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Molar-tooth structures (MTS) are enigmatic, micro-crystalline calcite-Blled Bssures, conBned in
Proterozoic carbonates. Here we present petrography, carbon isotope, total organic carbon (TOC) and
morphological attributes in the context of interpreted palaeoenvironment to understand its development
in the Mesoproterozoic carbonates of Lesser Himalaya. Lack of any detrital inBll, uniform crystal size and
gradational contact with host limestone indicate rapid calcite precipitation in Cuid-Blled cracks.
Reworking of MT as intraclast, folding and oAset of MT ribbons supports for early formation before
significant lithiBcation. Moderate TOC (0.1–0.9) is possibly due to organic matter preservation under
sub-oxic to slightly anoxic/dysoxic conditions. Storm generated bedforms indicate deposition in between
fair weather- and storm wave base. Average 1.4% depletion of d13C in MT relative to host limestone,
presence of relict microbial laminae along the margin of the MT cracks and storm generated bedforms at
outcrop scale indicates that the cracks might have formed by the combined eAect of degassing of CO2
generated during the microbial oxidation of organic matter and wave loading by storm. Precipitation of
microcrystalline calcite within the cracks may have been triggered by alkalinity generated by the mixing
of the outCowing CO2 with seawater.
Keywords. Molar-tooth structure; Mesoproterozoic; Lesser Himalaya; Carbon isotope; microbial decay;
wave loading.

1. Introduction
Proterozoic Era, in particular, at early
(*2.5–2.3 Ga) and later (*0.8–0.54 Ga) parts
witnessed many irreversible changes in terms of
atmosphere, biosphere and hydrosphere as evidenced by the stepwise rise in the atmospheric
oxygen level and major glaciations leading to
‘snowball’ earth (Eriksson and Cheney 1992;

CanBeld and Teske 1996; Holland 2002; Martin
et al. 2013; HoAman and Lamothe 2019). Whereas,
the geological history of the mid-Proterozoic
(*1.8–0.8 Ga) is quite complex and is believed to
represent a period of geobiological stasis (termed as
Boring billion; Brasier and Lindsay 1998) owing to
stable and overall Cat C isotope pattern, undisturbed trends of S-, Mo-, Cr-, Sr- isotopes, low level
of oxygen, tectonic quiescence and no evidence of
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glaciations. But during this time eukaryotes Brst
appeared, evolved and diversiBed (*1.6 Ga, oldest
eukaryotic fossil record, Bengtson et al. 2017). In
addition, amalgamation and fragmentation of the
two largest supercontinents, i.e., Columbia (*1.6
Ga) and Rodinia (*1 Ga) also took place during
this time period (Roger and Santosh 2002, 2003;
Hou et al. 2008). So the mid-Proterozoic cannot be
a period of geological standstill, rather it was a
period when major evolutionary changes happen in
the organic world. These nuances of the midProterozoic time frame can be understood by
studying the carbonates and carbonate-hosted
fabrics as they are the direct precipitates of seawater. Molar-tooth structures (MTS) are one such
fabric that is unique only to the Proterozoic carbonates and so far there is no report of MTS from
younger Phanerozoic counterparts (Kuang 2014).
Apart from one Archean and two secluded Ediacaran occurrences MTS are mostly restricted and
well recognized in Meso- to Early-Neoproterozoic
marine carbonates (Mei 2007, 2008; Hodgskiss
et al. 2018). So, the temporal restriction of MTS
indicates that their formation is somehow guided
by the unique paleoenvironmental conditions and
ocean chemistry; and point towards a potential
link between MT creation and biogeochemical
evolution in the marine realm.
In general, molar-tooth structures (MTS) are
microcrystalline calcite-Blled haphazardly oriented
Bssures, cracks, voids and globules mostly occur in
marine carbonates. On outcrop scale they are
generally deformed millimeter to centimeter thick
ribbons and petrographic observations reveal
internally composed of *5–15 lm equant calcite
crystals. Earlier, it was believed that MTS only
occur in intertidal to subtidal environments.
However, with decades of research, it has now been
well established that MTS can occur in a wide
range of water depth, viz., starting from the
intertidal zone it can be found up to storm wave
base (SWB) and mostly found associated with
clay-rich sediments (Kuang 2014). Since its Brst
identiBcation and characterization by Bauerman
(1885), till date there are debates regarding the
mechanism of formation of Molar-tooth (MT)
cracks and precipitation of the microcrystalline
calcite within the cracks. So far seven different
hypotheses have been proposed for MTS genesis,
i.e., (i) replacement of evaporates (Eby 1975), (ii)
subaqueous shrinkage or syneresis (Horodyski
1983; Knoll and Swett 1990), (iii) earthquake-induced seismicity (Pratt 1998), (iv) in-situ gas
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generation and escape (Furniss et al. 1998; Pollock
et al. 2006), (v) microbial sulfate reduction and
methanogenesis (Frank and Lyons 1998; Shen et al.
2016), (vi) wave-induced Cuid Cow model (Bishop
and Summer 2006), and (vii) dissimilatory iron
reduction causing conversion of Fe rich smectite to
illite ensuing volume reduction and increasing pore
water alkalinity, resulting in Bssure and calcite
precipitation (Hodgskiss et al. 2018), respectively.
So it is quite clear that still the mechanism of
cracking and precipitation of calcite within the
cracks as well as its disappearance after Neoproterozoic are not fully understood and there is disagreement within different schools, which demands
further assessment. MTS is globally reported and
more than 300 papers have been published (Kuang
2014); but from the Indian perspective, it is only
reported from Mesoproterozoic Vindhayan
(1.6–1 Ga) and Neoproterozic (1.0–0.7 Ga) Godavari basin, Peninsular India, with very limited
physical and isotopic studies (Chaudhuri 2003;
Bose et al. 2012). So far there is no report of MTS
from extra-peninsular India. So, in the present
contribution on the basis of outcrop morphology,
petrographic attributes, total organic carbon
(TOC) content and major isotopes (C and O) an
attempt has been made to understand the development of MTS in the Mesoproterozoic carbonates
from the Deoban Limestone of Tejam Group,
Lesser Himalaya.

2. Regional geology
Bounded between Main Boundary Thrust (MBT)
in the south and Main Central Thrust (MCT) in
north, Proterozoic sediments of Himalaya (i.e.,
Lesser Himalaya) is exposed in two sectors, i.e.,
Garhwal and Kumaon regions in NW India
(Bgure 1a) and subdivided locally by the Ton
Thrust (TT) into two zones, i.e., inner, outcropped
in the north of TT and outer, outcropped in the
south (Bgure 1b). Inner Lesser Himalaya (ILH)
mainly consists of Paleo- to Mesoproterozoic
Berinag, Damtha and Tejam Groups, whereas,
outer Lesser Himalaya (OLH) consists of Neoproterozoic to Cambrian Jaunsar and Mussoorie
Groups (Bgure 1b, c).
Apart from gross lithological description process-based sedimentological studies are rare and
limited only in the OLH. For example, Ghosh
(1991) modelled the sediments of Jaunsar Group
(OLH) as the product of prograding shallow marine
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Figure 1. Regional distribution of the Himalayan orogenic belt with major thrust systems, inset shows the position of the
Himalayan belt in respect of the Indian subcontinent. Proterozoic Lesser Himalayan belt is marked with colour (a), detailed
geological map of the Lesser Himalaya, Garhwal–Kumaon sector from NW India (modiBed after Ghosh et al. 2016), note that the
older Inner Lesser Himalayan (ILH) sediments are separated from the younger Outer Lesser Himalayan (OLH) sediments by
southward dipping Ton Thrust (TT) (b), stratigraphic subdivision of the Lesser Himalaya (c), detail study area map showing
major roads, river and study location is marked with star (d).

shoreface deposits over shelf. Further, based on
lithology overlying diamictites and carbonates of
the Mussoorie Group are identiBed as the product
of debris Cow and shallow marine carbonates,
respectively, and deposited in a nearshore-shelf
setting. Whereas, Paleo- to Mesoproterozoic Berinag- and Damtha Groups mostly show evidences
for continental to shelf deposition with marginal
marine in between (Saha, unpublished data). The
Tejam Group of ILH, the focus of the present
study, is divided into two formations, i.e., lower
carbonate dominated Deoban Formation and
upper
sandstone/siltstone-shale
heterolithic
Mandhali Formation (Ghosh et al. 2016; Bgure 1c).
Deoban Formation is *1000 m thick and consists

of stromatolites, dolomite, chert and grey-black
shale. On the basis of stromatolitic biostratigraphy
(Valdiya 1969; Rupke 1974), limited isotopic and
chemostratigraphic studies Deoban limestone has
been identiBed as Mesoproterozoic in age (Tewari
1996; Tewari and Sial 2007; Mckenzie et al. 2011),
though detail geometry of the carbonate ramp is
not established so far. But Tewari (1994, 1996)
identiBed the carbonates as shallow marine
deposits ranging in bathymetry from subtidal to
ooid shoals and developed in a protracted intertidal
Cat environment. Molar-tooth structures described
in the present study were identiBed from the
Deoban limestone exposed near Chakrata–
Deoban–Tuini road section (Bgure 1d).
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3. Methodology
TOC (Total Organic Carbon) analysis was carried
out from bulk-rock samples (i.e., containing both
MT and host limestone). A total of three samples
have been chosen, and from each samples MT veins
and host micrite were micro-drilled and mixed to
get enough sample amount. Then the bulk rock
powders were treated with 0.5 N HCl at *50C for
6–8 hrs for complete removal of the inorganic carbon and centrifuged with mili-Q water at 3000
RPM for the elimination of the leftover acid and
dried. Two sets of 20 mg of powder from each
sample were weighted using microbalance for TC
(Total Carbon) and IC (Inorganic Carbon) measurement. TOC analysis is carried out using
SHIMADZU Total organic carbon analyzer
(TOC–LCPH/CPN) and Solid Sample Module
(SSM-5000A) installed at TOC Lab, Department
of Geology, University of Delhi, which adopts the
680 combustion catalytic oxidation method.
While providing an ultra-wide range of 4 lg/L to
30,000 mg/L, it boasts a detection limit of 4 lg/L
through coordination with Non-dispersed Infrared
(NDIR). This is the highest level of detection sensitivity available with the combustion catalytic
oxidation method. Solid Sample Module (SSM)
was used to oxidize powdered solid samples which
were then directed to the NDIR detector within
TOC-L instrument for analysis. The two fractions
of the powdered samples were heated separately at
900 and 200C for TC and IC evaluations,
respectively, within solid sample module and TOC
value was calculated using the formula (TOC =
TC – IC).
For carbon and oxygen isotope analysis a total of
46 samples (16 from MT and 30 from immediate
host limestone) have been micro-drilled using a
hand driller and isotopic ratio were measured using
‘Thermo Finnigan Delta V Plus’ isotope ratio mass
spectrometer (IRMS) attached with Finnigan gas
bench II facility at Wadia Institute of Himalayan
Geology, Dehradun, India. Approximately 150–200
lg carbonate powder from each sample was taken
in a glass vial and tightened with a cap. Vials were
then Cushed with helium gas (99.999% purity) to
evacuate atmospheric gases. Around 100 ll of
phosphoric acid was then added to each vial for
reaction and CO2 generation. Produced CO2 was
sent to the IRMS through Gas bench and ConFlo
IV for measurement. Isotopic ratios were expressed
in conventional delta (d) notation with respect to
VPDB standard. NBS-18, Merck-1 and CM
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(Carrara Marble) were used as in-house standards.
The reproducibility of results for carbon and oxygen isotopes are 0.1% and 0.2%, respectively (Dutt
et al. 2018).
4. Results
4.1 Paleo-environmental constrains
Intercalated limestone and shale consists the basic
framework of the studied outcrop (Bgure 2a). Shale
beds are mostly centimeter scale (avg. thickness 2
cm) and alternate with decimeter thick limestone
beds. Limestone beds are generally lenticular, exhibit sharp boundaries and internally massive or crudely plane laminated. Basal surface is Cat to concave
up and scalloped; truncate the underlying shale
layer and show the presence of gutters (Bgure 2b);
while top surface exhibit convex up geometry, in
some cases. Composite small-scale lenticular limestone beds show the presence of hummocks with
faint convex up laminae. In some cases, small-scale
lenticular beds lack internal convex-up laminae and
resemble mega ripples (Bgure 2c).
Due to the presence of ubiquitous storm signature this intercalated limestone and shale association is interpreted to have been deposited in
between storm wave base (SWB) and Fairweather
wave base (FWWB). However, the dominance of
hummocks and gutters point towards deposition
above and near to SWB.
4.2 Morphologies of the molar-tooth cracks
At outcrop scale MT cracks show varied shape,
size, thickness and orientation. On the basis of
origin, MTS was divided into two broad categories,
i.e., autochthonous and allochthonous. Further,
based on contact relationships between the MT
cracks-host limestone and its geometry autochthonous molar-tooths have been sub-divided into
four different sub-types, i.e., (i) straight ribbon, (ii)
curved-folded ribbon, (iii) disordered dotted, and
(iv) spheroidal type (Bgure 3).
Autocthonous MTS: Straight ribbons are mostly
associated with thick-bedded limestones and oriented sub-vertical or at a high angle to bedding and
mostly 5–15 cm long and 2–3 mm thick (Bgure 3a),
mostly terminate at the bed boundary and do not
pierce the interbedded shale (Bgure 3b, c). Curved
ribbons are mostly ptygmatically folded, hooked or
bowed and 2–5 mm in thickness; and mostly occur
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Figure 2. Field photographs showing the general character of the limestone beds punctuated by shale (a), note in the top part
there is a relative increase in the proportion of shale. (b) Shows the presence of gutters in the base of beds (arrowed).
(c) Amalgamated limestone beds with convex-up upper surface (arrowed).

in thin-bedded limestones (Bgure 3d, e). However,
disordered dotted and spheroidal forms occur with
algal laminated, thin-bedded limestones; 1–3 cm in
length and *2 mm thick (Bgure 3f).
Allocthonous MTS: Allocthonous MT is visible
on the weathered surfaces in the outcrop scale. In
outcrop, they only occur as slightly coarse-grained
discrete layers interbedded within the relatively
Bne-grained limestones. Under thin section, they
show the presence of reworked clast Blled with
micro-crystalline calcite with sharp boundaries
(Bgure 4b, c).
4.3 Petrographic character of the host limestone
and Molar-tooth
The petrographic study from 20 thin-sections
reveals that the host limestone is mainly

composed of the varied proportion of micrite,
calcite/dolomite spar, pyrites, relict microbial
laminae, large calcite/dolomite crystals and
detrital quartz-feldspars. Overall, the matrix is
dominated by micrite and calcite/dolomite spar
with sparsely distributed pyrite (Bgure 4a). Large
crystals of calcite, dolomite and detrital quartzfeldspar grains along with intraclasts of MT are
mostly concentrated in discrete layers (Bgure 4b,
c) and in some cases, detrital quartz-feldspar show
preferred orientation with their long axis aligned
parallel to layer boundary. Besides, the MT
cracks are Blled mostly with uniform, equant,
micro-crystalline (*5–15 lm) limpid crystals of
calcite with planar boundaries (Bgures 4 and 5c).
Two different generations of MTS are clearly
distinguishable, i.e., one occurring as crack Blls
(MTc) and another as intraclast (MTi) with
detrital sediments. Crack Blling MTc is either
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Figure 3. Field photographs showing the morphology of the molar-tooth cracks. Straight vertical ribbons (arrowed) within
thick-bedded limestone (a), vertical ribbons (white arrow) encased within the centimeter scale compacted shale layers (Sh.), note
the bending of laminae (yellow arrow) at the margin of the ribbons (b), thin vertical ribbons terminate at the boundary of the bed
(arrowed) and do not penetrate the shale (Sh.) (c), curved ribbons within the lenticular thin bed, note the wavy top of the bed
(arrowed) (d), close up view of the folded ribbons from the bed shown in ‘d’ (e), disordered MT (arrowed) and thick shale at the
top part (f). Scale is 15 cm.

straight or ptygmatically folded (Bgure 4d). The
boundary between the MTc and host limestone is
gradational, irregular and diffuse (Bgure 4d–f).
Apart from this outer boundary (i.e., the interface
with host limestone), there is another prominent
smooth-planar sharp inner boundary which separates the core of MTc; indicating complex growth
history and precipitation occur in stages
(Bgure 4e, f). In some cases, large dolomite crystals occur both at the outer as well as in the inner
boundary (Bgure 4d). Besides, intraclastic MT
(MTi) exhibits sharp planar boundary (Bgure 4c,
ci). Interestingly, irrespective of the origin of the
MT, dark microbial laminae and pyrite clusters
are mostly found to be concentrated at the
interface between the MT and host limestone
(Bgure 4ci, d, g, h). Microcrystalline calcites
similar to that of the MT are also found Blling

pore spaces in the host limestone and between the
grains occluding the porosity (Bgure 4i).
4.4 Total organic carbon (TOC), carbon
and oxygen isotopic study
TOC from the bulk rock samples (i.e., containing
both MT and host limestone) ranges from 0.1 to 0.9
wt.% with an average value of 0.37 wt.%, which is
low to moderate for Proterozoic limestones
(table 1). Similarly, from bulk rock samples
Hodgskiss et al. (2018) reported TOC content
varying in between 0.01 and 0.24 wt.%, with an
average value of 0.08 wt.%. Mingxiang and Tucker
(2011) reported organic carbon content of 0.1 wt.%
from the MT bearing Mesoproterozic (1500–1400
Ma) host limestones of the Gaoyuzhuang Formation, China.
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Figure 4. Petrographic character of the MT and host limestone. In general, the sparry nature of the host limestone (a), coarsegrained layer containing MT intraclast (I) along with large calcite (C), dolomite (D) and detrital sediments under xpl (b), dark
organic-rich lamina (red arrow) and pyrite clusters (yellow arrow) at the boundary of the MT under ppl (c), pyrites are clearly
visible in the zoomed part of the photograph (ci), (d) folded MT, note the diffuse irregular boundary of MT (arrow at 1),
formation of dolomites (arrow at 2) and relict microbial laminae (arrow at 3); close up view showing the diffuse outer (o) and
smooth-planar inner boundary (i) of the MTS (e, f), presence of organic laminae (arrowed) (g) and pyrites (arrowed) (h) along
the boundary of the MT, scattered MT calcite Blling the voids along with MT intraclast (MT) (i).
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Figure 5. Plot of carbon and oxygen isotope data of the MT and host limestone along with published data from Tewari (1997)
(a), note that the data from the MT and host limestone is quite similar to that of the published data, (b) sample speciBc MT and
host limestone carbon isotope data clearly indicate there is a 1.4% enrichment in the host limestone (blue shaded area).
Microcrystalline nature of the MT calcite (c).

Table 1. TOC (wt.%) of the bulk rock containing both
MT and host limestone.
Sample no.
L9/1
L9/2
L9/3

TOC (wt.%)
0.9
0.12
0.1

Carbon and oxygen isotopic study (table 2) gives
further constraints on the development of MTS.
Out of the 46 analyses 16 were from MT and 30
from host limestone. The d13C values of the MT
range from –3.1 to 4.9% (Bgure 5a, b). However,
most MT has positive values (except one sample)
and the majority fall in a narrow range between 3.6
and 4.9% (13 of 16, Bgure 5b). The host limestone
is typically enriched, with d13C values ranging from
3.8 to 6.1%, and mostly between 4.6 and 6.1% (24
of 31). Compared to MT, host limestone is heavier
by *1.4% in average (Bgure 5a, b). Irrespective of
the MT or host limestone d18O values are highly

negative and MT shows a broad range from –13.6
to –5.5%. While d18O values of the host limestones
vary in a small range from –10.1 to –7.6%
(Bgure 5a).
5. Discussion
5.1 Degree of alteration and burial diagenesis
Oxygen (d18O) and Carbon (d13C) isotope data
along with petrographic observations have been
utilized to evaluate the degree of meteoric alteration and diagenesis. In general, meteoric alteration and burial diagenesis decrease the d18O,
while the dolomitization in the early stage
increases it (Brand and Veizer 1980; Land 1980;
Hodgskiss et al. 2018). MT and host limestone
both yielded depleted (i.e., negative) d18O values,
but with slight differences. There is no systematic
pattern in variation of the d18O values in between
the MT and host limestone pair. Overall, d18O
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Table 2. Carbon and oxygen isotope data of the MT (M) and
host limestone (H).
Sample no.
L9/1

L9/2

L9/3

L9/4

L9/5

L9/6

L9/7

L9/8

L9/9

MT (M) and host
limestone (H)
M-a
M-b
H-a
H-b
H-c
M-a
H-a
H-b
H-c
H-d
M-a
M-b
H-a
H-b
H-c
H-d
M-a
M-b
H-a
H-b
H-c
H-d
M-a
M-b
H-a
H-b
H-c
H-d
M-a
M-b
H-a
H-b
H-c
H-d
M-a
M-b
H-a
H-b
H-c
H-d
M-a
M-b
H-a
H-b
H-c
M-a

d13C

d18O

4.2
4.6
5.6
5.1
5.0
4.7
4.6
4.7
4.8
4.8
3.8
4.2
5.5
5.5
5.4
5.2
4.9
4.6
4.7
4.1
4.1
4.7
3.1
2.2
4.2
4.2
4.3
4.2
4.7
4.5
5.4
5.6
4.9
4.7
4.1
1.3
3.8
4.8
4.8
4.7
4.0
3.6
5.6
6.1
5.8
4.3

9.3
9.7
9.4
9.1
8.9
5.5
9.0
8.7
8.4
8.5
8.6
9.3
8.6
8.2
8.6
7.8
9.7
6.8
8.6
7.4
7.6
8.6
13.6
11.9
9.8
9.9
9.9
9.9
9.7
9.5
8.9
8.6
8.2
8.1
9.9
13.6
10.1
8.5
8.5
8.6
9.5
9.4
9.4
8.9
8.8
9.1

values of the MT are either *0.6 to 3.7%
depleted or *0.6 to 3% enriched and/or indistinguishable to that of the host limestone

(table 2). d18O vs. d13C cross plot (Bgure 5a) of
the MT as well as host limestone shows weak (R2
= 0.40) and no correlation (R2 = 0.02), respectively. This implies that the MT formation may
have followed very low water-rock interaction at
the early stages of diagenesis. Besides, there is an
average 1.4% depletion in d13C values of the MT
compared to host limestone, but d13CMT mostly
fall within the range of reported carbon isotope
values (i.e., –3.7 to 6.6%; Tewari 1997) of the
limestone and coeval dolomites of the Deoban
Formation (Bgure 5a). Hence, the microcrystalline
calcite within MT was in carbon isotope equilibrium with that of the ambient Deoban seawater
and precipitated from the same DIC (Dissolve
Inorganic Carbon) reservoir (Frank and Lyons
1998; Bishop et al. 2006). Petrographically MTS
consists of uniform, equant, microcrystalline (5–15
lm) calcite with overgrowth (Bgure 5c) and points
towards speedy in-situ nucleation and precipitation compared to relatively coarse host limestone.
In addition, the occurrence of intraclastic MT
within the host limestone and their sharp
boundaries (Bgure 4c) both imply early formation,
within the reach of erosive storm currents, before
cementation of the host rock and prior to any
significant alteration (Pollock et al. 2006; Shen
et al. 2016; Hodgskiss et al. 2018). In outcrop scale
also there is no evidence of sub-aerial exposure
which can be taken as proof of meteoric alteration
and depositional laminae drape against vertical
MT ribbons. In some cases, ribbons are folded,
broken and displaced indicating later compaction
of the host limestone (Frank and Lyons 1998).
Therefore, alternatively, it is also possible that
the MT could have formed before any alteration
and diagenesis (Hodgskiss et al. 2018). In a similar
manner, Pollock et al. (2006) on the basis of CL
studies identiBed two-stage growth history of the
MT, where the Brst micrite size spheroidal particles were developed and remained in suspension
which later acted as the nucleus for overgrowth
during earliest diagenesis. Therefore, it is considered that the carbon isotopic data of MT remains
mostly unaltered; alteration and early diagenesis
had little to negligible eAect on the d13C values of
MT as well as on host limestones of the Deoban
Formation. However, the weak correlation of the
carbon and oxygen isotope data in MT may be
due to either low water–rock interaction during
very early stages of diagenesis or by precipitation
as different carbonate polymorph with a different
equilibrium d18O fractionation, or from water with
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meteoric constituents (Bishop et al. 2006; Bishop
and Summer 2006).
5.2 Proposed origin for the MTS
Any hypothesis regarding the origin of MTS
must address two basic aspects, i.e., (i) mechanism of formation of MT cracks or Bssures and
(ii) process of precipitation and Blling in cracks
by equant calcite microspar (Bishop et al. 2006;
Pollock et al. 2006; Mingxiang and Tucker 2011;
Shen et al. 2016; Hodgskiss et al. 2018). Therefore, on the basis of carbon isotope (d13Ccarb),
total organic carbon content (TOC), sedimentology and petrographic attributes applicability of
different models (discussed earlier) have been
evaluated.

5.2.1 Mechanism of cracking
In general, the positive d13C (1.3 to 6.1%, n = 45
of 46, Bgure 5b) values point towards high productivity and microbial origin for the limestones
of Deoban Formation. Organic matter production
preferentially took the lighter 12C and causes a
corresponding rise in the d13C ratio. Earlier
studies also reported similar d13C values (–3.7 to
6.6%; Tewari 1997) and diverse groups of microbiota belonging to cyanobacteria, algal, fungal
and acritachean aDnities (Srivastava and Kumar
2003) from this carbonates. But d13C of MT is
variably depleted in the majority of the MT-host
pair (Bgure 5b) and compared to the host limestone, overall there is an average 1.4% depletion.
Uniform microcrystalline nature, intraclastic
occurrences and very weak correlation (R2 = 0.4)
in carbon–oxygen isotope data negate the possibility of diagenetic overprinting. However, speedy
precipitation coupled with higher pH can also
cause depletion in d13C but it will also deplete the
corresponding d18O (Zeebe and Wolf-Gladrow
2001; Bishop et al. 2006) which is not observed in
the case of Deoban MT. As discussed earlier, d18O
of the MT show variable depletion as well as
enrichment or indistinguishable in individual MThost pair. Marshall and Anglin (2004) reported
similar depletion in d13C of MT compared to
immediate host carbonate rocks from Kitchener
Formation, Purcell Supergroup and interpreted
the MT formation in lower temperature with
respect to host rock by the destabilization of CO2
clathrate. However, the studied section show the
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ubiquitous presence of storm generated bedforms;
possibly deposited above and very near to storm
wave base. In general, the storm wave base ranges
between 15 and 30 m. The maximum estimated
depth of the storm wave base for Precambrian is
about 40 m (Bose et al. 1988). So Deoban MT
precipitated a much shallow water environment
than the clathrate stability Beld and occurrence
(Bishop et al. 2006). Hence, the relative depletion
in d13C possibly due to precipitation from 13C
depleted pore water derived either from the decay
of organic matter (DOM) or microbial sulphate
reduction (MSR). It is noteworthy that DOM and
MSR cannot produce a very large depletion in
d13C value for MT as it may have dampened by
the large DIC (Dissolve Inorganic Carbon) pool of
the Precambrian ocean (Frank and Lyons 1998;
Lyons et al. 2003; Bishop et al. 2006; Bose et al.
2012). Microbial oxidation of organic matter and
bacterial sulphate reduction produce CO2 and H2S
gases, respectively, which can generate cracks and
Bssures (Frank and Lyons 1998; Furniss et al.
1998). Petrographic observation also indicates the
presence of microbial laminae along the boundary
of the MT as well as within the host massive
limestone with the occurrence of iron sulBde (i.e.,
pyrite), in some cases (Bgure 4). But, the size
distribution of the pyrites is mostly [5 lm and
supports an early to late diagenetic origin (Suits
and Wilkin 1998; Liu et al. 2019). However, Fe
may also get supplied diffusionly from clay minerals. But, the occurrence and association of the
pyrites mostly with microbial laminae and very
low concentration of other foreign material does
not support for the detrital origin of pyrite.
Besides, low to moderate organic carbon content
(TOC: 0.1–0.9%) of the bulk rock indicates suboxic or dysoxic water column. In sub-oxic condition, Fe+3 may get reduced to Fe+2 with the
oxidation of organic matter; whereas, fully
anaerobic ocean conditions is required for microbial sulfate reduction (MSR) (Berner 1980).
Therefore, possibly the cracks have resulted from
the escape of CO2 generated during the oxidation
of organic matter within unconsolidated sediment.
Additionally, as the Deoban MT occur in sediments above and near to storm wave base (SWB)
cracking might have also supported by the stresses (i.e., hydrostatic pressure changes) generated
by the successive loading of waves as large storm
wave approach shallower water; causing heaving
and contracting the unconsolidated sediment
(Bishop et al. 2006).
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5.2.2 Precipitation of MT calcite
One of the most difBcult tasks is to combine constraints of cracking mechanisms with that of precipitation of equant MT calcite (Frank and Lyons
1998; Furniss et al. 1998; Bishop et al. 2006 and
references therein). As discussed earlier that the
MT cracks within Deoban limestone probably
resulted from CO2 gas-expansion within unconsolidated sediments, it follows that the precipitation
of calcite within the cracks have to be very rapid to
account for its uniform crystal size and absence of
any detrital inBll before any subsequent diagenesis
and later reworking within the host sediments.
Under sub-oxic conditions CO2 generated during
microbial oxidation of organic matter, due to limited supply and/or diminutive burial within the
sediment, got trapped within the pore spaces. A
lack of bioturbation in Proterozoic might have
facilitated the entrapment (Grotzinger 1989),
allowed the concentration of calcium to increase in
the pore water. Finally, as cracks developed the
outCow and mixing of escaping CO2 with seawater
raises the pH of the water and promoted subsequent CaCO3 precipitation (Bishop et al. 2006).
The relative depletion of d13C and the microcrystalline nature of the MT calcite supports this
contention.
5.3 Temporal restriction and abundance
in Proterozoic
Temporal restriction and abundance of MTS
within the Meso- to Neoproterozoic carbonates has
been attributed to combined eAects of (i) long term
changes in the depositional condition, (ii) unique
Proterozoic ocean water chemistry, and (iii) biological factors. In general, the Precambrian carbonates shows a gradual decrease from the Bbrous
seaCoor-encrusting cement, aragonite fan, tufas
during Archean to increased production of micrite
and stromatolite with sediment binding texture in
shallow water in Mesoproterozoic (Grotzinger
1989, 1990; Grotzinger and Kasting 1993; Sumner
and Grotzinger 1996, 2000; Grotzinger and James
2000; Bose et al. 2012). In addition, this gradual
change in depositional condition accompanied with
long-term decrease in the gradient of the CaCO3
saturation during mid-proterozoic. Carbonate
precipitation is generally guided by the gradient of
CaCO3 saturation in ocean water (Higgins et al.
2009). Higher gradient causes dissolution of calcite
due to oxidation of organic matter. Whereas, lower

gradient results in supersaturation, increases
alkalinity, promotes nucleation and precipitation
under anoxic conditions. Besides, during the
Mesoproterozoic and Early Neoproterozoic muddy
ocean Coor might have covered with microbial
mats (Mingxiang and Tucker 2011) leading to
supersaturation of Ca+2 and CO3–2; and promoted
carbonate precipitation. For example, cyanobacteria can trap Ca+2 and Mg+2 and deposit CaCO3
in sheaths promoting carbonate precipitation (Bose
et al. 2012).
Similarly, the demise of MTS in geological time
scale is more difBcult to explain (Frank and Lyons
1998; Shields 2002; Bishop et al. 2006 and references
therein) and attributed to major glaciations,
increased tectonic activity, decrease in microbial
colonies and appearance of skeletal carbonates,
increased bioturbation, increased plate motion
leading to rapid subsidence and destruction of
shallow water carbonate platforms and near
attainment of Phenerozoic carbonate saturation
(Grotzinger and Kasting 1993). However, a few
isolated occurrences of MTS, e.g., in post-Marinoan
Keilberg cap carbonate in Namibia and ca. 580 Ma
Wonoka Formation in South Australia is possibly
associated with times of large DIC during deglaciation and high atmospheric CO2 (Lee et al. 2015).
6. Conclusions
• Molar-tooth structures within Mesoproterozoic
carbonates of Deoban Formation indicate deposition in between fair weather- and storm wave
base. However, a decimeter thick limestone bed
with ubiquitous presence of hummocks and
gutters signify deposition above and near to
storm wave base.
• Equant microcrystalline nature of the molartooth calcite, lack of sediment inBll within the
cracks and gradational contact with host limestone under petrography point toward rapid
calcite nucleation and precipitation in Cuid-Blled
cracks. In addition, the reworking of MT as
intraclast, draping of lamina against vertical
ribbons, folding and oAset of ribbons on outcrop
scale all together supports for early formation
and before significant lithiBcation of the host
limestone.
• Positive d13C value along with moderate TOC
supports for the microbial origin and sub-oxic to
slightly anoxic/dysoxic water column condition
during the deposition of Deoban carbonates.

99

Page 12 of 13

• CO2 generated during the microbial oxidation of
organic matter combined with wave loading
during the storm possibly resulted in the MT
cracks. Overall depletion in d13C in MT and the
presence of microbial laminae along the MT
boundary support this view.
• Precipitation of microcrystalline calcite within
the cracks may have been triggered by alkalinity
generated by the mixing of outCowing CO2 with
seawater.
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