succession is
strongly influenced by reworking of tide, fluvial and wave energies and is very distinctive
from typical coarsening upward river-dominated, wave-dominated and tide-dominated
deltas.

A comparison between the studied delta system and other delta systems has been
illustrated to understand the control of fluvial, wave and tidal energy in the ancient deltas as
well as in modern deltas. The ‘mixed-energy’ concept is not common in the global
sedimentation history of the ancient deltas, as the previous workers mainly focuses on
classic river-, tide-, wave-dominated models. The inferred Chhaosa delta system finds its
uniqueness in this regard.
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