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A variety of microbial mat induced sedimentary structures (MISS) occur in the basal part of the
Mesoproterozoic Rohtas Limestone and the Bhander Limestone, India. The combined outcrop and petrographic studies establish unicellular microbial origin of the MISS in the Rohtas Limestone and the
Bhander Limestone. Micro-scale deformations associated with MISS imply the late cementation. Paradoxically MISS, once formed, has a better preservation potential in carbonate sediments because of their
proneness to get cemented early. The studied basal sections of both the formations built up in a low
energy depositional condition. In warm and arid tropical climate, high concentration of dissolved inorganic carbon exacerbated precipitation of aragonite crystals in successive stacks and sulfur concentration
led to gypsum precipitation. However, the temperature in the palaeodepositional environment could have
been high enough to restrict the sulfur reduction rate severely hampering the growth of sulphur reducing
bacteria (SRB) population which was the most powerful post-Archaean calciBcation engine. The available
results indicate Mesoproterozoic palaeotemperature raised up to 32°C at a mid-latitude location. In the
Vindhyan sea straddling across the equator, temperature is predicted to have been considerably higher.
The ancient marine limestone formations having MISS, irrespective of their age, developed in similar low
palaeolatitudinal locations. Thus, it is reasonable to attribute that high temperature at depositional site
cards carbonate sediments to acquire MISS by delayed cementation. Early cementation hinders MISS
formation in carbonate sediments, till the sea water temperature crosses an optimal value.
Keywords. MISS inhibitor; carbonate rocks; early cementation; early cohesiveness; high temperature.

1. Introduction
Cyanobacteria-dominated microbial mat, Cat
sheet-like or stromatolitic, is a topical issue in
current sedimentological and microbiological literature. With Blaments and cohesive extra polymeric
substances (EPS) microbial activity leads to sediment trapping, binding and stabilizing. Both forms

are observed in modern and ancient depositional
settings, commonly in tidal Cats, bays and lagoons
(Eriksson et al. 2007; Gerdes 2007; Schieber et al.
2007; Banerjee et al. 2010, 2014; Bose and Chafetz
2011; Banerjee 2012; Cuadrado et al. 2014; Davies
et al. 2016; Suosaari et al. 2018). Ancient counterparts of the former are exclusively from siliciclastic rocks, while the latter is known exclusively
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from carbonate rocks (Noffke and Awramik 2013).
As opposed to stromatolites, sheet-like cyanobacterial mats are far difBcult to distinguish in the
rock record. However, early acquisition of cohesiveness preserves microbial Cat sheets within siliciclastic sediments that may be cemented much
later (Schieber et al. 2007, MISS; Noffke 2010,
MRS; Eriksson et al. 2010). Deformation features
of sheet-like microbial mats, such as crumpling,
tearing, cracking, Caking, curling, doming and
sagging are collectively identiBed as microbially
induced sedimentary structures (MISS). Resistance of microbial mats to erosion supports in their
preservation and recognition of MISS. However,
MISS have been recognized in only three ancient
carbonate formations (Xiaoying et al. 2008; Luo
et al. 2013; Sarkar et al. 2016, 2018). A wide variety
of MISS are documented within the basal 40 m of
the Mesoproterozoic Rohtas Limestone and the
Bhander Limestone, India. The objective of this
paper is to document (a) a wide varieties of carbonate MISS from Mesoproterozoic formations,
(b) associated micro-scale deformations which
imply cementation was delayed to allow MISS
manifestation and therefore, (c) to explore the
possible causes behind inhibition of early cementation within these carbonate sediments.

2. Geological background
Rohtas Limestone and Bhander Limestone belong
to the *4.5 km thick dominantly marine Vindhyan
Supergroup, exposed in central India (Bgure 1a;
Ramakrishnan and Vaidyanadhan 2010). Its lower
part, developed in an intracratonic rift basin
includes the Rohtas Limestone and, its upper part,
deposited in an intracratonic sag basin includes the
Bhander Limestone (Bose et al. 2001). Occurrences
of MISS in the siliciclastic formations of this
Supergroup are well recognised (Banerjee and
Jeevankumar 2005; Sarkar et al. 2005, 2006,
2014a, 2020; Schieber et al. 2007; Bose et al. 2012;
Choudhuri et al. 2020).
Rohtas Limestone and Bhander Limestone are
well exposed over thousands of sq. km. in Madhya
Pradesh, India (Bgure 1a). The Rohtas Limestone
was studied in the area around Vadanpur, Saralanagar (24°120 1100 N, 80°480 0800 E), Kymore
(23°030 0500 N, 80°360 3900 E), Baghwar (24°200 0100 N,
81°240 3500 E) and the Bhander Limestone was
studied around Maihar (24°150 4400 N, 80°450 5700 E),
Dolni (24°180 0700 N, 80°480 1400 E), Emiliya, Satna
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(24°360 1800 N, 80°490 5600 E), Sajjanpur in Madhya
Pradesh, India (Bgure 1b). The age of the Rohtas
Limestone is comparatively better constrained at
1.6 Ga as pyroclastics closely preceding it yield
U/Pb SHRIMP ages of 1602 ± 10 and 1593 ± 12
Ma (Rasmussen et al. 2002) and almost the same
Pb/Pb age (Sarangi et al. 2004). Bhander Limestone has been dated at *900 Ma (Pb/Pb; Gopalan et al. 2013). Stable carbon and oxygen isotope
ratios in both the formations are close to marine
values (Banerjee et al. 2006, 2009; Sarkar et al.
2014a). Both the formations studied have upper
parts replete with conspicuous wave and current
structures and stromatolites, but their lower parts
are generally devoid of such structures, except
some rare wave ripples (Sarkar et al. 2014b). In
both cases, MISS (described below) has been
observed in the basal part (*40 m thick).
3. Materials and methods
The microbial mat induced sedimentary structures
(MISS) are recognized primarily on the bed interfaces within the lower part (*40 m thick) of both
the Rohtas and Bhander limestones. Outcrop
sample was cut into two pieces: polished section for
study and thin sections to prepare for petrography.
The polished thin sections (70 numbers) prepared
from 35 MISS samples were etched with diluted
HCl (1.5 cc HCl + 98.5 cc distilled water) before
studying them with the computerized transmitted
light petrographic microscope (Leica DC 320
image analyzer attached with Leica DM LP
microscope).
4. Results
4.1 Outcrop
Both the Rohtas Limestone and the Bhander
Limestone are constituted by alternate light and
dark layers of sheet-like geometry (Bgures 2, 3a) in
its lower part (*40 m thick). Thickness of these
light and dark layers varies vertically (Bgure 3a),
the light coloured layers 2 and 7 cm, and the dark
layers between 5 and 20 cm. The light coloured
layers are granular, planar laminated and bear
evidence of bedform migration, albeit rarely. The
bedforms are small ripples having wavelength \7.5
cm and amplitude \3 cm (Bgure 3b). Bedding
plane exposures are rare in both the formations,
but locally display the ripples having straight or
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Figure 1. (a) Geological map of the Vindhyan Supergroup, Central India; outcrop distribution of the Rohtas Limestone and
Bhander Limestone shown. Stratigraphic context of the two limestones is given on left; asterix denotes the stratigraphic horizons
which preserve MISS. (b) Locations of the study areas for the lower part of both the Rohtas Limestone (red fonts) and the
Bhander Limestone (blue fonts).

broadly sinuous crests, bifurcated. Ripple-drift is
common place and small median ripples are locally
recognizable between relatively larger ripples
(Bgure 3b). Erosional structures are seldom present and are limited to less than a centimeter in
depth. They are exclusively present at the base of

the light coloured layers. More common in occurrence of light coloured layers are load casts
(Bgure 3c). The dark layers, on the other hand,
appear massive micritic. Bedding plane surfaces display rare polygonal cracks in both the
formations (Bgure 3d).
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Figure 2. Lithologs of the lower *40 m of the Rohtas and Bhander limestones documenting frequency of alternations between
dark and light layers, occurrences of varied MISS and other sedimentary structures.
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Figure 3. (a) Alternate light and dark coloured strata of sheet-like geometry constituting the lower part of the Rohtas
Limestone. (b) Ripple drift within the light coloured strata of the Rohtas Limestone. (c) Small-scale load casts at the base of the
light-colored strata. (d) Polygonal cracks on the bedding plane of the Bhander Limestone.

4.2 Petrography
The etched thin sections were studied with the help
of computerized transmitted light petrographic
microscope and the following seven microfacies are

identiBed (denoted as a, b, c, d, e, f, g) in the
Rohtas and Bhander limestone formations. Relationship between microfacies (c) and (d) sometimes
alternate vertically, but more frequent alternations
are noted between (d) and (e). However, the
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general upward succession is: c–d–e–f–g. The microfacies (c) to microfacies (g) assemblage alternates with
the microfacies (a). Microfacies (b) is localized and
rare in occurrence and alternates with microfacies (a).
Following are their detailed descriptions:
4.2.1 Light-coloured laminated microfacies
This microfacies is subordinate, lone bears cm-scale
cross-laminae, often in form of ripple drift. The
sediment is dominated by silt-sized particulate
matter and appears dirty. It is still light coloured,
albeit not as much as the microfacies (c) and (d) described below. Its particulate component includes
silt-sized siliciclastic grains, about 10%, but others
include numerous microfossils (Bgure 4a, b).
Besides, there are intraclasts, larger ones of which
are reclined on the ripple lamina surfaces. The largest clast measures about 0.02 mm. Each of the
ripple laminae bears prominent grey coloured lime
mud on their top (Bgure 4a). Grading is a prominent
feature within some ripple lamina sets (Bgure 4a).
The minute putative microfossils appear in riceseeds with thin brownish margins and white interior
(Bgure 4b). Their length or diameter is in the order
of 2 lm. The clasts may be grey or dark in colour.
The grey coloured ones also bear circular cross-section of microbial cells with brown rims around and
minute patches of carbonate spars inside (Bgure 4b).
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this microfacies varies laterally; its maximum
measured being around 3 mm.
4.2.4 Dark brown crinkly laminated microfacies
This microfacies is constituted by numerous
crinkled lamainae entwined together. Numerous
silt-sized siliciclastic grains remain scattered within
this microfacies. Thickness of this microfacies is
rapidly variable laterally (Bgure 4d, e). Locally this
microfacies encloses patches of gypsum rosette. The
elongated gypsum crystals with spike-like tips display typical swallow-tail texture (Bgure 4f). This
facies generally overlies the microfacies with
grumeluse texture gradationally; but at places,
it alternates multiple times with the rust-brown
lumpy microfacies described next (Bgure 4e).
4.2.5 Rust-brown lumpy microfacies
This microfacies with brown colour appears as a
laterally persistent drape on top of the preceding
facies. Thickness of this microfacies is uniform within
the lateral spread of thin sections, but in shorter scale
the microfacies appears to be coalescence of minute
lumps. However, in contrast to the preceding
microfacies, this one carries little of siliciclastic grains
(Bgure 4g). Besides, there is remarkable pyrite
concentration in this particular microfacies.

4.2.2 Pristine palisade crystal microfacies

4.2.6 Dark brown carbonate mud microfacies

This microfacies create sheets of average thickness
200 lm in which a pristine fabric of clear palisade
crystals emerges in short patches despite extensive
diagenetic enlargement of the carbonate crystals
(Bgure 4c). The palisade crystals are parallel-sided
and grown vertically or in fan-like fashion on the
substratum are, on average, 120 lm long and
30 lm wide and have blunt heads (Bgure 4c). The
larger anhedral crystals developed on recrystallization are also clear that support to maintain the
primary light colour of the microfacies (Bgure 4c).

This microfacies is of massive micrite, hardly
containing any crinkled laminae. It overlies the
preceding microfacies (e) with gradational contact
at places, but sharply elsewhere. Together with the
preceding microfacies (e), this one tends to Bll the
troughs on the upper surface of the rust brown
lumpy microfacies. In consequence, this carbonate
mud microfacies has a Cat top, although being
laterally discontinuous (Bgure 4h).
4.2.7 Massive grey coloured carbonate mud
microfacies

4.2.3 Grumeluse/clotted microfacies
This carbonate microfacies is characterized by grey
patches bearing grumeluse or clotted texture. The
spaces between the patches are Blled by clear calcite spars displaying drusy growth (Bgure 4d).
Light coloured silt-sized siliciclastic grains are
found sprinkled on the grey patches. Thickness of

This microfacies is internally massive and often
encases crinkly laminated microfacies.
4.3 MISS within the carbonate formations
Unweathered exposed bedding plane surfaces in
the Rohtas and Bhander limestones yield varied
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Figure 4. (a) Cross-laminated microfacies: characterized by grading across the laminae. (b) Carbonate particulate objects,
possible microfossils within the ripple laminae; alleged cyanobacterial sheaths with brown micritic rims around minute patches of
carbonate spars, girvanella (arrowed). Besides, there are a few minute dark coloured carbonate intraclasts too. (c) Stacks of relict
palisade aragonite crystals with blunt heads. (d) Grumeluse microfacies alternating with organics-rich wrinkled laminae of
laterally variable thicknesses. (e) Bunches of crinkled laminated microfacies with trapped silt-sized siliciclastic grains and they
are underlain by the grumeluse microfacies. (f) Gypsum crystals with swallow-tail structure encased by dark crinkled organicsrich laminae. (g) Organics-rich lumpy microfacies overlain by grumeluse microfacies. (h) Light brown carbonate mud microfacies
overlying the crinkly laminated facies with trapped siliciclastic grains.

kind of features that have similar morphologies
resembling MISS (Bgure 2) from siliciclastic rocks
(Sarkar et al. 2016). Polished blocks and thin

sections were examined. The following of the MISS
recorded from the studied carbonate formations is
discussed:
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4.3.1 Circular pits and their casts
Densely packed circular pits characterized by steep
walls between adjacent ones and their bulbous
counterparts at the sole of the immediately overlying beds are common in occurrence within the
Bhander Limestone (Bgure 5a). These pits are
significantly smaller in dimensions than the spatially apart load casts in Bgure 3(c). The pits
diameter is 1.5 cm and depth is 0.5 cm. They and
their bulbous casts are densely packed that the
adjacent ones share common boundaries. They
closely resemble the structures that are attributed
to ready collapse of highly watery microbial EPS
under sediment loading Sarkar et al. (2006, 2016).
In bed-normal thin section, a normally graded light
coloured carbonate sediment studded with Coating
silt-sized quartz grains is found to overlie the
structure, while a dark coloured, concave-up
micritic lamina underneath deBnes the outline of
the bulbous load. Darker sub-laminae constituting
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the dark-colored carbonate mud layer wrap around
the load-bottoms (Bgure 5b).

4.3.2 Wrinkle structure
Miniscule crinkled parallel ridges on freshly opened
bed surfaces and their replicas at the sole of the
overlying beds are observed within the Rohtas
Limestone and Bhander Limestone (Bgure 6a, b;
Bouougri et al. 2007; Gerdes 2007; Sarkar et al.
2014b). They have height and spacing, on an
average, 0.5 and 1.2 mm, respectively. They are
either laterally continuous or discontinuous and in
the latter case, generally spindle-shaped. Their
close-set rows may be unidirectional or multidirectional. In the latter case, the multiple sets may
cross-cut each other or share the same crests. The
wrinkles are strongly asymmetric in proBle, with
steeper Canks in the same orientation. In certain
patches, the ridges are Cat-topped. In vertical

Figure 5. (a) Clusters of loads at bed sole (right) and casts on top of subjacent bed within the Bhander Limestone. (b) Load casts
in xpl; dark coloured laminae wrap around the bulbous loads.

Page 9 of 18 151

J. Earth Syst. Sci. (2020)129:151

Figure 6. Wrinkle structures (right) and their casts at the sole of the overlying bed (left) in (a) the Rohtas Limestone and (b) the
Bhander Limestone. (c) Wrinkle structures deBned by distinctly dark laminae crinkly in appearance (xpl). (d) Dark coloured
crinkly laminae having jagged ends (xpl). (e) BSE image shows pyrite enrichment (yellow arrows) along the dark, crinkly
laminae of wrinkle structures. Also silt-sized quartz grains (blue arrows) and darker micritic chips (red arrows) are scattered
along these laminae.

section, the trace of bed-surface that bears these
ridges is distinctly darker in colour in comparison to
sediment layers below and above. In longitudinal
thin sections, the ridges appear crinkly (Bgure 6c)
and in transverse sections they are discernibly
upturned; where ruptured overlying sediment Bll in
the gaps thus created. Torn edges of the crinkled
layers often appear jagged (Bgure 6d). These dark
laminae often converge or diverge when seen in thin
sections (Bgure 6d). They also bear silt-sized quartz
grains and darker micritic chips, and are often
selectively enriched in pyrite (Bgure 6d).

4.3.3 Cracks
Prominent spindle-shaped cracks in the form of
weathering-resistant ridges occur on planar or
rippled bed surfaces within the Bhander Limestone
(Bgure 7a, b; cf. Eriksson et al. 2007). The ridges
vary widely in length and width, measuring up to
ca. 5 cm and 1.5 mm, respectively. The cracks, at
places, are overprinted on wrinkle structures. The
cracks may be parallel, reticulate, septarian or
even circular in their geometry (Bgure 7a, c, d, e).
On rippled surfaces, the cracks preferentially
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Figure 7. Varieties of cracks on the bedding planes of the Bhander Limestone: (a) Parallel to each other on Cat bed surface,
(b) grown preferentially within ripple troughs, (c) reticulate, (d) septarian, and (e) circular. (f) Dark micritic laminae deBning
the cracks show frayed edges when disrupted (arrow; ppl).

concentrate within the troughs and have comparatively shorter dimensions (Bgure 7b). In vertical
sections, dark laminae, massive under naked eye,
deBne the cracked surfaces. At places, such multiple dark laminae are stacked up, being separated
from each other by single-grain thick quartz-silt
laminae. They often converge and diverge in thin
sections, cut perpendicular to bedding, and when
disrupted have frayed edges (Bgure 7f). The dark
laminae themselves are marked by preferred concentration of pyrite as mentioned earlier from
wrinkle structure that is present in the background
of these cracks locally.

4.3.4 Domes and Astropolithons
Domal structures with or without radiating cracks
on their tops, are often encountered on bedding
plane surfaces of the studied segment of the Rohtas
Limestone (Bgure 8a, b; cf. PC€
uger 1999; Dornbos
et al. 2007; Gerdes 2007). These structures were
also extracted from subsurface; bottoms of the
overlying beds wrap around the dome tops
(Bgure 8b). Domes with radiating cracks on top,
called Astropolithons, also have small craters, at
the center, average diameter of which is around 2.5
mm (cf. PC€
uger 1999; Dornbos et al. 2007). In
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Figure 8. (a) Astropolithons with radiating cracks around a crater in the Rohtas Limestone. (b) Freshly exposed domal
structures on bedsurface in the Rohtas Limestone. (c) A dark lamina drapes the tops of the successive domes. Note that the
draping lamina thickens within the adjacent trough and becomes thinner on the dome crests. (d) Crinkly dark laminae within the
trough display jagged edges, while torn (under microscope).

polished bed-normal sections, a continuous
peripheral dark and apparently massive lamina of
carbonate mud is noted on the domed surface. It
thins on crest of these structures and thickens
within the adjacent troughs (Bgure 8c). Rest of the
troughs are Blled by dark coloured crinkled laminae
that progressively tend to be horizontal upward;
silt-sized quartz grains are frequently present in
between these densely packed crinkly dark laminae. The crinkly laminae where torn have their
ends jagged (Bgure 8d). Light coloured Bnely laminated stratum that lies underneath is deformed
into an open fold and its constituent laminae

thicken at the fold crest, thinning on the limbs
(Bgure 8c).
4.3.5 Pustules
These structures, observed on the Rohtas Limestone bed-surfaces, are similar to the domes but
distinctly smaller in dimensions (Bgure 9a, b). In
thin section (Bgure 9b), a row of pustules appear as
miniature columns with irregular lateral boundaries (cf. Bouougri et al. 2007; Eriksson et al. 2007;
Schieber 2004). Diameter and height of the individual pustules are of the order ca. 5 and *2 mm,
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Figure 9. (a) Small pustules on the bedding surface of the Rohtas Limestone. (b) A row of pustules under microscope (ppl)
displaying crinkly laminae at the basal part and minor irregularities on top.

respectively, spacing between them being *1 cm
(Bgure 9a). A cluster of crinkled dark laminae form
a broadly planar raft under the little isolated columns. Heaving up progressively way upward to the
isolated columns with jagged margins and slightly
convex upward internal laminae. Silt-sized quartz
grains are trapped in minute lenses between the
crinkled laminae. In Bgure 9(b), a dark layer of
maximum thickness *1.5 mm displays a series of
pustules on its top. The basal layer of the structure, constituted by a bundle of crinkled laminae
that enclose minute lenses of silt-sized detritus does
not show any tendency to conform the convex-up
geometry of laterally discontinuous laminae of the
little columns that overlie.
5. Discussion
5.1 Palaeoenvironmental interpretation
Fine grain-size, small scale bedforms and severe
limitation of erosional structures are evident from
outcrop and petrographic observations tell-tale low
depositional energy background for both the Rohtas Limestone and Bhander Limestone. In these
generally calm and quiet environments, clastic
sediments were deposited exclusively during periods of enhanced energy input, i.e., by storms or
very high tides. Silt-sized carbonate particulate
matters, microfossils and siliciclastic grains were
swept from the agitated zones. The calm environments facilitated microbial mat proliferation in
both the carbonate formations. Abundance of
aragonite crystals precipitated directly from seawater suggests sediment starvation at the

depositional sites of two different time intervals.
High concentration of both Ca+2 and HCO2
3 in sea
water is implied. High content of dissolved inorganic carbon (DIC) in the sea water had presumably been favourable for growth of photosynthetic
cyanobacterial consortium. Localized clusters of
gypsum crystals, in conjunction, suggest deposition
in a stagnant basin under arid and tropical climate.
It is pertinent to mention here that global palaeolatitude reconstruction of Pre-Rodinia Supercontinent Nuna (Pesonen et al. 2003; Evans and
Mitchell 2011; Zhang et al. 2012) places Mesoproterozoic India almost on the equator at the time
around 1.6 Ga when the Rohtas Limestone was
deposited and paleolatitude reconstruction of
Rodinia supercontinent (Chen et al. 2004) places
mid-Neoproterozoic India on the tropical region at
the time around 900 Ma during deposition of the
Bhander Limestone. Abundance of gypsum as well
as salt pseudomorphs within the encasing sediments of the Bhander Limestone suggests even
stronger salinity of the Vindhyan sea during the
period of deposition. The warm and arid palaeoclimate apparently aAected the carbonate and
evaporate deposition in the restricted Vindhyan
marine shelf.
5.2 Micro-scale deformations associated
with MISS of the Rohtas and Bhander
limestones
Many of the structures found preserved in siliciclastic rocks that suggest the pre-existence of
microbial mats in their generation (e.g., Schieber
et al. 2007) are perfectly replicated in the Rohtas
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and Bhander limestones, India. This observation is
a bit unusual on two counts. Firstly, only stromatolites, crinkled microbial laminites are generally
considered as pristine microbial mats in carbonate
sedimentation environments. MISS are always
compartmentalized for the siliciclastic sediments
(e.g., Noffke and Awramik 2013) and thus carbonate MISS are rarely dealt before though MISS
can also be preserved in carbonate sediments
(Xiaoying et al. 2008; Bose and Chafetz 2011; Luo
et al. 2013). Secondly, many of the structures
indicative of the presence of mats in siliciclastic
sedimentation settings are deformational, as indeed
are some of the above-mentioned MISS observed
macro- and microscopically within the Rohtas and
Bhander. Carbonate sediments are not generally
amenable to syn- or meta-depositional deformation
as they are cemented early. Consider the example
of the micro-load structures identiBed in the
Bhander Limestone (Bgure 5a, b), overlain by a
normally graded carbonate sediment layer studded
with Coating silt-sized quartz grains and underlain
by a dark coloured micritic laminae devoid of siliciclastic sediment grains. Evidently the siliciclastic
grains were deposited from a sediment plume stirred up by a high energy event like a storm and the
dark coloured carbonate substratum are deformed
due to rapid loading deBning the load balls. Thus,
cementation must have been retarded within the
carbonate substratum.
Another type of MISS deformation structure
purportedly related genetically to microbial mat is
wrinkle structure (Bgure 6), reported from siliciclastic rocks, also known from carbonate rocks
(Xiaoying et al. 2008; Luo et al. 2013). Whether
formed at the sediment–water interface or under
burial (PC€
uger 1999), an essential pre-requisite is
malleability of the matted sediment surface.
Cracks are also deformation structures. Clear evidence of cross-cutting strongly prompts their
intrastratal origin (Bgure 7; cf., Plummer and
Gostin 1981). Their spindle-like shape supports the
inference that the surfaces on which they formed
did not quite exhibit uniform material consistency
as cemented surfaces. ConBnement of cracks within
ripple troughs, additionally suggests that thicker
mat developed there facilitated their formation
(Bgure 7) (e.g., Schieber et al. 2007). In other
words, comparative malleability of thicker mat is
held responsible for crack generation. In bed normal section also, they are often found to be
deformed (Bgure 7). Deformation is also evident in
case of domes, Astropolithons and pustules. Fluid
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pressure created as a consequence of microbial mat
decay presumably created the domes and its
release through a crater transformed the domes
into Astropolithons (Dornbos et al. 2007). The
cracks related to Cuid expulsion constitute the
clear evidence of cohesiveness of the dark lamina,
identiBed as microbial mat (Dornbos et al. 2007).
The surBcial dark lamina thinned on the domecrest as its substratum was stretched because of
doming. The cohesive microbial mat also tended to
slide from the dome-crest and in the process got
crumpled within the trough. Evidently the sediment was not cemented during the entire course of
events apparently taken place on the depositional
surface.
5.3 The processes of delayed cementation
The Rohtas and Bhander limestones of the Vindhyan Supergroup comprise MISS. They also widen
the spectrum of diversity of MISS within carbonate
rocks. Micro-scale deformations are integral to
each of the MISS documented from the Rohtas and
Bhander Limestones. There is little doubt that
MISS formation was, in general, inhibited in
carbonate accreting environments. The factor
responsible could have been the general tendency
of carbonate sediments to get cemented early,
although this tendency can enhance preservation
potential of MISS that formed beforehand (Bose
and Chafetz 2011; Luo et al. 2013). It is reasonable
then to assume that MISS in ancient carbonate
sediments reCects comparative delay in cementation, although understandably microbial mat
growth promptly turns the sediment cohesive,
though not cemented at the same time (Sarkar
et al. 2018). The observations made in connection
with this Vindhyan record on carbonate MISS,
so far the richest, may be looked into for some
tangible reason for this alleged eAective delay in
cementation of the carbonate sediments.
5.4 Plausible causes for delayed cementation
Hypersalinity of the Vindhyan Sea inferred from
the presence of gypsum crystals and salt pseudomorphs during the deposition of encasing sediments of the limestone (Sarkar et al. 2014a) might
hold the reasoning in this regard because many of
the modern Cat sheet-like, non-columnar microbial
mats are reported from hypersaline depositional
environments (Caumette et al. 1994; Dupraz and
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Visscher 2005; Vasconcelos et al. 2006; Dupraz
et al. 2009). It is true that environment chooses the
structure of microbial consortia (Robador et al.
2016) and stagnancy in the environment shuns
usefulness of early cement acquisition (Dupraz and
Visscher 2005). Notwithstanding these observations, the modern record of microbial mat is biased
towards hypersaline environment because salinityendurance level of cyanobacteria is very high
(Esteve et al. 1992; Moisander et al. 2002) and the
high salinity fends oA most other organisms that
might harm them. Carbonate deposits formed in
hypersaline and shallow epeiric carbonate platforms are common in occurrence in the Proterozoic, Paleozoic and Cretaceous periods, but MISS
is rare within them.
As such, acidic composition of the main components of cyanobacterial EPS including amino acids,
polysaccharides and proteins do not favour CaCO3
precipitation (cf., Ferris et al. 1989; Decho 1994;
Hartley et al. 1996; Kawaguchi and Decho
2002a, b; Dupraz and Visscher 2005; Gautret and
Trichet 2005; Stal 2012). Photosynthesis functions
with the sole purpose to convert inorganic carbon
to organic carbon. Anion-rich EPS is, nonetheless,
prone to absorb cations like Ca+2 at selected sites
in order to strengthen its own structural frame and
this withdrawal of Ca+2 from seawater makes
carbonate precipitation further difBcult (Hartley
et al. 1996). However, limited degree of calciBcation of EPS cannot be ruled out in presence of high
content of DIC, especially during the dark periods
of the day. Nevertheless, the stacks of relict aragonite crystals do indicate high DIC content in the
Vindhyan Sea. This high DIC content, however,
precluded shortfall in carbon supply for sustenance
of photosynthesis and a powerful mechanism of
in vivo calciBcation of cyanobacterial mat during
photosynthesis. Pre-Cretaceous marine cyanobacteria had the capacity to convert HCO3– into CO2
within their cells to augment photosynthesis in
case of such shortfall. However, an importer
(symporter, Zhu and Dittrich 2016) was needed to
deliver the HCO3– into the microbial cells. OH–
released in the process (equation 1) was to be
carried across the cell membranes and for that an
exporter (antiporter, Waditee et al. 2004) was
needed. In presence of Ca+2 present in the ambience, the resultant enhancement of alkalinity could
have caused CaCO3 precipitation immediately
outside the cells and cement the sheaths encasing
the bacterial cells (equation 1; Merz 1992; Arp
et al. 2001; Riding 2006; Kah and Riding 2007).
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Badger and Price (2003) recognized four sets, two
for each group, of transporters to take part in this
CO2 concentrating mechanism (CCM) involved in
cementation of cyanobacterial sheaths. However,
no benthic cyanobacterial Blament with cemented
sheath has been encountered in these limestones
and perfectly consistent with complete lack of
report of cyanobacteria preservation within other
pre-Neoproterozoic carbonate, except within earlyformed chert nodules. This lack of preservation of
cyanobacteria, amidst presence of numerous stromatolitic deposits in the ancient limestones, is
striking that it is labeled as a ‘Precambrian
enigma’ (Riding 1982). It can, therefore, be safely
assumed that there was no paucity of CO2 to
warrant switching of the Vindhyan cyanobacterial
consortium over to CCM-enabled varieties (Riding
1982; Raven and Lucas 1985; Merz 1992). This
possible lack of in vivo cementation in cyanobacteria can in no way be connected to the MISS
occurrence within these Vindhyan limestones
because MISS is seldom present in marine limestones regardless of in vivo cyanobacterial cementation between 750 and 66 Ma (Knoll et al. 1993;
Merz-Preiß 2000).
Photosynthesis during day period:
2þ
! CaCO3 þ CH2 O þ O2 :
2HCO
3 þ Ca

ð1Þ

Methane oxidation (anaerobic oxidation):
Ca2þ þ CH4 þ SO2
4 ! CaCO3 þ H2 S þ H2 O:

ð2Þ

Sulfate reducing bacteria (during night and
burial):
Ca2þ þ OH þ SO2
4 þ 2ðCH2 OÞ
! CaCO3 þ CO2 þ HS þ 2H2 O:

ð3Þ

Metabolism of other members of the
cyanobacteria-dominated microbial
consortia
may also exacerbate calciBcation. Methanotroph
causing anaerobic oxidation of methane and
thereby increasing pH in the ambience is
considered to be a powerful calciBcation agent for
ancient cyanobacterial mats (equation 2; Reeburgh
2007; Zhu and Dittrich 2016; Singh et al. 2018).
However, universal importance of methanotrophs
was possibly curtailed at the Archaean–Proterozoic
transition (Zhu and Dittrich 2016). About the
same time, sulfur-reducing bacteria turned to be
a powerful engine for calciBcation of marine
cyanobacterial mats (equation 3; Dupraz and
Visscher 2005; Dupraz et al. 2009). Temperature
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dependency of sulfur-reducing bacteria (SRB) is,
however, well documented experimentally by
Robador et al. (2016). These authors noted that
despite the fact that environmental change dictates
the genetic make-up of the SRB consortium to
achieve the best metabolism rate possible, the
sulfur reduction rate (SRR) induced by them
increases with temperature until the optimum
value is reached and beyond that it drops
abruptly. In the Arabian Sea, this optimum
temperature was found by these authors as 40°C
and in the Andaman Sea around 44°C.
Nevertheless, it is grim to estimate the Mesoproterozoic sea water temperature because of possible diagenetic alteration of d18O values, and
hence impervious chert nodule in the Mesoproterozoic carbonate rocks had been considered as a
window for looking through (Knauth 2005; JaAr
es
et al. 2007). Scanty records are available for the
palaeotemperature of the Mesoproterozoic time
and the estimated 32°C paleotemperature for midlatitude Mesoproterozoic Belt Supergroup and
Bass Limestone (Knauth 2005; Meert and Stuckey
2002) inferring the warmer conditions supports
similar warmer conditions for the contemporary
Vindhyan Sea straddling across the equator
(Pesonen et al. 2003; Chen et al. 2004; Evans and
Mitchell 2011; Zhang et al. 2012). In this background, the tropical high temperature could be a
possible reason for the delay in cementation of the
microbial mats in the limestones under focus. The
Vindhyan Sea had been on the equator as opposed
to the Arabian or the Andaman Sea where the
heavily depleted SRR improved through acclimatization as the sun moved away during equinoxes
and solstices (Robador et al. 2016). Reasonable
corroboration for this contention for the fact of
other examples of ancient carbonate MISS belonged to low palaeolatitudes hosting them are of
Mesoproterozoic or Triassic age (Scotese 2001;
Pesonen et al. 2003; Chen et al. 2004; Evans and
Mitchell 2011; Zhang et al. 2012).

6. Conclusions
MISS is recorded in wide array within the basal
40 m of the Mesoproterozoic Rohtas Limestone and
Bhander Limestone, Vindhyan Supergroup, central
India. Both the carbonate formations shared a low
depositional energy condition. The sediments,
similar in character between two formations, were
deposited in a calm, quiet shelf-lagoons and the

depositional environments were occasionally
invaded by storms. The storms had their energy
largely spent up before reaching the depositional
sites. The rate of sedimentation, enhanced and
particulate carbonates were swept in to settle
within the starved basin. The latter during the long
fair-weather intervals accommodated inorganically
precipitated stacks of aragonite fan crystals and
microbiota-infested dark coloured mud under
warm and arid tropical climate.
The MISS in Rohtas and Bhander limestones
into a selected group of marine carbonate formations having exceptional quality, disregarding their
age and present location, formed in low latitude
area wherein the high sea water temperature
apparently suppressed the sulfur-reducing bacteria
to delay their cementation. The scarcity of reports
of MISS in ancient carbonate formations in comparison to siliciclastics thus appear to stem from
the general tendency of the carbonate sediment to
get cemented early, unless it is oAset by temperature higher than optimal value. Our work also
suggests that siliciclastic-style MISS may occur
relatively common within carbonate sedimentary
successions.
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