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ABSTRACT

Cretaceous global sea level rise affected almost all the continents including India, resulting in
inundations of huge landmasses. Evidences of late Cretaceous marine transgression is
chronicled in different basins (namely, Kutch, Bengal-Assam, Shillong, Cauvery, few parts of
Himalaya, and Son-Narmada rift valley, etc.,) in the western, north-eastern, southern and
central part of the Indian subcontinent. Sedimentological study of those sedimentary basins
reveals important clues to understand the late Cretaceous palaeoclimatic and palaeotectonic
changes in the Indian subcontinent. The Son-Narmada rift valley in central India is a repository
of such deposit in the Bagh Group, which bears the evidences of late Cretaceous inundation of
the Indian subcontinent. The present thesis is an attempt to assess the Nimar Sandstone, the
lower most lithounit within the Bagh Group, which chronicles the evidences of first marine
incursion in the area. The research work aims to delineate the palaeogeographic changes in
Central India during late Cretaceous time based on detailed facies architecture, sediment-
organism interaction pattern, geochemical analysis and sequence stratigraphic study of the

Nimar Sandstone.

Detailed sedimentological study of the Nimar Sandstone from excellently preserved and
exposed sections reveals total seventeen facies types, which are clubbed under five distinct
facies associations. Channel-fill facies association (FA-1) consists of clast supported
conglomerate facies (1A), matrix supported conglomerate facies (1B), pebbly sandstone facies
(1C) and trough cross stratified sandstone facies (1D). Overall lenticular shaped geometry of
this facies association, presence of both matrix and clast supported conglomerates, dominance
of immature sediments and alternate pebble-rich and pebble-poor sandstones indicate
fluctuation in energy within fluvial channel filling system. Overbank facies association (FA-2)
consisting of sandstone-mudstone interbedded facies (2A) and plane bedded sandstone facies
(2B) with dominance of fine clastics in a fining-upward succession suggests deposition in
overbank/ flood plains of the channels. The fluvial-dominated fluvio-tidal facies association
(FA-3) consists of (i) large-scale trough cross stratified sandstone facies (3A) and (ii) planar
cross-stratified sandstone facies (3B), both characterized by tidaly-reworked features like mud
draped foresets (tidal bundles) with reactivation surfaces. Such sand-dominated facies with

influence of tidal current indicates a fluvial-dominated tide—influenced channel bar depositional
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setting. Tide-dominated fluvio-tidal facies association (FA-4) is more tide dominated within a
fluvio-tidal interactive system, consists of sandstone mudstone heterolithic facies (4A), mud
clast conglomerate facies (4B), plane laminated fine-grained sandstone-mudstone facies (4C),
bioturbated sandstone facies (4D) and green sandstone facies (4E). This facies association is
enriched with various tidal features, changing into wave reworked tidal features towards
upsection. Dominance of lenticular bedding and wavy bedding with bi-directional cross-strata,
sigmoidal strata bundles and laterally accreted tidal bundles confirm an inter-tidal to sub-tidal
flat setting for deposition of FA-4. Predominance of tidal features along with very low wave
reworking indicates a relatively sheltered situation, where waves were not strong enough for
reworking the tidal sediments. Shore facies association (FA-5) consists of coarsening up to
fining up sandstone sequence of fossil bearing sandstone facies (5A), Thalassinoides—
Ophiomorpha bearing thinly laminated sandstone/mudstone facies (5B), wave ripples bearing
sandstone facies (5C) and massive mudstone facies (5D). Presence of marine body fossils,
round crested ripples, interference ripples and ladder back ripples indicates deposition in wave
dominated beach condition. Gradual increase in mud content and decreasing bioturbation
intensity towards the up section indicates increasing water depth resulting in more suspension

deposition.

Overall facies architectural pattern of the Nimar Sandstone and fining upward succession
indicates a tide-dominated wave led sheltered estuarine setting. Based on the lateral and
vertical distribution of the facies association, three major palaeodepositional conditions are
envisaged - (i) a river dominated (FA-1) inner estuary with an fluvial channel and overbank
setting (FA-2), changing into localized bay-head delta zones when influenced by tidal current
(FA-3), (ii) tide dominated central estuary zone, forming dominantly inter-tidal to sub-tidal
setting in the middle part of the succession, and (iii) an outer estuary zone where wave-

reworked open shore condition prevailed with sub-tidal flat environment.

Predominance of tidal features in FA-3 and FA-4, and wave reworked tidal features in upper
part of FA-4 and FA-5 helps to understand precisely the palaeodepositional environment. The
major tide-generated primary structures in the study area are laterally accreted strata bundle
with reactivation surface, bi-directional cross strata set with development of herringbone cross
strata, vertically accreted strata bundles, sigmoidal strata, and cyclical tidal rhythmites. From

the eastern to western part and towards the up section of the studied area, increasing dominance
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of wave generated structures and sequential gradation of tide-to wave-generated structures
signify gradual shift in depositional condition from intertidal to subtidal to open marine setting

within an estuarine condition.

Appearances of SSDS are restricted in particular beds and they are delimited by undeformed
bed. The major SSDS from Nimar Sandstone includes convolute laminae, load and flame
structures, pseudonodules, slump structures, contorted beds, syn-sedimentary faults and sand
dykes. SSDS are mainly associated with the sandstone and mudstone beds of FA-3 and FA-4.
The SSDS-bearing beds are identified as seismites. Association of the seismites with fluvio-
tidal facies association indicates a correlation between marine incursion and reactivation of
faults, which triggered basinal subsidence and shift in depositional condition from fluvial to

fluvio-tidal interactive.

The studied estuarine sediments are characterized by abundant trace fossils. Altogether
fourteen ichnoforms, grouped in four ichnofacies are identified from the study area namely,
mixed Skolithos-Glossifungites ichnofacies, mixed Cruziana-Glossifungites ichnofacies,
Glossifungites ichnofacies and mixed Skolithos-Glossifungites ichnofacies. Overall
ichnodiversity is low and bioturbation intensity gradually increases towards western part of the
study area with presence of both suspension- and deposit-feeding burrows. Distribution of trace
fossils signifies pattern of sediment-organism interaction in response to changes in energy
condition, fluctuating salinity and oxygen availability during sedimentation under fluvio-

marine interactive system.

Geochemically the rocks show wide range of major oxide concentrations. Major oxide ratios
decipher a transition from non-marine to marine depositional environment, with prevalent
humid climatic condition in a passive margin setting. Various discrimination diagrams of the
major elements oxides decipher a quatzosedimentary to granodioritic provenance. The
geochemical interpretations related with depositional setting validate the proposed estuarine

depositional model for the Nimar Sandstone.

Integration and interpretation of facies architecture, ichnofabric and geochemical character
point to an west to eastward marine encroachment during the Nimar sedimentation. Overall
fining up succession of the Nimar Sandstone constitutes part of a 2" order transgressive system
tract (TST) within the Bagh Group of rocks, delimited by unconformity at the base and a
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flooding zone at the top (the overlying Nodular Limestone). This 2™ order TST is further
subdivided into two stacked transgressive cycles - a lower transgressive cycle (TL), and upper
transgressive cycle (TU), representing the 3™ order transgressive systems tracts (3" order
TSTs). TL incorporating fluvial sediments of FA-1 and FA-2 mostly, with some fluvio-tidal
sediment of FA-3 whereas, TU includes fluvio-tidal and shore sediments of FA-3, FA-4 and
FA-5. Each 3" order TST is further divided into higher frequency (lower rank) regressive-
transgressive cycles (T-R cycles), and are identified as the parasequences of 4" order. Overall
stratal architecture and multiproxy evidences of marine transgression events in central India
during late Cretaceous time suggest creation of accommodation space by global eustatic sea

level rise in association with tectonic subsidence (reactivation of Son-Narmada South fault).
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B. Litholog from the Dam section (Location 10 in Figure
2.4) in the central part of the study area showing

distribution of various facies types and their association.

A. Litholog from the Ghoda section (Location 2 in Figure
2.4) in the western part of the study area showing
distribution of various facies types and their associations.
B. Litholog from the Chikapoti section (Location 3 in
Figure 2.4) in the western part of the study area showing
distribution of various facies types and their associations.

Litholog from the Phata section (Location 1 in Figure 2.4)
in the western part of the study area showing distribution of

various facies types and their associations.

A. Field photograph of clast supported conglomerate facies
(1A) (marked as Cng) overlies the basement rock (Bs)
showing non-conformable contact. The pen is encircled.
Length of the pen is 14.4 cm. B. Field photograph of clast
supported conglomerate facies (1A) showing angular to
subangular clasts of basement gneissic rock. Length of the

pen is 14.5 cm.

Field Photograph of the matrix supported conglomerate
facies (1B). Arrows indicate presences of mud clasts. The
diameter of the coin is 2.5 cm.

Field photograph of pebbly sandstone facies (1C) showing
development of different trough cross-strata with

35

36

37

38

39

40

41

xxiii | Page



decreasing size of the troughs from bottom to top.

Figure 3.15 A Field photograph of trough cross-stratified sandstone 42
facies (1D). B. Load structures (marked with dotted line) in
the trough cross-stratified sandstone facies (1D). Length of
the hammer in both photographs is 30 cm

Figure 3.16 A Field photograph of sandstone-mudstone interbedded 45
facies (2A) (marked with arrow). B. Sandstone-mudstone
interbedded facies (marked by arrow) with thick mudstone
and very thin sandstone beds overlain by facies association
3. C. Photomicrograph of sandstone of the sandstone-
mudstone interbedded facies (2A) showing predominance of

quartz grains.

Figure 3.17 A Field photograph of the plane bedded sandstone facies 46
(2B). Length of the pen is 14.5 cm. B. Photomicrograph of
plane bedded sandstone facies showing quartz rich

mineralogy.

Figure 3.18 Field photograph shows large scale trough cross-stratified 47
sandstone facies (3A) along the western bank of the Man

River section, arrows show lateral accretion surfaces.

Figure 3.19 A Field photograph of planar cross-stratified sandstone 48
facies (3B). Length of the pen is 145 cm. B.
Photomicrograph showing planar cross-stratified sandstone

facies enriched with quartz grains.

Figure 3.20 A. Photomicrograph of ripple cross-laminated sandstone 50
subfacies (4Al) showing both well rounded and angular
grains indicates textural inversion. B. Field photograph of
ripple cross-stratified sandstone subfacies showing presence
of mud drapes and poorly developed bi-directional cross-
strata.
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Figure 3.21

Figure 3.22

Figure 3.23

Figure 3.24

Figure 3.25

Figure 3.26

C. Ripple cross-stratified subfacies along with broad
crested ripple with reactivation surface. Coin diameter
both in B and C photograph is 2.5 cm. D. Interference
ripples with bifurcation of crest line (arrow marks)
exposed on the sandstone bedding surface in Man river
section. Length of the pen (encircled) is 14.5 cm.

Field photograph of lenticular and wavy bedding developed

within the sandstone-mudstone subfacies (4A2).

A. Field photograph of inclined heterolithic sandstone-
mudstone subfacies (4A3). B. Photomicrograph of inclined
heterolithic subfacies showing alternate layers of sandstone
and mudstone.C. Photomicrograph showing the dominance

of quartz grains within the framework component..

Field photograph of mud clast conglomerate facies (4B)
showing angular mud clasts (arrows). Length of the pen is
14.5 cm.

Field photograph of plane laminated sandstone facies (4C).
Length of the pen is 14.5 cm.

A. Field photograph of bioturbated sandstone facies (4D).
The diameter of the coin is 2.5 cm. B. Photomicrograph of
bioturbated sandstone facies showing micro-scale bivalve
shell along with well-rounded quartz grain. C.
Photomicrograph of elongated fossil fragments within the

bioturbated sandstone facies.

A. Field photograph of green sandstone facies (4E).
Length of the hammer is 30 cm. B. Photomicrophotograph

of green sandstone facies shows the presence of glauconite

(G).
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Figure 3.27  Field photographs of Fossils bearing sandstone facies (5A) 60
showing A. gastropod (G) and bivalve shells (B) on the
sandstone bedding surface. B. symmetrical flat-topped wave
ripples with small scale ladder back ripples. C. body fossil
of Ostrea, yellow arrow showing height of the shell. D. bi-
polar orientations of gastropod shells (orientation of apex is
marked by arrow heads). Length of the pen in A, B and C is
14.5cm and the diameter of the Coin is 2.5 cm.

Figure 3.28 A Field photograph of Thalassinoides-Ophiomorpha 61
bearing thinly laminated sandstone-mudstone facies (5B),
showing well preserved vertical burrows (B).The part within
the box is zoomed in B. Length of the hammer is 30 cm. B.

Large scale vertical burrows of Thalassinoides. Length of

the pen is 14.5 cm.

Figure 3.29 Photomicrographs of Thalassinoides-Ophiomorpha bearing g1
thinly laminated sandstone-mudstone facies showing A.
alternate sand dominated and mud dominated layers.

B. dominance of quartz grains within the framework

component.

Figure 3.30 A Photomicrograph of wave ripples bearing sandstone 62
facies (5C) shows well-sorted quartz grains along with
siliceous cement (arrow indicates siliceous cement). B. Field
photograph of symmetrical wave ripples with bifurcation of
the crest lines (marked with arrows). Length of the pen is
14.5 cm.

Figure 3.31 Field photograph of Chevron up building within the wave 63
ripples bearing sandstone facies (5C). Arrow shows the up

building of the foresets. Diameter of the coin is 2.5 cm.
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Figure 3.32

Figure 3.33

Photomicrograph of massive mudstone facies (5D) showing
quartz-rich (Qt) and opaque (Oq) rich layers. B. Field
photograph of massive mudstone facies overlain by white
colored Nodular Limestone Formation. Man in the picture
is for scale.

Conceptual depositional model for Nimar Sandstone
showing distribution of various facies types in the study
area. Representative vertical lithologs (1-6) for different
parts of the proposed model is also shown.

4 Tide and wave generated structures

64

67

Figure 4.1

Figure 4.2

Figure 4.3

Field photograph of lateral accretions of strata bundles
against reactivation surfaces. Arrow marks show several

reactivation surfaces along with mud drapes.

A. Field photograph of ripple cross-stratified sandstone
subfacies (4Al1) showing mutually opposite foreset
orientations in adjacent strata sets. Length of the pen is
145 cm. B. Field photograph of bi-directional strata
bundles with the development of small climbing ripples (C)
and reactivation surfaces (R) ripples show rounded,
symmetrical crests plane lamination (P). Diameter of the

coinis 2.5 cm.

Field photograph of vertically stacked tidal bundles (VsTb)
showing alternate thick-thin cycles along with planar

lamination (PI). Length of the pen is 14.5 cm.
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Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Field photograph of sigmoidal cross strata bundles (S),
reactivation surfaces (R) and mud drapes (M). Length of the

Field photograph of tidal rhythmites in thick-thin alternate
layers of a sandstone-mudstone unit of sandstone-mudstone
heterolithic facies (4A).

A. Field photograph of wave ripples (W) with bundled-up
building of laminae and combined flow ripples (C). B. Field
photograph of wave reworked tidal bundles with poorly
developed bi-directional cross strata within the sandstone-

mudstone heterolithic facies. Length of the pen is 14.5 cm.

Field photograph of wave reworked tidal bundles along with
bi-directional cross-strata and reactivation surface (R).

Length of the pen is 14.5 cm.

Field photograph of wave ripples with sinuous and bi-
furcated (arrows) crest lines. Length of the pen is 14.5 cm

5 Ichnology
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78
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79

Figure 5.1

Figure 5.2

Figure 5.3

Field photograph of Arenicolites isp. (Ar) on the bedding gg

surface of sandstone-mudstone heterolithic facies (4A).The

diameter of the coin is 2.3 cm.

Field photograph of Asterosoma isp. (As) on the sandstone 86

bedding surface in the bioturbated sandstone facies (4D).The

diameter of the coin is 2.3 cm.

Field photograph of Balanoglossites isp (Ba), preserved on 87

sandstone sole surface of the sandstone-mudstone heterolithic

facies (4A).
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Figure 5.4 Field photograph of Laevicyclus isp. (La) and Planolites isp. 88
(PI), preserved on sandstone bedding surface in the ripple
cross-stratified sandstone subfacies (4A1). The diameter of

the coin is 2.5 cm.

Figure 5.5 Field photograph of Monocraterion isp. (Mn), preserve on 90
the sandstone bedding surface of fine-grained sandstone of
the wave ripples bearing sandstone facies (5C). The diameter

of the coin is 2.5 cm.

Figure 5.6 Field photograph of Ophiomorpha isp. (Oph), preserved in 91
the vertical section of the bioturbated sandstone facies (4D).

The diameter of the coin is 2.3 cm.

Figure 5.7 Field photograph of Palaeophycus isp. (Py), preserved on a 92
section oblique to the bedding plane in bioturbated sandstone
facies (4D) in the study area. The length of the pen is 14.5

cm.

Figure 5.8 A. Field photograph of Rosselia isp. (Ro), preserved on a 93
section oblique to the bedding plane in the bioturbated
sandstone facies (4D). B. Field photograph of Rosselia isp.

(Ro) preserved on the bedding surface of the bioturbated

Sandstone facies (4D). The diameter of the coin is 2.3 cm.

Figure 5.9 Field photographs of Scalarituba isp. (Sc) on the sandstone 94
bedding surface of wave ripples bearing sandstone facies
(5C). The diameter of the coin is 2.3 cm.

Figure 5.10 Field photograph of Spongeliomorpha isp. (Sp) making 3-d
network within vertical section of the bioturbated sandstone 9
facies (4D). The diameter of the coin is 2.3 cm.

Figure 5.11  Field photograph of Skolithos isp. (Sk) preserved in the
vertical section of bioturbated sandstone facies (4D). The 96
diameter of the coin is 2.3 cm.

Xxix | Page



Figure 5.12 Field photograph of Taenidium isp. (Ta), preserved on 97
sandstone bedding surface of the bioturbated sandstone

facies (4D). The diameter of the coin is 2.3 cm.

Figure 5.13 A. Field photograph of Thalassinoides showing Y shaped 99
bifurcations (arrow). B. Field photograph of Thalassinoides
showing T shaped bifurcation (arrow). The diameter of the

coin is 2.3 cm.

Figure 5.14  Distribution of different trace fossils and ichnofacies type in 100
the Chikapoti area.

Figure 5.15 Distribution of different trace fossils and ichnofacies types in 101

the Rampura section.

Figure 5.16 Distribution of different trace fossils and ichnofacies types in 102

the Akhara section.

Figure 5.17 Distribution of different trace fossils and ichnofacies types in 103

the Sitapuri area.

O Soft sediment deformation structures

Figure 6.1 Field photograph of simple convolute laminae (CL) within 113
large scale trough cross-stratified sandstone facies (3A) along

the Bagh River section. The length of the hammer is 30 cm.

Figure 6.2 A Field photograph of simple convolute laminae with 114
truncated top preserved within  sandstone-mudstone
heterolithic facies (4A). B. Field photograph of the multi-

lobed complex convolute structure in association with
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Figure 6.3

Figure 6.4

Figure 6.5

Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

pseudonodules within the sandstone- mudstone heterolithic
facies (4A). The Length of the pen is 14.5cm.

Field photograph of load and flame structures showing
loaded sand (L) within the mud and flames (marked by
arrow).

Field photograph of complex clump structure (CS) within the
heterolithic facies bounded by two undeformed beds (UD). At
the top part load (L) and flame (F) structure developed. The
length of the pen is 14.5 cm.

Field photograph of contorted bedding developed within the
large scale trough cross-stratified sandstone facies (3A). The
length of the pen is 14.5 cm.

A. Field photograph of multiple sets of syn-sedimentary
faults (marked by dashed line) within sandstone-mudstone
heterolithic facies. The diameter of the coin is 2.5 cm.
B. Syn sedimentary faults developed within sandstone-
mudstone heterolithic facies (4A). The diameter of the coin is
2.3 cm. C. Field photograph of fault-bounded graben-like
downsagging structure (G) along with thick slump structure
(S). The arrow shows presence of undeformed ripple

bedforms below. Length of the pen (encircled) is 14.5 cm.

Field photograph of Pseudonodules, arrow indicates ‘L’
shape of the pseudonodules.

Field photograph of injected sand dyke (marked with dashed
arrow) within the heterolithic facies. Yellow dotted lines
show the deformed laminae along with vertical dyke. The

diameter of the coin is 2.5 cm.

Field photographs of association of various SSDS in beds of

Nimar Sandstone. A. Multiple deformed layers (D)
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124
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alternating with undeformed layers, within sandstone—
mudstone heterolithic facies (4A), exposed near Bagh
section. Complex, multi-lobed convolutes (Cl) are associated
with flames and pseudonodules (P) and are affected by small
fault (F). Nature of displacements of the convoluted beds by
the fault indicates syn- to post-depositional deformation. The
vertical scale bar is of 1 meter in length. B. Persistent
deformed beds (D) separated by undeformed beds within
Nimar Sandstone (NS) succession in the Man (Awaldaman)
River section. Hammer length is 30 cm. The part within
white box is zoomed in C. showing complex convolutes (CI)
with vertical water-escape channels (W). NL-Nodular

Limestone

Figure 6.10 Field photograph of SSDS bearing beds, exposed in the Man 124
(Awaldaman) river section, showing association of
recumbently folded thin sand-mud heterolithic beds,
associated with centimeter-scale en echelon faults (marked
with black and white arrows) overlain by complex, multi-
lobed convolutes. Length of the pen in photograph is 14.5

cm.

Figure 6.11 Vertical sedimentary lithologs showing distribution of 125
various SSDS ~ A. Man (Awaldaman) river section, eastern
part of the study area. B. Bagh section, central part of the
study area. C. Dhursal section, western part of the study

area.
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Figure 6.12

Schematic diagram showing the relation of seismites and 129

dominant tectono-sedimentary events during deposition of
the Nimar Sandstone in the Son-Narmada rift valley (Jha
et al., 2017).  A. Deposition of fluvial sediments within
the continental riftogenic basin. Fault 1 was active in the
Early Cretaceous, whilst Fault 2 was not active. B.
Reactivation of Fault 1 caused basinal subsidence, which
led to marine encroachment into land and deposition of
mixed fluvio-marine sediments. Propagation of seismic
shocks produced seismites within FA-4 and FA-5. C.
Further subsidence led to onlap of shallow marine
sediments and development of seismites. D. Significant sea
level rise in the relatively stable basin and deposition of
Nodular Limestone. Events A, B and C took place during

the Cenomanian time and event D during the Turonian.

[ Geochemistry of Nimar Sandstone

Figure 7.1

Figure 7.2

Geochemical classification of clastic sedimentary rock. A.
Log (Fe203/K;0) vs. Log (SiO,/Al,O3) bivariate diagram.
B. KO wt. % versus Na,O wt. % bivariate diagram.

A. Provenance discrimination diagram for sandstones
(after Roser and Korsch, 1988). Discriminant Function 1 =
(-1.773xTi0,%) + (0.607xAl,03%) + (0.76xFe,03T %) +
(1.5xMgO %) + (0.616xCa0 %) + (0.509xNa,0 %) + (-
1.22xK,0 %) + (-9.09). Discriminant Function 2 =
(0.445%Ti0%) + (0.07xAl,03%) + (-0.25%Fe,03' %) +
(- 1.142xMgO %) +(0.432xNa0 %) + (1.426xK,0 %) +
(-6.861). B. Provenance discrimination diagram TiO, wt.

% versus Al,O3 wt. % bivariate plot

137
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(after McLennan et al, 1980). The “granite line” and
“3 granite + 1 basalt line” are after Schieber (1992).

141
Figure 7.3 Tectonic setting discrimination diagrams based on major

element compositionof clastic sedimentary rock. A. (Fe,O3

(Total) + MgO) wt. % versus TiO, wt. % diagram (Bhatia,

1983). PM: Passive Margin, ACM: Active Continental
Margin, CIA: Continental Island Arc, OIA=Oceanic Island

Arc. B. SiO, wt. % versus (K,O/Na,0) diagram (Roser and
Korsch, 1986).

Figure 7.4 SiO, wt. % versus (Al,O3+K,0+Na,O) wt. % variation 143

diagram showing palaeoclimatic conditions during Nimar
sedimentation (after Suttner and Dutta, 1986).

Figure 7.5 A. Binary and B. ternary diagrams showing 144
characterization and differentiation of marine from non-
marine sandstones (after Ratcliffe et al., 2007). Nimar
sediments spread over both the fields indicating a mixed

transitional environment.

8 Discussion

Figure 8.1 Correlation of the lithologs in the western part of the study 151
area, showing transgressive- regressive cycles of different
order. The actual locations covered in this section is marked
by orange line in the inset map (Figure 2.4). Abbreviations
are TL-R- Lower transgressive coarsening up sequences,
TL-T Lower transgressive finning up sequence, TU-R Upper

transgressive coarsening up sequence TU-T Upper
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transgressive finning up sequence, MFS - Maximum flooding

surface, MRS- Maximum regressive surface.

Figure 8.2 Correlation of the lithologs in the central part of the study 152
area, showing different transgressive- regressive cycles. The
actual locations covered in this section is marked by orange
line in the inset map (Figure 2.4). Abbreviations used are

same as used in figure 8.1.

Figure 8.3 Correlation of the lithologs in the eastern part of the study 153
area showing different transgressive- regressive cycles. The
actual locations covered in this section is marked by orange
line in the inset map (Figure 2.4). Abbreviations used are
same as used in figure 8.1.

Strike parallel correlation of lithologs along dip section from

Figure 8.4 154

east to west of the study area, showing different
transgressive- regressive cycles. The actual locations
covered in this section is marked by orange line in the inset
map (Figure 2.4). Abbreviations used are same as used in
figure 8.1.

Figure 8.5 Exposed section beside the Baghini Mandir, showing multiple 155
transgressive-regressive cycles (marked by TL-R, TL-T, TU-
R, TU-T). Note the occurrence of two maximum flooding
surfaces (MFSs). The person (encircled) is for scale.
Abbreviations used are same as used in figures 8.1-8.4.

Conceptual sequence diagram showing, stratal stacking

Figure 8.6 159

patterns and the sequence boundaries defining several system
tracts within the Nimar Sandstone succession along East-
West line in the study area. The inferred sea level curves
(Black- 2" order, Red- 3" order, and Blue- 4™ order) during
the Cenomanian time forms a part of major sea level rise

during late Cretaceous. The global sea level curve during.
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late Cretaceous is given in the inset diagram (modified after

Haq, 2014). Abbreviations are same used in Figure 8.1.

Figure 8.7 Schematic 3D palaeogeographic model during the deposition 161

of Nimar Sandstone.
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CHAPTER-1

Introduction

1.1. Foreword

Sea level fluctuation is one of the most common and significant geological phenomenon on the
Earth surface. The fluctuation in relative sea level is a combined effect of change in ocean
volume or in the volume of water in the ocean due to eustatic causes (Wagreich et al., 2014) or
local tectonic subsidence and climatic changes (Miller et al., 2005). Globally, sea level was
raised and fallen several times in the geological past. Several major and minor fluctuations
have been recorded based on various sedimentological and geochemical parameters as well as
different macro and micro flora-fauna indices. However, from various global fluctuations of
sea level in geological time, late Cretaceous experienced the maximum rise of sea-level (Miller
et al., 2005) i.e., 100-170 m. higher than today’s sea level (Muller et al., 2008). Mostly, all the
subcontinents of the supercontinent Gondwanaland were fully or partially submerged under
water at different time phases during the Cretaceous time, which causes the formation of
various shallow epicontinental seas in North America, South America, Russia, Australia and
Africa. During early Cretaceous, parts of the Arctic, Canada, Russia and western Australia
were submerged, while east-central Australia experienced major inundation during the middle
Cretaceous period. At this time, Indian subcontinent confronted the major palaeogeographic
changes due to the fragmentation of the Indian plate from the Africa and Madagascar, followed
by its north-east ward movement (Acharya, 1991). The effect of Cretaceous global sea level
rise is also reflected in Indian subcontinent in terms of changes in sedimentation pattern,
sediment-organism interaction pattern and climatic condition. Evidence of Cretaceous sea level
rise in Indian subcontinent is recorded within thick sediment successions of the Cauvery basin
(Nagendra et al., 2011; Nagndra et al., 2013; Bansal et al., 2018), the Shillong basin (Singh and
Mishra, 2000), the Kutch basin (Desai et al., 2013), the Bengal-Assam basin, few portion of the
Himalayan belt and the Son-Narmada rift valley basin (Acharya and Lahiri, 1991).

Cauvery basin, Shillong basin and other Cretaceous Indian basins are well studied in terms of
sedimentological attributes. Based on sedimentological parameters from Cauvery basin four

eustatic cycles were documented by Sundaram et al. (2001). In comparisons, the Bagh Group
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of rocks in the Son-Narmada rift valley basin has remained neglected. The depositional time of
the Bagh Group sediments (late Cretaceous), preservation of marine evidence both in terms of
primary structures, trace fossils, rich invertebrate body fossils and its depositional setting
within an active rift system (Son-Narmada rift valley area) increased its geological
significance. Combination of all these parameters demands a detailed sedimentological study of

the Bagh Group of rocks.

Late Cretaceous Bagh Group sedimentation was started within the Son-Narmada rift valley
system during the Cenomanian time, directly over the Proterozoic Bijawar rocks. Bagh Group
of rocks comprises of three formations-the lowermost siliciclastic Nimar Sandstone of
Cenomanian age, followed by Turonian Nodular Limestone in middle and Coniancian
Coralline Limestone at the top. Presence of various sedimentary facies, ichnofabrics and varied
palaeontological attributes within the Bagh Group manifest distinct changes in the depositional
environment. The Nimar Sandstone records evidences of distinct changes from fluvial to
marine depositional setting. The fluvial to marine transition zone is one of the most complex
zone on the Earth where both fluvial and marine processes interact side by side and produced
typical facies architecture. So a thoughtful integrated study on the sedimentary facies variation,
primary sedimentary structure, trace fossils, geochemical and systematic sequence stratigraphic
study will be helpful to interpret a correct palaeoenvironmental and palaeogeographic condition

for the Nimar Sandstone.

The absence of detailed sedimentological work, its stratigraphic position (both in time and
space) and well preservation of sedimentary structure stimulated the present research work for
detailed sedimentological analysis. The present thesis is a combination of various attributes:
detailed sedimentological facies analysis, ichnological aspects, geochemical analysis and
systematic sequence stratigraphic study. All these parameters together aid to reconstruct the
palaeogeographic conditions of the basin as an effect of the late Cretaceous sea level rise in
Indian subcontinent. With this purpose, intense literature studies were done, a wide range of
data is generated during the field studies and laboratory analysis and their systematic

representation have been carried out in the following chapters.

2|Page



1.2. Previous Work

1.2.1. International status

The late Cretaceous period has long been recognized as a time of intense tectonic activities,
volcanism, changes in climatic and greenhouse condition (Miller et al., 2005; Sames et al.,
2016). These were accompanied by a prolonged sea level rise with the warm anoxic oceanic
condition. Worldwide inundation of landmasses due to high sea level rise during Cretaceous
time has been reported by various workers (Hancock and Kauffman, 1979; Forster et al., 1983;
Hilbrecht et al., 1986; Haq et al., 1988; Hallam, 1992; Roper and Rothgaenger 1995; Shiraishi
and Kano 2004; Miller et al., 2005, Shiraishi and Yoshitomi, 2005). The extreme greenhouse
climatic condition due to high CO, concentration along with tectonic subsidence are the causes
behind the Cretaceous sea level fluctuation (DeConto and Pollard, 2003; Robson et al., 2014;
Sames et al., 2016). Analyzed data of 50 and 5C** from benthic foraminifera at Deep Sea
Drilling Project (DSDP) Site 511 and 327 (Falkland Plateau ~58°S - 62°S palaeolatitude) in the
southern part of the South Atlantic ocean and Cenomanian, Coniacian, Santonian foraminifera
from DSDP Site 258 (Naturaliste Plateau ~58°S palaeolatitude) in southern part of the Indian
Ocean reveal a gradual warming of surface water (Huber et al., 1995). 80 curve shows a
gradual increase in sea surface temperature from Turonian to early Campanian where cooling
trend began in the late Campanian to Maastrichtian (Stoll and Schrag, 2000; Price and Hart,
2002; Friedrich et al., 2008, 2012; Wang 2013). Zakharov et al. (2011) reported that during the
Cretaceous time atmospheric as well as sea surface temperature was changed frequently.
Continuous change in sea surface temperature supported that sea level fluctuation was very
frequent. To estimate the Cretaceous oceanic temperature from pole to equator, ratio of stable
isotope *80/*°0 in foraminifera calcite from sediment cores has been used (Sellwood et al.,
1994; Huber et al., 1995; Noris and Wilson, 1998). Based on the carbon isotope data from
northern Tunisia three major 3" order eustatic cycles were marked which are associated with
Campanian transgression. A major sea level transgression of late Cenomanian time was
recorded by Kauffman (1993) from the western interior basin of North America, he stated that
trigger of this transgression is a combined effect of subsidence and the tectono-eustatic
highstand. Kellar et al. (2004) supported this event by a study of rapid positive §'*C shift value

in foraminifera. The rapid positive §°C shift that marks the onset of Oceanic Anoxic Event 2
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(OAE 2) at Pueblo section occurred over a period of about 100 ky (93.90-94.00 Ma), and
coincided with the major sea level transgression event. Lake Pueblo section is the Global

Stratotype for Cenomanian/Turonian boundary (Kennedy et al., 2000).

The evidence of early Cenomanian marine transgression was also recorded in Libya from
Kurfa basin (Barr, 1972). According to Sebastian et al. (2000), presence of shale and evaporites
overlain by the carbonate within Kurfa basin are results of marine incursion; this deposit was
interpreted as a coastal mudflat deposit near the Tethys shoreline. Naidin (1983) also reported
evidence of late Cretaceous transgression (Cenomanian) event from Russian platform.
Hilbercht et al. (1996) interpreted a long term sea level rise during late Cenomanian time based
on the increased value of §'*C throughout carbonate sequence from Regensburg area, southern
Germany. Based on the correlation of basinal to outer platform sections of south-east France,
constrained by both micropalaeontological and isotope data, Grosheny et al. (2017) identified a
transgressive event. This transgression is related to a short lived compressive tectonic pulse
probably connected with the early compressive movement of African and European plate. Late
Cretaceous palaeodepositional condition of Songliao Basin in north-east China is still in
controversy. Based on the presence of nanofossils, brackish water algea and foraminifera, Xi et
al. (2016) stated that Songliao basin is affected by several phases of marine water
encroachment during Cretaceous time, whereas Wang et al. (2017) interpreted more marginal
to non-marine condition based on the appearance of non-marine ostracod fauna for Songliao

basin.

Several parts of the different continents confronted transgression during Cretaceous time, for
examples parts of Arctic Canada, Russia, and western Australia were submerged under water
during the early Cretaceous time, whereas east-central Australia was inundated during the
middle Cretaceous time. In various time-span of the Cretaceous, most of western Europe,
eastern Australia, parts of Africa, South America, India, Madagascar and Borneo were
inundated. In the book “Cretaceous World” Skelton (2002) described the sea level fluctuation
history in a diagram, showing that during the Cenomanian-Turonian time southern part of the
Indian subcontinent (Cauvery basin) was submerged under water. Sundram et al. (2001)
revised the palaeoclimatic condition of the Cauvery basin from southern India and interpreted
onshore depositional settings. In few parts of the Central India, depositions of

contemporaneous marine sedimentations (Bagh Group) are also reported.
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1.2.2. National status

In India, sediments of late Cretaceous Bagh Group deposited directly over the Proterozoic
Bijawar rocks. Geologically, the Bagh Group of sediment was first accounted by Capt.
Dangerfield (1818). Subsequently, Captain J. Stewart (1821) published a note on the geology
of the Bagh area. Abundance of vertebrate and invertebrate body fossils within the Bagh
sediments fascinated researcher since long. Palaeontologically Bagh Group is well
documented; various invertebrate body fossils like ammonites, bivalve, brachiopods, echinoids
are reported from the Bagh Group. First fossil from the Bagh Group was discovered by Capt.
Keating (1856), followed by its report by Oldham (1856) from Chirakhan area. Based on the
presence of invertebrate body fossils and their community Oldham (1856) suggested the
Neocomian age for the Bagh Group. Keatinage and Blackwell (1857) also specified that Bagh
Group was enriched with fossils. Based on systematic studies of echinoids and ammonites from
Bagh Group Duncan (1887), Vredenburg (1907, 1908) and Fourtau (1918) concluded that those
fossils have Mediterranean affinities and gave late Albian to Cenomanian age for the host
sediments (mainly Nodular and Coralline Limestone). Chiplonkar (1939) was the first to
systematically describe the Bryozoans from the Bagh Group, although their presence was
mentioned earlier by Bose (1884). After that there was a series of publication on bryozoans
from the Bagh Group, where Chiplonkar and Ghare (1975, 1976) documented new species of
bryozoans and Guha and Ghosh (1975) described those species in details. The palaeoecological
aspect of Bagh Group was well described based on bryozoans by Badve and Ghare (1978).
Similarly, the palaeogeography of Bagh Group was described by using the occurrence of algae
Halimeda and absence of belemnites by Barron (1987) and Funnel (1990). In a series of
publications Gangopadhyay and Bardhan (1993, 1998 and 2002) described the bivalves and
ammonites from Bagh sediments in a systematic way and interpreted as marine depositional
environment. By using the cells of echinoids, Smith (2010) dated the Bagh Group of rocks to
be of Late Turonian age. Jaitly and Ajane (2013) commented on morphologically variable
ammonoid taxon Placenticeras mintoi vredenburg from Nodular Limestone and modified the
stratigraphic succession of the Bagh Group.

Records of micropalaeontological and palaeobotanical aspects of the Bagh sediments were also
plenty; Murty et al. (1963) documented the first plant fossil from this area. Jafar (1982)
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reported nanoplanktons from the Bagh Group and concluded about the Turonian transgression
in Central India. Investigation of microorganism started by Nayak (1987), who documented
foraminifera from the Nimar Sandstone for the first time. Kundal and Sanganwar (1998)
recognized calcareous algae from the contact between Nodular Limestone and Nimar
Sandstone, involving 72 species of 26 genera, identifying Cyanophyta, Rhodophyta and
Chlorophyta. These calcareous algae are genetically similar with Indo-Mediterranean Tethyan
realm algae. Based on the algal assemblages the same workers predicted a tropical climatic
condition during the deposition of the Nimar Sandstone.

Chiplonkar and Badve (1969, 1970, 1972 and 1973) and Chiplonkar and Ghare (1975)
documented trace fossil from the Bagh Group and identified various ichnogenus. Badve and
Ghare (1980) proposed a 3D bathymetric model of the Son-Narmada rift valley during the
Nimar sedimentation based on trace fossil study. Sanganwar and Kundal (1997) identified 16
ichnospecies and classified them into eleven ichnogenera from the middle part of the Nimar
Sandstone. Based on these ichnospecies they considered all ichnofossils of the middle part of
the Nimar Sandstone under Cruziana ichnofacies and inferred a slow and continuous
sedimentation pattern for Nimar sandstone.

Another special attraction of Bagh Group sediments is the preservation of bones and eggshells
of dinosaurs. Huene and Matley (1933) first time reported imprints of dinosaur fossils. Based
on the properties of those fossils they identified Saurischia and Ornithischia genus. Para-
taxonomic classification of dinosaur eggshells from Bagh Group was given by Khosla and
Sahani (1995). Khosla (2001) reported diagenetic alteration of dinosaur eggshells from the
Bagh Group. Though dinosaurs body fossils are not reported commonly from Nimar
Sandstone, Khosla et al. (2003) first time reported dinosaur bones from the Nimar Sandstone.
However, even after so many studies, the stratigraphic division and the age of individual units
of the Bagh Group is still controversial and is not properly age constrained. Several researchers
proposed different stratigraphic succession for the Bagh Group. First generalized stratigraphic
succession was given by Blanford (1869) from Chirakhan area (Table 1.1).

Bose (1884) resurveyed the area and gave a more detailed stratigraphic succession for the Bagh
Group (Table 1.2). With time, several modifications were made in the stratigraphic succession

by various workers.

6|Page



Table: 1.1. Stratigraphic succession of the Bagh Group by Blanford (1869).

Deccan Trap

Coralline limestone
Fossiliferous argillaceous limestone

Bagh Group Abounding in Echinoderms (Hemiaster)
(Late
Cretaceous) Unfossiliferous Nodular Limestone

Sandstone and Conglomerate

Archean Metamorphic

Chiplonkar was the first to give a detailed comprehensive stratigraphy of the Bagh Group.
Road and Chiplonkar (1935) made some changes in the detailed stratigraphic succession
proposed by Bose (1884) and added two new horizons within the Coralline Limestone instead
of one (Table 1.3). Roychowdhury and Sastri (1962) mapped the area and gave a general
description for each stratigraphic unit. They considered that Deola-Chirakhan marl was
weathered part of Nodular Limestone; and do not bear status of a separate stratigraphic unit in
Bagh Group, as mentioned by Bose (1884). Till date, the controversy about the position of
Deola-Chirakhan Marl bed exists.
Table: 1.2. Detailed stratigraphic succession of the Bagh Group by Bose (1884).

Deccan Trap

Lameta ( Lacustrine)
Coralline Limestone

Deola-Chirkhan Marl
Nodular Limestone

Upper Cretaceous

Lower Cretaceous

(Neocomian) Nimar Sandstone

Jurassic Mahadeva
Proterozoic Vindhyans
Archean Bijawars, Metamorphic
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Table: 1.3. Stratigraphic details of the Bagh Group of rock after Road and Chiplonkar

(1935).
Upper Deccan Trap- Fossil wood and Breccia zone
Cretaceous
Upper Coralline Limestone
Deola-Chirakhan Marl
Bagh
Lower Grou Lower Coralline Limestone
p
Cretaceous
Nodular Limestone
Nimar Sandstone
Proterozoic Basement

Enrichment of body fossils, as well as trace fossils, always amplified the palaeontological
significance of the Bagh Group of rocks. Based on the palaeontological study a broad shallow
marine depositional setting was predicted for the Bagh Group. Pascoe (1959) first time
interpreted the depositional setting of the Nimar Sandstone (lowermost formation of the Bagh
Group) as fluvial, based on primary sedimentary structure and lithology. Robinson (1967)
supported the opinion of Pascoe (1959) and considered that the lower part of the Nimar
Sandstone is a product of fluvial sedimentation based on the dominant lithology of the area,
whereas upper part is the product of marine sedimentation. Sarkar (1973) studied all the
formations of the Bagh Group including Lameta Formation in and around Alwaldaman and
Bagh area and considered a ‘tidal deltaic’ depositional setup. Raiverman (1975) considered
marine depositional background for the Bagh Group. Singh and Ghosh (1977) and Singh and
Srivastava (1981) exhibited that the bottom part of the Nimar Sandstone is fresh water
sediment whereas the top part is marine in nature. Singh and Srivastava (1981) reported Nimar
sedimentation as a freshwater to shallow marine intertidal to subtidal depositional setting. Bose
and Das (1986) deliberated and marked five major facies variations in Nimar Sandstone from

the Alwaldaman section, and described a transgressive marine shelf sequence.
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However, Bhattacharya et al. (1997) based on carbon isotope dating of 18 samples of the
Nimar Sandstone predicted a freshwater depositional setting.

In terms of sedimentological point of view, the entire late Cretaceous sedimentary basin share
the same depositional setting due to global sea level rises. Other Cretaceous Indian sedimentary
basins bears the evidence of several transgressive-regressive phases which are already
documented and correlated with late Cretaceous global sea level rises. Nagendra et al. (2017)
stated that late Aptian to the mid Albian sea level cycle of Cauvery basin shows some
correspondence with the northern Gulf of Mexico sea level fluctuations. Organic rich sediment
of late Aptian, early Albian (OAE-1b), late Albian (OAE-1d), late Cenomanian and early
Turonian (OAE-2) times in Cauvery basin indicates an anoxic condition due to major
transgression episodes and are correlated in a global scale (Govidan, 1993 ; Reddy and Rao,
2011). For Shillong shelf sediments, Acharya and Lahiri (1991) stated that the rich marine shelf
sediments of Mahadek Formation of the Campanian-Maastrichtian age is closely similar to
those recorded from the Ariyalur Group in the Cauvery Basin. So, in terms of various
sedimentological parameters, Indian Cretaceous basins are well documented and they are
globally co-related except the Bagh Group sediments in Son-Narmada rift valley. So detailing

of the Bagh Group of sediments is required to know the exact palaedepositional setting.

1.3. Gaps to be addressed- Defining the research problem

The Bagh Group of sediment is a window to the late Cretaceous world in the Indian
subcontinent. The Bagh Group of sediment is key to reveal the late Cretaceous history in terms
of palaeoclimatic condition, basinal morphology and depositional environment, and will be
significant in understanding the effect of global sea level rises in the Indian subcontinent. From
the detailed literature study, it seems obvious that the Bagh Group of rocks required a detailed
sedimentological attention. Still, there has been a considerable confusion in the understanding
of the depositional model of the Bagh Group sediments. The detailed sedimentological analysis
in terms of provenance study, facies architecture and interpretation of individual primary
structures, trace fossils, sequence stratigraphy and reconstruction of the palaeogeography is not
done yet. According to literature survey, the overall depositional condition of the Bagh Group
is controversial, as per some researcher it is purely fluvial and other researcher stated that

depositional condition was gradually changed from fluvial to marine setting (discussed earlier).
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Present research work focus on the sedimentological attributes of the Cenomanian Nimar
Sandstone which is the lowermost lithounit of the Bagh Group. It is expected that the first
imprint of Cenomanian global sea level rise possibly chronicled within this lowermost
lithounit. Thus, detailed sedimentary facies analysis, interpretation of various facies
architectural pattern, analysis of various ichnoassociation, sequence stratigraphy in terms of sea
level fluctuation and palaeogeographic reconstruction of the Nimar Sandstone are the main
aspects of this research work. The main aim of this research work is to find out the relationship
between the fluvial and marine processes during sedimentation and correlate them with major
transgressive-regressive cycles in terms of tectono-eustatic changes in Son-Narmada rift valley
in the light of global late Cretaceous sea level fluctuation. Such detailed sedimentological-
ichnological and integrated sequence stratigraphic study from the Nimar Sandstone has not
been attempted yet.

1.4. Objectives

To fulfill the aforementioned research gaps, current research work has been outlined with

the following objectives:

» Characterization of the Nimar Sandstone in terms of physical, chemical and biological
properties under the fluvio-marine interactive depositional system.

> Interpretation of major palaeoclimatic and palaeoenvironmental changes based on
sediment-organism interaction pattern in response to changing palaeoecological
controls.

> Reconstruction of temporal and spatial evolution in basinal palaeogeography in relation

to tectono-eustatic changes.

1.5. Methodology

This research work is mainly field oriented. The overall methodology includes field study,
sampling, logging, ichnological study, petrographic study under polarized microscope, major
and trace element study using X-ray fluorescence (XRF) (Figure 1.1). All these methods are

divided into four categories.
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Figure: 1.1. Flowchart showing the various methodologies used during the present research

work and their inter relationship.

1.5.1.
>

Sedimentological analysis

Identification of different facies types and interpretation of their depositional condition
based on their transportation process, agents and mechanisms of deposition and

bathymetric configurations.
Preparation of lithologs from different parts of the Nimar Sandstone and incorporating

the sedimentological and ichnological data.

Correlation of the lateral and vertical distribution of different facies types to understand
their spatio-temporal distribution in the study area and to identify the various

sedimentary events.
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1.5.2.

1.5.3.

1.5.4.

Study of different primary sedimentary structures to interpreted their origin, flow
pattern and processes, which helps to predict the tectono-sedimentary relation and
palaeodepositional condition of the study area.

Detailed petrographic studies of different rocks types and interpret their textural
pattern, compositional variation to know about the provenance type and transportation
history of the sediments.

Ichnology

Identification and systematic description of various ichnoforms and their associations.
Ichnofabric and ichnoassemblages study to know the various palaeoecological controls
and their intensity on the sediment-organism interaction pattern during the time of
sedimentation.

Interpretation of palaeodepositional condition in terms of various ichnoassociations.

Geochemical analysis

Inorganic geochemistry was done for samples of different facies types for high-
precision petrological and geochemical analyses by using XRF quantify the elemental
concentration of the rocks.

Interpretation of geochemical data to know the tectonic setting, provenance type, degree

of weathering and palaeodepositional condition.

Sequence stratigraphy and Palaeogeographic reconstruction

Preparation of palaeodepositional model to determine the role of non-marine marine
influence on the sedimentation pattern and preparing the overall high resolution
sequence stratigraphic architecture of the basin during the time of Nimar Sandstone
sedimentation.

Identification of various stages of transgression-regression event and major sequence
boundaries to deciphering the nature and cause of change over from the fluvial to the
fluvio-marine interactive sedimentary setup.

Interpretation of tectono-sedimentation interrelationship during the time of Nimar
sedimentation from various degrees of cyclicities in the vertical succession.
Interpretation of palaeogeographic and palaeoenvironmental condition in relation with
late Cretaceous sea level rise for the Nimar Sandstone.
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Sequence stratigraphy and palaeogeographic reconstruction is basically a product of
aforementioned all three categories. Detailed sedimentological, ichnological and geochemical
analysis helps to identify the sequence boundaries, to make a palaeodepositional model and to
reconstruct the palaeogeographic setting of the Nimar Sandstone.

1.6. The significance of the present research work

Organized sedimentological study of Nimar Sandstone in Son-Narmada rift valley still remains
to be documented. This research work addresses all the sedimentological gaps from the study
area and interprets them in term of spatio-temporal variation in depositional environments and
tries to correlate them with global late Cretaceous sea level fluctuations. Sedimentological
interpretation of the Nimar Sandstone will decipher new insights into the understanding of the
pattern of tectono-sedimentary evolution of the Bagh Group sediments in the Son-Narmada rift
valley in relation to regional tectono-eustatic changes during the late Cretaceous time in
peninsular India. The study will also reveal the relation between late Cretaceous global sea

level rises and the local tectono-eustatic changes in Central India.
1.7. Organization

The present research work and their various methodologies with the outcomes in this thesis
have been organized as follows:

CHAPTER 1 includes general introduction along with a foreword, broad literature survey in
terms of both international and national aspects to create a strong base for the present work,
research problem, objectives, methodologies and the significance of the research work and the

arrangement of the thesis.

CHAPTER 2 comprises of a general introduction along with general geology of the Son-
Narmada Rift valley followed by general geology of the Bagh group and geological setting of

the study area.

CHAPTER 3 identifies the various facies types based on their characteristic, appearance and

classified them into various facies association. Interpretation of the various facies types and
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their associations in terms of processes and depositional environment also included in this

chapter. At the end overall depositional condition of the Nimar Sandstone is discussed.

CHAPTER 4 deals with the description of various tide-and wave-generated primary structures
and their interpretation. Presence of these structures in the study area helps to interpret the

palaeodepositional condition precisely.

CHAPTER 5 comprises of identification of various ichnoforms up to genus level and their
systematic description. Description of various ichnoassociations and ichnofacies of the study
area are also discussed in this chapter in terms of various palaeoecological factors. Impacts of
palaeodepositional and palaeoecological factors during the sedimentation of the Nimar

Sandstone in the study area based on the sediment-organism interaction pattern also discussed.

CHAPTER 6 describes various soft sediment deformation structures (SSDS) and interprets
them based on their deformation processes and finds their trigger mechanism. Studied SSDS
are marked as seismites and presence of the seismites in the study area helps to identify the
magnitude of the palaeoearthquake and the origin of seismic shock. Restriction of the seismites
in distinct beds in Nimar Sandstone indicates tectono-sedimentary controls during deposition of
the Nimar Sandstone.

CHAPTER 7 represents geochemical data and their interpretation in terms of palaeoredox,
palaeoclimatic condition, palaeotectonic setting, provenance type and palaeodepositional

setting.

CHAPTER 8 comprises of general discussion with compilation of the main findings of this
research work. This chapter deals with the major aspect of this research work the T-R cycles,
sequence boundaries, reconstruction of palaeogeographic condition of the Nimar Sandstone
during the late Cretaceous time in relation with global Cretaceous sea-level rise and the final

conclusions.
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CHAPTER-2

Geological Background

2.1. Introduction

The Cretaceous time period is one of the significant times for Indian subcontinent. During this
time-span breakup of Gondwanaland created several linear intracratonic basin belts in the
Indian subcontinent. Major palaeogeographic changes accompanied the creation of Indian
Ocean and Neo-Tethyan Ocean during this time period. New sedimentary basins with
numerous small epicontinental seas were also formed. Son-Narmada basin (Figure 2.1A) is one
of such Cretaceous intra-cratonic basin, which formed during the late Cretaceous time and

bears the evidence of marine sedimentation.

2.2. General Geology of the Son-Narmada rift valley

Geologically, Central India is highly diversified. Thick stratigraphic successions from various
ages with evidence of multiple phase deformations are common in Central India. Central Indian
Tectonic Zone (CITZ) is one of the prevailing structural components after Himalaya. During
the Palaeoproterozoic time, due to suturing between the Bastar craton and the Bundelkhand
craton CITZ was evolved (Yedekar et al., 1990; Yoshida et al., 2001; Roy and Prasad, 2003;
Abdul Azeez et al., 2013). Along the CITZ differential crustal movement has been reported
several times, as evident from reactivations of numerous fault systems (Acharya and Roy,
2000). Deformation along the CITZ continues to present day as demonstrated by the
manifestation of earthquake at both upper and lower crustal depth, which indicate the ongoing
reactivation of crustal faults related to the palaeo-rift setting (Rao et al., 2002; Mall et al.,
2005). CITZ have two sub-parallel elements, which demarcate the boundaries among
stratigraphic units, one is Sausur mobile belt in the south and the other is Son Narmada Tapti
(SONATA) lineament zone in the north. A major portion of the SONATA lineament falls in
Madhya Pradesh (Figure 2.1A), where a wide variety of rock types ranging from age Archean
to recent are present (Jain et al., 1995). According to Crawford (1978), Son-Narmada lineament
having an extension across the northern Madagascar appeared as narrow seismic rift and acted
as a deep-seated fault. Correlation of structural and geophysical data indicates that the Narmada

and Tapti lineament together represent an intraplate rift setting with a central (Satpura
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Mountains) horst. Satpura Mountains is bounded on each side by grabens in the northern side
Narmada graben and the Tapti graben in the southern side. The Son-Narmada rift valley is
affected by two dominant deep-seated fault systems (Figure 2.1B) the east-west-trending-Son-
Narmada North Fault and the Son-Narmada South Fault (Biswas, 1987; Tewari et al., 2001).
Major lineaments within this area are the Barwani-Sukta Fault, Dhar lineament, Rakhabdev

lineament and Jaoalaier lineament.
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Figure: 2.1. (A) Map of India showing location of the Son-Narmada rift valley.
(B) Generalized geological map of the Son-Narmada rift valley (modified after Abdul Azeez et
al., 2013) showing the distribution of major faults and lineaments and the occurrence of the

Bagh Group of rocks (also see, Jha et al., 2017). The study area is marked on the map.
2.3. General Geology of the Bagh Group

Reactivation of the rift systems along with basinal subsidence created accommodation space
for Cretaceous sedimentation in Indian subcontinent. Son-Narmada South fault and Son-
Narmada North fault are two major continental discontinuities in this area along with several
lineaments. According to the published literature, there was no reactivation history of the Son-
Narmada North fault whereas the Son-Narmada South fault was reactivated in several times

from the Precambrian to Phanerozoic time (Acharya and Roy, 2000). Reactivation histories of
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the other major lineaments were not recorded after their formation. Son-Narmada fault system
was reactivated mainly in three phases (Tewari et al., 2001). The first phase of reactivation was
started during the Palaeoproterozoic time when only the Son-Narmada North Fault was
activated. Reactivation of this fault is designated by presence of trachytic intrusive and
associated lamprophyres and syenite plutons along the fault of around 1600-1800 million years
ages (Jain et al., 1995). This fault has remained non-active since the Neo-Proterozoic time
(Acharya and Roy, 2000). The second phase of reactivation was recorded during the
Jurassic-early Cretaceous time when the Son-Narmada South Fault was reactivated. As
evidence of this reactivation presence of mafic intrusives is found south of Narmada graben
and east of Barwani-Sukta lineament (Tewari et al., 2001). During the late Cretaceous time
again the Son-Narmada South Fault was reactivated (third phase). This phase of reactivation is
coincided with the passage of India over Reunion plume and caused subsequent emplacement
of Deccan volcanics from the plume head along the western coast and covered a huge area. In
Mesozoic time along the western margin of the Indian subcontinent three different rift basins
were formed, Kutch-Saurashtra basin, Cambay basin and Son-Narmada basin. Son-Narmada
basin was rifted along the Satpura trend during the early Cretaceous time (Biswas, 1987).
Among these three basins only the Son-Narmada basin bears the evidence of late Cretaceous

marine sedimentation (Bagh Group sediment).

Bagh Group of sediments is mainly confined to the western segment of the Son-Narmada rift
valley. Extension of Bagh Group sediments are not continuous, they are patchy in nature. The
eastern boundary of the Bagh Group sediment is marked by Barwaha town (N22°15'30”
E76°02'00") in Madhya Pradesh (Jain et al., 1995). The western extension of the Bagh Group
within the Son-Narmada rift valley is marked up to near Amba Dongar (N22°30'00”
E74°04'00") and Rajpipala (N21°47'00 E73°3030") in Gujarat (Kumar, 2014). The maximum
thickness of the Bagh Group sediments is exposed in the Bagh area in Madhya Pradesh
(Figure 2.2).

Bagh Group of rock comprises of three formations, where the lowermost formation is
siliciclastic Nimar Sandstone of Cenomanian age followed by Turonian Nodular Limestone
and Coniancian Coralline Limestone. Nodular Limestone and Coralline Limestone are enriched

with marine body fossils, trace fossils, microfauna and dinosaur bones-eggshells. This
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sequence is overlain by Lameta Formation and both the Bagh Group of sediments and Lameta

Formation is covered by Deccan flood basalt (Table 2.1).

Table: 2.1 Generalized stratigraphic table of the study area (modified after Singh and
Srivastava, 1981; Jaitly and Ajane, 2013).

Age Group Formation Member
Deccan Trap
Maastrichtian Lameta Group
Late Coniacian Coralline Limestone
Cretaceous Turonian _ Chirakhan
Bagh Nodular Limestone Karondia
Cenomanian Nimar Sandstone
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74°30°

] 75°00°

| Lameta Group |||l -

uiLs

Decan Trap

Bagh Group ,

=l Basement

E|"|I||| §m||m =E=T =i
= = = 1 § § \
= =Jobat ==\
MEM=M=m=
HEEE

M= ==
M=M=z

M=M= =
TEEES

MEM= M= =

(5
S ES( Il
NWEMEMENE o EW A
MEMEMEMEMNE W=l
EMEMMMENME M N My
MEME M= M=
EM=EMEMEME (EMEN
S = ==l m
SHMEMEZEN = 1= 1

S [ELE =7

° Bagh
Awaldaman
Manawar ' V2"
Bagh 0 10 River
River — @

Figure: 2.2. Generalized geological map of the study area showing distribution of major

lithounits (modified after Singh and Srivastava, 1981).
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2.3.1. Nimar Sandstone

Nimar Sandstone is the only siliciclastic component of the Bagh Group that overlies the
Precambrian gneiss of Bijawar Group. Nimar Sandstone shows a non-conformable relationship
with the Bijawar genesis. Near Awaldaman along the Man river section it shows faulted
contact with the underlying basement rocks. The thickness of this formation gradually
increases towards the western side. Overall this is a medium to coarse-grained sandstone with
ferruginous nature. In previous literature lower part of the Nimar Sandstone was considered as
a gritty sandstone unit whereas upper part calcareous in nature (Bose, 1884). The overall
depositional setting of the Nimar Sandstone is controversial. Sarkar (1973) considered Nimar
sediment as a “tide-deltaic” product. Akhtar et al. (1994) interpreted that the Nimar Sandstone
was deposited under a humid tropical palaeoclimatic condition based on the highly quartzose
nature of sandstone. Bhattacharya et al. (1997) concluded Nimar Sandstone as a product of

fresh water condition.
2.3.2. Nodular Limestone

Fossiliferous Nodular Limestone Formation conformably overlies the Nimar Sandstone,
characterized by buff yellow colored, nodular, loosely packed calcareous unit. In Nodular
Limestone two distinct stacks of carbonate unit have been defined, separated by an extensive
and well-marked hardground (synsedimentarily cemented carbonate layers) surface. The lower
part of the Nodular Limestone is known as Karondia member and upper part Deola-Chirakhan
marl (Chiplonkar and Badve, 1979). Akhtar and Khan (1997) classified four litho-facies type
within the Nodular Limestone -lime mudstone, bioclastic wackestone, whole fossil gastropod
wackestone and calc spheroidal bioclastic wackestone. According to them a below wave base
condition is preferable depositional setting for this formation. Nodular Limestone is a
storehouse of marine invertebrate body fossils- bivalve, ammonite, gastropod, and echinoids
are reported from this formation. Rajsekhar (1995) studied the foraminifera from this horizon
and said 90% are benthic and 10% are planktonic. Based on the distribution pattern of the
foraminifera Rajsekhar (1995) interpreted that the overall sequence shows a transgressive
phase. Based on the restricted occurrences of nautiloids Gangopadhyay and Halder (1996)
established a limited deep inland setting which differs from open marine setting for deposition
of Nodular Limestone.
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2.3.3. Coralline Limestone

Coralline Limestone is conformably overlain on Nodular Limestone. The contact between
Nodular and Coralline Limestone has been marked by a bryozoan rich layer. In between the
Nodular Limestone and Coralline Limestone, many workers defined an independent
stratigraphic unit, Deola-Chirakhan marl. Deola-Chirakhan marl is a calcareous unit which
characterized by buff to cream colored, and argillaceous in nature (Bose, 1884). The
stratigraphic position of Deola-Chirakhan marl is controversial. There are two schools of
thought; according to Bose (1884), Deola-Chirakhan Marl is an individual stratigraphic unit in
between Nodular and Coralline Limestone, whereas Roy and Chowdhury (1962), Sahni and
Jain (1966) considered Deola-Chrikhan marl as a weathered part of lower Coralline Limestone.
Lower Coralline Limestone is characterized by cross-bedded calcarenite unit up to 120 cm
thick, forms a more resistant bed of dark red colored, heavily bioturbated and rich in bryozoan.
The top surface of this unit is highly fossiliferous with abundant Thalassinoides burrows,
which indicates a hiatus in sedimentation (Smith, 2010). Upper Coralline Limestone is a
calcarenitic unit; top of this unit is marked by hematite coated hardground surface. Large scale
planar- and trough cross-stratification with flaser bedding are dominant primary sedimentary
structure (Akhtar and Ahamed, 1997).The overall character of this limestone is argillaceous
and flaggy type (Bose, 1884; Tripathi, 2006), which indicates relatively deeper water

depositional settings in comparison to Nodular Limestone.
2.3.4. Lameta Formation

After the deposition of the Bagh Group sediments, a fluvial unit was deposited during the late
Cretaceous time known as Lameta Formation. Lameta Formation unconformably overlies the
Coralline Limestone and is overlain by the Deccan flood basalt. Sedimentation of Lameta
Formation was started by deposition of conglomerate followed by gritty sandstone, purple
Lameta sandstone, and cherty Lameta sandstone. It is characterized by bioturbated, mottled,
brecciated calcareous sandstone. Presence of dinosaur fossils and wood fossils within this
formation enhanced its chronostratigraphic importance. Deposition of Lameta over Coralline
Limestone indicates a fall in sea level, resulting in regression of the shoreline (Roy and
Chowdhury, 1962).
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2.3.5. Deccan Trap

One of the most extensive continental flood basalt in the world is Deccan Trap Basalt. This is a
large igneous province that covered all the sediments in western, central and southern part of
the Indian peninsula during the late Cretaceous time. Mainly the basalt is a tholeiitic type but
other varieties like nephelinite, lamprophyre, alkalinite and carbonatites are also present. A
deep-seated mantle plume is associated with Deccan volcanism (Auden, 1949). Reunion
hotspot is suspected to cause the Deccan eruption. Different plume models show a close link-
up between the Indian plate motion and eruptive history of the Deccan volcanism. Based on
data from marine magnetic profiles, a pulse of unusually rapid plate motion begins at the
equivalent period as the first pulse of Deccan flood basalts, which is dated at 67 million years
ago. According to Cande and Stegman (2011), the spreading rate of the Indian plate rapidly
improved and reached a maximum value, at the same time as the peak of basaltic eruptions.
The spreading rate then released, with the decrease occurring around 63 million years ago, by

which time the main phase of Deccan volcanism ended.

2.4. Geological setting of the study area

The Bagh Group of rocks is exposed along the western flank of the Son-Narmada rift basin.
The study area is bounded by latitude 22°15°00"N to 22°35°00" N longitude 74°30°00" E to
75°15°00"E. Bagh Group of sediments are mainly patchy and discontinuous in nature. All the
three formations i.e., Nimar Sandstone, Nodular Limestone and Coralline Limestone are
exposed at different localities. The rocks of the Nimar Sandstone are well developed and
exposed along the Man River section near Awaldaman area, Sitapuri, Bagh River, Rampura,
Bagh Cave section and Jobat area (Figure 2.3). Nimar Sandstone is characterized by
conglomerate, arenaceous to arkosic sandstone, sandstone-mudstone heterolith and mudstone.
In the study area general orientation of beds are strike N15°E-S15°W to N-S with near sub-
horizontal dip (8°-10°). The study area falls under parts of Survey of India toposheet nos.
46N/03, 46J/15, 46J/16 and 46J/11. Geological map of the study area is given below.
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Based on the field location points and well-exposed successions of the Nimar Sandstone the
study area has been divided into three sectors i.e., eastern part, central part and western part
(Figure 2.4). Western part of the studied area comprises Phata (Loc: 1), Ghoda section (Loc: 2),
Chitapoti (Loc: 3), Dhursal (Loc: 4) and Akhara (Loc: 5). In the central part, major localities
are Rampura section (Loc: 6), Baghini temple section (Loc: 7), Bagh cave and river section
(Loc: 8), Neemkheda (Loc: 9), Dam section (Loc: 10) and Raisinghpura, Mahakalpura section
(Loc: 11 and 117). In eastern part Ratitalai area (Loc: 12), Baria (Loc: 13), and along the Man
river section near Awaldaman (Loc: 14) and Sitapuri (Loc: 15) are the main localities. In all
these sections Nimar Sandstone is well developed and shows well preservation of various
sedimentary rocks with characteristic primary structures. The average sediment thickness of
Nimar sandstone in the study area varies from 25m to 30m. The maximum thickness of Nimar

Sandstone is observed in the central part.
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CHAPTER-3

Facies Analysis

3.1. Introduction

According to Reading (1986), the most common definition of a facies is “a body of rock with
specified characteristic”. Characteristic of a sedimentary rock is determined by both the
intensity of the formative process working on it and the time through which such action is
continued (Pettijohn, 1957). Generally, sedimentary facies is described as an areally restricted,
three-dimensional body of rock or sediments that is characteristically distinguished from
another rock unit by its geometry, lithology, sedimentary structures and fossil content.
According to Andreton (1985), a facies can be descriptive or interpretive (genetic). There
should be no objection to using the definition of interpretative facies, so long the description of
interpretative and descriptive facies is distinct and indicates individual depositional processes.
A facies can be defined in a many ways depending upon the purpose of the study, the time
available to make the measurements and the abundances of descriptive features in the studied
strata (Walker, 2006).

In this research work, the term facies is used both in a descriptive and interpretative sense.
Firstly in the descriptive sense where all the litho-units are classified based on their geometry,
lithotypes, primary structures and grain size and then interpret their process under which they

are formed and they are grouped in few associations based on their genetic processes.

Within the studied Nimar Sandstone succession total seventeen facies types are identified.
Facies have a limited value when they considered as individuals. According to Reading (1986),
an association of facies is more significant for environmental interpretation. In the present
research work the seventeen facies types of Nimar Sandstone are grouped under five facies
associations based on their genetic appearances, lateral and vertical extension and similarity in
their lithotypes, primary structures etc. These five facies associations are namely, channel-fill
facies association (FA-1), overbank facies association (FA-2), fluvial-dominated fluvio-tidal
facies association (FA-3), tide-dominated fluvio-tidal facies association (FA-4) and shore facies
association (FA-5). Distribution of different facies types in each facies association is given in
Table 3.1.
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3.2. Facies Associations

Channel-fill facies association (FA-1) mainly occurs at basal portion of the Nimar Sandstone.
The maximum thickness of this facies association is ~ 5m, laterally discontinuous, lenticular
shaped in nature. This facies association is well developed in the eastern portion (Figures 3.1,
3.2 and 3.3A) and few parts of the central portion of the studied area (Neemkheda, Baghini
mandir section, Rampura section) (Figures 3.4, 3.5, 3.6B and 3.7). This facies association
consists of four facies types, namely, (i) clast supported conglomerate facies (1A) (ii) matrix
supported conglomerate facies (1B), (iii) pebbly sandstone facies (1C) and (iv) trough cross-

stratified sandstone facies (1D).

Lithologically, overbank facies association (FA-2) is composed of red colored fine to medium-
grained sandstone and mudstone bed. FA-2 appeared as an extensive sheet over the FA-1. The
maximum thickness of FA-2 is ~6m. Sandstone-mudstone interbedded facies (2A) and plane
bedded sandstone facies (2B) are the two dominant unit of this association. At the central part
of the studied area near Baghini mandir section and towards the western part in Dhursal section

this facies association is well developed (Figures 3.6B and 3.8).

Fluvial dominated fluvio-tidal facies association (FA-3) consists of two facies types namely,
Large scale trough cross-stratified sandstone facies (3A) and planar cross-stratified sandstone
facies (3B). In terms of primary sedimentary structures large scale trough cross-strata, planar
tabular cross-strata and soft sediment deformation structures like load and flames are common
in this facies association. At places (Rampura section) poorly developed bi-directional cross-
strata are also observed. FA-3 is well developed in the central part near Bagh section, and
Rampura section (Figures 3.5 and 3.7). In the Bagh section, the maximum thickness of FA-3 is

~7m.

Tide-dominated fluvio-tidal facies association (FA-4) is well developed throughout the study
area. Sandstone-mudstone heterolithic facies (4A), mud clast bearing conglomerate facies (4B),
plane laminated sandstone facies (4C), bioturbated sandstone facies (4D) and green sandstone
facies (4E) are the major components of this facies association. Various soft sediment
deformation structures i.e., convolute lamination, slump structures, synsedimentary fault and
pseudonodules are common in this association. Presences of bi-directional cross- strata,
sigmoidal cross-strata, lenticular bedding, wavy bedding, inclined heterolithic strata and mud
drapes are significant within the sandstone-mudstone heterolithic facies (4A). FA-4 is well

developed throughout the study area (Figures 3.1-3.11). Bioturbated sandstone facies (4D) and
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green sandstone facies (4E) are mainly developed in the central and western part of the studied
area (Figures 3.4, 3.5, 3.7, 3.8, 3.9, 3.10 and 3.11)

Shore facies association (FA-5) appeared as a widespread sheet throughout the study area.
Fossils bearing sandstone facies (5A), Thalassinoides-Ophiomorpha bearing thinly laminated
sandstone-mudstone facies (5B), wave ripples bearing sandstone facies (5C) and massive
mudstone facies (5D) are the main lithofacies of this association. Evidence of wave reworking

is common within the FA-5; maximum thickness of this association is ~10m with lateral

continuation throughout the basin.

Table: 3.1. Different facies associations and their facies types from the Nimar Sandstone.

Facies Association

Facies types

Environment

FA-1 1A Clast supported conglomerate facies
Channel-fill facies | 1B Matrix supported conglomerate facies Fluvial
association 1C Pebbly sandstone facies

1D Trough cross-stratified sandstone facies
FA-2 2A Sandstone-mudstone interbedded facies
Overbank 2B Plane bedded sandstone facies Fluvio-tidal
facies association interactive
FA-3 3A Large-scale trough cross-stratified sandstone facies condition

Fluvial-dominated
fluvio-tidal facies
association

3B Planar cross-stratified sandstone facies

FA-4
Tide-dominated
fluvio-tidal facies

4A Sandstone-mudstone heterolithic facies

4B Mud clast bearing conglomerate facies

4C Plane laminated sandstone facies

association 4D Bioturbated sandstone facies

4E Green sandstone facies
FA-5 5A Fossil-bearing sandstone facies Wave-influenced
Shore_ chies 5B Thalassinoides—Ophiomorpha bearing thinly condition
association laminated sandstone-mudstone facies

5C Wave ripples bearing sandstone facies

5D Massive mudstone facies
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Figure: 3.1. Litholog from the Sitapuri area (Location 15 in Figure 2.4) along the eastern bank
of the Man River section, showing distribution of various facies types and their associations.

The legend is same for figures 3.1-3.11.
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Figure: 3.2. Litholog from the Awaldaman section in the eastern part of the study area showing

distribution of various facies types and their associations (Location 14 in Figure 2.4).
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Figure: 3.3. A. Litholog from the
Baria River section in the eastern part of
the study area (Location 13 in Figure
2.4) showing distribution of various
facies types and their association.
B. Litholog from the Raisinghpura
section in the central part of the study
area near Bagh (Location 11 and 11’ in
Figure 2.4) shows distribution pattern of
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Figure: 3.4. Litholog from the Neemkheda section (Location 9 in Figure 2.4) in the
central part of the study area showing distribution of various facies types and their

associations.
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Figure: 3.5. Litholog from the Bagh section (Location 8 in Figure 2.4) in the central part

of the study area showing distribution of various facies types and their associations.
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Figure: 3.6. Litholog from the A.
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the central part showing distribution
of various facies types and their
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Figure: 3.7. Litholog from the Rampura section (Location 6 in Figure 2.4) in the central part of the

study area showing distribution of various facies types and their associations.
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Figure: 3.8. Litholog from the Dhursal section (Location 4 in Figure 2.4) in the western part of the

study area showing distribution of various facies types and their associations.
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Figure: 3.9. A. Litholog from the Akhara section (Location 5 in Figure 2.4) in the western part

of the study area showing distribution of various facies types and their association.

B. Litholog from the Dam section (Location 10 in Figure 2.4) in the central part of the study area

showing distribution of various facies types and their association.
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Figure: 3.10. A. Litholog from the Ghoda section (Location 2 in Figure 2.4) in the western part
of the study area showing distribution of various facies types and their associations.
B. Litholog from the Chikapoti section (Location 3 in Figure 2.4) in the western part of the study

area showing distribution of various facies types and their associations.

37|Page



Wave ripples bearing sandstone facies (5C) FA-5

] Sandstone-mudstone heterolithic facies (4A) FA-4
- Large scale trough cross-stratified sandstone facies (3A) ‘ FA-3

Rt Mud clast bearing conglomerate facies (4B5) T
Sandstone-mudstone heterolithic facies (4A) FA-4

= ‘
" Planar cross stratified sandstone facies (3B) FA-3

|
‘ Green sandstone facies (4E) FA-4

s Sandsfone-mudstone heterolithic facies (4A) _
°,% 50, —_ Large scale trough cross-stratified sandstone facies (3A) ‘ FA-3
= Sandstone-mudstone heterolithic facies (4A) I FA-4
---:--. — Large scale trough cross-stratified sandstone facies (3A) \ FA-3

; —
E Sandstone-mudstone heterolithic facies (4A) FA-4

A s Eebble
T

MoT

Figure: 3.11. Litholog from the Phata section (Location 1 in Figure 2.4) in the western part

of the study area showing distribution of various facies types and their associations.
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Detailed description of individual facies types are given below-
3.3. Facies Association 1- Channel-fill facies association

Clast supported conglomerate facies (1A), matrix supported conglomerate facies, pebbly
sandstone facies (1C) and trough cross-stratified sandstone facies (1D) are the four component

of this facies association.
3.3.1. Facies 1A: Clast supported conglomerate facies

Lenticular shaped, clast supported polymictic conglomerate is exposed at the basal portion of
Nimar Sandstone. This conglomerate shows a non-conformable relation with the basement rock
(Figure 3.12A). The maximum thickness of this facies is 90 c¢cm. Clasts are variable in
composition but mainly dominated by fragments of the Precambrian gneissic basement. Clasts

are angular to sub-angular in nature and randomly oriented without any imbrication (Figure

3.8B). At places, crudely developed grading is observed.

Figure: 3.12. A. Field photograph of clast supported conglomerate facies (1A) (marked as
Cng) overlies the basement rock (Bs) showing non-conformable contact. The pen is encircled.
Length of the pen is 14.4 cm. B. Field photograph of clast supported conglomerate facies (1A)
showing angular to subangular clasts of basement gneissic rock. Length of the pen is 14.5 cm.

Interpretation

Miall (2006) stated that, clast supported conglomerates are the product of traction current
deposit mainly. The absence of imbrication and angular to sub-angular nature of the clasts
indicate very low transportation. Crudely developed grading indicates rapid sedimentation

(Lowe 1976; Pandita et al., 2014). Lenticular shaped geometry with scoured contact specifies
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channel deposit. Malaza et al. (2013) interpreted that clast-supported, polymictic, lenticular
shaped and texturally immature conglomerates are most probably deposited as small bodies of

channel lag or longitudinal braided bars of low sinuous streams.

In the studied area lenticular shape of the conglomerate unit with large clast of basement
fragments, scoured base and absence of any primary sedimentary structures indicate an

intrabasinal channel lag deposit.
3.3.2. Facies 1B: Matrix supported conglomerate facies

Matrix rich, texturally immature conglomerate comprises clasts of quartz, jasper and basement
rock fragments. In few places, clast of mud is also present (Figure 3.13). Matrix is arenaceous
in nature. Clasts are sub-rounded, sizes vary from 2-10 cm in diameter and randomly oriented.
At places, sandstone is interbedded with the conglomerate. The overall geometry of this facies

is lenticular shaped in nature.

Figure: 3.13. Field Photograph of the matrix supported conglomerate facies (1B). Arrows
indicate presences of mud clasts. The diameter of the coin is 2.5 cm.

Interpretation

Presence of more matrix component than clasts indicates a debris flow condition (Miall, 1982).
Matrix rich with sub-rounded clasts within conglomerates is evidence of textural inversion,
indicating multiple provenances and varied transportation history. Presence of mud clast
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indicates very high energy condition where underlying mud layer is scooped out and deposited

as cohesive mud clast.

3.3.3. Facies 1C: Pebbly sandstone facies

At the basal portion of the Nimar Sandstone, a pebbly sandstone facies is well developed in all
the sections.The maximum thickness of this facies is ~2.5 m. It is characterized by coarse to
medium-grained sandstone with small scales trough cross-strata (set thickness 20-30 cm); at
places, large scale trough cross-strata (set thickness 50-55 cm) are also developed. Trough sizes
are decreasing towards up-section (Figure 3.14). Individually sandstone layers are separated by
pebble rich layers which grade finer up-section. The distribution pattern of pebble layers,
within trough cross-strata is random, at some places they are concentrated at the bottom part
(e.g., Sitapuri section) whereas at some places (e.g., Baria, Rampura sections) towards the top
part. Pebbles are angular to sub-angular, poorly sorted in nature whereas sand grains are
moderately sorted and sub-rounded. Overall geometry is lenticular shaped but laterally

extended and traceable.

nall scaletrough -
cross-strata -«

 Large scale trough
cros$sstrata-

Figure: 3.14. Field photograph of pebbly sandstone facies (1C) showing development of

different trough cross-strata with decreasing size of the troughs from bottom to top.
Interpretation

In the study area alternate pebble rich and pebble poor layer forming local finning up
successions indicates a rhythmic fluctuation of energy condition. Each pebble layers indicate a
high energy condition whereas pebble free sandstone layers indicate relatively low energy

condition. Small scale trough cross-strata and foreset is generally product of lower point-bar
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setting (Reineck and Singh, 1973). A low sinuous high gradient meandering stream can
transport coarse sand along with pebble to cobble-sized gravel in bed load (McGowen and
Garner, 1970). The lenticular-shaped sheet-like pebbly sandstone facies with small troughs in
the study area indicates product of channel bar migration (Miall, 1977).

3.3.4. Facies 1D: Trough cross-stratified sandstone facies

This sandstone facies is characterized by medium to coarse-grained, moderately sorted, and
angular to subrounded grains of sand. Foresets of trough cross-strata show tangential contact at
the bottom and truncated top (Figure 3.15A). The local concentration of pebbles is observed at
places, which formed load and flame structure locally (Figure 3.15B).

Figure: 3.15 A. Field photograph of trough cross-stratified sandstone facies (1D). B. Load
structures (marked with dotted line) in the trough cross-stratified sandstone facies (1D). Length

of the hammer in both photographs is 30 cm.
42 |Page



Small scale asymmetrical ripples are preserved on the top surface of this facies. This facies is
predominant in almost all the studied section. Facies thicknesses vary from 5¢cm to 50 cm.

Maximum thickness (up to 1m) of this facies is observed near Bagh River section.
Interpretation

Migration of bar or 3D ripple form creates trough cross-stratification. Best and Kostaschuk
(2002) stated that in vertical section bars and their cross-stratification may be tabular, sigmoidal
or tangential, depending on the shape of the lee side profile and bounding surfaces between sets
of cross-stratification may be planar tabular, planar wedge-shaped or trough-shaped, depending
on the 3D form of the associated bedforms and the orientation of the cross-section relative to
the flow direction. In the studied trough cross-stratified sandstone facies local concentration of
pebbles indicates fluctuation in energy conditions. Due to density contrast between the pebble
layers and sandstone load structures are developed at places. Absence of large scale 3D ripples
rules out the process of ripple migration for the formation of this facies. Therefore, down
current migration of bars is the reason for the formation this trough cross-stratified sandstone
facies.

3.3.5. Interpretation of Facies association 1

The overall lenticular shaped geometry of both the conglomerates facies indicates (1A, 1B) a
channel-fill deposit. Presence of clast supported and matrix supported conglomerate bears
evidence of both traction and debris flow condition with the fluctuation of energy. Scoured
contact with the basement indicates flow turbulence during the time of deposition. Texturally
and compositionally immature clasts signify less transported lag deposit. Small or large scale
trough cross-strata is the result of migration of bar. Alternate layers of pebble rich and pebble
poor strata indicate fluctuation in energy condition during the time of deposition. Presence of
sandstone along with pebbles indicates low sinuous high gradient meandering channel system
where small-scale trough represents lower point bar migration setting. Absence of any marine

signature designates that FA-1 is typically a product of the fluvial processes.

3.4. Facies Association 2- Overbank facies association

This facies association is mainly composed of fine grained sandstone and mudstone. The two
dominant facies are-sandstone-mudstone interbedded facies (2A) and plane bedded sandstone
facies (2B).
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3.4.1. Facies 2A: Sandstone-mudstone interbedded facies

This facies is characterized by laterally persistent alternate thick-thin sandstone-mudstone beds
with sheet-like geometry. Red color mudstone bed appeared as a blanket over the sandstone
bed and is devoid of any primary structures. Within the sandstone bed very crude plane
laminations are developed at places. Overall both the sandstone and mudstone beds are equally
dominated (Figure 3.16A) but at places thick and massive beds of mudstone with very thin
sandstone interbeds (Figure 3.16B) are also developed. In general within this facies interbedded
unit starts with sandstone which gradually becomes muddy upward. In this facies, sandstone
beds are characterized by fine to medium grain size, moderately sorted, subrounded in nature.
Under microscope, sandstone shows bimodal distribution pattern of grain size with <15 %
matrix. Among the framework grains, ~ 90 % is quartz (Figure 3.16C) and rest is constituted of
plagioclase feldspar and microcline. Quartz grains are mainly monocrystalline in nature but
polycrystalline grains are also common. Quartz grains shows both straight and undulose

extinction. Grains are subrounded in nature.
Interpretation

Presence of fine grain sandstone-mudstone beds indicates a relatively low energy depositional
condition. Deposition of mudstone alternate with thinly laminated sandstone indicates
deposition from suspension along with some bed load, respectively (Reincek and Singh, 1980).
Overall sheet-like geometry (blanket type) of this facies pattern with thin lamination and
dominance of suspension settling indicates that the deposition was took place under still water
condition. Interbedded of medium to fine-grained sandstone indicates bed load transportation

under relatively higher energy condition.

Presence of both the low and high energy condition with crudely developed lamination and the
sheet-like geometry indicates an overbank setting; where mud is deposited from suspension and
sandstone are product of bed load when flow velocity change. Presence of both sandstone and
mudstone within an overbank setting indicates rapid changes in channel flow velocity during
the time of flooding (Leopold and Wolman, 1957).
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Figure: 3.16.A. Field photograph of sandstone-mudstone interbedded facies (2A) (marked with
arrow). B. Sandstone-mudstone interbedded facies (marked by arrow) with thick mudstone and
very thin sandstone beds overlain by facies association 3. C. Photomicrograph of sandstone of

the sandstone-mudstone interbedded facies (2A) showing predominance of quartz grains.
3.4.2. Facies 2B: Plane bedded sandstone facies

This facies is comprises of fine to medium grained sandstone. Individual bed thickness varies
from few cm to more than 10 cm. Grains are moderately sorted in nature. Planar bedding in
association with current parting lineation (Figure 3.17A) is a common feature in this facies.
Well sorted, subrounded to rounded grains of quartz, plagioclase feldspar and lithic fragments
are dominant framework components within this facies (Figure 3.17B). This sandstone is
represented by arenites having less than 10 % matrix. The modal concentration of feldspar is
~8 %, which makes the rock sub-arkosic in nature. Quartz grains of this facies are dominated
by monocrystalline in nature with straight extinction. At places top surface of this sandstone
unit shows the presence of small-scale 2D ripple marks. Mainly bioturbation by Skolithos isp. is
common within this facies.
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Interpretation

Paola et al. (1989) stated that planar bedding with current parting lineations results from
transportation of sand under supercritical upper flow regime. This type of condition is possible
during the peak flood time (Miall, 1977). In the upper part where plane lamination or slightly
inclined laminations are associated with ripples indicate a shallow channel under subcritical

flow rather than super-critical flow condition (Paola et al., 1989).

Figure.3.17. A. Field photograph of the plane bedded sandstone facies (2B). Length of the

pen is 14.5 cm. B. Photomicrograph of plane bedded sandstone facies showing quartz rich
mineralogy.
3.4.3. Interpretation of Facies association 2

Sandstone-mudstone interbedded facies and plane bedded sandstone facies suggested two
processes are responsible for the formation of this facies association. Fine-grained mudstone
unit was deposited under low energy suspension condition along with relatively higher energy
sandstone deposit. FA-2 is intimately associated with FA-1 and appeared as a blanket over it
and laterally continuous throughout the study area. Overall geometry, distribution pattern,
fluctuation in energy condition and presence of planar-lamination with current parting lineation

and small-scale 2-D ripples marks suggested an overbank depositional setting.

3.5. Facies Association 3- Fluvial dominated fluvio-tidal facies
association

This facies association mainly consists of cross-stratified sandstone namely, large scale trough
cross-stratified sandstone facies (3A) and planar cross-stratified sandstone facies (3B).
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3.5.1. Facies 3A: Large-scale trough cross-stratified sandstone facies

Medium-grained, moderately sorted and subrounded sand grains along with trough cross-strata
is characteristic of this facies. Thickness of the individual bed varies from 20 cm to 50 cm.
Trough cross-strata are developed in large scale (in meter scale) showing lateral accretion of
foresets (Figure 3.18). The thickness of the individual sets is more than 30 cm. The individual
cross-strata set shows normal grading. Draping of mud within the foreset is also a common
phenomenon in this unit. Soft-sediment deformation structures (convolute laminations) are also
observed in this facies type. Due to the presence of convolute lamination foresets are disturbed

at places.
Interpretation

Large scale trough cross-stratification with the lateral accretion of the foresets indicates that
deposition took place mainly by migration of the bar or large scale ripples (Bose and Das,
1986) like lunate/linguoid ripples. Lateral variations in bed thickness indicate fluctuation in
sediments supply. According to Nichols (2009), during high or low tide condition when the
current is changing direction at the time of no flow situation mud deposited as a drape on the
foresets from suspension. During the high energy conditions sand are deposited and each of the
mud drapes indicates a low energy condition or a slack phase. Presence of soft-sedimentary
deformation structures is the result of contemporaneous liquefaction and fluidization with
lithification due to sudden impulsive tremors during or just after the deposition of sediments
(Sarkar et al., 2014).

Figure: 3.18. Field photograph shows large scale trough cross-stratified sandstone facies (3A)

along the western bank of the Man river section, arrows showing lateral accretion surfaces.
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3.5.2. Facies 3B: Planar cross-stratified sandstone facies

This facies comprises of medium to coarse-grained sand with local pebble content. Pebbles are
not continuous; they dispersed along the bedding planes and foresets. The overall geometry of
the facies is lenticular shaped. The thicknesses of cross-bed set ranges from 10-35 cm, set
boundaries are sub-horizontal in nature (Figure 3.19A). The upper bounding surfaces of cross-
bed sets may exhibit uneven reactivation surfaces. Each set is showing a fining up succession
where base starts with coarse to medium grain sandstone and grades up to a fine grain
sandstone. Characteristically, in some places, thin mud veneers are present within the foresets.
Mineralogically this cross-stratified sandstone facies is dominated by quartz grains with minor
amount of k-feldspar and lithic fragments. Quartz grains are subrounded in nature. At places
well-rounded grains are also observed (marked by red circles in figure 3.19B). The modal
concentration of the quartz grains within framework component is ~95 % and matrix is less

than 15 %; classifying this sandstone as quartz arenites in composition.

Figure: 3.19. A. Field photograph of planar cross-stratified sandstone facies (3B). Length of
the pen is 14.5 cm. B. Photomicrograph showing planar cross-stratified sandstone facies

enriched with quartz grains.
Interpretation

Downstream migrations of 2-D ripples are the reason for the formation planar tabular
cross-strata (Harms et al., 1982). It forms under lower flow regime conditions. The overall

geometry of the facies, unidirectional flow pattern and finning up sequences indicates a channel
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bar deposits within the channel. Presence of thin mud veneers along the foresets indicates

fluctuation in energy condition due to the occasional tidal influences.
3.5.3. Interpretation of Facies association 3

Cross-stratified sandstone beds with internal mudstone drapes on foresets indicate high energy
currents interrupted by slack-water phase. The large width, tabular to convex upward lenticular
shape and lack of a basal erosion surface indicate that these facies were deposited as
unconfined sheets or bars. Presence of mud drape and reactivation surfaces indicates the
influence of tidal activity. These facies association 3 indicates a fluvial dominated tide

influenced channel bar depositional setting.

3.6. Facies Association 4- Tide dominated fluvio tidal facies
association

This facies association mainly consists of fine-grained sandstone and mudstone unit. This
association comprises of five facies types namely; sandstone mudstone heterolithic facies (4A),
mud clast conglomerate facies (4B) plane laminated fine-grained sandstone facies (4C),

bioturbated sandstone facies (4D) and green sandstone facies (4E).
3.6.1. Facies 4A: Sandstone-mudstone heterolithic facies

This facies type is characterized by three sub facies unit- ripple cross-stratified sandstone
subfacies (4Al), wavy-lenticular bedded sandstone-mudstone subfacies (4A2), and inclined
sandstone-mudstone heterolithic facies (4A3).Various soft-sediment deformation structures
(SSDS) are well preserved within this facies (detailed description of SSDS are given in Chapter
6).

3.6.1.1. 4A1 Ripple cross-stratified sandstone sub facies

This subfacies is represented by 2-10 cm thick sandstone beds. Fine to medium-grained sand
with moderate sorting is the characteristic of this sandstone unit. Mineralogically, this
sandstone is comprised of quartz grains, plagioclase feldspar, and muscovite. Grains are
subangular to angular in nature but well-rounded grains are also present (Figure 3.20A). Grain
shows line contact dominantly. Presence of both well rounded and angular grains indicates a
textural inversion pattern. Thick (2- 10 cm) sandstone beds are characterized by ripple cross-
laminated trough cross- strata (Figure 3.20B). Nature of the foresets is changed from straight to
truncating with asymptotic toe. Foresets are laterally accreted and change the inclination across
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reactivation surfaces with the draping of muds. Sigmoidal cross-strata are also presented. In
places thickness of the mud drapes vary. Local preservation of ripple form with mutually
opposite flow direction has led to the development of herringbone cross-strata. Apparent bi-
directional strata bundles in vertically adjacent sets are common. Climbing ripples are also

characteristic of this sandstone unit.

Figure: 3.20. A. Photomicrograph of ripple cross-laminated sandstone subfacies (4A1)

showing both well rounded and angular grains indicates textural inversion. B. Field photograph
of ripple cross-stratified sandstone subfacies showing presence of mud drapes and poorly
developed bi-directional cross-strata. C. Ripple cross-stratified subfacies along with broad
crested ripple with reactivation surface. Coin diameter both in B and C photograph is 2.5 cm.
D. Interference ripples with bifurcation of crest line (arrow marks) exposed on the sandstone
bedding surface in Man river section. Length of the pen (encircled) is 14.5 cm.
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Broad crested symmetrical wave ripples with mud drapes (Figure 3.20C) are common primary
sedimentary structures within this sub facies. Majority of the ripples are low amplitude
symmetrical wave ripples with broad crest and trough. In few places, asymmetrical current
ripples are also observed. Asymmetrical ripples are characterized by a straight/sinuous crest
with the bifurcation of crest line. Linguoid ripple is also observed on the exposed bed surface
of sandstone. Interference of both wave and tidal current within the ripples is observed which
formed interference ripples. Bifurcation of the ripple crest lines is preserved in the Man river
section (Figure 3.20D). Wave reworked interference ripples and combined flow ripples are

more dominated towards the western part of the study area.
Interpretation

Ripple cross-stratification is considered as a result of a rapid deposition in areas of high
sediment input (McKee, 1965). As stated by Jopling and Walker (1968) and Allen (1970) this
structure allows estimating the ratio between the sediment deposition from suspension and the
bedload transportation rate. Presence of mutually opposite cross-strata indicates reversal of
depositional current (Elliot, 1986). The presence of mud drapes along the foresets of ripple
cross-strata designates tidal activities (Kelin, 1971; Boersma and Terwindt, 1981). Symmetrical
ripples along with interference ripples show that a mixed tide-wave led situation was present

during the deposition of this sandstone subfacies.
3.6.1.2. 4A2 Wavy-lenticular bedded sandstone-mudstone subfacies

This subfacies comprises of interlaminated fine-grained sandstone and mudstone. The
sandstone is yellowish in color and mudstone is red colored. Wavy mudstone beds are
alternating with discontinuous ripple bedded sandstone (Figure 3.21). The thickness of the beds

varies from 5 to 20 cm.

In lenticular bedding discontinues sand lenses are preserved within the mudstone layers both in
vertical and horizontal direction. Sand lenses are 2-4 cm in thickness and asymmetrical and
discontinuous in nature. Gradually in up section sand lenses become continuous and
symmetrical (Figure 3.21). In few lenses, internal laminae are preserved which are draped by

mud. Contact between the sand lenses and mudstone layers are sharp.
Interpretation

Wavy-bedding requires a condition where the deposition and preservation of both sand and

mud are possible along with traction current and termination of traction current followed by
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suspension (Reineck and Singh, 1980). This unit is basically an intermediate phase of flaser and
lenticular bedding. The surface of the mud layer follows the concavity and convexity of the

underlying ripples surface and formed wavy bedding (Reineck and Wunderlich, 1968).

Reineck and Singh (1980) stated that, lenticular bedding is produced when incomplete sand
ripples formed on muddy substratum and preserved as a result of deposition of next mud layer.
For the formation of lenticular bedding deposition and preservation of mud is more needed than
sand. Preservation of mud along slightly current flow for the formation of incomplete ripple
forms is the perfect setting for lenticular bedding. Towards the upsection sand lenses become

thicker and continuous which indicates supply of sand increased with respect to mud.

‘ hticu‘lar béddiﬂ

ey

Figure: 3.21. Field photograph of lenticular and wavy bedding developed within the sandstone-

mudstone subfacies (4A2).
3.6.1.3. 4A3 Inclined heterolithic sandstone-mudstone subfacies

Millimeter thick-thin interlamination of mudstone and fine grain sandstone is the characteristic
of this subfacies. The thickness of the sandstone laminae ranges between 1 and 8 mm and
mudstone laminae are 0.5 and 2 mm thin. Inclination of the strata varies from 4° to 6°. At
places, mudstone laminae are discontinuous in nature (Figure 3.22A). Microscopic study of the
sandstone-mudstone heteroliths shows alternate sand-rich and mud-rich layers (Figure 3.22B).
Grains are commonly aligned along the bedding plane. The sand-rich units comprise of about
20% matrix whereas the mudstone units have about 75% matrix. Quartz is the major
framework component along with k-feldspar, the modal concentration of the quartz grain varies
from 60-65 % rest are mainly k-feldspar (Figure 3.22C).
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Interpretation

Reineck and Singh (1980) stated that, alternate rhythmic repetition in lithology required regular
changes in the transport or production of the material. These changes can be of short duration
(tidal changes) or long-term changes. According to Reineck and Wunderlich (19673, b; 1969),
sand layers are deposited during the periods of current activity, both flood and ebb currents.
The mud is deposited during stand-still phases of high-water or low-water tide (Choi, 2010).
Repeated changes in grain size due to tidal current fluctuations are resulting in inclined
heterolithic strata (IHS) (Thomas et al., 1987; Choi et al., 2004; Fagherazzi et al., 2004).

Figure: 3.22.A. Field photograph of inclined heterolithic sandstone-mudstone subfacies (4A3).
B. Photomicrograph of inclined heterolithic subfacies showing alternate layers of sandstone and
mudstone. C. Photomicrograph showing the dominance of quartz grains within the framework

component.
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3.6.2. Facies 4B: Mud clast conglomerate facies

This facies is small lenticular shaped conglomerate body with the dominance of mud clasts
(Figure 3.23). The thickness of the beds varying from 5-10 cm and is comprised of bent clasts
of mud. Size of the mud clast varies from 0.2-3 cm. Mud clasts are angular to subangular in
nature and the matrix is arenaceous in composition. Subangular clasts of mud with low
sphericity are dominant and show three colors: yellow to brown, faded violet and white. The

base of this conglomerate unit is sharp and erosional in nature.
Interpretation

Within this facies, mud clasts are developed as a result of scouring of mud from the underlying
unconsolidated mud bed. Scouring of mud needs a high energy current/wave action and
subsequent deposition without significant transportation. Presence of mud clasts indicates
intraformational type deposit under high current strength. Presence of mud clast conglomerate
with sharp base indicates probably remnants of fluid mud beds eroded further upstream, not
much transportation have along channel bases because very little erosion and fluid mudstone
beds are observed (Eide et al., 2016).

Figure: 3.23. Field photograph of mud clast conglomerate facies (4B) showing angular mud

clasts (arrows). Length of the pen is 14.5 cm.
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3.6.3. Facies 4C: Plane laminated sandstone facies

This facies comprises of sandstone layers with intermittent very thin mudstone layer. Overall
mud contain is very less. The sandstone is fine grained with bed thickness varying from 2-25
cm. Soft-sedimentary deformation structures such as convolute laminae; load and flame
structures are well preserved. This facies is mainly associated with sandstone-mudstone
heterolithic facies (4A) but the mud contains and absence of frequent sandstone-mudstone beds

makes it distinct from facies 4A.
Interpretation

Suspension deposit during the slack phase causes the formation of plane laminated fine-grained
sandstone (Reineck and Singh, 1980). Presence of SSDS indicates density contrast between the

two different lithounits during the time of deposition.

—

Figure: 3.24. Field photograph of plane laminated sandstone facies (4C). Length of the pen is
14.5cm.

3.6.4. Facies 4D: Bioturbated sandstone facies

This facies is characterized by medium to coarse grain sandstone. Grains are moderately sorted,
subangular in nature. The thickness of this facies varies from 40 cm to 2.5 m. Facies thickness
is gradually increased from eastern part to western part of the study area. Very crude
laminations are developed. In many areas, primary laminations are destroyed due to the intense

55| Page



bioturbation (Figure 3.25A). Both the bioturbation intensity and the diversity increase towards
the western part of the studied area. Microscopic studies of this sandstone show the enrichment
of various fossil fragments along with microscale bivalve shell (Figure 3.25B, C).
Mineralogically, this sandstone comprises of quartz, microcline feldspar, and muscovite. Grains

are well sorted and rounded in nature.

Both vertical and horizontal burrows are preserved within this facies. U shaped, Y shaped, J
shaped burrows of Thalassinoid and Ophiomorpha are most common types of burrows. Other
important trace fossils are Planolites, Skolithos, Palaeophycus, Arenicolites, and Rosselia. A

detailed description of these trace fossils is given in chapter-5

Figure: 3.25. A. Field photograph of bioturbated sandstone facies (4D). The diameter of the
coin is 2.5 cm. B. Photomicrograph of bioturbated sandstone facies showing micro-scale
bivalve shell along with well-rounded quartz grain. C. Photomicrograph of elongated fossil

fragments within the bioturbated sandstone facies.
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Interpretation

Intense bioturbation indicates nutrients rich, oxygenated environment present during
deposition. Preservation of the burrows and very crude lamination indicates relatively slow rate
of sedimentation. Destruction of the primary lamination by burrows indicates sedimentation
and the burrowing process are simultaneous or just after deposition. Organism created
passageways for feeding, air, and water movement thereby disturbing the parent material.
Thalassinoides-Ophiomorpha bearing Glossifungites ichnofacies indicates a nearshore

depositional setting (Buatois and Mangano, 2011).
3.6.5. Facies 4E: Green sandstone facies

This facies is characterized by coarse-grained, well sorted and rounded green colored
sandstone. In the western part of the studied area, this facies type is predominant. Overall it is
massive in nature (Figure 3.26A) but near Phata section presence of small trough cross-
stratification is observed. The thickness of the facies varies from 40 cm to 2m. In some section
(Phata) pebbles concentrations are observed locally. Petrographic studies reveal the presence of

glauconite (Figure 3.26B) as an authigenic mineral within this facies.

Figure: 3.26. A. Field photograph of green sandstone facies (4E). Length of the hammer is

30 cm. B. Photomicrophotograph of green sandstone facies shows the presence of glauconite

(G).
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Interpretation

Coarse-grained, well sorted, rounded nature of grains indicates the textural maturity of this rock
unit. Presence of trough cross-strata specifies migration of ripple under current/wave action.
Occurrences of glauconite indicate a shallow marine depositional condition which is also
supported by the high textural maturity of the rock unit. Under wave action due to continuous

to and fro action sand grains are reworked and become rounded and well sorted in nature.
3.6.6. Interpretation of Facies association 4

Laterally accreted foresets with mud drapes and lateral variation in foreset thickness within
ripple cross-stratified sandstone subfacies indicate fluctuations in depositional condition,
alternate high and low energy conditions. Bipolar cross-strata with development of herringbone
cross-strata, sigmoidal cross-strata helps to interpret mutually opposite current activities. A
gradual change from lenticular to wavy bedding indicates changes in current strength and
supply of mud to sands, which is typical of a tidal flat regime. Reactivation surfaces with bi-
directional cross-strata and lenticular/wavy bedding, mud clast conglomerate are the major
sedimentary structures developed in a tidal environment (Kreisa and Moiola, 1986; Raaf and
Boersma, 2007; Bhattacharya and Jha, 2014). Presence of these structures in the study area
indicates that the facies association 4 is a product of tidal flat depositional setting. Sigmoidal
cross-strata indicates the change in tidal flow velocities from slack phase to maximum velocity
and then back to slack water phase (Kreisa and Moiola, 1986). Cyclic variation in the thickness
and internal structures among tidal bundles is related to tidal strength which is controlled by
periodicity of the lunar month (Kreisa and Moiola, 1986; Bhattacharya and Jha, 2014). More
towards the western part the wave reworked tidal structures increases along with higher content
of sandstone. In some part of the (Bagh section) Nimar Sandstone succession dominance of
mudstone over sandstone with the development of wavy/lenticular bedding suggests deposition
under lower intertidal setting. Presence of the bi-directional cross-strata, reactivation surface
with mud drapes, wavy bedding indicates an overall upper subtidal to lower intertidal set-up
where the supply of sand is more than mud. Presence of symmetrical ripple marks indicates
interference of wave along with tidal activities. Towards the upsection of the FA-4 dominance
of more sand within bioturbated sandstone facies (4D) and green sandstone facies (4E) along
with glauconite indicates depositional condition was gradually changed from intertidal to

subtidal setting under the influence of marine water.
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3.7. Facies Association 5- Shore facies association

This facies association is comprised of four facies types namely- fossils bearing sandstone
facies (5A), Thalassinoides-Ophiomorpha bearing thinly laminated sandstone-mudstone facies

(5B), wave ripples bearing sandstone facies (5C) and massive mudstone facies (5D).
3.7.1. Facies 5A: Fossils bearing sandstone facies

This facies is characterized by fine to medium grain sandstone with the local occurrence of
pebbles. The base of this facies is rich in gastropod body fossils. Towards the upsection,
dominance body fossil of bivalve increases. Turreted gastropod shells (Turritella) are most
abundant in this facies; they are associated with Cardium (pelecypod) (Figure 3.27A).
Gastropod shells are characterized by tightly coiled and highly spired in nature. The spired
portion of the shell is larger than the body whorle portion. Turreted gastropod shells often show
opposite orientation with each other on the sandstone bedding surface. Symmetrical low
amplitude long wavelength ripples, ladder back ripples and flat-topped ripples with bifurcated
crest lines are also observed in this facies (Figure 3.27B). More towards the upper part of this
facies presence of numerous Ostrea (Oyster) shells, a cemented variety of bivalve are found. In
this facies, Oyster shells are lying with their left valve on the substrate, where they are firmly
attached (Figure 3.27C). The height of the Oyster shell varies from 10 cm to 4cm.

Interpretation

Association of a turreted variety of gastropods (Turritella) and Cardium shells indicates a
shallow marine depositional condition. The abundance of Turritella indicates shallow depth of
the water with well-oxygenated, high nutrient and warm water condition (Malarkodi et al.,
2009). Ostrea (oysters) are mainly lives in bays and estuaries settings. Their habitats must have
water depths of 0—71 meters, ranging in temperatures of 6-20° Celsius; with salinity above 25
ppt. Presence of small scale symmetrical wave ripples indicates wave activity in very shallow

water conditions (Bhattacharya and Jha, 2014).

It is generally believe that rounded crest and flat top of ripples are the results of the reworking
of ripples during the process of emergence and also the ladder-back ripples are the result of the
late stage wave action during the emergence (Collinson and Thompson, 1982). Low amplitude
of the ripples indicates the shallow depth of water. Khosla and Sahani (2000) stated that, the

presence of Ostrea indicates a near-shore sub-tidal environment.
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Figure: 3.27. Field photographs of Fossils bearing sandstone facies (5A) showing A. gastropod

(G) and bivalve shells (B) on the sandstone bedding surface. B. symmetrical flat-topped wave
ripples with small scale ladder back ripples. C. body fossil of Ostrea, yellow arrow showing
height of the shell. D. bi-polar orientations of gastropod shells (orientation of apex is marked
by arrow heads). Length of the pen in A, B and C is 14.5cm and the diameter of the Coin is 2.5

cm.

3.7.2. Facies 5B: Thalassinoides-Ophiomorpha bearing thinly laminated

sandstone-mudstone facies

Red colored, fragile, thinly laminated alternate sandstone-mudstone bed is characteristic of this
facies (Figure 3.28). Under microscope also the alternate sand rich mud rich layer is prominent
(Figure 3.29A). In the framework component of the rock quartz grain is dominant (Figure
3.29B). Alternate bioturbated and nonbioturbated zone is common within fine-grained
sandstone-mudstone sequence. Burrows of Thalassinoides and Ophiomorpha are the main
distinguishing feature of this facies, 30 to 40 cm long and 10 cm thick vertical “Y” shaped
Thalassinoides tubes are observed. Due to intense bioturbation, primary bedding was extremely
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disturbed and shows a fragile look. Mudstone layers which are not affected by bioturbation

show development of thin laminae. At place, small-scale symmetrical ripple marks are

observed within the sandstone bed.

Figure: 3.28. A. Field photograph of Thalassinoides-Ophiomorpha bearing thinly laminated
sandstone-mudstone facies (5B), showing well preserved vertical burrows (B).The part within

the box is zoomed in B. Length of the hammer is 30 cm. B. Large scale vertical burrows of

Thalassinoides. Length of the pen is 14.5 cm.

Figure: 3.29. Photomicrographs of Thalassinoides—Ophiomorpha bearing thinly laminated
sandstone-mudstone facies showing A. alternate sand dominated and mud dominated layers.

B. dominance of quartz grains within the framework component.
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Interpretation

Thick mudstone is mainly a product of suspension fall out under low energy condition (Reineck
and Singh, 1980). In this facies thick mudstone layers alternating with fine-grained sandstone
indicates low energy depositional condition. The high intensity of bioturbation indicates
oxygenated, nutrients-rich environment. Singh and Srivastava (1981) stated that Thalassinoides
and Ophiomorpha are mainly associated with the shallow marine environment. Presence of

small scale symmetrical wave ripples indicates shallow water condition with wave actions.
3.7.3. Facies 5C: Wave ripples bearing sandstone facies

This facies is characterized by coarse-grained, moderately sorted, subrounded grains of sand.
Mineralogically, the sandstone is comprised of quartz grains along with siliceous cementation.
Quartz grains show straight extinction dominantly but undulose extinction is also observed
(Figure 3.30A). Line contact is the dominant grain to grain contact. The thickness of the
individual bed varies from 10 cm to 15 cm. At the top of this facies symmetrical ripple with
flat-top are observed. Crest lines are continuous with bifurcation (Figure 3.30B). They have
spacing of more than 10 cm, smaller ladder back ripples occur in the troughs of the main ripple.

Low amplitude long wavelength is the characteristic of this wave ripples. Internally the

arrangement of the laminae gives chevron up building with the irregular bottom set (Figure
3.31).

Figure: 3.30. A. Photomicrograph of wave ripples bearing sandstone facies (5C) shows well-
sorted quartz grains along with siliceous cement (arrow indicates siliceous cement). B. Field
photograph of symmetrical wave ripples with bifurcation of the crest lines (marked with
arrows). Length of the pen is 14.5 cm.
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Figure: 3.31. Field photograph of wave ripples bearing sandstone facies (5C) showing chevron

up building of the foresets (arrows). Diameter of the coin is 2.3 cm.
Interpretation

The grain size of this sandstone unit and the presence of symmetrical ripple indicate moderate
energy condition under the influence of wave action. Due to interaction of oscillatory flow
produced by wave and sediment substrate symmetrical wave ripples are formed
(Harms et al., 1975). Low amplitude long wavelength of ripples indicates shallow depth of
water. Presence of chevron up building suggests sufficient supply of sediment during the time

of deposition.
3.7.4. Facies 5D: Massive Mudstone

This facies is characterized by red colored thick mudstone which is devoid of any sedimentary
structures. Facies thickness varies from 6-120 cm. It is very friable in nature. The microscopic
study of the mudstone indicates that mineralogically it is rich in quartz, opaque minerals,
micaceous mineral, with some feldspar grains (Figure 3.32A). Feldspar grains are either
partially or fully altered. The opaque minerals appeared as dark in color. The rock shows
very faint layering by aggregated grains, one is dominated by quartz grains and the other
one with dominant micaceous minerals. The modal concentration of quartz grain in the quartz-
rich layer is about 55%. This facies is well developed in the eastern part of the basin (Near,
Sitapuri area). Bioturbation is not observed within this facies. This facies shows a sharp contact
with the upper Nodular Limestone Formation (Figure 3.32B).
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Figure: 3.32 A. Photomicrograph of massive mudstone facies (5D) showing quartz-rich (Qt)
and opaque (Oq) rich layers. B. Field photograph of massive mudstone facies overlain by white

colored Nodular Limestone Formation. Man in the picture is for scale.
Interpretation

Deposition of very fine sediments under very low energy conditions leads to this kind of thick
massive mudstone. It is a suspension fallout deposit. Absence of bioturbation indicates an

anoxic condition with increasing water level.
3.7.5. Interpretation of Facies Association 5

This facies association shows abundance of marine trace fossils and body fossils along with
symmetrical wave ripples which indicates a shallow marine nearshore depositional setting.
Presence of rounded /flat top ripples along with ladder back ripples suggests intermittent
subaerial exposure of the ripples in a beach setting. The gradual increase of mud content and
decreasing bioturbation intensity towards the upsection of this facies association indicates

increasing water depth along with more suspension deposition.

3.8. Depositional environment of the Nimar Sandstone

Based on detailed facies analysis, three distinct depositional systems are identified within the
Nimar Sandstone — (i) basal fluvial depositional system without significant effect of marine
tide/wave reworkings, (ii) middle tide-influenced fluvio-tidal interactive system and (iii) the
upper tide-wave reworked onshore setting (Figure 3.33). Significant mixing of fluvial and tide-

wave processes from bottom to top of succession suggests an overall fluvio-marine interactive
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depositional system was prevalent during Nimar sedimentation. Detailed account of all facies
types in five facies associations of the Nimar Sandstone and their description and interpretation

are summarized in Table 3.1.

The channel-fill facies association (FA-1) is laterally discontinuous, lenticular shaped,
predominant in the basal part of the succession and consists of clast supported conglomerate
facies (1A), matrix supported conglomerate facies (1B), pebbly sandstone facies (1C) and
trough cross-stratified sandstone facies (1D). The finning upward successions of dominantly
cross-stratified sandstones with concave-up base and abundant immature sediments indicate
deposition from rapid high-energy currents, which confined in channels. The lenticular

conglomerate occurring at the bottom of the Nimar Sandstone demarcates channel lag deposits.

Overbank facies association (FA-2), closely associated with the channel-fill facies association
(FA-1), is dominated by - (i) sandstone-mudstone interbedded facies (2A) with vertical burrows
(e.g., Skolithos), and (ii) plane bedded sandstone facies (2B). The overall finer grain size of this
association with ample mud indicates that this facies deposited in the floodplains of the
channels. In the lower part of the succession, alternate deposition of FA-1 and FA-2 indicates
their deposition in fluvial-dominated settings. FA-1 and FA-2 are well developed in the eastern
and central part of the study area, which signify fluvial sedimentation in Nimar Sandstone was

confined mainly in the eastern and the central parts of the basin.

Juxtaposition of this facies association with fluvial-dominated fluvio-tidal facies association
(FA-3) in the middle part of the succession indicates that the depositional condition shifted
from an overbank to inter-distributary bay setting due to frequent inundation by tidal flooding.
However, fluvial sediment supply was much higher than tidal sedimentation. Sediments were
affected by tidal current and formed poorly developed bi-directional cross-strata and
reactivation surfaces, within large scale trough cross-stratified sandstone facies (3A) and planar
cross-stratified sandstone facies (3B). In the central part, mainly in the Bagh and the Rampura
sections, FA-3 is well developed. Intimate association of sediments of FA-3 with channel-fill
fluvial sediments (FA-1) and the overbank deposits (FA-2) and overall progradational character
of the succession indicate deposition within a bay-head delta zone within a fluvial-tidal

interactive depositional system.

The tide dominated fluvio-tidal facies association (FA-4) is distributed throughout the study
area. Within the FA-4, sandstone-mudstone heterolithic facies (4A) and plane-laminated
sandstone facies (4C) are abundant and well developed in Bagh and Man river section. The
mud clast bearing conglomerate facies (4B) is restricted locally in those sections. Within the
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sandstone-mudstone heterolithic facies (4A) evidences of tides are well preserved in the form
of tidal bundles, tidal rhythmites, reactivation surfaces with double mud drapes and bi-
directional cross-strata. Predominance of tidalites in the middle part of Bagh and Man section
indicates a well-developed intertidal flat environment. Bioturbated sandstone facies (4D) and
green sandstone facies (4E) are dominantly sandstone-rich and are well developed more
towards the western part of the basin (e.g., Akhara and Phata sections). The dominance of
sandstone over mudstone within these two facies indicates relatively higher energy conditions.
The intensity of bioturbation also increases towards the western part. At the top part of the FA-
4, presence of wave reworked tidal features, interference ripples and increasing sand content
indicates a shift from inter-tidal to sub tidal depositional condition. Overall, the intertidal to
subtidal flat within a fluvio-tidal mixed setting with less wave activities indicates a sheltered
tide-dominated wave-influenced estuary setting for central part of the study area, where the

influence of wave is less.

More towards the up section wave influence gradually increases within the shore facies
association (FA-5). Vertical stacking of FA-5 over FA-4 indicates a change in depositional
pattern from tide-dominated to more wave-dominated. Presence of Ostrea and Turritella shells
in the fossil-bearing sandstone facies (5A) indicates relatively stable ground with a shallow
open marine condition, which is also supported by the presence of ladder-back ripples, low
amplitude flat-topped wave ripples within it and the associated Thalassinoides-Ophiomorpha
bearing thinly laminated sandstone-mudstone facies (5B). In wave ripples bearing sandstone
facies (5C) abundant flat-topped wave ripples, ripples with bi-furcated crest line, ladder-back
ripples, and combined-flow ripples bear signatures of shallow wave reworking and intermittent
exposures, suggesting a shore depositional setting with dominant wave action. In this facies
association, mud content gradually increases towards the up section. The thick massive
mudstone facies (5D) of FA-5 appeared as a sheet over the total Nimar Sandstone succession.
Continuous, thick and massive nature of the mudstone indicates a prolonged suspension deposit

under high water level condition.
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Figure: 3.33. Conceptual depositional model for Nimar Sandstone showing distribution of
various facies types in the study area. Representative vertical lithologs (1-6) for different parts
of the proposed model is also shown.

Overall facies succession manifests - (i) increase in the mud content and (ii) predominance of
marine trace fossils and body fossils towards the upsection and spatially from east to west,
which indicates gradually increasing water depth and west to eastward encroachment of more
open coastal conditions. Thus, the overall facies architecture reveals an onlapping of the shore
facies association on the underlying sediments. This facies association constitutes the top part
of the Nimar Sandstone succession and is conformably overlain by bivalve- and echinoid-
bearing limestone of the Nodular Limestone Formation, indicating the development of more

open marine conditions in the study area. Gradual increase in marine conditions towards
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upsection is an evidence of a prolonged, sustained marine transgressive condition in the

Narmada valley during the late Cretaceous.

3.9. Summary

Systematic interpretation of facies from Nimar Sandstone reveal total seventeen facies types
from the study area. All these facies are grouped under five facies association based on their

genetic appearances —

> Basal portion of the successions occupied by the channel-fill facies association (FA-1)
and overbank facies association (FA-2), which appeared as a blanket over FA-1. Middle
portion of the succession contain mixed fluvio-tidal sediments of fluvial dominated
fluvio-tidal facies association (FA-3), and tide dominated fluvio-tidal facies association
(FA-4). Upper part is dominated by wave reworked tidal sediments of shore facies
association (FA-5).

> Distribution pattern of these facies association and their forming processes signify
overall deposition was took place in a fluvio-marine interactive estuary setting, where
sedimentation was started under fluvial process followed by a mixed fluvio-tidal
process and then more marine influence towards the upsection. The overall depositional
setting are classified into three major sub-environment-

e A river dominated (FA-1) inner estuary with an overbank setting (FA-2). Along
with Sand dominated channel bars in a bay-head delta zone which influenced by
tidal current (FA-3).

e Tidal flat environment dominantly inter-tidal to sub-tidal setting in the middle
part of the succession (FA-4).

e An outer estuary zone where wave-reworked sub-tidal flat environment
prevailed with gradually increases of water level in the upsection (FA-5).

» Overall depositional environment and the distribution pattern of the facies indicate an
eastward encroachment of marine water with gradual increase of water level during the

deposition of Nimar Sandstone in the study area.
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CHAPTER-4

Tide and wave generated structures

4.1. Introduction

Evidences of tidal activities are preserved both in modern and ancient sedimentary succession.
Vertically accreted planar deposits (tidal rhythmites) and laterally accreted foreset bedforms
(tidal bundles) within sandstone-mudstone heterolithic units are known as tidalites. Tidalites
preserved the ancient record of tidal cyclicities. The thickness of the individual laminae within
tidalites is directly proportional to the strength of the tidal current which in turn is directly and
positively related to the magnitude of the daily rise and fall of the tide (tidal range). Over
periods of days, months, or years, changes in tidal current strength related to various lunar/solar
cycles are reflected in the change in thicknesses of vertically stacked laminae (Mazumder,
2004; Kvale, 2012). Tidalites are the tool for tracing the evolutionary history of the Earth-
Moon system (Williams, 1989; Kvale et al., 1999). From the late Cretaceous Nimar Sandstone
Bhattacharya and Jha (2014) first time documented tidalites and by measuring variation in
foreset thicknesses of tidal bundles they calculated lunar tidal periodicities and Earth-Moon
orbital distance of the late Cretaceous time. Several tide generated structures are reported from
sandstone-mudstone heterolithic facies (4A) of the Nimar Sandstone (Bhattacharya and Jha,
2014), like bundled sediment couplets (one sand foreset followed by a mud drape) with lateral
thickness variation, bipolar strata bundles with development of herringbone cross strata,
frequent reactivation surfaces, lenticular/wavy bedding and pinstripe heterolithic strata. In
addition, various wave-generated features like wave ripples and wave modified ripples are
commonly associated with the tidalites. In this chapter detailed documentation of each tide
generated, as well as wave reworked tidal structures are presented and interpreted in terms of

prevalent palaeodepositional condition.
4.2. Tide generated sedimentary structure

Tide-dominated fluvio-tidal facies association (FA-4) mainly bears the evidences of palaeo
tidal activities from the study area. FA-3 and FA-5 have very crude evidence of tide i.e., poorly
developed bi-directional cross-strata, reactivation surfaces and mud drapes; FA-5 is mainly
enriched with tidal trace fossils (e.g. Balanoglossites isp., Asterosoma isp., Rosselia isp.). The
sandstone-mudstone heterolithic facies (4A) is enriched with tide generated primary

sedimentary structures, which is abundantly present in the middle part of the succession. Major
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tide generated primary structures are- i) laterally-accreted strata bundle with reactivation
surface, ii) bi-directional cross strata set with the development of herringbone cross-strata, iii)
vertically-accreted strata bundle with wavy and lenticular bedding and iv) sigmoidal strata. In
the sandstone-mudstone heterolithic facies (4A) individual sandstone beds are characterized by
abundant ripple cross-laminae with development of bundled foresets. The change from sand to
mud is commonly gradational, although the contact between mud and overlying sand is sharp
and abrupt. Foreset geometry often changes laterally from straight, truncating, concave up with
asymptotic toe, to sigmoidal. Detail descriptions and interpretation of different tide generated

features are given below.

4.2.1. Laterally accreted strata bundle with reactivation surface

Rippled cross-stratified sandstone subfacies (4A1l) is the host for these structures. The laterally
accreted bundles are more prominent in the Bagh section. At the base of this structure, cm thick
set of planar lamination was observed. Thicknesses of cross-strata set varies from 6 to 15 mm.
A systematic down current change in grain-size across the bundles within individual set is
observed (Figure 4.1). Reactivation surfaces or sigmoidal shaped laminae of fine grained
sandstone separate the bundles from one another. Each laterally accreted foreset is bounded by
a thin (~ 2-3 mm) laminated horizontal mud layer. Towards the down current direction mud is
more abundant. The thickness of sandstone foresets varies from 2 to 4 mm. whereas the
thickness of mudstone drapes are ranged from 0.5-1.2 mm. Individual small ripple bedforms
are also preserved. Different foresets are accreted laterally against prominent reactivation

surfaces. At places, bi-directional cross-strata were crudely developed (Figure 4.2A).

Interpretation:

Boersma (1969) stated that migration of ripples during a major tide is producing such type of
bundles. Presence of reactivation surfaces between the laterally accreted bundles indicate
frequent changes in tidal current and intensity during or between tides (Klein, 1977). Truncated
sigmoidal mudstone drape or horizontal mudstone layers on each bundle indicate a pause or
stagnant phase during the tidal activity (Kreisa and Moiola, 1986). Downcurrent change in
thickness and grain size throughout the bundles represent systematic variation in the strength of

successive tides (Bhattacharya et al., 2012).
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Figure: 4.1. Field photograph of lateral accretions of strata bundles against reactivation

surfaces. Arrow marks show several reactivation surfaces along with mud drapes.

4.2.2 Bi-directional cross strata set with the development of herringbone cross-

strata

Bi-directional cross-strata sets occur within thick ¢(1m thick) coarse-grained sandstone bed of
sandstone-mudstone heterolithic facies. In each of the set sandstone foreset and toeset are
draped by thin mudstone layer, forming tidal bundled (Figure 4.2A). The shift from sand
laminae to mud laminae is commonly gradational, whereas the contact between mud laminae
and next sand laminae is abrupt. Foreset thickness and inclination vary laterally in cyclic
pattern within one strata set. Foreset geometry often changes laterally from straight, truncating,
to concave up with asymptotic toe to sigmoidal. Different foresets are accreted laterally against
prominent reactivation surfaces. Climbing ripples are abundant within the individual strata
bundles (Figure 4.2B). Thickness of the foreset varies both laterally and vertically. At the
bottom part of the set boundaries successive mud drapes on the sand foresets become flat and
merge together producing thin mud veneers. At places top of the small ripples are draped by
thin mud. Locally, preservation of individual ripple with mutually opposite flow direction has

led to development of herringbone cross-strata (Figure 4.2B).
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Figure: 4.2. A. Field photograph of ripple cross-stratified sandstone subfacies (4A1) showing
mutually opposite foreset orientations in adjacent strata sets. Length of the pen is 14.5 cm.
B. Field photograph of bi-directional strata bundles with the development of small climbing
ripples (C) and reactivation surfaces (R) ripples show rounded, symmetrical crests plane

lamination (P). Diameter of the coin is 2.5 cm.
Interpretation

Formation of mutually opposed cross-strata bundles with local development of herringbone
cross-strata suggests current reversals under ebb-flood tidal fluctuations (Bhattacharya and
Bhattacharya, 2006, 2010, Bhattacharya and Jha, 2014). Due to changes in velocity of the tidal
current during or between the tidal phases reactivation surfaces are developed (Klein, 1977).
Presence of thick mud drapes along the sandstone forsets signifies alternate slack phases in
between dominant tidal currents. Thick-thin alternate foreset of sandstone-mudstone indicates a
diurnal inequality in tidal current (Kvale 2006, 2012). The abundance of sandstone beds over
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mudstone and abundance of mutually opposite cross-strata sets suggest deposition in subtidal
condition (Bhattacharya and Jha, 2014).

4.2.3. Vertically accreted strata bundles

Vertically accreted strata bundles are represented by alternating sets of ripple cross-laminae and
horizontal planar laminae (Figure 4.3A). Characteristically, the alternation is on a scale of a
few centimeters. Ripple forset followed by planar laminated thin sand-mud veneer on their top
is the main characteristic of these strata bundles. There is a tendency of the ripples to climb
near the upper part of the cosets. Amplitudes of the ripples vary from 5cm to 7cm. Overall
there is an upward decrease in grain size and foreset thickness (0.7 cm to 1 cm) of the ripple
cross-laminated units. The apparent reverse orientation of vertically adjacent cross-sets has
given rise to herringbone structure locally (Figure 4.2A). Discontinuous, flat, isolated cross-
laminated sand lenses (Lenticular bedding) and wavy bedding are interbedded within thick mud
layers (Figure 3.21), where mudstone is dominant over the sandstone. Wavy mudstone alternate
with discontinuous ripple bedded sandstone. The thicknesses of the layers vary from
5 to 20 cm. In lenticular bedding, sand lenses are 2-4 cm in thickness and asymmetrical and
discontinuous in nature. Gradually in up section sand lenses become interconnected and

symmetrical in nature.
Interpretation

Greb and Archer (1995) stated that alternating sets of thick-thin sandstone-mudstone laminae
indicate fluctuation in energy condition, where thicker sandstone lamina are deposited under
traction current and alternating thin mudstone are the product of suspension fallout during the
slack phase. Presence of interbedded ripple cross-laminae with thin planar-lamination within
sandstone indicates a change in depositional energy condition. Round crested ripples with
systematic drapes of mudstone on each ripple indicate alternate shallow water wave action with
tidal current. Presence of lenticular and wavy bedding suggests an increase in mud supply over
the sand. Increase in mud supply at a certain phase prohibits the migration of bedforms and
leading to the formation of lenticular bedding (Reineck and Singh, 1980). Continuous sand
lenses in wavy bedding indicate the deposition and preservation of both the sand and muds
(Reineck and Singh, 1980). Due to the minimal supply of sand isolated, flat sand lenses are
developed. Towards the up section gradation from lenticular to wavy bedding indicates
continuous supply of sand and mud; where from the base to top supply of sand gradually

increases. Climbing ripples represent rapid accumulation of sediments over the migration of the
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bedforms. Vertically accreted tidal bundles with mud interbed indicate an upper intertidal-flat

domain for the deposition of the sediments (Kreisa and Moiola, 1986).

Figure: 4.3. Field photograph of vertically stacked tidal bundles (VsTbh) showing
alternate thick—thin cycles along with planar lamination (PI). Length of the pen is 14.5

cm.

4.2.4. Sigmoidal strata

The sandstone beds of the sandstone-mudstone heterolithic facies are characterized by low
dipping topsets (5-8°) with moderately dipping (20°) sigmoidal foresets (Figure 4.4). Down
current termination of the foreset near the bottom set boundary is also prominent. Each of the
foreset is draped by thin mud veneer. The low angle topset laminae tie a gap between crest of
the bedform and the brink point from where the laminae become steeper. In few places
thickness of the mud drapes increases. Sigmoidal cross lamine bundles generally develop from
laterally accreted planar-tabular cross-laminae. Reactivation surface is prominent within these
strata bundles. Both the upper and lower bounding surface of the strata sets are covered by

thinly laminated mud layers.
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Figure: 4.4. Field photograph of sigmoidal cross strata bundles (S), reactivation surfaces (R)

and mud drapes (M). Length of the pen is 14.5 cm.

Interpretation

Mainly migration of linguoid ripples under high energy condition formed sigmoidal cross-strata
(Bass and De Koning, 1995). In the study area dominance of low angel top sets of these
cross-strata indicate migration of humpback ripples which are considered responsible for the
formation of this sigmoidal strata bundle (Sunderson and Lockett, 1983). In Low-angle topset
the area between the crest point and the brink point represents a zone of non-flow separation,
and flow separation occurs near the brink point (Bhattacharya and Jha, 2014). Mud draping on
these bundles represents pause phase in between successive tidal currents (Bhattacharya and
Bhattacharya, 2006). Formation of sigmoidal bundles needs higher tidal flow velocity

condition.
4.2.5. Cyclical Tidal Rhythmites

Inter-laminated, near horizontal beds of mudstone and fine sandstone are the characteristic of
this tidal rhythmites (Mazumder and Arima, 2013) (Figure 4.5). The thickness of the sandstone
laminae ranges between 1-8 mm and mudstone laminae thickness vary between 0.5-2 mm.
Sandstone-mudstone heterolithic facies of FA-4 is the host of the tidal rhythmic structures,
often alternated with laterally accreceated cross strata bundles in vertical succession.
Rhythmites are characterized by alternate thick-thin pairs of the sandstone-mudstone layer

forming alternate sand-dominated and mud-dominated zones.
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Figure: 4.5. Field photograph of tidal rhythmites in thick-thin alternate layers of a sandstone-
mudstone unit of sandstone-mudstone heterolithic facies (4A).

Interpretation

Cyclical tidal rhythmites point to sheltered intertidal flats typically at the inner part of macro-
tidal estuaries (Fan, 2013). Mm thick sandstone-mudstone inter-laminae indicate a deposition
from suspension fallout in a relatively calm water condition (Greb and Martino, 2005). The
variation of lamina thickness is due to the rhythmic fluctuations in the rate of suspension

settlement of sediments.
4.3. Significance of tidal Structures in the study area

In the study area tidalites are mainly associated with the tide dominated fluvio-tidal facies
association (FA-4). Presence of laterally accreted tidal bundles, herringbone cross-strata and
sigmoidal cross-strata, within the ripple cross-stratified sandstone subfacies (4Al) indicates a
subtidal depositional setting. Similarly, alternate thick-thin cyclical tidal rhythmites, vertically
accreceated cross-strata, wavy and lenticular bedding are considered as a product of inter-tidal
flat (Fan, 2013). The overall depositional condition for FA-4 is mainly tide-dominated. Within
the tidal rhythmites alternate sandstone-mudstone couplets indicate dominant tidal current
followed by a slack phase between two successive tides (Allen, 1981). Presence of abundant
reactivation surfaces within sandstone-mudstone heterolithic facies (4A) is an indication of
frequent changes in tidal current intensity and direction. Systematic variations in tidal strength
during the sedimentation are recorded in terms of down current variation of foreset thickness
and grains size across the laterally accreted strata bundles. Abundance of sigmoidal cross-strata
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bundles over laterally accreted bundles towards the up section indicates increasingly higher
tidal flow velocity (Bhattacharya and Bhattacharya, 2006). In vertically accreted tidal bundles
thinly laminated sandstone-mudstone layer indicates periodic flow fluctuations, where sand
deposited from traction current and mud deposited from suspension during quiescent phases.
Alternate sand-dominant and mud-dominant units with variation in thicknesses of sandstone
foresets and mudstone drapes suggest alternate spring—neap-spring tidal cycles (Greb and
Archer, 1995). Mazumdar and Arima (2005) stated that, cyclical interlamination of sandstone-
mudstone layers is the product of intertidal flat setting. Bi-directional cross-strata sets with
predominance of sandstone indicate mutually opposite and higher tidal current strength under
ebb-flood tidal fluctuations (Bhattacharya and Bhattacharya, 2006, 2010).

The middle portion of the Nimar Sandstone succession is mainly occupied by the tide-
dominated fluvio-tidal facies association (FA-4) and distributed throughout the study area.
Central and eastern part of the study area is mainly dominated by muddy, fine-grained
sediments along with tidal rhythmites, lenticular/wavy beddings and inclined heterolithic strata.
Sand content within FA-4 increases up section, particularly more towards the western part of
the study area. Facies 4D and 5B is mainly enriched with tidal trace fossils (discussed in
chapter 5) with more sand. Dominance of this two facies types is mainly observed in the
western part of the study area. The predominance of sandstone over mudstone more towards
the western part along with bi-directional cross-strata indicates a subtidal flat setting. So it can
be concluded from the tidal structures that central and eastern part of the study area is mainly
controlled by an inter-tidal setting whereas the western part is under sub-tidal setting. Based on
the tidal features overall an intertidal to the subtidal flat depositional condition is inferred for

the middle portion of the Nimar Sandstone succession.
4.4. Wave generated structures

Wave reworked tidal structures, as well as wave dominated bedforms, are well preserved in the
study area. Symmetrical wave ripples, interference ripples, ladder back ripples, flat-topped
ripples and combined flow ripples are documented from the tide dominated fluvio-tidal facies
association (FA-4) and shore facies association (FA-5). In ripple cross-stratified sandstone
subfacies (4A1) of FA-4 wave reworked tidal structures are dominant. In the vertical section
wave ripples are preserved as bundled up-building of cross-strata with sharp lower and upper
boundary (Figure 4.6A). In general, wave ripple beds are underlain and overlain by planar

laminated thick sandstone beds and they are in common capped by a wavy draping surface with
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poorly developed bi-directional cross-strata (Figures 4.6B, 4.7). At places wave ripple shows
tuning fork like bi-furcation of crest lines along with ladder back ripples (Figures 3.27B, 3.30B,
4.8). Ripples with rounded crests and symmetrical profiles with sand/mud drapes on top
indicate reworking of tidal sediments by shallow water waves. Within the wave reworked tidal
bundles foresets are dipping in opposite direction (Figure 4.7). Wave reworking of the tidal
bundles is often very prominent towards the western part, producing varied combined flow
ripples and wave-generated tidal bundles (Figure 4.6A). In shoreface facies association (FA-5)
symmetrical sinuous crested ripple marks are abundant towards the western part of the study

area.

Figure: 4.6. A. Field photograph of wave ripples (W) with bundled-up building of laminae and
combined flow ripples (C). B. Field photograph of wave reworked tidal bundles with poorly
developed bi-directional cross strata within the sandstone-mudstone heterolithic facies. Length

of the penis 14.5 cm.

78 | Page



Figure: 4.7. Field photograph of wave reworked tidal bundles along with bi-directional

cross-strata and reactivation surface (R). Length of the pen is 14.5 cm.

Figure: 4.8. Field photograph of wave ripples with sinuous and bi-furcated (arrows) crest lines.

Length of the pen is 14.5 cm.

4.5. Significance of wave-generated sedimentary structures in the

study area

Presence of symmetrical ripples with tuning fork-like bifurcations of crest lines and
development of bundled cross-laminations are characteristic of wave generated bedforms
(Boggs, 2012). Wave generated tidal bundles along with bi-directional cross-strata, and
reactivation surface signify an interaction between tide-wave energies. Wave reworked tidal

structures are dominant mainly towards eastern and central part of the study area. Symmetrical
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ripple marks with some sinuosity in their crest lines indicates migration of bedforms under the
influence of tidal current drag during settling time. Small scale symmetrical wave ripples with
flat-top within the Nimar sandstone indicate a very shallow water conditions and deposition
above wave-base (Bhattacharya and Jha, 2014). Presence of wavy lamination within cross-
stratified sandstone indicates fluctuation from unidirectional current to oscillatory flow during
their deposition (Bhattacharya and Bhattacharya, 2006, 2010). Draping of wavy lamination on a
cross-stratified bed is a product of a shallow protected coastal area; an estuarine condition
(Yang et al., 2008). However, the intensity of wave-generated bedforms (symmetrical ripples,
ladder back ripples, flat-topped ripples, chevron up building structures) increases towards the
western part of the study area, which indicates the prevalence of more wave-dominated open

marine conditions.
4.6. Discussion

Tidalites, tidal rhythmites, and associated wave-reworked tidal features are dominated within
FA-4 and FA-5 in the middle-upper part of the succession. The lower part of the tide dominated
fluvio-tidal facies association (FA-4) is the product of an intertidal flat setting whereas the
upper part of FA-4 (bioturbated sandstone facies, green sandstone facies) and shore facies
association (FA-5) interpreted as deposited in lower intertidal to the subtidal condition. In the
various studied successions of Nimar Sandstone repetition of such facies types (sand dominated
and mud dominated) indicates rapid fluctuation between subtidal-intertidal-subtidal settings.
The dominance of tidal structures in the middle part of the succession followed by wave
generated bedforms towards the up section suggests gradually increases in wave energy over
the tide. In the middle part, well preservation of tidal structures also suggests that deposition
was going to a protected area (sheltered estuary condition) where wave influence was low.
Laterally accreted tidal bundles, bi-directional cross-strata, vertically accreted cross-strata,
sigmoidal cross-strata, inclined heterolithic cross-strata are the major tidal features in the Nimar
Sandstone along with wave reworked tidal bundles, symmetrical ripples. Preservation of both
tidal and wave features in the study area is gradational both in spatio-temporal direction. From
the eastern to western part of the study area dominance of wave generated structures increases.
Well preservation of tide-generated structure in the eastern and central part of the study area
indicates restricted/sheltered marine condition whereas in the western part deposition was
going on open marine condition. Sequential gradation of tide to wave generated structures
towards the up section bears the evidence of a shift in depositional condition from intertidal to

subtidal to open marine setting.
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4.7. Summary

e All the tide and wave generated primary structures are mainly confined within the FA-4
and lower part of the FA-5.

e Tide generated structures like lenticular bedding, wavy bedding, inclined heterolithic
structures are the product of inter-tidal flat setting.

e Ripple laminated bi-directional cross-strata and sigmoidal cross-strata indicates a sub-
tidal setting.

e Preservation of the more tidal structures along with wave reworking more towards the
eastern and central portion of the study area indicates deposition took place in a
sheltered estuary condition where tidal structures are protected from wave energy.

e The dominance of wave generated structure more towards the up section of successions
and western part of the study area indicates an open marine coastal condition.

e Both the tide and wave generated primary structures along with the fluvial deposit at the
lower portion with finning up a succession of the Nimar Sandstone signifies, a fluvial-

to marine transitional sedimentation for the studied area under an estuary setting.
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CHAPTER-5

Ichnology

5.1. Introduction

Ichnology has been used to interpret palaeoenvironments, palaeodepositional settings and
palaeoclimatic condition. Palaeodepositional interpretations are generally based on the
diversity, intensity, distribution of ichnoforms and their assemblages in a sedimentary deposit.
For example, the Skolithos ichnofacies (Pemberton et al., 1992) interbedded with hummocky
cross-stratified sandstone shows an extremely close association with proximal offshore
depositional environments (Frey and Pemberton, 1984; Howard and Frey, 1984; Frey, 1990;
MacEachern and Pemberton, 1992; Pemberton and MacEachern, 1997; Bromley and Uchman,
2003; Bann et al., 2004). Similarly, planar-laminated structure in association with local
bioturbation of Nereites ichnofacies along with sporadic occurrences of the Cruziana
ichnofacies (Pemberton et al., 1992) indicates influence of turbidity current in the depositional
setting (Crimes et al., 1974). As stated by Seilacher (1953) an ichnofacies is a “recurring
association of trace fossils through the Phanerozoic on a global scale and it is meant for
sedimentary facies and the interpreted depositional environment”. Along with the term
ichnofacies, “ichnofabric” is also associated commonly in ichnology. Ichnofabric was first
described by Ekdale and Bromley (1983) as “that aspect of sediments texture and internal
structure that arises from bioturbation and bioerosion at all scales related to the level of
biological input”. Several factors can control the pattern of ichnofabric like the rate of
bioturbation, sedimentation rate and the composition of the substrate. Gingras et al. (2012)
pointed that, ichnological data can provide more reliable interpretation when used with other
sedimentological data for a particular depositional setting, as certain ichnofacies point to a
particular set of depositional condition. So an ichnofacies study is a combination of the study of
ichnotypes, ichnofabric and ichnoassemblages and the palaeoenviromental history.

This chapter includes, detailed description of various ichnoforms, ichnoassemblage and
interpretation of the dominant controlling factors in terms of the palaeoecology and
palaeodepositional environment of the Nimar Sandstone. Tide-dominated fluvio-tidal facies

association (FA-4) and shore facies association (FA-5) are the main hosts for ichnoforms
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within the Nimar Sandstone. Within the FA-4 and FA-5 sandstone-mudstone heterolithic facies
(4A) plane laminated sandstone facies (4C), bioturbated sandstone facies (4D) and
Thalassinoides —Ophiomorpha bearing thinly laminated sandstone-mudstone facies (5B) are
the major facies types enriched with various ichnoforms. Overall bioturbation diversity in the
study area is low and the intensity of the bioturbation is more in the western part with respect to

the central and eastern part of the study area.

5.2. Methodology and Material

Field based systematic ichnological data were acquired from fifteen outcrop locations of which
four outcrops show abundant trace fossils in the study area. The major four outcrops are
distributed in Chikapoti, Rampura, Akhara and Sitapuri, area respectively (location 2, 6,5 and
15in figure 2.4). Detailed study of the trace fossils in terms of ichnodiversity, bioturbation
intensity; ichnoassemblages and palaeodepositional conditions are described from the Nimar
Sandstone. The ichnoassemblages of the various trace fossils was defined based on variations
in substrate type, the taxonomic affinity of trace fossils and palaeoenviromental controls. Field
observations and field photographs are used to describe the ichnofossils and the
ichnoassemblages from the study area, accompanied by polished slabs for detailed study of the
internal morphology of various ichnoforms. Identification of the ichnoforms is made up to the

genus level.

5.3. Ichnoforms

Total fourteen ichnoforms (Table 5.1) are identified from the study area namely, Arenicolites
isp., Asterosoma isp., Balanoglossites isp., Laevicyclus isp., Monocraterion isp., Ophiomorpha
isp., Palaeophycus isp., Planolites isp., Rosselia isp., Scalarituba isp., Skolithos isp.,
Spongeliomorpha isp., Taenidium isp. and Thalassinoides isp. Systematic descriptions of

different ichnogenus are given below (in alphabetical order).
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5.3.1. Arenicolites isp. (Figure 5.1)

Description: Arenicolites is represented by a pair of circular aperture on the sandstone bedding
surface. In vertical section, this ichnofossil is represented by two closely placed limbs of a

continuous J-shaped or U-shaped tube. Burrows are endichnial, full relieved, vertical in nature.

Size: The diameter of the burrows aperture varies from 0.3 to 0.6 cm and the average gap is

~lcm.

Substrate: Medium to fine-grained sandstone of the bioturbated Sandstone facies (4D) and
sandstone-mudstone heterolithic facies (4A).

Associations: Skolithos isp., Spongeliomorpha isp., Ophimorpha isp., and Thalassinoides isp.

Remarks: Arenicolites isp. is considered as dwelling trace of suspension feeding organism
(Bromley,1996). Arenicolites salter is interpreted as both dwelling and feeding burrow of
suspension feeding annelids (Hakes, 1976) or small crustaceans (Goldring, 1962). Arenicolites
can occur in different environments like eolian, marine, freshwater lacustrine and fluvial (Eagar
et al., 1985). According to Crimes (1977), Arenicolites are typical of a shallow marine setting

where sufficient oxygen circulation is present.

Figure: 5.1. Field photograph of Arenicolites isp. (Ar) on the bedding surface of sandstone-
mudstone heterolithic facies (4A).The diameter of the coin is 2.3 cm.
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5.3.2. Asterosoma isp. (Figure 5.2)

Description: Horizontal and sub-horizontal bulbs arranged radially or in a fan-like manner.
The filling of the bulbs comprises concentrically laminated sediments enclosing a central to
subcentral tube. The concentric structures are composed of mud and very fine-grained sand.

The intersection of bulbs is commonly observed in cross-section.
Size: Average bulb diameter is 5.84 cm and the maximum length of the bulb is ~10.32 cm.
Substrate: Preserved as full relief on sandstone bed of the bioturbated sandstone facies (4D).

Association: Rosselia isp., Spongeliomorpha isp., Ophiomorpha isp., and Thalassinoides isp.

Remarks: Lower Palaeozoic Astresoma has occurred in several different environments
(Seilacher and Meischner, 1964) but it is most common in shallow marine setting (Bromley
and Uchman, 2003). It is an opportunistic trace fossil in a shallow marine setting especially in
tidal flat environments (Chamberlain, 1978). It has been described as constituents of several
ichnofabric. Howell et al. (1996) distinguished Jurassic Asterosoma ichnofabric, dominated by
Asterosoma and Teichichnus typical of a restricted environment like sheltered estuary or

lagoonal setting.

Figure: 5.2. Field photograph of Asterosoma isp. (As) on the sandstone bedding surface in the
bioturbated sandstone facies (4D).The diameter of the coin is 2.3 cm.
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5.3.3. Balanoglossites isp. (Figure 5.3)

Description: This ichnoform is charaterzied by bedding-plane parallel burrows, burrow wall is
absent, and have same general morphology with ichnogenus Thalassinoides. They are most
abundant in the Bagh cave section.They are straight to slightly sinuous, burrows fill material is
similar to the host rock. Burrows are irregular, simple or branched with constrictions and rare
narrower blind branches. Burrows are unlined with sharp margins. They were found mainly on
the lower bedding surfaces of the sandstone-mudstone heterolithic facies (4A) and preserved as

natural casts or infills.
Size: This ichnoform has a maximum width of 10-15mm and length varies from 1-1.2 cm.

Substrate: Fine grain sandstone, mudstone of sandstone-mudstone heterolithic facies (4A).

7 ¥ s et = -~ ‘
s e
5 3 ‘

y “*} :”- f

Figure: 5.3. Field photograph of Balanoglossites isp (Ba), preserved on sandstone sole surface
of the sandstone-mudstone heterolithic facies (4A).

Associations: Skolithos isp. Ophimorpha isp., and Thalassinoides isp.

Remarks: The ichnogenus Balanoglossites is a relatively complex trace fossil. It comprises of
U- or Y-shaped tunnels connected by shafts that record both burrowing and boring trace-maker
action (Knaust, 2008). The unlined, sharp boundaries of the burrows indicates that they were
made in firm sediment (probably microbially stabilized). KaZzmierczak & Pszczotkowski
(1969) stated that, Balanoglossites was produced by annelids and enteropneusts. Patel & Desai
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(2009) reported grouped funnel burrows similar to Balanoglossites which indicates the

intertidal zone of a lagoonal or estuary setting.

5.3.4. Laevicyclus isp. (Figure 5.4)

Description: This ichnoforms is characterized by a central vertical stuff surrounded by
concentric scrapping circles. The outer ring is thick and prominent and encloses the inner tube.
The outer ring sediments are coarser than the inner shaft fill, which appers distinct. Ichnoforms
are mainly preserved as positive epirelief to hyporelief. The diameter of the burrow is constant
throughout and infill material is different from the surrounding.

Size: The diameter of the vertical stuff is 1.67 cm and the total diameter including the
scrapping circles is up to 2.67 cm.

Substrate: This burrow is present on the sandstone bedding surface of fine to medium grained

sandstone of the ripple cross-stratified sandstone subfacies (4A1).

Association: Planolites isp.

Figure: 5.4. Field photograph of Laevicyclus isp. (La) and Planolites isp. (PI), preserved on
sandstone bedding surface in the ripple cross-stratified sandstone subfacies (4Al). The

diameter of the coin is 2.5 cm.
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Remarks: Present specimen resembles well with L. mongraensis reported by Tiwari et al.
(2011) from the Bhuban Formation of Mizoram. This species was originally described from
Bagh bed, Gujarat (Chiplonkar and Badve, 1970). Subsequently, Badve and Ghare (1980) and
Kundal and Sanganwar (1998) reported this ichnoforms from other exposures of Bagh Group
and Patel et al. (2008) described these from the Jurassic of the Habo dome, Guijarat.
Laevicyclus is comparable with feeding burrow of recent annelid Scolecolepis (Seilacher,
1953).

5.3.5. Monocraterion isp. (Figure 5.5)

Description: Vertical funnel structure (simple or multiple) penetrated by a central straight or
slightly curved (unbranched), plugged tube. Vertical shaft is surrounded by concentric rings,
which are filled by different material from the host rock.

Size: The diameter of the stuff is 1.66 cm and the total diameter of the burrow is 3 cm.

Substrate: Wave ripples bearing sandstone facies (5C).
Associations: Skolithos isp.

Remarks: Frey and Howard (1985) suggested that Monocraterion should be viewed as an
ichnospecies of Skolithos; however, multiple authors (e.g., Alpert, 1974; Fillion and Pickerill,
1990; Jensen, 1997) considered the funnel-shaped morphology as distinct and characteristic of
a separate ichnogenus. Eroded specimens of Monocraterion may be diagnosed as specimens of
Skolithos, while from upper bedding plane views, specimens may be diagnosed as Rosselia
and/or Laevicyclus (Fillion and Pickerill, 1990; Jensen, 1997). It is a dwelling burrow formed

by marine worms or worms, like organisms in shallow marine setting.
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Figure: 5.5. Field photograph of Monocraterion isp. (Mn), preserve on the sandstone bedding
surface of fine-grained sandstone of the wave ripples bearing sandstone facies (5C). The

diameter of the coin is 2.5 cm.

5.3.6. Ophiomorpha isp. (Figure 5.6)

Description: This ichnogenus is represented by straight burrows. The lower portion of burrow
is curved with distinct nodular lining. They can be either perpendicular or oblique to the
bedding plane. The burrows are filled up with the same material as that of the substrate and

have a circular cross-section on the bedding plane.

Size: The length of the burrow is ~2-3 cm and the diameter is 0.5 cm. On the bedding plane

diameter of the circular part varies from ~1-1.3 cm.
Substrate: Medium-grained sandstone of the bioturbated Sandstone facies (4D).
Associations: Spongeliomorpha isp. and Thalassinoides isp.

Remarks: Ophiomorpha isp. burrows are interpreted as shaft morphologically and domichnia
ethologically (Rotnicka, 2005; Tiwari et al., 2011; Mude et al.,, 2012). Ophiomorpha is
probably formed by shrimp-like crustaceans maintaining a deep tier. The burrows are formed in

fairly turbulent water condition (Seilacher, 2007).
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Figure: 5.6. Field photograph of Ophiomorpha isp. (Oph), preserved in the vertical section of
the bioturbated sandstone facies (4D). The diameter of the coin is 2.3 cm.

5.3.7. Palaeophycus isp. (Figure 5.7)

Description: These are endichnial burrows with thick lining; smooth walls with
structureless burrow fill similar to the host material. Certain burrows are present in full relief
with thin lining. They are often unlined with ring-like structures arranged serially on the tubes
(Tewari et al., 2011).

Size: The length of the burrow ranges from ~7.5-8 cm and the diameter varies from ~0.5-
0.7cm.

Substrate: Medium grained sandstone of bioturbated sandstone facies (4D).
Association: Ophiomorpha isp. and Thalassinoid isp.

Remarks: Palaeophycus is a eury-benthic facies-crossing form produced probably by
polychaetes or annelids (Pemberton & Frey 1982). Tunnels of Palaeophycus represents
dwelling burrows of presumed predators and suspension feeders.
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Figure:5.7 Field photograph of Palaeophycus isp. (Py), preserved on a section oblique to the
bedding plane in bioturbated sandstone facies (4D) in the study area. The length of the pen is
14.5 cm.

5.3.8. Planolites isp. (Figure 5.4)

Description: Relatively large, smooth, straight to gently curve or undulose cylindrical burrows.
Hyporelief, predominantly cylindrical, smooth walled, unlined, unbranched to rarely branched,

near parallel to oblique to the bedding plane.

Size: Dimension varies from different burrow populations; length of burrow varies from 10 to

18 cm and diameter from 0.8 to 1.3 cm.

Substrate: Fine to medium-grained sandstone of ripple-cross laminated sandstone subfaceis
(4A).

Association: Laevicyclus isp.

Remarks: Planolites is generally regarded as belonging to fodinichnia/pascichnia ethological
group and has been considered as a product of vermiform deposit feeder actively back-filling

the burrow (Uchman, 1998). These occur in wide range of environment and are abundantly
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found in middle shoreface to offshore siliciclastic deposits (Frey and Howard, 1985; Vossler
and Pemberton, 1989).

5.3.9. Rosselia isp. (Figure 5.8)

Description: This ichnogenus is represented by a vertical or oblique orientation of burrows
with bedding plane and made up of irregularly spaced alternations of dark and light concentric
laminae (Figure 5.8A). Lamina is conical to irregularly bulbous concentric in nature. Vertical
sections show elongated cone-shaped burrows. At places full cylindrical form of the burrow is
preserved. The horizontal section presents as ovate or circular shape (Figure 5.8B) with a

narrow mud or sand-filled central shaft.

Size: Average diameter of burrows varies from 2.47 cm to 5.5 cm, ranging maximum up to

16.6 cm. The average diameter of the central shaft with the concentric laminae is ~5.06 cm.

Figure: 5.8. A. Field photograph of Rosselia isp. (Ro), preserved on a section oblique to the
bedding plane in the bioturbated sandstone facies (4D). B. Field photograph of Rosselia isp.
(Ro) preserved on the bedding surface of the bioturbated Sandstone facies (4D). The diameter

of the coin is 2.3 cm.
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Substrate: Medium-grained sandstone of bioturbated sandstone facies (4D).
Association: Astresoma isp.

Remarks: Well-developed specimens of Rosselia are spindle-shaped, with conical forms
resulted from erosional truncation. The ichnogenus Rosselia has been typically reported from
shallow-marine deposits (Uchman and Krenmayr, 1995). Specimens of Rosselia are isolated or
form crowded clusters. The isolated specimens show a vertical orientation in the fine-grained
deposits of the lower shoreface, whereas an inclined orientation is typical in sandier tidal

channel deposits (Howard and Frey, 1984).
5.2.10. Scalarituba isp. (Figure 5.9)

Description: These are subcylindrical, sinuous or straight burrows showing scalariform ridges.
These are parallel or oblique to bedding and are often preserved as hypichnial, epichnial or

semi-relief traces.

Size: Burrow diameter varies from 4-7 mm and length 4-8 cm.

Figure: 5.9. Field photographs of Scalarituba isp. (Sc) on the sandstone bedding surface of

wave ripples bearing sandstone facies (5C). The diameter of the coin is 2.3 cm.

94| Page



Substrate: Fine to medium grained sandstone of wave ripples bearing sandstone facies (5C).
Associations: Taenidium isp., Palaeophycus isp.

Remarks: Scalarituba isp. is regarded as shallow-marine facies—transgressive ichnotaxa. These
are interpreted as internal trails of sediment-eating worm or worm-like organisms (Henbest,
1960; Conkin and Conkin, 1968; Hantzschel, 1975)

5.3.11. Spongeliomorpha isp. (Figure 5.10)

Description: Burrow preserved as a full relief, cylindrical to subcylindrical and consisting of
scratch-mark in the form of ridges and grooves; irregularly branched. Burrows are usually

circular or oval in cross-section.

Size: Dimensions vary from different burrow populations; maximum length of the burrow is

observed up to 24 cm and diameter varies from 2.3 cm to 3 cm.
Substrate: Coarse to medium grain sandstone of bioturbated sandstone facies (4D).

Association: Ophiomorpha isp. and Thalassinoides isp.

Figure: 5.10. Field photograph of Spongeliomorpha isp. (Sp) making 3-d network within
vertical section of the bioturbated sandstone facies (4D). The diameter of the coin is 2.3 cm.

95| Page



Remarks: They formed a 3D network within the coarse grain sandstone. It is considered as
dwelling burrows of suspension feeding arthropods (Kennedy, 1967; Fursich, 1973), and
possibly polychaetes (Fursich et al., 1981).

5.3.12. Skolithos isp. (Figure 5.11)

Description: Endichnial, full relief. Cylindrical to subcylindrical, unbranched vertical burrows
with distinct or indistinct walls, circular in cross-section; closely crowded or isolated in nature.

The burrow fill differs from the host sediment but is commonly filled with sand.

Size: The diameter of the burrows varies from 5mm to 18 mm and length varies from ~1.5- 4

cm.

Substrate: Mainly dominated within the coarse grain green sandstone facies (4E), medium to
coarse-grained bioturbated sandstone facies (4D), also observed within the sandstone-mudstone
interbedded facies (2A).

Association: Thalassinoides isp. and Ophiomorpha isp.

Figure: 5.11. Field photograph of Skolithos isp. (SK) preserved in the vertical section of

bioturbated sandstone facies (4D). The diameter of the coin is 2.3 cm.
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Remarks: Skolithos is widely recognized in shallow intertidal deposits (Seilacher, 1967) and in
various shallow marine environments (Alpert, 1974; Fillion and Pickerill, 1990). These are

thought to be probably produced by annelids or phoronids (Alpert, 1974).
5.3.13. Taenidium isp. (Figure 5.12)

Description: Epichnial, concave epirelief; unbranched, cylindrical, horizontal, straight to
gently curve with variable meandering, meniscate burrows. The burrow contains thick
segmented fills articulated as well spaced symmetrical menisci; the distance between menisci is

less than the burrow width. The burrow fill is identical to the host material.

Size: Lengths of the burrows are variable but diameters of the burrows are constant, and

ranging between 3-5 mm.

Substrate: Sandstone of Bioturbated sandstone facies (4D).

Figure: 5.12. Field photograph of Taenidium isp. (Ta), preserved on sandstone bedding surface
of the bioturbated sandstone facies (4D). The diameter of the coin is 2.3 cm.

Association: Thalassinoides isp, and Skolithos isp.
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Remarks: Taenidium has been reported from the flysch deposits (Heer, 1877), fluvial deposits
(Fernandes and Carvalho, 2006).The cylindrical burrow exhibits typical periodic filling of the

tunnel in the backward direction. They are mainly produced by annelid worms.
5.3.14. Thalassinoides isp. (Figure 5.13)

Description: Various forms of Thalassinoides are observed in the study area. Simple, vertical
to inclined, branched burrows which normally show a swelling tendency at the point of
bifurcation. In cross-sections, it is circular to subcircular in shape. The outer surface is smooth
to granular. The filling material is fine-grained, reddish brown sandstone, similar to the host
rock (Figure 5.13A). In some burrows, bifurcations are commonly T-shaped and also shows
swelling at the junction (Figure 5.13B). At some places fillng material of burrows different

from the host rock.
Size:. Length of branch varies from 11 to 15 cm and diameter varies from 3 to 4 cm.

Substrate: Sandstone-mudstone unit of Thalassinoides-Ophiomorpha bearing thinly laminated

sandstone-mudstone facies (5B), bioturbated Sandstone facies (4D).

Association: Thalassinoides is the most abundant ichnoforms in the study area, commonly

associated with Skolithos isp., Ophiomorpha isp., Scalarituba isp. and Spongeliomorpha isp.

Remarks: Thalassinoides is widely reported from the shallow to deep marine environments
(Bromley and Frey, 1974; Demircan, 2008); however, nonmarine occurrences are also reported
(Pollard 1988; Buatois and Mangano 2004). This ichnogenus is generally classified as a
combination of dwelling and feeding structures, usually attributed to infaunal crustacean
decapods probably Callianassids or similar arthropods (Frey et al., 1984; Bromley 1996;
Ekdale and Bromley, 2003). Thalassinoides differs from Ophiomorpha by the lack of pellets on
its walls. However, intergradations between the two genera are known to occur (Frey et al.,
1978), and they constitute a typical example of compound traces (Bertling et al., 2006).
Thalassinoides is a facies-crossing form most typical of the shallow marine environment (Frey
etal., 1984).
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Figure: 5.13. A. Field photograph of Thalassinoides showing Y shaped bifurcations (arrow).
B. Field photograph of Thalassinoides showing T shaped bifurcation (arrow). The diameter of

the coin is 2.3 cm.
5.4. Ichnoassemblages

Ichnological interpretation of palaeodepositional environment mainly depends on the diversity,
size, bioturbation intensity and distribution of the associated ichnofossil assemblages within the
sediments (Gingras et al., 2011). Successions in the study area like Chikapoti, Rampura,
Akhara and Sitapuri are mainly enriched with trace fossils (Figures 5.14, 5.15, 5.16, and 5.17).
Based on the distribution and assemblages of different ichnoforms in distinct horizons of the
studied successions, the ichnofossils are grouped under four ichnofacies — (i) mixed Skolithos-
Glossifungites ichnofacies, (ii) mixed Cruziana-Glossifungites ichnofacies, (iii) Glossifungites
ichnofacies and (iv) mixed Cruziana-Skolithos ichnofacies. The lower portion of the Nimar
sandstone succession dominated by facies association: FA-1, which is barren in terms of trace
fossils. Very few isolated Skolithos isp. are found within the FA-2 near Baria section.
Sediments within the Tide-dominated fluvio-tidal facies association (FA-4) and the shore facies

association (FA-5) is the main repository of ichnofossils.
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Figure: 5.14. Distribution of different trace fossils and ichnofacies type in the Chikapoti area.

Abbreviations (for Figures 5.14- 5.17)

Ar- Arenicolites isp., As- Asterosoma isp., Mo- Monocraterion isp., Op- Ophiomorpha isp.,PI-

Planolites isp., Py- Palaeophycus isp., Ro- Rosselia isp., Sc- Scalarituba isp., Sp-

Spongeliomorpha isp., Sk- Skolithos isp., Th- Thalassinoides isp., Ta- Taenidium isp.
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Rampura section.
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103 |Page



Towards the up section bioturbated sandstone facies (4D) is the host for deposit feeding
burrows along with few suspension feeders. The dominant trace fossils are Rosselia isp. and
Asterosoma isp. , Scalarituba isp. and Thalassinoides isp., Scalarituba isp. and Taenidium isp.,
along with some sporadic occurrences of Planolites isp., and Palaeophycus isp. Bioturbation
intensity of these assemblages is moderate which increases more towards the western part of
the basin. Bioturbation intensity of Rosselia-Asterosoma assemblage is high and also
diversified. Maximum bioturbation intensity observed near the Akhara area. All these
assemblages correspond to mixed Cruziana-Glossifungites ichnofacies. Both the horizontal and
vertical burrows are common in the study area. The central part of the basin shows dominance
of horizontal burrow over vertical burrows. In the western part of the study area (Akhara, Jobat

area) vertical burrows are more abundant.

Near Akhara, top part of the bioturbated sandstone facies (4D) comprises of 3D networks of
Spongeliomorpha with Ophiomorpha and Thalassinoides assemblages. This assemblage has
low diversity but high bioturbation intensity and is characterized by vertical branching burrows
of suspension feeders. This trace fossil assemblage is characteristics of the Glossifungites

ichnofacies.

Topmost part of the Nimar Sandstone succession, comprising of thick mudstone bed in
alternation with thin sandstone bed, which is domicile for Thalassinoides-Skolithos
assemblage. These trace fossil assemblage is characterized by large-scale vertical burrows of
Thalassinoides, Skolithos, and Ophiomorpha, mainly observed in the Sitapuri section. This
assemblage has high bioturbation intensity which destroyed the primary bedding. Association
of deposit feeding burrows along with vertical domiciles of suspension feeders indicates a
mixed Cruziana-Skolithos ichnofacies.

104 |Page



Table: 5.1. List of ichnofossil with trophic groups found in the different localities.

Ichnogenus Trophic Group Area/Localities
Arenicolites Suspension feeder Rampura, Akhara
Asterosoma Deposit feeder Akhara
Balanoglosite Deposit feeder Bagh
Laevicyclus Suspension feeder Rampura
Monocraterion Suspension feeder Rampura
Planolites Deposit feeder Rampura
Palaeophycus Deposit feeder Akhara

Ophiomorpha
Rosselia
Scalarituba
Spongeliomorpha
Skolithos
Taenidium

Thalassinoides

Suspension feeder
Deposit feeder
Deposit feeder
Suspension feeder
Suspension feeder
Deposit feeder

Deposit feeder

Sitapuri, Bagh, Akhara
Akhara

Rampura

Akhara

Sitapuri, Akhara, Chikapoti
Akhara

Sitapuri, Bagh,

Rampura, Akhara

5.5. Discussion

Seilacher (1967) suggested that suspension feeders are mainly found at nearshore condition
whereas deposit feeders in offshore based on the food availability. The suspension feeding
organism may also be excluded from deeper waters due to decreasing concentration of
dissolved oxygen, whereas deposit feeding organisms are better adapted than the suspension
feeders for exploiting reducing aqueous or sedimentary environment (Theede et al., 1969;
Sarkar et al., 2009). So, both deposit feeders and suspension feeders can live in shallow as well
as deeper water setting. Trace fossils of Nimar sandstone, as described in this chapter, belongs
to both suspension feeder and deposit feeder types. Presence of both mixed Skolithos and
Cruziana ichnofacies along with Glossifungites in the study area indicates a typical brackish
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water estuarine condition (Pemberton and Wightman, 1992; MacEachern and Pemberton, 1994;
Buatois and Mangano, 2002, 2004, Nagendra et al., 2010). Ichnofacies association of the
studied area indicates strong influence of shallow marine depositional condition, predominantly

under tidal activities.

Basal part of the Nimar Sandstone is dominated by the channel fill facies association (FA-1),
which is devoid of any trace fossils. Absence of ichnoforms in the basal portion of the study
area indicates high fluvial discharge. The overbank facies association (FA-2) which is a
product of fluvial sedimentation (discussed in Chapter 3) comprises of Skolithos isp.
Bioturbation intensity and diversity in this facies association are low, organism have low
tolerance limit under fresh water condition (Sarkar and Chowdhury, 1992; Dashtgard et al.,
2008). Towards the up section within tide-dominated fluvio-tidal facies association, increasing
bioturbation intensity and diversity indicates fluctuation in depositional conditions in terms of
energy, salinity, oxygen supply, and food supply. Presence of Arenicolites isp., Balanoglosite
isp., Monocraterion isp., Skolithos isp., Thalassinoides isp., Laevicyclus isp., in association
with various tidalites (discussed in Chapter 4) designates a change in salinity condition due to
incursion of marine water. Abundance of more horizontal burrows in the middle portion of the
succession near the central part of the studied area (Bagh, Rampura area) indicates a slow rate
of sedimentation under intertidal flat setting. Near Akhara area presence of the ichnogenus,
Rosselia isp., Asterosoma isp., and Thalassinoides isp. typically indicates shallow-marine
depositional setting (Uchman and Krenmayr, 1995). According to Cotter (1973), an association
of Rosselia isp., with Asterosoma isp., and Thalassinoides isp. indicates a lower foreshore to
upper shoreface condition. So, probably the western part of the study area (Akhara, Jobat) is
product of lower foreshore to upper shoreface depositional setting. The dominance of green
sandstone facies (4E), wave ripples bearing sandstone facies (5C) in the western part also
supported the ichnological interpretation of nearshore depositional setting. Presences of thick
mudstone along with thin sandstone beds in the upper part of the Nimar Sandstone indicate
gradually subsiding energy condition. Thalassinoides-Ophiomorpha bearing thinly laminated
sandstone/mudstone facies (5B) over the wave ripples bearing sandstone facies (5C) with
intense bioturbation indicates slow rate of suspension fall out under relatively low energy

condition (below fair weather wave base).
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Table: 5.2. Facies wise distribution of ichnofossils,ichnoassemblages and ichnofacies and their

implication on depositional environment.

Facies Name | Ichnofossils Ichno Ichnofacies Spatial Interpretation
and association assemblages Significance
Sandstone- Skolithos _ _ Very few vertical | Overbank
mudstone burrows are found | deposit.
interbedded mainly at Baghini
facies (2A) Temple section
FA-2 and Dhursal
section
Sandstone- Monocraterion, | Monocraterion — | Mixed This ichnofacies
mudstone Planolites Planolites, Skolithos- is mainly Tidal  setting
heterolithic Arenicolites observed in a intertidal to
facies (4A) i _ Glossifungites | central and subtidal
FA-4 Skolithos, Skolithos - western part of the | condition.
Thalassinoides, | Thalassinoides studied area.
Balanoglossites Major localities
are Rampura
Akhara
Mixed Akhara section Intertidal to
Bioturbated Rosselia, Rosselia- subtidal  flat,
sandstone facies | Asterosoma Asterosoma Cruziana- dominantly
(4D) Glossifungites subtidal
FA-4
Scalarituba, Scalarituba-
Thalassinoides Thalassinoides
Scalarituba Scalarituba-
Teichichnus, Teichichnus
Planolites
Spongeliomorp | Spongeliomorph Subtidal ~ flat
a- near shore

ha,

Thalassinoides

Glossifungites

Akhara section

condition of an

Ophiomorpha, ichnofacies
estuary
Thalassinoides
Thalassinoides- | Thalassinoides, | Thalassinoides - | Mixed — | This facies | More marginal
Ophiomorpha . . Cruziana- appeared almost | marine setting
bearing Ophiomorpha, | Skolithos Skolithos all the area at the
sandstone- Skolithos ichnofacies topmost of the
mudstone succession,
heterolithic dominantly  near
facies (5B) Sitapuri area
FA5 (Eastern most

part), and Akhara
area
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Mixed Skolithos-Glossifungites ichnofacies, mixed Cruziana-Glossifungites ichnofacies,

Glossifungites ichnofacies and mixed Cruziana-Skolithos ichnofacies in Nimar Sandstone

succession indicates increasing marine influence with fluctuating energy condition. Overall

low-diversity trace fossil suite in the Nimar Sandstone results from a low salinity condition, as

well as fluctuating currents and sedimentation rates (Weimer et al. 1982). Presence of mixed

ichnofacies, low ichno diversity, abundance of marine ichnoforms and dominance of infaunal

organisms over epifaunal organisms along with bivalve and gastropod body fossils suggest an

estuary setting for the study area. The detailed environmental setting of the study area based on

the ichnological studies is given in the Table 5.2

5.6. Summary

v

The late Cretaceous Nimar sandstone successions have low bioturbation diversity and
low to medium bioturbation intensity, which gradually increase from eastern to the
western part of the basin.

Dominant ichnogeneus are Arenicolites isp., Asterosoma isp., Balanoglossites isp.,
Laevicyclus isp., Monocraterion isp., Ophiomorpha isp., Palaeophycus isp., Planolites
isp., Rosselia isp., Scalarituba isp, Skolithos isp., Spongeliomorpha isp., Taenidium isp.,
Thalassinoides isp., producing both horizontal and vertical burrows.

Presence of both suspension feeders and deposit feeders indicated a mixed ichnofacies
types. Four ichnofacies are identified based on the ichno assemblages- mixed Skolithos-
Glossifungites ichnofacies, mixed Cruziana-Glossifungites ichnofacies, Glossifungites
ichnofacies and mixed Cruziana-Skolithos ichnofacies,.

The lower fluvial facies succession (dominantly FA-1) is devoid of any ichno fossils.
The overbank deposits (FA-2) contain sporadic vertical burrows of Skolithos isp.

The middle portion of the succession, dominant with both mixed Cruziana-
Glossifungites ichnofacies and Glossifungites ichnofacies, signifies a middle estuarine
setting under the tidal influence with fluctuating salinity.

Intense bioturbation with both suspension and deposit feeding burrows within the
sandstone-mudstone unit of facies 5B of FA-5 indicates a slow rate of suspension fall-

out.
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v Based on the ichno forms it is concluded that overall Nimar sedimentation took place in

a fluvio-marine transitional condition under the influence of tide in an estuary setting.
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CHAPTER-6

Soft sediment deformation structures

6.1. Introduction

Soft-sediment deformation occurs in unconsolidated sediment, prior to lithification during or
shortly after deposition and close to the surface. The structures formed due to such deformation
are known as soft-sediment deformation structures (SSDS). These are also identified as
penecontemporaneous deformation, synsedimentary deformation, early-diagenetic deformation,
pre-lithification deformation or contorted bedding by several authors (Maltman, 1984, 1994;
Van Loon, 2009; Kundu et al., 2015; Roy and Banerjee, 2016). They are common in sand and
sandstones that are loosely packed and rapidly deposited (Lowe, 1975; Maltman, 1994) and are

formed due to liquefaction, fluidization or a combination of these processes (Lowe, 1975).

Fluidization is a process where upward-directed shear of fluid flowing through a porous
medium counter acts the grain weight, and reducing the material strength (Lowe, 1976; Allen,
1982; Nichols et al., 1994; Frey et al., 2009). Liquefaction takes place when grain weight is
temporarily transferred to the pore fluid through either the collapse of a loose grain packing or
an increase in pore-fluid pressure (Lowe, 1976; Seed, 1979; Allen, 1982). The triggering
factors, which control the deformation of soft or partly-consolidated sediment, can be ascribed
to slope instability, to the loading of sediments and escape of water or to shaking of sediment
due to seismic activity (Shanmngam, 2016, 2017). These different factors can often produce
similar structures, but some characteristics can be extremely useful to understand the origin of
sediment deformation (Moretti and Sabato, 2007). For the formation of a soft-sediment

deformation structure, three criteria are needed simultaneous-

I. a driving force to deform primary sedimentary features,
ii. a deformation mechanism to enable the sediment to deform, and

iii. the trigger mechanism initiated by the action of some natural agent.

To identify the trigger of liquefaction two methodologies are followed: first, to demonstrate
that liquefaction was the deformation mechanism; and, second, to determine the agent that

triggered liquefaction. The SSDS can be formed due to various external forces like sudden
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mass movement, unequal loading in adjacent layers of the sediment due to density difference,
slump activity and gravity-driven density current and shaking of the earth surface by passing

seismic waves during the earthquake and biological and chemical agents (Owen et al., 2011).

The beds or deposits bearing signatures of seismic activities are known as seismites (Seilacher,
1969, 1984). The term ‘seismites’ is used to describe association of soft-sediment deformation
structures (SSDS) having varied geometry and following common diagnostic characters
(Hilbert- Wolf et al., 2009) - (a) a strong association with faults as a potential trigger, (b) the
observed deformation must be consistent with those having a known seismic origin, (c) a wide
spread lateral continuity, (d) a gradual increase in intensity and frequency towards epicenter,
(e) absence of any other trigger mechanisms, (f) vertical repetition of deformational layers and
(9) the deformed layer bounded above and below by two undeformed beds (Seilacher, 1984;
Seth et al., 1990; Cojan and Thiry, 1992; Owen, 1995; Sarkar et al., 1995; Obermeier, 1996;
Mazumder et al., 2006; Van Loon, 2009; Owen et al., 2011; Moretti and Van Loon, 2014,
Sarkar et al., 2014 and many others). Presence of seismites gives valuables ideas about basin
dynamics, palaeoseismic activities, magnitude and intensity of the seismic activities
(Obermeier, 1996; Rodriguez-Pascua et al., 2000).

In the study area various SSDS are recorded (Jha et al., 2017) from Nimar Sandstone.
Sedimentation of the Nimar Sandstone was taken places within an ENE-WSW-trending Son-
Narmada rift valley setting (Biswas, 1987). The major components of the Son-Narmada rift
valley are two dominant east-west-trending—deep-seated faults, the Son-Narmada North Fault
and the Son-Narmada South Fault (Figure. 1.1 B) (Biswas, 1987; Tewari et al., 2001) and
several major lineaments. Three phases of reactivation of Son-Narmada rift setting were
recorded at the different time period of the earth history (Tewari et al., 2001). Detailed tectonic
set up of the study area is already discussed in chapter 2. In this chapter, we studied the various
SSDS from Nimar Sandstone and described them with an attempt to identify and interpret the

driving forces and the trigger mechanism.
6.2. SSDS in Nimar Sandstone

The major SSDS from Nimar Sandstone includes convolute laminae, load and flame structures,

pseudonodules, slump structures, contorted beds, syn-sedimentary faults and sand dykes. They
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are commonly concentrated within sandstone—mudstone heterolithic facies (4A) and large scale
trough cross-stratified sandstone facies (3A). These SSDS-bearing beds recur in vertical
intervals and are overlain and underlain by undeformed sedimentary beds. A detailed
description of those SSDS and the trigger mechanisms are given below.

6.2.1. Convolute Laminations

Convolute laminations are characterized by sharp crests and board troughs, developed within
sandstone beds of the sandstone-mudstone heterolithic facies (4A). Large scale convolutes
(Figure 6.1) are preserved within the large scale trough cross-stratified sandstone facies (3A).
Locally the crests are broad and partially truncated by overlying undeformed sandstone bed.
Both the simple and complex type convolutes are preserved. Simple convolutes are regular and
symmetrical (Figure 6.2A), with well-preserved internal laminae, whereas in the complex
convolute laminae are wrinkled in nature (Figure 6.2B). Circular, semi-circular or crescent-
shaped troughs of various sizes are common. The cores of larger troughs show complex
deformation. Overlapping of the convolute with each other has made them more complex.
Lamination within these convolutes are more compressed and thinner near the crest area than in
the trough. The crest areas have been frequently penetrated by sand rich fluid injected from
bottom, causing lateral truncation of the crests. The fluidal sand is carried upward along the
escape channels and deposited at the top of the erosional plane. At places, small scale faults are
also observed. Convolute laminae are displaced by these small scale faults. Faults die out both

in upward and down directions. They are more common within the complex convolutes.

Figure: 6.1. Field
photograph of simple
convolute  laminae  (CL)
within large scale trough
cross-stratified sandstone
facies (3A) along the Bagh
River section. The length of
the hammer is 30 cm.
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Figure: 6.2. A. Field photograph of simple convolute laminae with truncated top preserved

within sandstone-mudstone heterolithic facies (4A). B. Field photograph of the multi-lobed
complex convolute structure in association with pseudonodules within the sandstone- mudstone
heterolithic facies (4A). The Length of the pen is 14.5cm.

Interpretation

Development of the studied convolutes within restricted lithounit indicates the liquefaction
process was restricted to a certain time. Such large scale convolutes with water escape
structures indicate a release of enormous amount of pore fluid and reduction of shear strength
of the sand unit due to sudden tremor. In the sandstone-mudstone heterolithic facies (4A)
multiple lobed complex convolutes bears the signatures of multiple phases of deformation in
short time span (Bhattacharya and Bandyopadhyay, 1998). Due to the truncation of the crest,
internal laminae are inclined in nature. Presence of micro faults/ growth faults within the
convolute laminae indicate a more intense deformation of brittle-ductile nature, possibly due to
the presence of sufficient pore water within the sediment during deformation. Episodic
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occurrence of convolute laminae, and bounded by undeformed beds indicate that the trigger

mechanism was related to seismic activities (Cojan and Thiry, 1992).
6.2.2. Load and Flame Structure

Load and flame structures are characterized by tongue-shaped flames of mud or silty layer with
loads of sand. Height and length of the flames vary from 6- 28 cm and 11 -31 cm, respectively.
Tongue-shaped flames show abrupt truncation with overlying sandstone beds. Flames are
commonly thick and broad at their apex but in some places, they are thin and sharp in nature
(Figure 6.3). The sand load and associated flame structures appear as isolated features in
certain beds. They are mostly developed within the sandstone-mudstone heterolithic facies

(4A), with few present within the large scale trough cross-stratified sandstone facies (3A).

Figure: 6.3. Field photograph of load and flame structures showing loaded sand (L) within the

mud and flames (marked by arrow).
Interpretation

Gravitational instability due to the density differences of liquefied unconsolidated sediment
layers causes the formation of load and flame structure (Owen, 2003). Anketelle et al. (1970)
stated that, when a higher density material (coarse to medium grained sandstone) overlies a

lower density material (fine grained sandstone, siltstone/mudstone), a density contrast formed.
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In such system due to liquefaction shear strength of the material is reduced and a gravitational
readjustment occurs. Due to drastic reduction in shear strength of the liquefied sediment higher
density beds collapse and relatively lower denser material starts to flow upward depending on
relative dynamic viscosity contrast to produce load and flame structures (Alfaro et al., 1997).
With increasing liquefaction at places continuity of the bed from the source strata breaks and
detached and formed load of sandstone within mudstone in the study area. Such liquefaction
process can be triggered by any mechanism such as loading, storm activity, mass movement or
seismic shocks.

6.2.3. Slump Structure

A thick (~ 58cm) chaotic mixture of sandstone and mudstone layer was observed in the Bagh
section within the sandstone-mudstone heterolithic facies (4A). This chaotic layer was bounded
by two undeformed beds. Top part of this slump show intense loading of sandstone within
mudstone (Figure 6.4). Small scales folding are present within slump structure. In some

restricted portion of the slump convolute laminae is developed.
Interpretation

Such complex structure with high asymmetricity were generally developed under a
hydroplastic condition of a quasi-liquid state (Chivelet et al., 2011). Restiction of the slump
structure in between two undefromed beds indicates a certain time limit for the intense
liquefaction. In the middle portion intensely deformed primary bedding indicates massive
reduction of shear strenght due to high relase of pore fluid under liquefaction event. At the top
part of the slump presence of load and flame stuctures indicates relatively lesser intensity of
deformation. From bottom to top part intensity of the deformation was gradually decreasing.
Downslope movement of semi-consolidated sediment over relatively more plastic layer under
the influence of gravity is responsible for the formation of slump structures (Owen, 1987; Bose
et al., 1997). Presence of small-scale folding and convolute lamination within the slump

indicates a complex compressional setting.
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Figure: 6.4. Field photograph of complex clump structure (CS) within the heterolithic facies
bounded by two undeformed beds (UD). At the top part load (L) and flame (F) structure
developed. The length of the pen is 14.5 cm.

6.2.4. Contorted Bedding

This structure is represented by small scale contortions within the sandstone foresets of the
large scale trough cross-stratified sandstone facies (3A). The maximum thickness of the
individual bed is 19 cm and bounded by two undeformed beds. Contortions in each sandstone

foresets are restricted in a particular part of the foresets (Figure 6.5).
Interpretation

Upward movement of liquefied unconsolidated sediment is responsible for the formation of
such deposits. Due to sudden shock pore fluid pressure was released and the material started to
move upward and formed interfacial cups between each foresets (Owen, 1995). Formation of
the contorted bedding within the sandstone foresets in a particular direction indicates upward

movement of fluidized sediment followed a specific pathway.
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.Brenchley and Newall (1977) stated that, contorted beddings are generally related with a high
rate of sedimentation, possibly associated with storm activity. However, he also stated that
seismic activity related to fault movement of the underlying basement was equally important
for the formation of contorted bedding. In the study area, no such evidences of storm activity
were observed. Mazumder et al. (2006) stated that seismic shocks may also responsible for

such upward movement of unconsolidated sediments.
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Figure: 6.5. Field photograph of contorted bedding developed within the large scale trough

cross-stratified sandstone facies (3A). The length of the pen is 14.5 cm.

6.2.5. Synsedimentary fault

A few centimeters to meters long upward propagating syn-sedimentary faults constitute another
important and abundant SSDS in the study area. They are mainly associated with the
sandstone-mudstone laminae and show the displacements of the laminae (Figure 6.6A). The
faults die out both in upward and downward directions. Locally, these faults show fault-
propagating folds within the convolute (Figure 6.6B). In few places, injection of fluid along

the fault plane formed sand dykes. Conjugate pair of such faults led to the formation of
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downsagging graben-like structures (Figure 6.6C). The throw along these faults reaches
maximum near the base and decreases upwards. They are generally small scale normal faults
with 23-66 cm in length. These structures are mainly observed within the sandstone-mudstone
heterolithic facies (4A), commonly bounded by undeformed beds. At places, these syn-

sedimentary faults displaced the convolute laminae and made them more deformed in nature.

Figure: 6.6. A. Field photograph of multiple sets of syn-sedimentary faults (marked by dashed
line) within sandstone-mudstone heterolithic facies. The diameter of the coin is 2.5 cm.
B. Syn sedimentary faults developed within sandstone-mudstone heterolithic facies (4A). The
diameter of the coin is 2.3 cm. C. Field photograph of fault-bounded graben-like downsagging
structure (G) along with thick slump structure (S). The arrow shows presence of undeformed

ripple bedforms below. Length of the pen (encircled) is 14.5 cm.
Interpretation

Both upward and downward truncation with an upward change in a throw indicates a growth
fault of syn-sedimentary origin (Seliacher, 1969). Horizontal extension due to the repeated
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loading of liquefied sediment by any vibratory motion is responsible for such graben-like
downsagging (Ghosh, 1993). A gradual decrease in throw along the faults bounding the
grabens indicates gradual waning of earthquake aftershock (Bhattacharya and
Bandhopadhayay, 1998). Liquefaction along with fluidization is liable for the repetitive
reactivation of the faults with sediment injection along the fault planes with an upward
decrease of net throw (Bhattacharya and Bhattacharya, 2010). The truncation and displacement
of the convolute laminae (discussed in section 6.2.1) by syn sedimentary faults bears the
evidence of the relative time lag between formation of the faults and other deformed beds

(convolute laminae).
6.2.6. Pseudonodules

Pseudonodules are represented by isolated elliptical, conical, spherical or elongated sandstone
balls within the mudstone layers of the sandstone-mudstone heterolithic facies. Sandstone balls
are massive in nature and laminae of the mudstone rotated against the boundary of these sand
balls. Size of sandstone pseudonodules varies from 5-25cm. Larger pseudonodules often shows
‘L’-shape (Figure 6.7) with form discordant internal laminae and parallel orientation of the

long, basal axes with the lower boundary of the host mudstone bed.
Interpretation

Formation of pseudonodules is attributed to density contrast, due to repetitive liquefaction,
loading and sagging during the deposition of sandstone over the mudstone bed (Kuenen, 1958).
In such condition, more dense sandstone bed sank within the mudstone and created balls of
different shapes and sizes. Development of pseudonodules within the mudstone bed indicates
the quasi-liquid state of the mudstone bed after shaking (Elliot, 1965). The load induced
deformation may be due to the fast rate of sediment accumulation (Ricci Lucchi, 1995).
Formation of pseudonodules by the seismic origin has also been suggested by workers like
Cojan and Thiry (1992), Rodriguez-Pascua et al. (2000).
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Figure: 6.7. Field photograph of Pseudonodules, arrow indicates ‘L’ shape of the

pseudonodules.
6.2.7. Sand dyke

Sand dykes are characterized by sand filling linear feature, which shows a discordant
relationship with the bedding planes of the sandstone- mudstone heterolithic facies (4A) in the
study area. They are straight in nature but in few places, they show a sinuous pattern. Length of
the sand dyke varies from 5-11cm. Wrinkling of the laminae along the dykes is common
(Figure 6.8).

Interpretation

Liquefied unconsolidated sediment injected across the sandstone- mudstone bed formed this
type of structure. Intrusion of materials derived from some underlying source and its
emplacement upwards under abnormal pressure along some fractures or cracks formed sand
dykes (Montenat et al., 2007). In the study area liquefied sediment flow along the fault line and
created a prominent displacement of the adjacent sand-mud layers. Presence of complex
deformation structure like wrinkles of laminae near such discordant body indicates activation

of the syn-sedimentary fault during the deposition of the sand dyke.
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Figure: 6.8. Field photograph of injected sand dyke (marked with dashed arrow) within the
heterolithic facies. Yellow dotted lines show the deformed laminae along with vertical dyke.

The diameter of the coin is 2.5 cm.
6.3. Distribution of the SSDS in the study area

In the study area based on the occurrence of various SSDS at the different stratigraphic level,

they are categorized into three associations (Jha et al., 2017) -

» Convolutes with pseudonodules and complex slump folds in successive sandstone-
mudstone beds (Figures 6.2B, 6.9A, 6.10). This association mainly occurs in the Bagh
area.

» Connotation of convolutes with thick water-escape columns cross-cutting these
convolutes (Figures 6.9B, C) and is separated by undeformed beds of the sandstone—
mudstone heterolithic facies.

» Multiple lobed complex convolutes in association with syn sedimentary faults (Figure
6.10) within thin sandstone—-mudstone interbeds in both the Man river section and the
Bagh area.

All these three associations occur at particular stratigraphic horizons, laterally persistent and
are bounded by undeformed beds (Figures 6.9 A, B).
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Figure: 6.9. Field photographs of association of various SSDS in beds of Nimar Sandstone.
A. Multiple deformed layers (D) alternating with undeformed layers, within sandstone—
mudstone heterolithic facies (4A), exposed near Bagh section. Complex, multi-lobed
convolutes (Cl) are associated with flames and pseudonodules (P) and are affected by small
fault (F). Nature of displacements of the convoluted beds by the fault indicates syn- to post-
depositional deformation. The vertical scale bar is of 1 meter in length. B. Persistent deformed
beds (D) separated by undeformed beds within Nimar Sandstone (NS) succession in the Man
(Awaldaman) River section. Hammer length is 30 cm. The part within white box is zoomed in
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C. showing complex convolutes (Cl) with vertical water-escape channels (W). NL-Nodular

Limestone.

Fold

Figure: 6.10. Field photograph of SSDS bearing beds, exposed in the Man (Awaldaman) river
section, showing association of recumbently folded thin sand—mud heterolithic beds, associated
with centimeter-scale en echelon faults (marked with black and white arrows) overlain by

complex, multi-lobed convolutes. Length of the pen in photograph is 14.5 cm.
6.4. Trigger mechanism of the studied SSDS

Abundance of different soft sediment deformation structures like convolute lamination, load
and flame structure, contorted bedding, pseudonodules, slump structure, syn-sedimentary fault
with graben-like downsagging structure and sand dyke confined within the sandstone-
mudstone heterolithic facies (4A) and large scale trough cross-stratified sandstone facies (3A)
(Figure 6.11) indicates liquefaction and fluidization of unconsolidated sediments. Sudden
shock by pounding storm waves, overloading of sediments, mass movement or seismic shock
may cause such deformation within the unconsolidated sediment. The increase in pore fluid
pressure of unconsolidated sediments with a sudden reduction of shear strength initiated this
type of deformation.
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Figure: 6.11. Vertical sedimentary lithologs showing distribution of various SSDS

A. Man (Awaldaman) river section, eastern part of the study area. B. Bagh section, central part

of the study area. C. Dhursal section, western part of the study area.
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Loosely packed siltstones to fine-grained sandstones are competent for formation of SSDS
(Moretti, 1999). The sudden impact of the storm waves within the depositional system
produces an intense bottom current which may exceed the shear velocity and may initiate
liquefaction of sediments (Owen, 1987). In the study area well preservation of tidal, wave
features and absence of large scale hummocky cross-strata or any storm-generated sedimentary
features indicates that no such storm activity occurred during the time of Nimar sedimentations.
So, storm waves are not responsible to trigger the studied SSDS. Sudden overloading within
unconsolidated sediment may initiate dewatering of the sediment and reduces the shear
strength. The prevailing density contrast and grain size variation within the SSDS horizon in
Nimar Sandstone is not enough for formation of such large scale, laterally extended SSDS. In
fact, no such large scale load structure, completely deformed laminae are observed within the
sandstone-mudstone heterolithic facies and large scale trough cross stratified sandstone facies
as evidence of overloading or mass movement of the sediment. So, the effects of the
overloading are ruled out. Rapid sedimentation is a very common trigger mechanism for
liquefaction in the sand-on-sand system and in the sand-in-clay system. Moretti et al. (2001)
recorded that the rapid deposition of sand could prompt liquefaction at a great depth below the
water-sediment interface and that excess pore water pressure can remain very high in the
underlying sediments for many hours. In the study area presence of moderately sorted,
subrounded to rounded grains, well developed bedding plane, cross-stratification, alternate
sandstone-mudstone bedding, preservation of ripple forms ruled out the process of rapid
sedimentation for Nimar Sandstone. Then, rapid sedimentation is not the trigger mechanism for
the studied SSDS. Sometimes due to intense bioturbation laminae can be deformed but in
Nimar Sandstone SSDS bearing beds are not associated with such intense organic trace
activities (like plant roots or mammals foot print). Unequal loading in a glacial setting causes
fluidization (Van Loon and Brodzikowski, 1987; Obermeier, 1996; Dionne, 1998; Le Heron et
al., 2005) in a glaciogenic environment but Nimar sedimentation has no evidence of glaciation.
Lateral extension with repetition of the soft sediment deformation structures in an irregular
interval, with close association of syn- sedimentary fault, graben-like structure and sand dyke
indicates recurrent, non-periodic, short term, high energy shock activities in the basin. Seismic
shock is the main trigger mechanism for this type deformation. Within the studied SSDS
deformation structures have repetitive nature with a gradual increase in complexity indicates a

repetition of shocks in different phases. As stated by Moretti and Sabato (2007), formation of
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slump structure generally need a steep slope but in the study area general slope is near
horizontal. According to Well et al. (1980) seismically induced slump may formed in very
gentle slope (0.4°-0.25°). Bhattacharya and Bandhopadhyay (1998) interpreted formation of
slump in a flat environment is an evidence of palaeoseismicity. So, the Seismic shock is
proposed as trigger mechanism for the studied SSDS. Seismic shock as triggered mechanism
for SSDS is already proposed by many researchers from different localities (Seilacher, 1969,
1984; Lowe, 1975; Well et al., 1980; Field et al., 1982; Allen, 1982, 1985; Altermann, 1986;
Brodzikowski et al., 1987; Brodzikowski and Haluszczak, 1987; Seth et al., 1990; Owen, 1995;
Rossetti and Santos, 2003; Mazumder et al., 2006; Moretti and Sabato, 2007; Schnellmann et
al., 2005).

According to Moretti and Van Loon (2014) and Van Loon (2014), tectonically induced beds or
layers bearing SSDS with repetitive occurrences, large lateral extension, bounded by
undeformed beds, increasing complexity near to active fault system is termed as Seismites. In
the study area different beds of the sandstone-mudstone heterolithic facies are showing similar

characteristic, and accordingly they are identified as Seismites (Jha et al., 2017).
6.5. Implication of the Seismites

Implications of the seismites to estimate the palaeo magnitude and epicentral distance have
been incited in various literatures (Sims, 1975; Hempton and Dewey, 1983; Allen, 1986;
Audemard and De Santis, 1991; Cojan and Thiry, 1992; Guiraud and Plaziat, 1993; Obermaier
et al., 1993; Marco and Agnon, 1996; Bhat et al., 2013). According to Atkinson (1984), M5 is
the lowest earthquake magnitude which can initiate the liquefaction in sediments because
earthquakes of magnitude less than 5 are not of sufficient duration to trigger the liquefaction
process. For the formation of various SSDS different magnitudes are required, Kuenen (1958)
stated that, formation of pseudonodules required shock of a magnitude exceeding 6.5. Sand
dikes have been interpreted as related to the earthquake of magnitude ranging from 5 to 8
(Audemard and De Santis, 1991; Obermaier et al., 1993). According to Galli (2000), 90% of
the liquefaction sites are located within 40 km range from the epicenter. Rest 10 % of the
liquefaction sites situated within a maximum distance of 100 km, which are affected by a very
high magnitude earthquake (M>9). In the studied seismites presence of pseudonodules and
sand dyke indicates earthquake of 6-8 palaecomagnitude with epicenter distance within 40 km
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(Jha et al., 2017). The major deep seated faults which lie within 40 km radius from study area
are viz., the Son-Narmada South Fault and the Son-Narmada North Fault (Tewari et al. 2001).
Some minor faults/lineaments viz., the Barwani-Sukta Fault, the Dhar Lineament, the
Rakhabdev Lineament and the Jaoalaier Lineament lie beyond 40 km radius from the study
area (Figure 1.1). According to Acharya and Roy (2000), the Son-Narmada South fault was
reactivated during the late Cretaceous time. There are no record of evidences regarding
reactivation process of the other faults and lineaments. Reactivation time of the Son-Narmada
South Fault is slightly postdated with the Nimar sedimentation time, so another new phase of
reactivation of the Son-Narmada South Fault was interpreted by Jha et al. (2017) based on the

presence of seismites within the Nimar Sandstone.

Formation of each seismites bed within the Nimar Sandstone indicates a tectonic disturbance,
in the nearby vicinity. The Nimar Sandstone records sedimentation history in a fault-bounded
Son-Narmada rift setting. Seismites are dominant within the middle-upper part of succession
mainly associated with fluvio-tidal mixed facies association of FA-4. Presence of repetitive
seismites bed within the FA-4 indicates tectonic disturbances during the sedimentation.
Alternate deformed and undeformed bed with preservation of tidal features indicates marine
sedimentation and tectonic disturbance within the Nimar Sandstone were contemporaneous
process. Jha et al. (2017) stated that, incursion of marine water during Nimar sedimentation and
seismites has a strong correlation; reactivation of Son-Narmada South Fault during the
Cenomanian caused sequential subsidence of the land part within the Indian Plate, which
invited subsequent incursion of the sea water from the west. Preservation of seismites with

marine sediments bears the evidence (Figure 6.12) of such subsidence and marine incursion.
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Figure: 6.12. Schematic diagram showing the relation of seismites and dominant tectono-sedimentary
events during deposition of the Nimar Sandstone in the Son-Narmada rift valley (Jha et al., 2017).
A. Deposition of fluvial sediments within the continental riftogenic basin. Fault 1 was active in the
Early Cretaceous, whilst Fault 2 was not active. B. Reactivation of Fault 1 caused basinal subsidence,
which led to marine encroachment into land and deposition of mixed fluvio-marine sediments.
Propagation of seismic shocks produced seismites within FA-4 and FA-5. C. Further subsidence led to
onlap of shallow marine sediments and development of seismites. D. Significant sea level rise in the
relatively stable basin and deposition of Nodular Limestone. Events A, B and C took place during the

Cenomanian time and event D during the Turonian.
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6.6. Summary

In the study area SSDS are mainly confined within the FA-4 and FA-5. A detailed SSDS study

from the Nimar Sandstone helps to conclude that-

>

Convolute lamination, slump structure, contorted bedding, pseudonodules, sand dikes,
load and flame structures and syn-sedimentary faults are the dominant SSDS in the
study area.

The trigger mechanism of these SSDS is seismic shock and the SSDS bearing beds are
interpreted as seismites.

The studied Seismites indicate a palaeo earthquake of magnitude 6-8.

Reactivation of Son-Narmada South Fault triggered seismic shocks during Nimar
Sandstone sedimentation.

Activation of the fault caused basinal subsidence, which shifted the depositional
condition of Nimar Sandstone from fluvial to fluvio-marine setting due to significant

marine incursion.
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CHAPTER Y

Geochemistry of Nimar Sandstone

7.1. Introduction

The geochemical composition of terrigenous sedimentary rocks is an important tool to
understand the palaeodepositional setting of any sedimentary terrain. It is a function of the
complex interplay of various factors such as provenance, weathering, transportation and
diagenetic pattern (Bhatia, 1983). Apart from these factors tectonism has a primary control on
the rock composition (Pettijohn et al., 1972). Before the use of geochemical composition,
petrographic studies were widely used for provenance study, but its usage is limited within
sandstone only. Blatt et al. (1985) stated that interbedded argillite-mudrock members of
sedimentary sequences have not been widely used for determination of provenance and tectonic
setting because of grain size. This restriction does not apply to bulk chemical data. Based on
the degree and pattern of weathering, mobile or unstable elements are removed from the rock,
leaving the immobile elements. Hence, the ratio of various mobile and immobile elements
within a sedimentary rock depicts the provenance types and degree of weathering (Roser and
Korsch, 1986; Armstrong-Altrin et al., 2004; Kumar et al., 2017). The ratio of immobile to
mobile elements changes in different tectonic settings. It increases towards the passive margin
to the relative tectonic stability setting (Armstrong-Altrin et al., 2004). Bhatia (1983) stated that
a decreasing trend in (Fe,O3 + MgO), TiO,, (Al,03/Si0O,) and increasing trend in (K,O/Na,0)
and Al,O3/ (CaO+Nay0) in sandstone suites from oceanic island arc to continental arc to active
continental margin to passive margins was developed. This trend implies that, as sandstones
become more mature, there are an increase in quartzose content and a decrease in the unstable
detrital grains (Bhatia, 1983)

Geochemistry of sandstone and shale has been widely used to obtain the information regarding
the provenance, depositional setting, tectonic setting and degree of weathering (Crook, 1974,
Bhatia, 1983; Taylor and McLennan, 1985; Bhatia and Crook, 1986; Condie et al., 1992;
McLennan et al., 1993; Kumar et al., 2017). In the study area, facies architectural pattern,
various primary sedimentary structures, presence of tidal features and ichnofabric indicates a

mixed fluvio-marine depositional setting for the Nimar sedimentation. This chapter deals with
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the evaluation of sandstone, sandstone-mudstone heterolith and mudstones/shale of the Nimar
sandstone in respect to its ambient palaeoweathering conditions, provenance and source rock

characteristics, by using major oxide geochemistry.
7.2. Material and Methods

For geochemical analysis, fresh samples were collected from the outcrops of the study sections.
The samples were washed thoroughly with distilled water to remove any contamination. A total
17 nos. of samples were collected for major element (oxides) geochemistry among which 12
are sandstone samples, 3 mudstone samples and 2 samples of heteroliths (see Table 7.1).
Powders of all these 17 samples were analyzed for major elements (oxides) geochemistry using
X-Ray Fluorescence (XRF) (Model BRUKER S8 TIGER Sequential Spectrometer). These
analyses were carried out by skilled professionals at the Petrology and Geochemistry Division,
Wadia Institute of Himalayan Geology (WIHG), Dehradun, India. Detailed geochemical data

are presented in Table 7.2.

Table: 7.1. Details of the samples collected for major element geochemistry from Nimar

Sandstone.
SI No. | Sample No. Facies type Litho type Field Location
for XRF
1 N2 Trough cross-stratified sandstone facies (1D) Sandstone Man River Section
2 N3 Large scale trough cross-stratified sandstone facies | Sandstone Man River Section
3A)
3 N4 Plane laminated sandstone facies (4C) Sandstone Man River Section
4 N20 Large scale trough cross-stratified sandstone facies | Sandstone Ghoda Section
(3A)
5 N7 Sandstone-mudstone heterolithic facies (4A) Sandstone Rampura Section
6 N8 Trough cross-stratified sandstone facies (1D) Sandstone Baghini Temple Section
7 N12 Green sandstone facies (4E) Sandstone Chikapoti Section
8 N13 Bioturbated sandstone facies (4D) Sandstone Chikapoti Section
9 N15 Green sandstone facies (4E) Sandstone Ghoda Section
10 N18 Sandstone-mudstone interbedded facies (2A) Sandstone Baghini Temple Section
11 N21 Green sandstone facies (4E) Sandstone Phata Section
12 N16 Sandstone-mudstone interbedded facies (2A) Sandstone with mud Baghini Temple Section
chips
13 N6 Sandstone-mudstone interbedded facies (2A) Mudstone Raisinghpura Section
14 N14 Sandstone-mudstone heterolithic facies (4A) Mudstone Ghoda Section
15 N17 Thalassinoides-Ophiomorpha bearing thinly Mudstone Baghini Temple Section
laminated sandstone-mudstone facies (5B)
16 N5 Sandstone-mudstone heterolithic facies (4A) Heteroliths Raisinghpura Section
17 N9 Sandstone-mudstone interbedded facies (2A) Heteroliths Dhursal Section

132 |Page



7.3. Geochemical Results

The major elements (wt. %) concentrations of the Nimar Sandstone are reported in Tables 7.2,
and their ratios in Table 7.3. The data are compared to the average compositions of the Post-
Archean Australian Shale (PAAS), which are considered as representative of the upper
continental crust (UCC), from Taylor and McLennan (1985), and the Cody Shale (SCO),
USGS (the standards used during the analysis at WIHG). The sandstones consist of 94.19 to
45.06 wt.% SiO,; 16.10 to 1.21 wt.% Al,O3; 0.11 to 0.97 wt.% TiO,; 0.32 to 5.97 wt.% Fe,Os3;
0.01 to 0.2 wt.% MnO; 0.18 to 19.91 wt.% CaO; 0.01 to 7.99 wt.% MgO; 0.07 to 7.99 wt.%
Na,O; 0.86 to 4.69 wt.% K,0O and 0.01 to 0.11 wt.% P,0s. Total iron is expressed as Fe,Os.
Index of Compositional Variation (ICV) of Cox et al. (1995) in which ICV = (Fe,03 + K;0 +
Na,O + CaO + MgO + MnO + TiOy) / TiO, commonly used to represent relative abundance of
clay minerals vs. rock forming minerals. Values of ICV more than 1 indicate the presence of
fewer clay minerals and more rock-forming minerals such as plagioclase, K-feldspar,
amphiboles, pyroxenes and lithic (Cox et al., 1995). ICV values of the studied samples vary
from 0.7 to 17.93 (average= 2.64) (Table 7.2), which indicates the presence of both rock-
forming mineral (dominantly feldspar) and clay minerals. It is known that the values of
(K20/Al,03) of clays are less than 0.3 and the values of the same ratio of feldspars range from
0.3t0 0.9 (Table 7.3).

The values of (K,O/Al,O3) ratio of the studied samples range from 0.14 to 0.7 (average= 0.30).
Ratio of (K,O/Na,O) indicates the presence or absence of K-bearing minerals such as K-
feldspar, muscovite, biotite. In the studied area (K;O/Na,O) ratio is high (average= 12.48)
(Table 7.3). The positive correlation of Na,O with SiO, and MgO (Table 7.4) indicates the
presence of smectite clay minerals within the studied samples. According to McKinley et al.
(2009) smectites in sandstones are not always co-deposited with sand grade sediment but can
be incorporated into the sand by bioturbation, soft-sediment deformation, and mechanical
infiltration. CaO exhibits strong negative correlation with SiO, (r = -0.94) (Table 7.4)
suggesting that the carbonates are primary rather than secondary (Feng and Kerrich, 1990). The
(SiO2/Al,03) ratio indicates maturity of a sedimentary rock, in studied sedimentary rocks this
ratio is relatively high (50.40-4.29, average=16.15). The (SiO,/Al,O3)ratio of >5 represents a

chemically mature sedimentary rock (Roser et al., 1996).
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Table: 7.4. Values of Pearson’s coefficient correlation of major oxides of the analyzed samples

from Nimar Sandstone.

Oxides SiO:

SiO2 1

Al20s 0.272715
TiO2 0.116264
Fe203 -0.02224
MnO -0.60974
CaO -0.9481
MgO -0.16386
Na20 0.314652
K20 0.541936
P20s -0.5239

Al203

1
0.756206
0.664315
-0.18874
-0.50914
0.02594
0.682799
0.418771
-0.14585

7.4. Discussion

TiO2

1

0.773992
-0.00327
-0.37713
0.397185
0.494076
0.211147
-0.06275

Fe20s3

1

-0.04558
-0.25176
0.442861
0.735353
0.243721
-0.08543

7.4.1. Geochemical classification

MnO

1

0.539794
0.056077
-0.28923
-0.39811
0.884076

Cao MgO Na:=0 K20 P20s
1
-0.00874 1

-0.48947 0.02827 1
-0.61788 -0.03611 0.466514 1
0.468622 -0.10926 -0.22746 -0.33974 1

Clastic sedimentary rocks are classified in different categories based on their chemical
composition (Crook, 1974; Pettijohn, 1975; Blatt et al., 1980; Herron, 1988). Sandstones of the
present study were classified according to the scheme proposed by Herron (1988). In the
bivariate diagram of Log (Fe,03/K;0) vs. Log (SiO2/Al,O3) (after Herron, 1988) the studied

sandstones are classified as litharenite, sublithic arenite, arkose and subarkose (Figure 7.1A).

Crook (1974) classified sandstone into 3 types (quartz-rich, quartz-intermediate and quartz-

poor) based on their Na,O and K,O contents. In the K,O wt. % vs. Na,O wt. % bivariate

diagram (after Crook, 1974) the studied sandstones are plot essentially in the quartz-rich field

(Figure 7.1B).

136 |Page



2.0 H
A
1.5 4
10 Fe-Shale Fe-Sand
o)
XN (]
g () ’
= LIPS @
6 0.5 . S ‘b@ﬁ\ m @(\
il Shal x> O S
L ale N © .
. = . Quartzarenite
)}
& 0.0 4
- [ |
/ . Subarkose
0.5 Arkose W gm
i}
-1.0 : T v { — T T T . T
0.0 0.5 1.0 1.5 2.0 25
Log(Si0, /Al, 0. )
M Mudstone [l Sandstone-mudstone heteroliths M Sandstone
10 5 B
[
Quartz-rich ™
14
Q
X
0.1 5
0.01 al

0.01 10

Na:z0

W Mudstone [l Sandstone-mudstone heteroliths M Sandstone

Figure: 7.1. Geochemical classification of clastic sedimentary rock. A. Log (Fe,O3/K;0) vs.
Log (SiO,/Al,O3) bivariate diagram. B. K,O wt. % versus Na,O wt. % bivariate diagram.
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7.4.2. Provenance

To recognize the provenance of siliciclastic sedimentary rock several discrimination diagrams
are proposed by various authors (Taylor and McLennan, 1985; Floyd and Leveridge, 1987,
Roser and Korsch, 1988; Floyd et al., 1989; McLennan et al., 1993; Condie, 1993). The major
element discrimination diagram of Roser and Korsch (1988) has been used to decipher the
provenance of Nimar Sandstones (Figure 7.2A), which indicates quartz rich sedimentary
provenance and some components of mafic igneous provenance. In Roser and Korsch (1988)
diagram the quartz rich sedimentary provenance was drawn based on the chemical composition
of sandstones and argillites of Ordovician Greenland Group and provenance of these terrains
was a highly weather granitic-gneissic terrain (Laird, 1982). In the studied samples abundance
of feldspar (ICV value = 2.64) indicates a source near to depositional site. The (K,O/Na,O)
ratio (average 12.48) (Table 7.3) also suggests abundance of K-bearing minerals (McLennan et
al., 1983; Nath et al., 2000; Osae et al., 2006). Aluminum concentration is mainly measured for
detrital flux, and positive correlation of Al,O3 with K,O, Na,O and TiO, indicate that these
elements are associated entirely with detrital phase (Nagarajan et al., 2007). (Al,03/K;0) ratio
(average = 5.26) indicate that K-bearing minerals have a significant influence on Al
distributions and bulk of the Al and K primarily are contributed by clay minerals (Mc Lennan
et al., 1983). The abundant quartz and K-bearing minerals in the study area originated from
granite-gneiss and quartz rich sedimentary or meta-sedimentary provenance. The (SiO,/Al,03)
ratio (average 16.15) suggests that there were chemically mature sedimentary rocks involved in

the source area.

The Al,O; and TiO, contents of the siliciclastic sedimentary rocks are also significant in
provenance identification. Since Al and Ti are immobile elements, during weathering of
source rocks they remain as residue due to the low solubility of their oxides and hydroxides
(Stumm and Morgan, 1981; Sugitani et al., 1996). Therefore, the values of (Al/Ti) ratios of any
sedimentary rock can be considered to be very close to those of their parent rocks. McLennan
et al. (1980) recognizing the significance of Al and Ti in the provenance studies, and proposed
Al,O3 wt. % vs. TiO, wt. % bivariate discrimination diagram to decipher provenance of
siliciclastic rocks. On this plot studied samples show dominantly Granodiorite to Granite trend
line along with mixed “3 Granite+1Basalt” (McLennan et al., 1980) (Figure 7.2B).
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Hence considering all these factors it can be concluded that Nimar Sandstone sediments were

may derive from the basement rock of mixed granitic gneiss, basalt and quartzite of Bijawar

(Table 2.1).
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Figure: 7.2. A. Provenance discrimination diagram for sandstones (after Roser and Korsch,

1988). Discriminant Function 1 = (-1.773xTiO;%) + (0.607xAl,03%) + (0.76xFe,O3T %) +
(1.5xMgO %) + (0.616xCa0 %) + (0.509xNa,0 %) + (-1.22xK,0 %) + (-9.09). Discriminant
Function 2 = (0.445xTiO,%) + (0.07xAl,05%) + (-0.25xFe,05" %) + (- 1.142xMgO %) +
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(0.432xNa,0 %) + (1.426xK,0 %) + (-6.861). B. Provenance discrimination diagram TiO, wt.
% versus Al,O3 wt. % bivariate plot (after McLennan et al., 1980). The “granite line” and

“3 granite + 1 basalt line” are after Schieber (1992).
7.4.3. Palaeotectonic setting

The chemical compositions of siliciclastic sedimentary rocks are significantly controlled by
tectonic settings of the depositional basins. Therefore, the siliciclastic rocks from different
tectonic settings have terrain-specific geochemical signatures, like (Fe,O3; + MgO) have high
abundance in oceanic island arc setting, continental island arc type sandstone has lower value
of (Fe;O3 + MgO), whereas the passive margin setting sandstones are enriched with SiO;
(Bhatia, 1983; Bhatia and crook, 1986; Roser and Korsch, 1986). Various major element based
discrimination diagrams have been proposed to infer tectonic setting of provenance of ancient
siliciclastic sedimentary rocks by several researchers (Maynard et al., 1982; Bhatia, 1983;
Bhatia and Crook, 1986; Roser and Korsch, 1986; McLennan et al., 1990; McLennan and
Taylor, 1991, Floyd et al., 1991). The most discriminating parameters are (Fe O3 (Total)
+MgO0), TiO; and SiO,, (K,O+Na,0) (Bhatia and Crook, 1986; McLennan et al., 1990). Due to
the low mobility and low residential time in seawater Fe and Ti are most important tools to
decipher palaeotectonic setting (McLennan et al., 1990). However Mg has high residential time
in sea-water but it remains unchanged in nature in several tectonic setting (Blat et al., 1980). In
the present study analyzed samples mainly show a passive margin setting both in
(Fe203+MgO) vs. TiO, tectonic discrimination diagram (Figure 7.3A) (Bhatia, 1983) and SiO,
vs. (K20/Na,0) discrimination diagram (Figure 7.3B) (Roser and Korsch, 1988). Few samples
are not laid within the passive margin fields in the (Fe,03+MgO) vs. TiO, diagrams. According
to Bhatia (1983), clastic sedimentary rocks of passive margin setting show large variation in
their composition, which sometimes may overlay with the characteristic of active margin
sandstones. But lower ratio of (Fe,O3 (Total) +MgO), (Al,O3/SiO;) and a higher ratio of
(K20/Na0) helps to distinguished them from active margin setting sandstone. The studied

rock samples show higher ratios of (K,O/Na,0) value (Table 7.3).
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1986).
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7.4.4. Palaeoweathering

Weathering is an important phenomenon, which significantly influence the geochemical
properties of any sedimentary rocks (McLennan et al., 2003). During intense chemical
weathering Ca, Na and K are mainly removed from source rocks. If the siliciclastic
sedimentary rocks are free from alkali metasomatism, then their alkali contents (K,O + Na,O)
and (K,O/NayO) ratios are considered as reliable indicators of the intensity of weathering of
source material (Lindsey, 1999). Various indices are proposed by researchers for interpretation
of degree of palaeoweathering. Among the recognized indices of weathering/alteration, the
Chemical Index of Alteration (CIA; Nesbitt and Young, 1982, equation i) is a conventional
method of quantifying the degree of source weathering. Source weathering and elemental
redistribution during digenesis also can be calculated by using Plagioclase Index of Alteration
(P1A; Fedo et al., 1995, equation ii) and Chemical Index of Weathering (CIW; Harnois, 1988,
equation iii). The equations of the above indices are given below:

CIA = {Al,03/ (Al,03 + CaO + Na,0 + K,0)} x 100........ (1)

PIA = {(Al,03 — K;0) / ((Al,03 - K;0) + CaO + Nay0)} x 100..... (ii)

CIW = {Al,03 / (Al,03 + CaO + Na;0)} x 100.................. (iii)
Average CIW and PIA values (65.23%; 60.44%) (Table 7.2) of the studied area indicates a
moderate degree of source weathering. Average CIA value (51.77%) indicates intermediate
chemical weathering for the Nimar Sandstone. CMI (chemical maturity Index) ratio of
(SiO2/AlL,O3) is also used to measured degree of chemical weathering. During transportation
and recycling along with weathering quartz or Si-rich phases are increases at the expanse of
phyllosilicates or Al-rich phases in a sedimentary rock. Therefore, the ratio of (SiO,/Al;O3)
provides an estimation of the compositional maturity of sediment during or after chemical
weathering. In the studied samples average (SiO,/Al,Os3) ratio (Table 7.3) is 16.15, which

indicate compositionally mature sediments.
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7.4.5. Palaeoclimatic condition and Sediment maturity

Recycling of siliciclastic rock affects mostly the (SiO,/Al,O3) ratio, which basically indicates
the maturity of a sedimentary rock (Roser and Korsch, 1986; Roser et al., 1996). Value of
(Si02/Al,03) ratio > 5.0 in sandstone indicates of progressive maturity (Roser et al., 1996). The
(SiO2/Al,O3) ratios of the studied sample are high (average= 16.15) and the (K,O/Na,O) ratio
is also high (average = 12.48). High values of (SiO./Al,03) and (K,O/Na,O) ratio together
indicate more matured and recycled nature of the sediments. Suttner and Dutta (1986)
proposed a binary SiO, wt. % versus (Al,03+K,0+Na,O) wt. % diagram to constrain the
climatic condition during sedimentation of siliciclastic sedimentary rocks. The
studied samples plot essentially in the field of semi-arid to a humid climatic condition and the
ratio of (SiO,/Al,03) suggest increasing chemical maturity (ratio of >5 indicates progressive

chemical maturity) (Figure 7.4).
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Figure: 7.4. SiO, wt. % versus (Al,03+K,0+Na,0) wt. % variation diagram showing palaeoclimatic

conditions during Nimar sedimentation (after Suttner and Dutta, 1986).
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7.4.6. Palaeodepositional condition

MgO and Al,O3; are the major oxides which helps to distinguish between the marine and
nonmarine setting for any sedimentary rock. Mg is rich in marine water whereas Al comes

from continental weathering debris formed due to the chemical breakdown of feldspar.

MgO

A

Marine

o o) %

Nonmarine and deltatic o \
+ + + + + + t + + SiO2/Al203
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Figure:7.5. A. Binary and B. ternary diagrams showing characterization and differentiation
of marine from non-marine sandstones (after Ratcliffe et al., 2007). Nimar sediments spread

over both the fields indicating a mixed transitional environment.
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The calculated ratio of (MgO/Al,O3) for the studied sample ranges from 0.02 to 1.8 (avarage
0.20) (Table 7.3) which indicates a marine to nonmarine transitional condition. Fe,O3 and MgO
concentration also varied with the change from marine to the nonmarine setting. Plotting of
Fe,O3; vs. MgO data in separate binary and ternary diagrams (following Ratcliffe et al.,2007),
confirm that the studied samples show a transitional environment since the sediments plotted
both in the non-marine to deltaic as well as marine sandstone fields (Figures 7.5A, 7.5B).So,
the geochemical composition of the Nimar Sandstone also validated the graduall changes
from freshwater to shallow marine condition from lower to upper part of the succession during

the depostion of Nimar Sandstone.

7.5. Summary

Significant observations of the geochemical study of Nimar Sandstone is given below:

v Geochemical classification based on Log(Fe,03/K;0) vs. Log(SiO,/Al,03) values show
that the rocks are lithic arenite, sublithic arenite, subarkose and arkose in nature.

v K0 (wt. %) vs. Na,O (wt. %) values demonstrate that Nimar Sandstone is quartz-rich
in nature.

v ICV value indicates sediments are dominated by both K-bearing rock-forming and clay
minerals.

v SiO; (wt. %) vs. (Al,03+K,0+Na,0) (wt. %) variation diagram indicates rocks are
minerologically mature in nature and deposited under humid palaeoclimatic condition.

v" Discrimination diagram (following Roser and Korsch, 1988) for provenance decipher
mixed quartzos-mafic igneous rocks in the source area. Similar granite-granodioritic-
basaltic mixed source composition is obtained from TiO, (wt. %) vs. Al,O3 (wt. %)
plot.

v' (Fe;03+MgO) vs. TiO; and SiO; vs (K,0+Na,0) tectonic discrimation diagrams shows
Nimar Sedimentation was going on a passive margin setting with moderate weathering
condition.

v Binary diagram of Fe,O3; vs. MgO and ternary diagram of Fe,O3-MgO-(SiO,/Al,03)
indicate palaeodepositional setting of the studied area was transitional nonmarine-

shallow marine condition.
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CHAPTER-8

Discussion

8.1. Introduction

In this chapter, we discussed the main facets and findings of the present research work from
Nimar Sandstone. During the present research work sedimentary facies analysis, study of
primary sedimentary structures, geochemical analysis, and the ichnological study were carried
out. The final outcomes are compiled to reconstruct the palaeogeography of the Nimar
Sandstone and to construct a comprehensive sedimentary basin model in the light of sequence
stratigraphic architecture. The model deciphers predominant transgressive-regressive (T-R)
cycles in the fluvio-marine Nimar Sandstone succession in response to the influence of late

Cretaceous marine incursion in the Indian plate.
8.2. Reconstruction of the Nimar Sandstone depositional environment

8.2.1. Implications of sedimentary facies analysis and its outcome

The fluvio-marine sediments of the Nimar Sandstone unconformably overlies the Proterozoic
Bijawara gneiss (Singh and Srivastava, 1981). During the late Cretaceous time, fluvial
sedimentation of Bagh Group was started within the Son-Narmada rift setting. The lower
portion of the Nimar Sandstone succession was comprised of immature fluvial sediments of
FA-land FA-2. The present research work showed the certain evidenced of tide reworking of
the channel-fill sediments (FA-3, FA-4 ) in the middle part of the succession and wave
reworking of the tidal sediments in the upper part (FA-4 and FA-5) of the succession. Tide-
wave led sediments of the Nimar Sandstone indicate a transition from fluvial sediments of FA-
1 and FA-2 to tidally influenced fluvial sediment of FA-3, tide-dominated sediments FA-4 and

wave reworked tidal sediments of FA-5.

Thus, the predominant facies associations and their architecture in the Nimar Sandstone
signifies deposition in three major sub-environments within the fluvio-marine interactive

estuary setting —

o a fluvial-dominated zone initially , with transition from fluvial channels (FA-1)
to floodplains (FA-2), with few tide-affected fluvial deposits (FA-3) in the basal part of
the succession, mainly dominated in the eastern and central part of the studied area.
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o a mixed energy central estuary zone in the middle-upper part of the succession,
which consists of transitional fluvio-tidal channels (FA-3), tidal flats, associated with
tidal channels and bars (FA-4) mainly dominated in the central part of the studied area.

o a wave-dominated shore environment in the outer estuary zone (top part of FA-4

with FA-5) present in the upper part of the succession.
8.2.2. Tidalites and their implications on palaeoenviromental

The Nimar Sandstone preserves thick packages of tidally-influenced sediments in the middle
part of the succession. These tidally-influenced sediment packages are commonly stacked
under thick-thin sandstone-mudstone heterolithic unit along with some wave reworked features.
Preservation of these sediment packages indicates a low energy depositional condition where
waves are present but they do not have enough energy to rework the tidal sediments.
Preservation of mud drapes indicates the slack phase of water. Alternate sand dominated and
mud dominated heterolith indicates fluctuations in energy condition. Alternate fluvial (FA-1,
FA-2), fluvial-dominated tidally influenced sediments (FA-3) followed by tide-dominated wave
reworked sediments (FA-4, FA-5) portrayed distinct depositional cycles from a fluvio-marine
mixed depositional setting. In the middle-upper part of the Nimar Sandstone succession, the
wave-dominated sediments of FA-5 overlies the tidally influenced sediments of FA-4, which is
repetitive in nature. These distinct cycles indicate repeated changes in water-depth over short
intervals under a tide-wave interactive system as a product of periodic marine inundation and
intercalations. Such repetitive cycles with a fining-up sequence indicates inundation of fluvio-
tidal channel by marine water under a typical estuarine setting (Nichols, 2009). In the study
area overall dominance of tidal features over wave features indicates a tide-dominated wave-

influenced estuary.
8.2.3. Implications of trace fossils and sediment-organism interaction pattern

Ichnology is an important tool used in understanding certain parameters of a sedimentary
environment, such as rate of sedimentation, salinity conditions, substrate types and oxygen and
nutrient supply (Ekdale et al., 1984; Bromley, 1996; Pemberton et al., 1992; Taylor et al., 2003;
Mcllroy, 2004; Gingras et al., 2011; Bromley and Uchman, 2003 and many others). Any
changes in these parameters have direct and or indirect impact on the association, abundance
and diversity of trace fossils (Bromley, 1996; Gibert and Ekdale, 1999; Gingras et al., 2002;
Chakraborty and Bhattacharya, 2005). So, to interpret palaeoenvironmental and

palaeoecological conditions of any sedimentary succession, study of ichnofabric analysis is the
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best method. In the study area, vertical and horizontal traces of suspension feeders, as well as
deposit feeders produced by worm-like organisms, crustaceans, and few mollusks, are
dominant. The studied trace fossils are grouped into four ichnofacies types, mixed Skolithos-
Glossifungites ichnofacies, mixed Cruziana-Glossifungites ichnofacies, Glossifungites
ichnofacies and mixed Cruziana- Skolithos ichnofacies. The lower part of the Nimar Sandstone
succession was mainly devoid of any trace fossils. In the middle and upper part of the
successions intensity and diversity of trace fossils increases. Fluctuation in energy condition,
the transition of fluvial to marine depositional setting affected the ecological condition of the
study area. Availability of food, salinity condition, and supply of bottom-oxygen were
controlled by various depositional processes that indirectly or directly influenced the habitat
and the activities of the organisms. Depending on this ecological factor ichnofabric pattern was
gradually changed from basal to the top part of the succession.

8.2.4. Implications of seismites

At different stratigraphic levels of the Nimar Sandstone succession, various SSDS are first time
reported by Jha et al. (2017). Those SSDS bearing sediment units are interpreted as Seismites.
Common SSDS described are convolute laminae, pseudonodules, load and flame structures,
syn-sedimentary faults, slumps and sand dykes. In Nimar Sandstone SSDS are mainly present
in the middle part of the succession, which phases of a substantial shift in the depositional
conditions from fluvial-dominated to a transgressive tide-wave-influenced estuarine system
with basinal subsidence. Presence of pseudonodules and sand dykes within this formation
indicates a palaeo-earthquake of magnitude of 6-8. The occurrences of seismites signify a new
phase of reactivation of the Son-Narmada South Fault in the basinal area and resulted in

concomitant marine transgressions (Jha et al., 2017) during the Late Cretaceous time.
8.2.5. Implications of geochemical analysis

The geochemical analyses also bear evidence of marine sedimentation in Central India during
the time of Nimar sedimentation. Major oxide ratios and variant diagrams also signify a passive
margin setting for the deposition of Nimar Sandstone and the provenance is acidic in nature,
guatzosedimentary to granodioritic in composition. The palaeoclimatic condition was semi-arid
to humid in nature during the Cenomanian time. The major element oxides ratios also clearly
attest the existence of a marine-influenced transitional estuarine depositional system. So, the
geochemical analysis supports the inferred fluvio-marine depositional model of the Nimar
Sandstone.
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8.3. T-R cycles and depositional sequences

Vertical and spatial distribution of lithounits of the five facies associations in Nimar sandstone
depict an overall fining-upward retrogradational succession, as evident from the vertical
sedimentary logs of all the sections. Overall transgressive nature of the depositional systems is
also evident from the gradual changeover from dominant fluvial systems near the lower part,
followed by fluvial-tidal mixed systems in the middle part and the mixed tide-wave open
marine systems in the upper part of the succession. Keeping in view the west to eastward
encroachment of the sea (as discussed in section 3.7), correlations were made in three sections
across the dip profile — (i) a section in the westernmost part of the basin, in the Akhara-Phata
area, incorporating log data of locations 1-5, (Figure 8.1) (ii) a section in the central part of the
basin, in the Bagh area, incorporating logs of locations 6-11 (Figure 8.2), and (iii) a section in
the easternmost part of the study area, in the Awaldaman-Ratitalai area, including the logs of
locations 12-15 (Figure 8.3). Another correlation across all the strike parallel sections the dip
profile section (Figure 8.4) is also prepared incorporating logs of Sitapuri, Raisinghpura,
Bagh, Akhara and Chikapoti from east to west. These correlations provide clear evidences of
stratal stacking patterns along the length (E-W) and width (N-S) of the basin and reflects the
nature and effect of marine incursions at different areas in response to changing base level and

resultant accommodation.

Within the overall fining-up trend, two distinct fining-up successions are clearly visible in
almost all the logs, depicting two successive stacked transgressive cycles within the Nimar
succession (Figures 8.1- 8.4), namely - (i) lower transgressive cycle (TL), incorporating fluvial
sediments of FA-1 and FA-2 mostly, with some fluvio-tidal sediments of FA-3, occupying the
lower part of the logs, and (ii) upper transgressive cycle (TU), which includes fluvio-tidal and
shore sediments of FA-3, FA-4 and FA-5. Several coarsening-up (regressive) and fining-up
(transgressive) cycles of lower rank are recorded within these two dominant transgressive

cycles.
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Figure: 8.1. Correlation of the lithologs in the western part of the study area, showing
transgressive- regressive cycles of different order. The actual locations covered in this section
is marked by orange line in the inset map (Figure 2.4). Abbreviations are TL-R- Lower
transgressive coarsening up sequences, TL-T Lower transgressive finning up sequence, TU-R
Upper transgressive coarsening up sequence TU-T Upper transgressive finning up sequence,

MFS- Maximum flooding surface, MRS- Maximum regressive surface.

Correlations of these lower rank T-R cycles across different sections in the basin manifest
mutual balance between sedimentation, base level conditions and its effect on net
accommodation creation, which varies from area to area based on its actual position in the

basin during deposition.
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Figure: 8.2. Correlation of the lithologs in the central part of the study area, showing different
transgressive- regressive cycles. The actual locations covered in this section is marked by

orange line in the inset map (Figure 2.4). Abbreviations used are same as used in figure 8.1.

The lower transgressive cycle (TL) depicts a lower rank coarsening-up (regressive) (TL-R)
succession, followed by a fining-up (transgressive) (TL-T) succession in most of the areas. In
the central and the eastern sections (Figure 8.2 8.3), the fluvial succession is represented by
initial coarsening-up to fining-up stacking pattern, indicating initial progradational (regressive)
to a retrogradational (transgressive) pattern. The changeover from coarsening-up to fining-up
succession is marked by a maximum regressive surface (MRS-1). Such coarsening-up
progradational packages in fluvial systems indicates lowstand conditions, where base level rise
was overpaced by sediment supply. As the rate of base level rise increased, more
accommodation and raised graded river profile caused flooding and deposition of finer

overbank deposits over the earlier sand-depositing areas.
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Figure: 8.3. Correlation of the lithologs in the eastern part of the study area showing different
transgressive- regressive cycles. The actual locations covered in this section is marked by

orange line in the inset map (Figure 2.4). Abbreviations used are same as used in figure 8.1.

This led to fining-up retrogradational succession (FA-2 over FA-1) in most of the areas,
indicating a fluvial transgressive phase. Predominance of mud-rich floodplain deposits manifest
rising base level conditions, leading to — (i) raising of river profile, (ii) more deposition than
incision, and (iii) backstepping associated with aggradation of sediments. However, in some
areas (e.g., Bagh, Rampura etc., Figures 8.2, 8.4), particularly in places where the fluvial
channel was strongly affected by incoming tidal currents during this marine encroachment,
tidally-reworked coarser clastics were deposited over FA-1 resulting in stacked, thick channel-
fill sandstone beds (of FA-3). In the western section, (Figure 8.1) the fluvial system is not well
preserved except in the Dhursal area. The fluvial succession shows a gradual fining-up stratal
stacking pattern with abundance of fine-grained overbank deposits, indicating a low energy
flooding condition under the dominant transgressive phase. The Lower transgressive cycle (TL)
is directly overlain by the upper transgressive (TU) cycle (Figures 8.1-8.4). The separating
surface is a flooding surface, represented by fine grained overbank deposit (of FA-2) in most of
the areas. Sustained rise led to local stagnations, leading to fine-grained aggradational packages
(local highstand conditions). In many cases, the surface is demarcated as the start of change

from finning-up to coarsening-up. However, in many areas, the layers depicting transition from
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TL to TU is associated with soft-sediment deformations (both above and below), which Jha et
al. (2017) interpreted as seismites related to reactivation of faults and basinal sagging. Since
base level rise was associated with basinal sagging, the falling stage conditions were not truly
effective or completely absent in the basin, which explains the missing signatures of an
intermittent falling stage in between two successive transgressive cycles within the Nimar

Sandstone succession.

West<e— —>» East

Chikapoti Akhara Bagh Raisinghpura Sitapuri

gl
T R ) G SR S R T T (N R D S ) S ST I S R T O ) R P O A O S S 1S RN A S R ) T A S R O P O 2 G 1 (R N TR S 7 A O D O
LN S G 6 O 6 6 S 0 D S S O

‘ TL-T
-
< MFS
-

/ MRS-2

MRS-1

Figure: 8.4. Strike parallel correlation of lithologs along dip section from east to west of the
study area, showing different transgressive- regressive cycles. The actual locations covered in
this section is marked by orange line in the inset map (Figure 2.4). Abbreviations used are same

as used in figure 8.1.

The upper transgressive cycle (TU) consists of two predominant lower-order cycles, (i) initial
progradational regressive cycle (TU-R), followed upward by (ii) final retrogradational
transgressive cycle (TU-T) (Figures 8.1-8.4). The transition from progradational to the
retrogradational cycle is demarcated by a maximum regressive surface (MRS-2). Stacked
retrogradational successions manifest sustained onlap of the marine tide- and wave-led systems
over the underlying fluvial successions. Coarsening-up succession in TU-R is dominated by
signatures of tidal sedimentation (FA-4), with minor records of fluvial inputs (FA-3). Such
progradation indicate another lowstand condition, where significant amount of sediments
supplied by river was reworked by encroaching tidal currents to deposit as bay head delta and
tidal bars in front of the river mouth. Several lower rank coarsening-up and fining-up stratal
packages (smaller parasequences) are present within the TU-R, indicating frequent change in

base level and accommodation conditions in response to tidal-fluvial interactions and sediment

supply.
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Such lowstand stratal package is overlain by a transgressive package (TU-T), which consists of
tide and wave-led sediments (of FA-4 and FA-5) (Figures 8.1- 8.4). The stratal stacking pattern
is fining-up in nature in most of the areas, whereas it changes to sand-rich coarsening-up
succession locally (Figures 8.1, 8.2). Such variation is caused due to differential energy
conditions imparted in different part of the basin during the marine flooding event, which led to
varied depositions from — (i) wave-reworked shoreface sands with marine bivalves and
gastropods and trace fossils in the western part (more open marine), to (ii) relatively finer-
clastic rich with abundant Ostrea and firm ground trace fossils, characteristic of brackish water
condition in the eastern part (landward, sheltered estuary like). Thickness of the sediment
package in TU-T also varies significantly with maximum thickness and sand-rich in the
western part, and gradually thickness diminishing and changing to mud-rich towards the east.
The TU-T indicates the early phase of transgression and is succeeded by a late phase of
transgression manifested by the deposition of the overlying Nodular Limestone unit throughout
the basin. The Nodular Limestone marks the further transgression (flooding), during which the
entire basin was transformed to near open marine carbonate depositing setting. So, for Nimar
Sandstone succession, the contact with the overlying limestone unit (Figure 8.5) is considered

as the peak transgression, and is marked by another maximum flooding surface (MFS).

Figure: 8.5. Exposed section beside the Baghini Mandir, showing multiple transgressive-
regressive cycles (marked by TL-R, TL-T, TU-R, TU-T). Note the occurrence of two
maximum flooding surfaces (MFSs). The person (encircled) is for scale. Abbreviations used are

same as used in figures 8.1-8.4.
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8.4. Sequence stratigraphic architecture

The repetitive arrangement of facies and their associated stratal geometry present in
successions of sediments and sedimentary rocks are analyzed in the study of sequence
stratigraphic. These studies include patterns of stacking of the strata and the changes that do
occur in them within a certain time frame. The definite patterns of the stratal stacking help to
determine the order in which they were deposited to explain the geometric relationships and the
architecture of sedimentary strata. Each stacking pattern of the strata represents a particular
genetic type of deposit with a unique sedimentation pattern resulting from the interplay of
accommodation space and the rate and amount of sedimentation within the basin (Eriksson et
al., 2012, 2013). Common genetic types of deposits are low stand regressive, high stand
regressive and transgressive. These units, referred to as low stand system tract, high stand
system tract and transgressive system tract respectively, are the building blocks of the sequence
stratigraphic surfaces. These surfaces help to illustrate the patterns of facies shift. The
recurrence of the same types of surface through geologic time (or through vertical section)
defines cyclicities of changes in accommodation space and/or sediment supply, which directly
correspond to the rock record (Catuneanu, 2006; Catuneanu et al., 2012; Eriksson et al., 2012,
2013; Wagreich et al., 2014).

Considering the depositional age of the Nimar Sandstone (Cenomanian, ~100.5-93.5 MY),
bounded by unconformity at the bottom and the Nodular Limestone (of Turonian age) at top,
the overall transgressive retrogradational succession represent part of a 2™ order transgressive
systems tract (TST) within the overall late Cretaceous base level cycle (encompassing the
entire Bagh Group and overlying sediments). Such 2™ order base level fluctuations are
commonly related to global tectono-eustatic changes. In Nimar Sandstone, the 2™ order TST s
further subdivided into two stacked transgressive cycles (TL and TU), which are identified as
the 3™ order transgressive systems tracts (3" order TSTs). Each TST is further divided into
regressive-transgressive cycles (T-R cycles), and are identified as the system tracts of 4™ order.
Details of stratal stacking pattern in system tracts of different order, the bounding surface and
inferred sea level curves are shown in figure 8.6. Following is the description of the different

systems tracts, parasequences and the nature of the confining boundaries in Nimar Sandstone.
8.4.1. 2" order System Tract

The entire Nimar sedimentary succession constitutes part of a 2" order transgressive systems

tract (TST). The TST is fining-upward, retrogradational in nature and depicts gradual
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changeover from fluvial, to fluvio-marine to marine-dominated depositional conditions from
bottom to top. However, the TST is overlain by the Nodular Limestone, which marks the
maximum extent of the transgression, and the contact demarcates the maximum flooding
surface (MFS). The bottom boundary of the TST is an unconformity, which basically marks the
contact with the underlying Proterozoic basements (Figure 8.6). As the sedimentation started
with creation of positive accommodation in this basin, we do not get any traditional lower

boundary (e.g., maximum regressive surface) for the 2" order TST.
8.4.2. 3" order Systems Tracts

Successively stacked transgressive cycles (TL and TU) within the 2" order TST are identified
as 3" order transgressive systems tracts (3" order TSTs) (Figure 8.6). The lower TST is
characterized by the fining up, retrogradational successions of fluvial onlapping systems,
indicating the initial phases of the major transgression. Lower boundary of this is same as the
2" order TST, while the upper boundary is demarcated by flooding surfaces of 3" order. Such
flooding surfaces are represented by thick over bank deposits, sharply overlain by thick
sandstones of the overlying transgressive cycle. Soft-sediment deformation structures are often
associated with/near to this surface. The upper TST is characterized by another fining-up,
retrogradational succession of fluvio-tidal to tide-wave led coastal onlapping system, pointing
to the second transgression phase within the major transgression. This TST directly overlies
flooding surface of the underlying TST, and is often associated with soft-sediment deformation
structures near the basal part. The top surface of this TST is demarcated by the start of Nodular
limestone, and is marked by maximum flooding event under this transgression (Figure 8.5).

8.4.4. The 4™ order System Tracts

The coarsening- and fining-up successions of relatively shorter lengths (TL-R, TL-T, TU-R,
TU-T, etc.) within the 3 order TSTs are identified as the systems tracts of 4™ order (Figure
8.6). Two low stand systems tracts (LST) in the form of coarsening-up successions (TL-R and
TU-R). Each lowstand condition is succeeded by a transgressive systems tract (TST) of 4™
order, manifested by fining-up facies successions (TL-T and TU-T) (Figure 8.6). The systems
tracts of 4™ order essentially demarcate stratal stacking patterns during a particular phase of

base level change of relatively higher frequency.

The LSTs indicate normal regressive lowstand conditions formed by more sedimentation over-

pacing the slow rate of base level rise. This led to a fluvial progradational succession near the
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lower part, characterized by stacked channel fill deposits of FA-1 separated by overbank
deposits (FA-2). Increasing overbank deposits near the upper part of this succession indicate
more accommodation is created due to relatively higher rate of base level rise. The upper
lowstand condition manifests interactions of fluvial and tidal depositional systems with
progradation of the fluvial systems into the encroaching tidal system. The lower LST is
bounded by the unconformity at the base (the contact with underlying Proterozoic basement
rocks) and a maximum regressive surface (MRS-1) at the top marked by the change over from
coarsening up to fining up stratal architecture observed in field exposures as well as in the log
sections (Figures 8.1-8.5). The upper LST is demarcated by the maximum flooding surface (of
the underlying TST) at the bottom and another maximum regressive surface (MRS-2) at the top
(Figures 8.6).

The lower transgressive systems tract, represented by the fining-up succession of TL-T, is
characterized by thick overbank deposits with isolated channels formed by creation of more
accommodation due to higher rate of base level rise than the rate of sediment supply. The lower
TST is predominantly a fluvial TST, with meager influences of the tidal encroachments
(forming FA-3) leading to backstepping stratal packages towards the west (Figure 8.6). The
upper TST is represented by another retrogradational fining-up succession (TU-T) that overlies
the upper LST. The upper TST is characterized by backstepping tidal and wave-reworked
sediments (of FA-4 and FA-5, respectively), indicative of coastal onlap due to significant base
level rise resulting in creation of net accommodation. Both the TSTs are demarcated by the
maximum regressive surfaces (MRS-1 for lower TST and MRS-2 for upper TST) at the bottom
(Figure 8.6). In the top, the TSTs are commonly bounded by the flooding surfaces of 4™ order,
which are represented by finer-clastics of relatively smaller thickness and shorter lateral
extents. The bounding surfaces are frequently replaced by different facies assemblages in
response to short-term base level fluctuations and its varied effect in different parts of the
basins.
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8.5. Discussion on palaeogeography

The Cretaceous global sea level rise led to significant marine transgressions that affected part
of the western and central India (Acharya and Lahiri 1991; Singh and Mishra, 2000; Desai et
al., 2013). As a result of that event, large part of Central Indian land part was inundated under
sea water, resulting in shift in depositional conditions from pure continental to marine/marginal
marine. One such example of marine transgressions and change in depositional conditions is
well recorded in the late Cretaceous Bagh Group of Rocks, preserved within the Narmada rift
valley in Central India. The Nimar Sandstone (Cenomanian age), occurring as the lowermost
unit within the Bagh Group, bears such excellent signatures of marine transgressions with
change in depositional environment from fluvial, fluvio-marine to marine in a predominant
siliciclastic depositional system. Effect of transgression is evident till deposition of the
overlying Nodular Limestone (Turonian age), which demarcate the maximum extent of the

transgressive event.

Analysis of the Nimar Sandstone succession in the light of transgressive-regressive cycles
reveals two stacked transgressive events (of 3™ order) within an overall large 2" order
transgressive cycle (2" order TST, as discussed in the previous section). Flooding during the
first transgressive event affected the initial fluvial system as rising base level led to increasing
accommodation along with raised fluvial graded profile. This caused thick accumulation of the
channel-fill and overbank deposits in the lower part of the Nimar Sandstone. An east-west
flowing river system is deciphered, with distribution of coarser-dominant to finer-dominant
sediments from east to west. In the western part of the basin, the fluvial system is affected by
tidal intermixing, indicating significant marine encroachment and fluvial-tidal interference
(Figure 8.7). The effect of tidal influence is more pronounced in the upper transgressive cycle,
which records prevalent drowning of the underlying fluvial system. The effect of this drowning
is more dominant in the western part and relatively less in the eastern part, indicating the
marine encroachment took place from west to east with development of tide-influenced
estuarine system in the west changing to more fluvial-dominated bay head delta systems in the
east. Overall facies architecture indicates development of a tide-influenced estuarine system

(Figure 8.7), where three distinct depositional zones can be deciphered, namely,

(i) a fluvial-tidal interactive inner estuary zone, developed in the eastern part of the basin,
characterized by tide-reworked thick channel-fill and overbank deposits,

(if) tide-dominated central estuary zone, developed in the central part of the basin,

characterized by development of tidal sand bars and sand and mud flats based on extent
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of inundations, mutual strength of tidal and fluvial systems and type of net
accommodation created, and

(iii) tide-wave dominated outer estuary part, developed in the western part of the basin,
characterized by more open marine tide and wave reworked sediments of shore

environments.

East
— Stage 1: Initial phases of Nimar sedimentation
charaterized by fluvial channel fill and overbank
f deposits within rift setting
West &«
\:| Precambrian basement
I:I Fluvial deposits
\ East
el

West &«

Stage 2: Fluvial-marine interactions due to
transgression from the west lead to development
of estuarine depositional system, with more
marine dominance towards the west

|:| Tidal flats (low energy) in estuary flank
)East I:l Tidal bars (higher energy) in main estuary

Stage 3: Further marine incursions led to more
open marine coastal (shore) environment towards
the west and relatively restricted tide-wave
influenced estuarine system towards the central
and eastern part.

|:| Marine inundations
- Predominant wave reworkings

Figure: 8.7. Schematic 3D palaecogeographic model during the deposition of Nimar Sandstone.

Successive stacking of such transgressive cycles was caused by constant rise in base level in

response to rising sea level along with basinal subsidence caused by reactivation of basin
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marginal faults in the Narmada rift basin (Jha et al.,, 2017). During late stage of the

transgression, this outer estuarine open marine condition encroached further landward

inundating the entire basin, which led to a shallow, low energy condition with deposition of the

Nodular Limestone as an apron over the underlying Nimar Sandstone. Thus, the shift in the

depositional conditions from fluvial-dominated to a transgressive tide-wave influenced

estuarine system attests to significant tectono-sedimentary changes accompanied by prolonged

events of marine transgressions in the Narmada rift basin during the late Cretaceous time.

8.6. Conclusion

The present research work can be summarized as —

A detailed sedimentological study in terms of facies analysis, ichnology,
geochemistry and sequence stratigraphy of the Nimar Sandstone helps to sort out the
long standing confusion about the depositional condition of the Bagh Group.

Detailed facies analysis reveals total seventeen facies types and they are clubbed
under five facies associations - Channel-fill facies association (FA-1), Overbank
facies association (FA-2), Fluvial-dominated fluvio-tidal facies association (FA-3),
Tide-dominated fluvio-tidal facies association (FA-4) and Shore facies association
(FA-5).

This research work evidently shows that Nimar sedimentation was going under three
depositional setting - a fluvial-dominated inner estuary zone, with transition from
fluvial channels (FA-1) to floodplains (FA-2) to tide-affected fluvial deposits (FA-3),
a transitional central estuary zone consisting of transitional fluvio-tidal channels (FA-
3), tidal flats, associated with tidal channels and bars (FA-4) and a wave-dominated
shallow marine outer estuary zone (top part of FA-4 with FA-5) with gradual
increasing water depth in the upper part of the succession.

Detailed ichnological study shows sediment-organism interaction pattern is directly
controlled by the depositional setting, which indicates changing palaeoecological
factors in the fluvio-marine interactive system.

Geochemical analysis shows during sedimentation a warm humid climatic condition
was prevailed in a passive margin setting. Major oxide ratios along with
sedimentological and ichnological interpretation support the fluvio-marine

depositional model.
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VI.

VII.

VIIIL.

XI.

Association of SSDS in the fluvio-marine sedimentary unit indicates formation of
SSDS and incursion of marine water in the basin are two inter-related event and
studied SSDS are identified as seismites.

Reactivation of Son-Narmada South Fault during the Cenomanian caused sequential
subsidence of the land part within the Indian Plate, which invited subsequent
incursion of the sea water in the basin.

Overall fining up succession of the Nimar Sandstone constitutes part of a 2" order
transgressive system tract (TST) within the Bagh Group of rocks.

Presence of alternated coarsening up finning up succession signifies systematic
variation in net supply of sediment, accommodation space and base level fluctuations
during Nimar sedimentation.

Based on the stratal stacking pattern, several system tracts, and bounding surfaces
three major sea level curves of 2" order, 3" order and 4™ order are established from
Nimar Sandstone.

In Nimar Sandstone transgressive retrogradational-regressive progradational cycles
are controlled by both the tectono-eustatic factors and late Cretaceous global sea level

rise.

The proposed tectono-sedimentary model based on integrated sedimentological-ichnological-

sequence stratigraphic study helps to reconstruct the palaeogeography in Central India during

the late Cretaceous time. Such palaeogeographic model can be applied in similar transgressive

fluvio-marine sedimentary successions formed in passive margin riftogenic basinal settings,

where transgression is controlled by both eustatic changes and tectonic subsidences.
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