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Many facets of the early biosphere preserved in the Proterozoic and Early Cambrian successions, recorded during 2011-
2015, are reviewed. Recent advancements made in the Precambrian palaeobiology and newer steps recognized in the
organismal evolution in the global perspectrisgea-vissignificance of Indian records are discussed. The palaeobiological
evidence reported from India are chronicled and grouped under seven categories: MISS (Microbially Induced Sedimentary
Structure) & stromatolites, acritarchs, OWM @anicWalled Microfossils), carbonaceous remains, trace-fossils & Ediacaran
fossils, stable isotope studies angaotic geochemistryPresent article is a continuum of Shaenal. (2012), provides the

status of Precambrian palaeobiological studies in the courttynerates the importance of Indian records, and enlist
unsolved problems and future research directions.
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Introduction advancements made in the understanding of the
biosphere and summarize the Indian contributions

essentially made during 202015 and their impact

on the global evolutionary understanding. Proterozoic
edimentary successions are well exposed both in

Precambrian Eon is the longest geological subdivision
(4200-541 Ma) in the Earthhistory During this period
the atmosphere, lithosphere, hydrosphere, an

btlos_Fhet_re e;f"’eo_' anld ;rgnf::or;ned :'owardds peninsular and extra-peninsular regions of India but
stabilization. Steps involved in the formation and y,q e 5re very few and restricted occurrences of the
changes in these four spheres are the subject mattet - 1 brian exposures in the peninsular region of

of numerous studies. The Proterozoic Eon represents, : o : :
estern India and in HimalayasaMiya, 2015) (Fig.
almost four fold time duration but satisfactory Y 4 ) (Fig

geological divisions are by far exponentially less than

the Phanerozoic Eon due to lack of differentiable biotic Recent studies documented unprecedented
entities suitable for biostratigraphic divisions of biotic diversity during the Proterozoic successions
Proterozoic Eon. International Sub-commissions on especially from the Neoproterozoic and Cambrian
Stratigraphy related to Cryogenian, Ediacaran andsuccessions. Records of evidence are mainly drawn
Cambrian are concentrating their efforts on from the Proterozoic and Early Cambrian successions
documenting newer biotic forms, morphologies and of India; howevera few important contributions from
events to further sub-divide these time durations andArchaean are also discussed. Understanding of the
Indian researchers are actively participating in this morphological diversity of biotic forms has considerably
endeavourln the present reviewwe discuss the increased (Liet al.,2014;Tanget al.,2013, 2015).

* Author for Correspondence: E-maihukund_sharma@bsip.res.in
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Fig. 1. Map of India showing distribution of different Proterozoic basins (modified afterRaha and Sasty, 1982)

Advancements in analytica_l facilities and their accessg werfield 2015). Most of these studies are aimed to
have helped fathom the hitherto unknown world of understand and establish the early evolutionary

the biosphere (Schoptal.,2016; Porteetal., 2016, 5ih\yays in the biotic realm and also co-relate their
Coleet_ aI.,2_016). These studies hz?lvg shown NEWET yistribution in time and space so that they would be
ecological niches adopted by the biotic COMMUNILIES oo iy ely used in biostratigraphic endeavours. In the

with sudden or gradual changes in the hydrosphere/Ioresent papewe have discussed various aspects of
atmosphere or lithosphered¥t al.,2015;Wanget

Precambrian palaeobiology and salient contributions
al., 2015b;Yuanet al.,2011, 2013; Zhiet al.,2016).

lecular phvl ) gi 4 cladisti Vi made by the Indian researchers in recent years. It
Molecular phylogenetic studies and cladistic analysis 5|5, gnjists the gaps in our knowledge base and charts

are new dimensions of the Precambrian palaeobiologythe path of future studies
(Pawloskaet al., 2013; Schirrmeisteet al., 2013; '
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Proterozoic and Early Cambrian Biosphere Proterozoic successiong., the Marwar Supergroup,
) the Vindhyan Supegroup, the Chhattisgarh
MISS and Srromatolites Supergroup and the Khariar Supergroup. It has been

] ] noted that the diagenetic alteration of microbial mat
Stromatol'ltes are one 'of the oldest recognl_zableproduced pyrite that enhances the preservation of
Precambrian organosedimentary structures which arg,.-ropial remains (Samangaal, 201). Kumar and
considered as an indicator of the presence of life inypmag (2014) reported 14 ty,pes of miscellaneous

the Archaean and Proterozoic successions. Many,,mnologies grouped under three headings depending
aspects of these organosedimentary structures Werﬁpon the role of possible microorganisms in their
extensively studied, classified and used in intra-basinak, . mation (Fig. 2A-B). Samantat al. (2015)

and interbasinal correlations in the last ceniwgt  jegcribed body impressions and burrow like trails

scientific curiosity and interest in understandlng the | hich possibly represented the bioturbation produced
stromatolitic structures received less attention in the by some higher organism in the Sonia Sandstone during
last two decades. Researchers showed more interegyerq0ic time. These morphological features were

in recognizing Microbially Induced Sedimentary ¢ osely associated with microbial mat features. The
Structures (MISS), their formation and usefulness in palaeobiological implication of MISS lie in the fact

delineating the depositional environméithough both 4,5+ 5;h-mat benthic lifestyle originated and evolved
these structures are result of microbial activity yet during the Ediacaran Period.

they are distinct in morphological expressions. In this
connection, advancements made on these aspectsin  Oldest microbe-sediment system was
the country during 2a%t2015 are discussed in the documented frorArchaean (3.33 Ga old) Josefsdal
following paragraphs. chert, Barberton greenstone belt, SoAfiica
(Westall et al, 2015).This study shows that the
Sarkaret al (201la) reported the “setulf” or intricate microbe-sediment systems are deep-rooted
inverted flute cast in growth and fossilized stages fromin time and recognized the syngenetic diversity of
the Sonia Sandstone and the Upper BhanderArchaean microbial palaeocommunities-both
Sandstone which helped in interpreting the depositionalphototrophs and chemotrophs-which were present
palaeoenvironment of the sequences as a high-littoralvithin the sedimentary realm. Most important aspects
to supra-littoral zone and stands for syndepositionalof this study were to define the role of hydrothermal
with microbial growth. Banerjee (2012) demonstrated processes in preserving biosignatures and as an
the presence of ‘Discoidal Microbial Colonies’ energy supplier for biomass production. Josefsdal
flourishing in an intertidal hypersaline sand flats of chert is a testimony of diverse microbial population
the Gulf of Cambaynorth of Mumbai, which has consisting of phototrophic, chemo-organotrophic, and
remarkable similarities with an Ediacaran fossil forms chemolithotrophic microorganisms that co-existed in
often described as ‘medusoid’ and used in delineatinga coastal, volcanogenic sedimentary environment. This
the ‘end Precambrian stratigraphic succession’. study has opened a new vista for organosedimentary
Therefore, he suggested to use caution whilststructures. From another central Indian Proterozoic
describing such fossil forms. From Chhattisgarh succession of India, Guhest al. (2011) recorded
(Mesoproterozoic age) and Khariar basins, stromatolitic assemblage from the Indravati basin,
Chakraborty and Das (2013) reported various typesChhattisgarh. The assemblage inclu@edonnella
of bedding plane structures, such as palimpsest andlaminate, Gymnosolen foatus, Kussiella
patchy ripples, spindle—shaped and sub-circularenigmatica, Boxonia pertaknurreéS8harma and
microbial shrinkage cracks, wrinkle structures, Pandey (2012) reported an assemblage of
fragments of torn mat spreads, etc. These structurestromatolites from the Bagalkot Group of Kaladgi
suggest unequivocal influence and interplay of matSupergroupviz., Asperia digitata Ephyaltes
induced biophysical interactions during the shallow edingunnensis, Eucapsiphora leakensis,
marine clastic sedimentation in the Proterozoic basinsKussoidella karalundiensi®ilbaria deveella, and
of India. Sarkaet al. (2014) described the genetic Yandilla meekatharensisetc. Based on this
aspects, and palaeoenvironmental affinity of the assemblage, the Bagalkot Group is assigned the Late
microbial mat related structures noted in the Palaeoproterozoic to Early Mesoproterozoic age.
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Fig. 2: MISS, Sromatolites and trace fossils eported from the different horizons of Marwar Supergroup bracketing the age
from Ediacaran to Lower Cambrian. A: Well preservedAristophycus around a large sandstone clast showing primay
secondary and tertiary bifurcations recorded from Jodhpur Group (specimen no. BSIP- 41038) (coin diameter = 2.4cm);
B: Close up ofJodhpuria circularis from Jodhpur Sandstone; C: Colonnella columnaris recorded from the Bilara Group
(scale bar = 2cm) and D:Coniform stromatolites also described from the Bilara Group (lens cap = 5.6cm)

Stromatolites are invariably found in carbonate Chaibasa laminated structures (another form of
sequences (Fig. 2C-D). In recent years, features akirstromatolite) are thought to be formed by accumulation
to stromatolites have been documented in some ofbf sediments over the biofilms. Pandey (2013)
the siliciclastic rocks and inferred to have formed by reported clotted fabric of thrombolite from the Upper
the biogenic activity of microscopic organisms. Loon Vindhyans.Thrombolites are restricted in the
and Mazumder (2013) described fine laminated Proterozoic and are reported mostly from the upper
structures which were probably formed due to Neoproterozoic and Cambrian. During this intervening
accumulation of fine siliciclastic particles on top of period, detailed accounts of stromatolites were also
biofilm from the Late Palaeoproterozoic Chaibasa provided from a few new stratigraphic horizons of
Formation of Singhbhum Craton. Contrary to the the Precambrian strata.

formation of traditional stromatolitic structures, which

were formed by trapping and binding of sediments



Palaeobiology of Indian Rrterozoic and Early Cambrian Successions-Recent Developments563

Acritarchs Platform, Siberia, northern India, and Svalbard (see

The | Pal ic-Earlv M ._references in Shukla afidvari, 2014). Based on the
e latest Palaeoproterozoic-Early esoproterozomage of the Ediacaran metazoan inAheadeus Basin

Chitrakut Formation (>1600 Ma old) of tldmdhya_n of Australia, the minimum age of these acritarchs are
Supergroup revealed the oldest morphologically considered as around 550 Ma (Zang aalter,

complex_organic-walled eukaryotic microfossils (Fig. 1992b; Gret al, 2003; Grey2005)Acritarchs have
3A-C) (Singh and Sharma, 201_4).Th|_s report predatesemerged as the most suitable proxies for
thle g(l)d,:a/lst Gecord ofleglé?)ryotlc dfosksns Enowr_l frpm biostratigraphic zonation of Ediacaran sequences
~f5 K a( avefluatha., b i)dan tg es_t eanthun)l/ globally. Although the occurrences and distribution of

of eukaryotes further back deep in time. Recently the acritarchs are controlled by the facies and many

Shukla andTiwgri (2014) also reporte_d a well of them have taxonomic constraints with taphonomic
developed and diverse assemblage of Ediacaran IargBiases (Gregt al, 2003; Grey2005:Willman and
size acanthomorphic acritarchs from the cherts of theMoczy’dIowska 2008: McEadderet al. 2009
Krol Belt of Lesser Himalaya. This assemblage helps, ;. evaet al. 2009ain et al 2009) .,yet their
cor:rel?(te the mlchorossn-bearlng Krol dFolrmart]l_or;“\(wthh potential for biostratigraphic subdivision and global
other known global occurrences an aiso highlig 1S correlation is becoming increasingly important. Due
the sudden advent of large acanthomorphic acrltarch% differences in the mode of preservation in shale

ir: Egice)lca.ran h(t))fizons Q'hlgeztgl, 2013, r21015;| Lilelt and chert facies and extraction techniques, it is difficult
al., 2014;Vorob’evaet al, 2015). Both molecular to accurately correlate the acritarch assemblages

and pale}eontologlcal data across the wor Id Sugg?SFecovered from these two distinctly different facies.
that fossil records from the Proterozoic basins of India

can play a vital role in understanding the advent,
evolution and diversification of eukaryotes on the
Earths earliest biosphere.

In India, the Krol Belt in Lesser Himalaya,
exposed as a series of synclines from Solan in the
north-west to Nainital in the south-east, represents a

Large acanthomorphic acritarchs, characteristic thick, uninterrupted sedimentary sequence of the
of Ediacaran Period, radiated and diversified during Ediacaran—Lower Cambrian interval. The Outer Krol
~635-551 Ma (Liet al, 2013)Although this radiation ~ Belt in Lesser Himalaya, consists of Blaini and Krol
is noted as a global phenomenonid& and Groups. The Krol Group is further divided into Infra-
Moczydlowska, 1997; Gre005) yet most of them  Krol, Krol Sandstone, Krol ‘A Krol ‘B’, Krol ‘C’,
disappeared before the end of the Ediacaran PeriodKrol ‘D’ and Krol ‘E’ (Srikantia and Bhargava, 1998).
These Ediacaran large acanthomorphic acritarchsThe Blaini Group is identified by its characteristic
have been reported worldwide from several basins lithology of diamictites, grading upwards into pink
namely South China, Soutustralia, East European carbonate beds or ‘cap carbonates’. Petrographic thin

Fig. 3: Morphologically complex acritarchs from the Chitrakoot Formation, Semri Group, Vindhyan Supergroup, India. A:
Shuiyousphaeridium echinulatum Yin and Gao, 1999. (slide no. BSIP 14137); BCymatiosphaeroides kullingii Knoll 1984
(slide no. BSIP 14144); CTrachysphaeridium sp. (slide no. BSIP 14141). (scale bar = 50 im for a, and 25 im for b, c)
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sections of chert samples collected from Krol ‘A meta-sedimentary chert of the Baklia and Scotia
revealed a highly fossiliferous microbial assemblage Groups, Prins Karls Foreland, Svalbard (Knoll, 1992);
with abundant, permineralized, large acanthomorphicPertatataka FormatioAmadeus Basin anflanana
acritarchs, which are yellowish-brown to dark brown Formation, Oficers BasinAustralia (Zang, 1988;

in colour and are preserved within a light to dark Zang andValter, 1989; Grey2005;Willman, 2006;
brown coloured organic mass. These acritarchs exhibitWillman and Moczydbwska, 2008, 2l); Khamaka
diverse morphologies, mainly occurring as compressedand Kursov Formations dfkutia and Nepa-Botuoba
folded forms with very few preserved as complete region, Siberia (Pyatiletov and Rudavskaya, 1985;
circular vesicles. The presence of dark organic matterPyatiletoy 1988; Kolosova, 1991; Moczydlowska
within the vesicle cavity is characteristic of these al., 1993; Moczydlowska, 2005) and the Ura
acritarchs. This organic matter occurs as particulateFormation, the Baikal-Patom Uplifsiberia (Sergeev
coccoidal clusters, as a mesh, or as dark, clotted masst al.,2011; Moczydlowska and Nagovitsin, 2012).
within the vesicle cavityit is also found within the  Although the Krol Ediacaran acritarch assemblage
matrix. The Rock Eval study of a few shale and chertshows similarity with the assemblages mentioned
samples indicates high thermal maturity of these above, the mode of preservation and occurrence is
rocks, which is echoed in the dark colour of the comparable to the Ediacaran acritarckeasblage
acritarchs. The surface textures of the acritarchs ardrom the Doushantuo Formation in tfengtze Gayes
psilate, granularshagrenate or reticulate. lg&r  section of China. The Ediacaran Doushantuo
acanthomorphic acritarchs have previously beenFormation in th&fangtze Gages region of China has
reported from the Infra-Krol Formation in the been lithostratigraphically divided into four members
Pachmunda and Krol Hill Synclines of the Outer Krol (Liu et al., 2013). Two acanthomorphic acritarch
Belt and Nainital Syncline of the Inner Krol Belt biozones, the Lower biozone and the Upper biozone
(Tiwari and Knoll, 1994Tiwari, 1996:Tiwari and Pant, corresponding to Member Il and Member Il
2004).Thin sections of chert from Krol ‘An Khanog respectively have been recognized in this area
and Rajgarh Synclines of Outer Krol Belt record an (McFadderet al.,2009;Yin et al.,2009, 201; Liu et
equally well developed and diversified assemblage ofal., 2013, 2014; Xiaet al.,2014). Lithologicallythe
Ediacaran large acanthomorphic acritarchs (Shuklalower part of Krol ‘A, showing alternations of black
and Tiwari, 2014).This assemblage contains: shale and carbonate bands, corresponds to the

Appendisphaera fragilisA. grandis Asteocap- intercalations of bedded or muddy dolostone within
soidessp., Cavaspina acuminateC. basiconica black shale which characterize Member Il of the
Eotylotopalla dactylosKnollisphaeridiumsp., Doushantuo Formatiof.he upper part of Krol ‘A
Papillomembranap. andAkissiellacf. grandistella with its bedded and massive carbonates is lithologically
(Fig. 4A-K). similar to Member 11l of the Doushantuo Formation.

The assemblage from the lower part of Krol ‘A

T&e Krol g(t:]ri';]arch assemble;]ge shows_a Closehowever shows greater similarity with the Upper
resemblance with the Upper Doushantudemarium Doushantuo biozone. The Ediacaran Complex

anozosTanarium conoidgurass_emblgge of China. Acanthomorph Palynoflora (ECAP) of South
However the absence of biostratigraphically important Australia has been divided into four zones by Grey

markers such agnarium anozoandT. F:or_loideum (2005). Other tharppendisphaera grandiand
from th_e Krol ass_er_nblag_e, so,fgrrakes.ltdﬂcult o Eotylotopalla dactylosno other species from the
establish a definite biostratigraphic _correlatlo_n resent study occurs in these zonesoétralia.
between the two_assemblages. System_anc Cornloz’msoﬁithological differences, methods of processing,
of the Krol acritarchs suggests their rem"’“’k"’lbletaphonomic biases and differences in identification of

similarity to apprommgtely contemporaneous_, same species make it difficult to compare the present
assemblages preserved in the Doushantuo Format'ogssemblage with that froAustralia

exposed in Guizhou Provind&eng’an Phosphate

Mine, Yangtze Gages Region and Hubei Province of The Krol Group can be bracketed within two
South China (¥ and Li, 1978Awramiket al.,1985; significant global events: the glacial event and the biotic
Yin, 1985, 1987Yuan and Hofmann, 1998; Zhaeg explosion event. Diamictites of the Blaini Group, which
al., 1998; Liuet al., 2013, 2014, Xia@t al.,2014); are equated with the Marinoan glacial event globally
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Fig. 4: Acritar chs recorded from the Krol Group, LesserHimalaya India. A: Appendisphaera fragilis, WIMF/A-3951; B: A. grandis,
WIMF/A-3954; C: Asterocapsoides sp. B, WIMF/A-3958; D: Asterocapsoides sp. B, WIMF/A-3959; E: Cavaspina acuminata,
WIMF/A-3962; F: Cavaspina basiconica, WIMF/A-3962; G: Eotylotopalla dactylos, WIMF/A-3964; H: Knollisphaeridium sp.,
WIMF/A-3967; |: Papillomembrana sp., completely compressed and folded vesicle WIMF/A-3969; J: detailed view of
processes; K:Weissiella cf. W. grandistella, WIMF/A-3973 complete vesicle, with heteomorphic processes filled with
organic matter (scale bar=A & F-5pm, B, E, G H-20um, C, D & J-10pm, | & K-50 pm)
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are overlain by another globally conspicuous unit, the microfossils records, cyanobacteria are by far the
‘cap carbonates’. Based on the ‘cap carbonates’most prominent and diverse prokaryotic phyla.
which are globally conspicuous and correlatable with Morphologically they range from unicellular coccoidal
similar lithology inAustralia (Nuccaleena Formation) forms to multicellular filamentous formalthough

and China (Nantuo Formation) the upper part of Blaini indirect evidence of their presence is noted in the form
Formation has been equated with the end of Marinoarof stromatolites in thArchaean but it is believed that
(early Varanger) glaciationThe Marinoan age for they raised the oxygen levels in the atmosphere
the Nantuo Formation in China has been constrainedaround 2.45-2.32 Ga during the Great Oxidation Event
between 663 + 4 Ma and 635.2 + 0.6 Ma (Jiahg (GOE) which changed the pace of life on the planet
al., 2003; Zhouet al., 2004; Condoret al., 2005) Earth (Schirrmeistet al, 2013). It is also believed
and is consistent with the youngest zircon age of 643that cyanobacteria arose before the GOE and
+ 7 Ma given by Hofmanat al.(2011) for the tillites diversified during GOE. It was demonstrated that
of Blaini Group. The base of the ‘cap carbonates’ multicellularity most likely played an important role in
marks the base of the Ediacaran Period (Z@§5), cyanobacterial evolution around GOE and their three
which is currently taken to extend from 635.2 + 0.6 clades E1, E2 anfiC evolved shortly after the rise
Ma (Condonet al., 2005) up to the Precambrian— of atmospheric oxygen (Schirrmeisiral, 201,
Cambrian boundary at ~541 Ma (Bowrietcal. 1993; 2013). OWMs have been recorded from the Meso-
Grotzingeret al., 1995; Amthor et al., 2003).The Neoproterozoi®&/indhyan, Chhattisgarh, Kurnool and
above facts thus constrain the age of the Krol GroupEdiacaran sediments of the Lesser Himalaya, India
within the Ediacaran time span. In China, the (Singhet al., 2011; Sharma and Shukla, 2012a b;
Doushantuo Formation is overlain by massive Pandey and Kumar 2013; Shukla andari, 2014;
dolostone of the Dengying Formation which can be Singh and Sharma, 2014). In a monographic account
correlated with the Upper part of the Krol Group (Krol published by an Indo-Russian team, Sergeteal.
‘C’,'D’ and ‘E’) on the basis of lithological similarity  (2012) reviewed 50 genera and 90 species of fossil
The Dengying Formation is overlain by basal cyanobacteria from petrographic thin sections of
Cambrian chert and phosphorites, which are againdifferent Proterozoic formations across the waortd.
similar to the lower Shaliyan Formation of thal date, this study provides the most exhaustive account
Group, overlying the Krol ‘E’ Formation in the Inner  of the morphologypalaeobiologypalaeoecology and
Krol Belt (Jianget al., 2003). The stratigraphic geological history of cyanobacterial microfossils. Singh
similarities suggest a coeval deposition of the Krol et al.(2011) reported an assemblage of cyanobacterial
‘A’ and Doushantuo FormatioWith better microfossils of endolithic habitats from the carbonate
documentation of the acritarch assemblage from Krol, facies of Bhander Group,indhyan Supegroup. In

a definite biostratigraphic correlation between the another important work, Sharma and Shukla (2012a)
Ediacaran successions of Krol Belt in India and reported helically coiled microfossi@bruchevella,
Yangtze Gayes region in China may become feasible. aVendian markefrom the Owk Shale of the Kurnool
Absence offanarium the marker acritarch taxon of Group which suggests an Ediacaran rather than a
the Upper Doushantuo assemblage, in the Krol GroupMesoproterozoic age for this sequence. Singh and
is very peculiarTaphonomic variations and method Babu (2013) and Balet al.(2014) reported a diverse
of sample preparation may be the reasons for differentassemblage of Neoproterozoic chert permineralized
kinds of preservation and hence, different microbiota from the carbonate facies of Raipur Group
identification of the same form. The direct correlation (Chhattisgarh Supergroup) and discussed their
of the Krol acritarch assemblage with that from South biostratigraphic significance.

Australia (Grey2005) is not feasible at present.
Carbonaceous Remains

Organic Walled Microfossils
g Carbonaceous fossils found in the Precambrian

Organic Walled Microfossils (OWM), lagely sedimentary successions of India continue to provide
consisting of cyanobacterial fossils and eukaryotic important insights into the evolutionary history of early
remains, occur extensively in the silicified cherts and life ranging from single-celled prokaryotes to
carbonaceous shaleAmong the Precambrian nucleated eukaryotic cells and multicellular life forms
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that appeared and evolved during the first three billion
years of eartls history After cyanobacterial
microfossils, the carbonaceous remains are the
morphologically most diversified fossil assemblage of
the Precambrian successions. From simple form, suct
as Chuaria circularis to complex Lantian biota
constitute the assemblage of carbonaceous remain
(Fig. 5A-R and Fig. 6A-G). On the global scale,
several studies demonstrated the existence of earlies
multicellular megascopic benthic algal life during and
immediately preceding the Ediacaran Period. Complex
multicellular carbonaceous megascopic forms,
recorded from the black shales of the Ediacaran
Lantian Formation, South China are grouped as an,
algal form (seaweed) (Mnet al, 2011, 2013)Wang

et al. (2015a) described a body fossil of Ediacara
carbonaceous compression fosaHongaodao-
phytonChenet al.from the black shale of the Upper
Doushantuo Formation, south China as a macroalga
form comparable to the members of phaeophyta. On
the basis of Upper Doushantuo biotic assemblage,
Wanget al. (2015b) suggested the existence of three o
tiered palaeoecosystem of macroalgal forms and
established a multilayered ecological pyramid in the Fig. 5: Lin.e diagram o'f carbqnaceous remains r.eco'rded f.rom
biosphere with increasing demand of oxygen which various geological units;A and B: Chuaria circularis,

. C: Ellipsophysa; D: Beltanelliformis brunsae; E: Grypania
pmnaded atPc-C bOUﬂdaWSeet al-(2015) reported spiralis; F: Katnia singhii; G: Vendotaenia antiqua; H:
carbonaceous compression fossils (benthic macro- Tyrasotaenia podolica; I: Sinocylindra yunnanensis; J:
algae) from the Marinoan-age Nantuo Formation in Tawuia dalensis; K: Longfengshania ovalis; L:
South China. Study suggests that these open waters Protoarenicola baiguashanensis; M: Pararenicola

. ., . huaiyuanensis; N: Baculiphyca taeniata; O: Gesinella
system were the ‘refugia’ where macroscopic R e . N
hunanensis; P: Sinosabellidites huainanensis; Q:

A

/950

phototrophs survived the Marinoan glaciation and Doushantuophyton cometa; R: Flabellophyton lantianenss.
subsequently diversified in the early Ediacaran Period. (scale bars = 1 mm forA, B, C, J, L, M, P; 2 mm for E,
Recent discovery ofrypania spiralisfrom the Kand 10 mmin H, Q

Ediacaran Doushantuo Formation, Guizhou, south

China suggest that its habit endowed great
competitiveness for sunlight and it remained
unchanged in size or morphology over more than 1200
Ma (Wang et. al, 2016). Like many other
cyanobacterial fossils, it retained its morphological ,
attributes and also evolutionary conservatism for more

than billion years and proves its prokaryotic nature. |®

Carbonaceous compression fossils are generally
preserved on the bedding plane of an areno-
amillaceous sediment@/ell preserved and diversified
carbonaceous fossils have been recorded in Indiarfig. 6: Line diagram of carbonaceous remains recorded from
Proterozoic successions of tlendhyan, Kurnool, various geological units; A: Konglingiphyton, B:
Bhima and Chhattisgarh basit@huaria circularis Enteromorphities; C: Wenghuiphyton erecta; D:

. . Parallelphyton; E: Huangshanophyton fluticulosum; F:
andTawuia dalensisare the most well documented

8 ) Anhuiphyton lineatum; G: Orbisiana (scale bar = 3mm
carbonaceous remains from several basins. They are in D, 5mm for F, 10 mm in C and 1 cm forE)
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known for more than 100 years, yet affinities of many Trace Fossils and Ediacaran Fossils

of them remained enigmatic. Sharmiaal. (2009)

resolved this conundrum and presented a model whicffarly trace fOSS_“S have inyariably been docume_nted
is known as ‘hybrid model’. Morphological diversity rom Precambrian-Cambrian boundary successions.

of C. circularis andT. dalensishave been recorded These are one of the important parameters to explore

from Late Palaeoproterozoic to Late Neoproterozoic téle n;)e_tazoan aCt'\_"t'eS _m;lthefpas_tl life. In the I_Edarly q
successions (Fig. 7A-K). Helically coiled ambrian successions, ichno-fossils were considere

carbonaceous remains have been recorded from Lat slartl |mp<3rr]tant plaltgeoefnl\_;lro?rpentﬁl 'nd,'cag)rstﬁ_nd
Palaeoproterozoic and Early Mesoproterozoic €lp trace the evoiution offitestyles of marine benthic

successions. These are variously describ&hbsa °_r9‘?”‘5m5 pgrticularly in areas (_jominated by
singhii, Giypania spiralisand Spiichnus beerii S|I|C|_clast|c sediments (Conway-Morris, 1993, 1998;
(Figs. 8A-E). Debate continued with regard to their Erwin et aI.,1997;. Droseet a.l_,1999; J_enseet al, ,
nature whether these represent eukaryotes OI2000). In the Indian scenario, the Himalaya region
prokaryotes. Sharma and Shukla (2009) firmly and Marwar Supergr.oup haye revealed _the presence
established them as prokaryotic remains. These aré)f various trace fossils. .Dur|ng the last five years, a
probably the earliest large size prokaryotes known invarle_ty of tra(_:e fossn_s such dusophycus

the eartls history Qudies on these remains from India Cruziang Treptichnus D|morp'h|chnus etc. have
have led to a better understanding of the evolutionarybeen reported from Lesser Himalayan sedlm_entary
pathways adopted by life forms during the successions of theal and Kumzum La Formations

Neoproterozoic Era (1000-541 MaJl such remains (DeTaize(t)leg._,ZSQlO;rlsar(I:hgglnfbl_D?ndﬁQ n;;iwari
have been investigated for their biogenicity St@- ; Singret al., , Joshi andiwart,

syngenecity and age because of possible errors irg014). These reports. are mostly on'the tax9n0m|cal
distinguishing the true fossils from pseudofossits. aspects of trace fossils. In Mussoorie syncline area,

number of such reports increased over the year anaﬂe;olp(ranost Ilthostratlgrslilphlc unltdm]: the I?]rol Belt,
there is a need for comprehensive review from time 1€ T&! Group, Is very well exposed, from this group

to time. Sharmat al.(2012) reviewed carbonaceous i'r:'ghedt al (Zo%rib) ;eporteBergauerla,t():rum?rIlDa
compression fossils recorded from the various ycodes etc. The Arenaceous member of Deo-

Precambrian basins of India. Sharma and Shuklaka'T'bba Formation has yielded considerable number

(2012b) reported annulated compression/impressionOf |chnof053|ls. Thesg 'Chn.OfOSS'IS ”.‘a'”'y pelong ©
fossils from the Hulkal Formation of Bhima Basin of Skolithosand Cruziana |chnofac_|es_ W't.h an
India (~750 Ma) and established the existence of Pre_at_)undar_lce of arthrop_od traces Ilkelhc.hmtes,
Ediacaran epi-benthic organisms. Elsewhere, earliesP'p“Chn'teS_ Merostom_|chn_|tesDlmorphlchnqs
multicellular megascopic benthic algal life has been MonomorphichnusProtichnitesand Tasmanadia

documented from the Ediacara and slightly older Psam_michni_tes gigats a product of a bgrrowing
periods (~635-541 Ma) and includes complex slug-like animal that bulldozed the sediment and
multicellular carbonaceous megascopic forms collected food from the surface with a pendulum like

(seaweed) (¥anet al.,2011, 2013). Significance of siphon. It is rgported from the lowermost Cambrian
carbonaceous fossils from Bhima basin of India lies séhallo;/v-rgagne_ delgosns Oé: Swzde%l,;s_tr?jllg,

in their antiquity which suggests that these forms Srectla_n'an ’d gamt'A rancig, Har;a a, nltdeP telltes,
survived the glaciation events and passed into the ardinia and SoutAustra 1a ( oimann an atel,
Ediacaran time. Babu and Sing2013) reported 1989; Walter et aI.,1989; P!ckerlll and Peel, 1990;
diversified carbonaceous remains occurring on theZnY: 1997Alvaro andvizcaino, 1999; Jensat al.,

Early Mesoproterozoic grey shales of the Saraipalizooz; Dzik, 2005; _Ja_go and Gatehouse, 20.07)' In
Formation, Singhora Group of the Chhattisgarh contrast, there are limited reports of ichnofossil from

Supergroup. Babu and Sin?013) recovered some Dhaulagiri l_:ormatior_L Recentilyiwari et al.(2013)
peculiar compression and impression fossils of r[;?or;[ed. pllzne new |chr?o;[]ax‘ayfromhl\./limb'er B of
multicellular benthic and planktic eukaryotic forms aulagin o_rmatlonW Ich arimorphichnussp.,
from the Latest Palaeoproterozoic to Early _’?D|p||chn|te3|sp.,.Mono_morphlchnus;sp.,Nergltes
Mesoproterozoic age (Figs. 9A-B). isp., Palaeopasichnussp., Palaeophycussp.,



Palaeobiology of Indian Rrterozoic and Early Cambrian Successions-Recent Developments569

Fig. 7: Morphological variations noted in the carbonaceousspecimens recorded from Sirbu Shale and Bhander Limestone,
Bhander Group, Vindhyan Supergroup and Deoban Limestone, LesseHimalaya, India. A, B, C: Exceptionally long
elongated gtraight, slight curved specimens ofTawuia dalensis with rounded terminal end; D: Curved Tawuia dalensis with
circular terminal end; E: Overlapped Tawuia dalensis; F-G: Dumbbell shaped Tawuia dalensis; H, |: Glossophyton mucronatus;

J: ‘c’ shaped curved enigmatic carbonaceous specimen with tapering end and blur septation noted (see inset); K:
Another curved enigmatic carbonaceous specimen with tapering end on one side onlypecimensA-E & K fr om Deoban
Limestone and F-J from Sirbu Shale and BhanderLimestone, India). Specimen nos. foiFigs. A-D. BSIP-41033; Fig. E.
BSIP-41034; Fig. F BSIP-41037; Fig. G BSIP-41041; Fig. H. BSIP-41039; Fig. |I. BSIP-41040; Fig. J. BSIP-39621; Fig. K.
BSIP-41042 (scale bar= A-E-1cm; F-K-1mm)
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Marwar Supergroup, the Jodhpur Group, yields fossils
of the Late Neoproterozoic Era comprising possible
body fossilsMarsonia artiyansis(Kumar and
Ahmad, 2012) and plant fossil (Kumar aildmad,
2016), five-armed body fossil (Kumat al., 2012),
fourteen types of well-preserved microbial mats
(Kumar andAhmad, 2014), Ediacaran Discs
(Srivastava, 2012a) and (?) non-vascular megaplant
fossils (Srivastava, 2015; Kumar aildmad, 2016).
The other contributions also helped in documenting
biodiversity of different Ediacaran litho-units from the
Jodhpur Sandstone (Sharma and Pandel, Zafnar
andAhmad, 2012, 2014, 2016; Kumetral.,2012).
From the Nagaur Group, trace fossils (Ahmad and
Fig. 8: Helically coiled carbonaceous megascopic fossils Kumar, 2014), Treptichnus pedunfSrivastava,
from the Rohtas Formation, Vindhyan Supergroup, 2012b), priapulid worms (Srivastava, 2012c), burrows
India. A: Katnia singhii (specimen no. BSIP-39346); B:  gnd scratch marks of arthropods and poorly preserved
Grypania spiralis (specimen no. BSIP-39327); CKatni burrows have been documented from fine to medium
singhii (specimen no. BSIP-39349); DSpiroichnus beerii . .
Magt]hur((:[)983) (specimen no. BSIL-3§§35); EGrypania gralned sandstone (Ahmaq and KU]’]Q@‘]A?. Smgh
spiralis (specimen no. BSIP-40813) et al (2014a) recorded various trace fossils from the
Lower Cambrian Nagaur Sandstone, Marwar
Supergroup. They reportedRusophycus
Planolites montanus, Planolitésp., Skolithosisp., Diplichnites MonomorphichnusBergaueria,
Treptichnusisp. and some meandering trailshe Cruziang etc. from the Mohra Member (Nagaur
detailed analysis of ichnofossil assemblage indicatesSandstone). On the basis of presence of graded rip-
that there exist two distinct levels of trace fossils, one up clasts, current ripples, dune cross-stratification with
in the Arenaceous Member of the Deo-kibha mud drapes and tidal bundles they considered the
Formation and the other in theand B Members of  subtidal palaeoenvironment for the deposition of
the Dhaulagiri Formation. Similar ichnofossils have Nagaur Sandstone. These trace fossil are assigned
been reported from the Lower Cambrian successiondo Cambrian gge 2 (upper part oferreneuvian
of the Tethyan Himalayan sequences exposed inSeries) (Fig. 10A-B).
Parahio section of Spiti and in Zanskar basins (Parcha ) _ o
and Singh, 2010; Parcha and Pan@eyl). Many of From theTunkliyan Sandstone, ganic activity
these traces are interpreted to be dwelling traces mad# terms of scratch marks of arthropod and poorly
by filter feeding organisms. Besides, the traces arePreserved burrows in the fine to medium grained
moderately crowded on bedding plane and aresandstone (Ahmad and Kuma014) are recorded.
restricted to the thinly laminated sandy and silty layers These finds have enriched our knowledge of the
only, thereby indicating substrate preference of the diversity of Ediacaran biosphere and also help in
trace making organisms. The dominance of depositfurther refining the stratigraphic divisions of Ediacara
feeding traces indicates presence of abundant foodnd Lower Cambrian intervals.
resources along with low to moderate energy and low
turbidity conditions. The detailed analysis of the trace Stable | sotope Studies

fossils indicates fluctuating energy conditions with . . .
In the recent past, more extensive high resolution

fluxes of turbid waterThe studied ichno-fossils .
indicate shallow marine depositional conditions for the _carbo_n, oxygen an_d sulphur St?b'e |sotopes
entire succession of tial Group. mve_stlgatlons on various Precambrian geological
settings have been performed. Many of these
Similarly, the Marwar Superoup in western  investigations have been coupled with other geological
India yielded varied fossils known from the Ediacaran parameters i.e. oxygen isotopic variations

to Cambrian successions. The lowermost unit of the(Chakrabartiet al., 2011); REE (Mohantyet al.,
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Fig. 9: Carbonaceous emains from the Sirbu Shale, BhanderGroup, Vindhyan Supergroup. A: Early Ediacaran carbonaceous
remain Doushantuophyton cometa (specimen no. BSIP-39615)B: Sitaulia minor large filamentous form noted on the
surface of Sirbu Shale (specimen no. BSIP-39229scale bar= A, B-1mm)

Fig. 10: A: Treptichnus pedum recorded from the Nagaur Sandstone, Dulmera area, Rajasthan (specimen no. BSIP- 41036)
(scale bar = 2cm); B:Chondrites isp. described from the Nagaur Sandstone (specimen no. BSIP- 41035) (scale bar =
2mm)

2015); Trace elements (Johnstat al., 2013; carbonate-associated sulfate (CAS) demonstrated
Kurzweil et al.,2015;Wood et al.,2015; Zhao and  their importance to explain the mechanism behind

Zheng, 2013); heavier stable isotopes (Etemad-Saee&arths most dramatic carbon isotope events along

etal, 2015; Nagarajaet al, 2013); lipid biomarkers ~ with associated evolution of seawater sulphate and
(Lee et al., 2013) to achieve an improved pyrite burial.

understanding on palaeoenvioronmental conditions and

evolution of life. For example, in a recent study by Since last one decades carbon, oxygen and
Planavskyet al. (2012) on Lomagundi interval, sulphur stable isotope study for Precambrian has
coupled stable isotope data for carbonate carbon andargely been focused on Ediacaran period because of
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two main reasons: (1) the discovery of largest (both Organic Geochemistry
in magnitude and duration) negative carbon isotope

excursion of Eartls geological history (also know as Iln In?ib}' F?redcan;lbgan organic gleocherr;ical stud)I/ is
Shuram/Vénoka excursion) from OmaAustralia, argely |m||tezot03 Y ro((j:ar 03 e>;)p oratltl)(n or egampk;e,
North America, and China etc. (2) Radiation of Duttaet al.(2013) conducted a biomarker and carbon

metazoa is considered to have a root in EdiacaraH.SOtOloe study of oil from Bikaner-Nagaur Basin and

Period. The cause and coverage of Shuram excursioﬁpmpared those of other infra (;amb_rian oils like Huqf
and its possible link with the radiation of metazoa is oils from Oman and Baykit High oils from eastern

still under debate (Gampet al.,2015; Loydet al., Siberia. Furthermore, using organic geochemical tools,

2015; Macdonalet al.,2013; Osburret al.,2015; (F;aju et al. (mef") indicated thgt' oil of.B;lkaner- i
Schraget al., 2013; Tahataet al., 2015). Trace anganagar basin was generated in anoxic hypersaline

elements and sulphur stable isotope studies sugge%om marfir;g glasticdso_urce(grock andhurédergotr)\e somde
that severe glaciation in Cryogenian led to oxidation 9€9r€€ of biodegradation. Gaseous hydrocarbon study
of Earths surface which induced the radiation of by Dayakt al (2014) ivindhyan Basin demonstrated
metazoa during Ediacaran Period (Satical, 2016; conducive pathways for migration of the hydrocarbons

Wood et al, 2015). Recent development in stable towards the surface soil. Biomarker study was also

isotope studies of carbonate-C, O, organic-C, sulphatepondUCted in the Chattishgarh Basin that indicated

S, pyrite-S and Fe speciation have provided thethis Proterozoic basir! had Iittle_eukaryotic a_bundance

framework for reconstruction dissolved oxygen history relative to prokaryotic bacteria (Patranabis-[b

of Precambrian/Ediacaran ocean (Cheingl, 2016; al., 2016).

Cuietal, 2(_)15; Kurzwe_ilet al, 2_015)According to Unsolved Problems and Euture Research

these multiproxy studies, Ediacaran ocean waterp;i astions

column was stratified in which surface water was

oxic whereas bottom water was anoxic to sulphidic In the last five years, Precambrian palaeobiological

(Spangenbergt al, 2014). Parellel studies of lipid investigations have increased manifold. Researchers

biomarker helped to understand the biological from China, Russia and Sweden have contributed a

community shifts during this period (Leeal, 2013). lot in the domain of palaeobiology of Proterozoic and
Early Cambrian successiodstiquity of earliest life

_ Inthis context, Indian Precambrian settings have torms advent of various metabolic pathways in use
recieved little attention in the recqrdstA study on and conversion of engy, advent of diferent living

Palaeoproterozoisravali Supegroup used phosphate forms of three principle domaineiz, the Bacteria,
organic content and stable isotopes of C to understan(iihe Archaea and Eukarya (se 2002Woeseet

the role of phosphate as a nutrient on GOE oxidational_, 1990) or belonging to two different empireig,,
event and subsequéntC,, (Papineaetal, 2013). e prokaryota and Eukaryota (May®98) are major
Purohitetal (2012) tried oxygen and carbon isotopes 4e45 of investigationédvancement in analytical
across three different sections of Neoproterozoic;,<trumentation have helped in acquiring even the

Sirohi Group to understand their relationship with weakest or feeble signature of life forms entombed
contempog’;lne%us global events. C and O is0topg, the precambrian sedimentary successions. In spite
along with®’Srf®Sr ratio were studied in carbonate ¢ 0 development of sensitive facilities, the most

rocks of shallow marine Proterozoic Bhima Basin to ¢4 incing answers for Precambrian palaeobiology
identify diagenetic signature in carbonate rocks 4. .o those which demonstrate morphologically

(Nagarajaret al, 2013). In Palaeoproterozoic Sausar jterentiated forms which could be associated with
Group of central India C and O isotopes together with jictinct depositional environment.

Sr and Ba and REE studies indicated the glaciogenic

origin for diamictite and its primary origin. Oxygenation events in the Precambrian,

Chemostratigraphy allowed the comparision of this acquisition of plastids/photo-endosymbionts to evolve

group with other similar geological settings of the into eukaryotes, ecological takeover of oxygenic

world (Mohantyet al,, 2015). cyanobacteria are some inter-related questions which
are being investigated. Ediacaran and early Cambrian
successions in India are important to test the two
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contrary view points such as redox-static Ediacaran Several studies were conducted to understand
ocean verses multiple oceanic oxygenation events irthe natures of hydrocarbons preserved in the
a predominantly anoxic global Ediacaran-early Precambrian rocks are also investigated durind201
Cambrian ocean and their impact on biotic innovations/2015 (Brook, 201; Flannery and Gege, 2014;
mass extinctiong.o test these hypothesis multi-proxy Coffey, 2011; Hoshinoet al., 2014). Biomarkers
palaeoredox studies are conducted involving majorextracted fronArchaean and Proterozoic rocks help
and trace element concentrations, iron speciation,in determining advent of domains bacteria,
sulfur isotopes, Mo and U enrichment factors. Though prokaryotes and eukaryotes and in turn the level and
such studies are conducted in many other parts of thepresence of Qand oxygenic photosynthesis (Summon
world but no data are available for any of the Indian et al, 2006). Similar studies need to be conducted on
successions. Estimation of oxygen level during Indian sampledith the establishment of advanced
Proterozoic is vigorously pursued and generally analytical facilities in the countrydedicated to
believed to have increased from trace levels <10 palaeosciences (in BSIP), it is believed that Indian
present atmospheric levelAP) near Archaean-  succession would be analyzed comprehensively to
Proterozoic boundargreat oxidation event (Ca 2.4 generate data on these aspects.

Ga) (Lyonset al, 2014) but its level during mid-

Proterozoic remained debated. In a recent pursuitAcknowledgements
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