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ABSTRACT

Early Eocene Umlatdoh Limestone of Sylhet Limestone Group have been studied to understand their framework constituents and diagenetic processes.
Additionally, an approach was made to infer the depositional environment of this limestone based on the abundance of biogenic assemblages. Two
vertical profile sections were measured and representative rock samples were collected for petrographic study. The limestones of the study area are
classified as wackestone, packstone and grainstone, dominated by calcareous green algae (Dasycladalean algae) and large benthic foraminifers. An
open lagoonal to proximal middle shelf environment has been envisaged during the deposition of the studied limestone. The diagenetic overprints of
these limestones are characterized by several key diagenetic features, including micritization, cementation, compaction, dissolution and neomorphism.
These diagenetic processes occurred in marine phreatic, meteoric phreatic, mixed meteoric phreatic, and burial diagenetic environments. Micritization
of allochems, cementation by isopachous and granular calcite, neomorphism, and bioclast recrystallization occurred during meteoric-phreatic diagenesis.
Meteoric-vadose diagenesis led to extensive dissolution and the infilling of fractures with sparry calcite. During burial diagenesis, blocky calcite

cementation appears to have become prominent.
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INTRODUCTION

The Sylhet Limestone Group is well known for its captivating
lithology as developed in the Cherrapunjee area of
Meghalaya, Northeast India. Thick alternating carbonate and
siliciclastic sequences, ranging in age from Late Palaeocene
to Middle Eocene (Tewari et al., 2010a,b; Ghosh and Sarkar,
2013; Sarkar, 2015a,b, 2016) characterize the group. Larger
benthic foraminiferal (LBF) assemblages and calcareous
algae, dominate the carbonate sequences. Although the
larger benthic foraminiferal (LBF) assemblages from
Palaeogene succession of Meghalaya have been correlated
with both the Tethyan and Indo-Pacific provinces (Jauhri,
1994; Jauhri et al., 2016), very little is known about their
palaeo-environmental implications, including enormous
development of carbonate build-ups, and large accretion of
marine biota (Saraswati et al., 2018; Srivastava and Singh,
2019). Further, abundance of biogenic assemblages in
shallow water carbonate depositional systems is substantially
influenced by environmental factors like tides, waves, and
occasional storms (Boothroyd, 1985; Hallock and Glenn,
1986; Jones and Hunter, 1992; Scoffin, 1993; Li et al., 1997,
1998; Shaghude et al.,, 2002; Gischler et al., 2003;
Beavington-Penney and Racey, 2004; Wilson et al., 2010).
The present study aims to identify different biogenic
assemblages as well as various diagenetic attributes
preserved in the Early Eocene Umlatdoh Limestone (Sylhet
Limestone Group), employing microscopic analysis (Adams
and MacKanzie, 1998) and their interpretation in terms of
diagenetic vis-a-vis depositional environments.

GEOLOGICAL SETTING OF THE STUDY AREA

The study area forms a part of the southern Shillong Plateau
and includes localities surrounding Wahrew Bridge of
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Meghalaya (25°10°50.68""- 25°10°50.70"" N; 91°45°52.67""-
91°45°'51.57"" E; Figure 1). The Shillong Plateau is a
northeastern extension of the Peninsular India which is
bounded by E-W trending Brahmaputra Fault system to the
North and the Dauki Fault to the south. The N-S trending
Jamuna Fault defines the western limit while eastern margin
of the plateau is marked by NW-SE Kopili Fracture zone
(Evans, 1964; Desikachar, 1974; Acharyya et al., 1986;
Nandy, 1986; Gupta and Sen, 1988; Ray et al., 2011; Nandy,
2017). The Southern Shillong Plateau is covered by
Cretaceous and Cenozoic sedimentary deposits forming a
raised topography in the foreland of the Himalayas (Nagappa,
1959; Garg and Jain, 1995; Biswas et al., 2007; Kalita and
Gogoi, 2015; Najman et al., 2016). Overlying conformably
the Cretaceous cover, Southern Shillong Plateau
spectacularly exposes the complete Paleocene -Eocene
succession (Table 1) (Sarkar, 2020).

The Therria sandstone comprising intercalated sandstone —
shale with minor coal units, marks the beginning of Tertiary
succession. The Sylhet Limestone Group divisible into lower
Lakadong, middle Umlatdoh, and upper Prang Formations
conformably overlies the Therria sandstone. The lower and
middle divisions of the Sylhet Limestone are comprised of
calcareous (lower) and arenaceous (upper) members, while
youngest Prang Formation is predominantly calcareous.
Further, the three formations of Sylhet Limestone Group are
considered to have resulted in response to three successive
marine transgressions during the late Paleocene, early
Eocene, and the middle Eocene periods respectively. The late
Eocene Kopili Formation on the top, marks the closer of
Tertiary succession in the region (Jauhri, 1994, 1998; Sarkar,
2020).
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Figure 1. Generalized geological map of the Shillong Plateau, Northeast India, showing location of the study area (modified after

Sahoo et al., 2024).

The study area comprises of Umlatdoh Formation, divisible Umlatdoh Limestone (Figure 2 a-d) around which the
into lower Umlatdoh Limestone and upper Narpuh Sandstone present study is centred, displays 2-6 meters thick algal —
(Nagappa, 1959; Mehrotra and Banerji, 1973; Jauhri and foraminiferal carbonate with occasional dolomite.

Agarwal, 2001;

Sarkar, 2016, 2020) members.

The

13



J. Ind. Geophys. Union, 29(1) (2025), 12-25 Anni Rani Das et al.,

Table 1. Lithostratigraphic succession of the study area (after Sarkar, 2020)

Age Lithostratigraphic unit Lithology
Late Eocene Kopili Formation Alternations of shale and sandstone
Prang Formation Highly fossiliferous limestone with abundant large
Middle Eocene g' nummulitids, alveolinids, and orthophragminids
Early Eocene 2 Umlatdoh Formation Arkosic, ferruginous sandstone (with no foraminifera)
c
2 Narpuh Sandstone Hard, massive limestone rich in benthic foraminifera
qg) Umlatdoh Limestone
-
Late Palaeocene o Lakadong Formation Soft, friable, buff colored sandstone with coaly horizons
=
-earliest Eocene % Lakadong Sandstone Hard, compact limestone with abundant larger
Lakadong Limestone foraminifera
Late Palaeocene Therria Sandstone Medium to - coarse grained sandstone, shale with minor
coal units
Early Palaeocene Langpar Formation Calcareous shale with limestone bands

Figure 2. (a) and (b) Field photographs showing outcrops of Umlatdoh Limestone used in the measurement of vertical profile sections
(VPS—1&1I). (c) and (d) depicts parallel layering of fossil Nummulites in hand specimens.
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METHODOLOGY

Two outcrop locations along the road cuttings near Wahrew
Bridge, Sohbar (Figure 2a,b) were identified for detailed
measurements and recording of vertical profile sections.
Based on textural and lithological variations, colour, nature
of bedding etc. two vertical profile sections were documented
(Figure 3a,b) besides collection of samples in time and space.
Thin sections were prepared for the purpose of detailed
microscopic analysis using Euromax research microscope at
the Department of Geology, North Eastern Hill University,
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Shillong. The Umlatdoh Limestones were then classified
using the classification scheme after Dunham (1962).

RESULTS

Petrography

Based on the classification scheme after Dunham (1962),
Umlatdoh Limestone were classified as wackestone,
packstone and grainstone (Figure 4 a-d), the major
components of these limestones being skeletal grains, non-
skeletal grains, and cement including micrite and sparry
calcite.

25°10'50.70" N
91°45'51.57"E
2510/50.68/ N 1' Eopgtg!
91°45'52.67"E I
m
il i | 1 I#
I °|l
B =
| C

| INDEX

5m

:'_j Grainstone

l L Packstone

B Wackestone

:

Fossil Fragments

= L Tl [ Egl T T
Ln Fe 3 e l I l l
i P s T2 | C
[T T LT 1
Lithology Lithology
@ b
Figure 3. (a) and (b). Vertical profile sections of Umlatdoh Limestone recorded near Wahrew Bridge, Sohbar, Meghalaya.
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Figure 4. Photomicrographs of Umlatdoh Limestone showing (a) Wackestone and neomorphism of bioclasts (XPL), (b) Packstone
and neomorphism of bioclasts (PPL), (c) Miliolid Grainstone (PPL) and (d) Algal Grainstone (PPL).

Skeletal grains

Skeletal grains are mostly comprised of large benthic
foraminiferal remains including Nummulites sp. (Figure 5a),
Assilina sp. (Figure 5e), Alveolina sp. (Figure 5b),
Discocyclina sp. (Figure 5c), Biloculina sp. (Figure 5d),
Quniqueloculina sp. (Figures 5f & 6i), Periloculina sp.
(Figure 6h) and Lockhartia sp. (Figure 6g). Dasycladalean
algae appears abundantly in almost all the thin sections
(Figure 6 a—f). Shell structures are generally well preserved,
yet a few skeletal grains are filled with sparry calcite.

Non-skeletal grains

Non-skeletal grains mainly consist of intraclasts, ooids, and
peloids. Aggregates bounded by organic matter or several
carbonate particles, cemented together by microcrystalline
cement, can also be observed. Intraclasts, thus present, are
fragments of lithified or partly lithified carbonate sediments
(Figure 5g). Lithified or partly lithified irregularly shaped
discrete carbonate fragments of varied sizes have been
termed as intraclast (Azizi et al., 2014). These also occur as
composite grains bounded together by organic matter as well
as microcrystalline carbonate cement (Figure 5g).

Ooids, in the studied thin sections, occur as more or less
spherical bodies having 2 mm diameter with concentric rims
around a nucleus (Figure 5g, h). Cylindrical to elliptical
grains of micritic composition ranging between 0.1-0.2 mm
in diameter have been identified as of peloids (Figure 5g).
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Diagenesis

Diagenesis refers to all those processes leading to
destruction, dissolution and formation of new minerals in
sediments simultaneous to or slightly after burial till the
sediment eventually consolidates and lithifies into
sedimentary rock (Tucker, 1993; Melim et al., 2002; Boggs,
2009; Azizi et al., 2014; Nader, 2017; Ishaq et al., 2019).
Petrographic studies reveal the presence of diagenetic
processes like micritization, compaction, cementation,
dissolution, neomorphism and internal filling responsible for
the lithification and subsequent consolidation of the
Umlatdoh Limestone.

Micritization

Micritization involves conversion of certain allochemical
grains into dense micrite by the activity of endolithic algae
(Longman, 1980; Adabi, 2009; Jafarian et al., 2017, 2018). It
takes place in disturbed or shallow water environment at or
just below the sediment — water interface where margins of
carbonate grains are replaced by micrite (Wei, 1995; Adams
and MacKenzie, 1998; Kabanov, 2000). In the present
context, development of micritic envelope around skeletal
fragments such as Nummulites sp. (Figure 5a), Assilina sp.
(Figure 5e), Alveolina sp. (Figure 5b), Discocyclina sp.
(Figures 5c¢ and 7h), Biloculina sp. (Figure 5d and 7e) has
been attributed to micritization besides modification of
internal architectures of a few non-skeletal grains (Figure

59).
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Compaction

The process of sediment volume reduction under the
influence of several variables including overburden,
subsurface temperature and pressure, burial stress, pore
pressure and the chemistry of pore-water, is referred to as
compaction. Petrographic studies on Umlatdoh Limestone
provide evidences in favour of both mechanical as well as
chemical compaction. Modifications in grain contacts from
point to long, concavo-convex, and sutured contact has been
attributed to mechanical compaction (Figures 5g,f and 8d). In
the studied thin sections, Assilina sp. (Figures 5e and 7a)
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generally display evidences of mechanical compaction due to
progressive increase in the owverburden pressure during
burial.

The later stage of diagenesis resulted from increased
compaction caused by overburden and tectonic stresses.
Initially, grain-to-grain contacts formed due to the

overburden, which gradually evolved into planar and sutured
grain contacts. This process led to the development of
stylolites (Figures 5f and 7b), also known as dissolution
seams or chemical compaction.

Figure 5. Photomicrographs of Umlatdoh Limestone showing (a) Nummulites sp. (PPL), (b) Alveolina sp. (PPL), (c) Discocyclina sp.
(PPL), (d) Biloculina sp. (PPL), (e) Assilina sp. (XPL), (f) Quniqueloculina sp. (sutured grain contacts, yellow arrow, PPL), (g)
Spherical ooids (yellow arrow) with complete micritization that has destroyed the internal structures of ooids, with outer rim preserved,
Intraclast (green arrow), Peloids (red arrow), point and tangential grain contacts and calcite veinlets (PPL), (h) Calcite vein (red arrow)
and Spherical ooids (yellow arrow, PPL).
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Figure 6. Photomicrographs of Umlatdoh Limestone showing (a) — (f) Dasycladalean algae with blocky calcite cement which occurs
as a pore-filing in the intergranular pore spaces (PPL), (g) Lockhartia sp. (PPL), (h) Periloculina sp. with well-preserved
micrite coating/envelope around the bioclasts indicating micritization (XPL), (i) Quniqueloculina sp. with well-preserved
micrite coating/envelope around the bioclasts indicating micritization (yellow arrow, PPL).

Cementation

Cementation occurs throughout the entire diagenetic process,
where chemical precipitates (in the form of new crystals)
form within the pores of sediment, binding the grains
together (Mcllreath and Morrow, 1990). The mineralogy,
shape, and crystal structure of carbonate cements evolve as
the diagenetic environment and water chemistry transform
from marine phreatic to meteoric phreatic, and then to
shallow and deep subsurface waters (Ahr, 2008). The
Umlatdoh Limestone contain various types of cements as
follows.

Fibrous calcite cement

Fibrous calcite cement appeared as bundles of calcite crystals
embedded within a micritic groundmass. It forms along the
outer margins of allochem grains, occurring as fine
crystalline spars with a thickness of 0.1-0.5 mm (Figure 8d),
indicating a shallow marine environment (Fliigel, 1982). The
presence of fibrous cement is widely recognized as the
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clearest evidence of synsedimentary cementation (Longman,
1980; Flugel, 2010).

Granular calcite cement

Granular cement, also known as blocky cement, occupied
both intergranular and intra-particle pore spaces (Figure 7g).
It consists of subhedral to anhedral crystals with crystal size
increasing as they grow away from the substrate. The
presence of granular calcite cement in both skeletal and non-
skeletal grains indicates a low Mg/Ca ratio in the fluids
(Purser, 1978). In meteoric water environment, the low Mg?*
content promotes the precipitation of calcite in a granular or
blocky form, indicate freshwater diagenesis. In the meteoric
phreatic zone, where pore spaces are predominantly filled
with water, the cementation is more uniform, resulting in
larger blocky calcite crystals (Wright and Tucker, 1990;
Khalifa, 2005; Zhang et al., 2006; Fliigel, 2010; Abu El Ghar
etal., 2015). The filling of macropores with coarse crystalline
cements is interpreted as evidence of burial cementation
(Guo et al., 2016).
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Blocky calcite cement

The next generation after fibrous cement is the blocky calcite
cement, filled the remaining voids between allochems. It
consists of fine- to coarse-grained, subhedral to anhedral
crystals ranging from 0.5 to 3 mm in size and also fills
internal cavities within bioclasts as intergranular cement
(Figure 6¢ & 7d). In meteoric water environments, low Mg
content promotes the precipitation of blocky calcite cements
(Choquette et al., 1990; Tucker, 2001; Zhang et al., 2006;
Fligel, 2010). These cementations occur during both
eodiagenesis and mesodiagenesis, filling the voids.
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Inthis study, some instances show dissolution features in the
central blocky cement within pores, suggesting deep burial
diagenesis (Oldershaw, 1971; Folk, 1974; Bathurst, 1975;
Wong and Oldershaw, 1981; Ahmad et al., 2006). In other
cases, blocky calcite cement is associated with calcite veins,
marking the final phase of cementation and likely formed in
a deep phreatic burial environment (Singh, 1987). Carbonate
rocks containing this late-stage cement retain some of their
primary porosity.

Figure 7. Photomicrographs of Umlatdoh Limestone showing (a) Compaction effects on Assilina sp. (XPL), (b) Development of
stylolite (yellow arrows) due to compaction (PPL), (c) Development of stylolite (yellow arrows) due to pressure dissolution (PPL), (d)
Blocky calcite cement occurs as a pore-filing in the intergranular pore spaces, (XPL), (e) Micritization around Biloculina sp. (PPL), (f)
Growth of drusy calcite cement in Miliolid sp. (XPL), (g) Granular calcite cement exhibits fillings of intra-granular pores (XPL), (h)

Growth of drusy calcite cement (yellow arrows, XPL).
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Figure 8. Photomicrographs of Umlatdoh Limestone showing (a) fine crystals of rim cements around intraclasts (arrows, PPL), (b)
cement in fractures (PPL), (c) cement in fractures (XPL), (d) point contact (PPL), with isopachous fibrous cements around
bioclasts, () Growth of syntaxial calcite cement (yellow arrow).

Neomorphism

Neomorphism encompasses both aggrading and degrading
recrystallization, involving transformations within a mineral
or its polymorph. The resulting crystals may vary in size or
shape from the original ones. In the studied carbonate rock, a
specific type of neomorphism, known as calcitization, is
observed. This process involves the recrystallization of
aragonite shells into sparry calcite, which plays a significant
role in carbonate diagenesis (Figures 4a, b). Calcitization is
well developed in the micritic matrix, indicating the influence
of a meteoric phreatic environment (Choquette and James,
1987; Shaaban, 2004; Kiefer-Ollier et al., 2010; Heidari et
al., 2014).

DISCUSSION

Petrographic studies of the Umlatdoh Limestone reveal
distinct diagenetic environments as marine, meteoric, and
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burial realms based on diagenetic features, mineralogical

compositions,  cement  types, and  microfabrics.
Characteristics of the marine environment include
bioturbation, micritization,  physical ~ compaction,

neomorphism, and isopachous fibrous calcite cement. The
meteoric environment is marked by granular and blocky
calcite cement, mechanical compaction, and neomorphism.
In the burial environment, key processes include blocky
calcite cement, mechanical and chemical compaction,
fracturing, and the formation of calcite veins.

The petrographic analysis further indicates that the Umlatdoh
Limestone underwent two primary diagenetic stages:
eodiagenesis and mesodiagenesis, each associated with
significant diagenetic events in distinct environments (Figure
9). During the eodiagenesis stage, micritization affected
various allochems, including both skeletal (bioclasts, Figure
6h, i) and non-skeletal grains (Figure 5g). This process was
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likely driven by microbial activity, including algae and fungi
(Llinas, 2002; Vincent et al., 2007; Jadoul and Galli, 2008;
Ronchi et al., 2011). Following micritization, marine
isopachous rim cement formed around both skeletal and non-
skeletal grains.

Marine environment

Marine diagenetic environments are characterized by early
micritization and the formation of non-ferron-isopachous
fibrous cements (Khalifa, 2005; Taghavi et al., 2006; Vincent
etal., 2007; Mahboubi et al., 2010; Abu El Ghar et al., 2015).
Micritization is one of the most prominent diagenetic features
identified in the Umlatdoh Limestones, suggesting formation
in a marine setting. It appears as micritic envelopes and
micritized skeletal (bioclasts, Figure 6h, i) and non-skeletal
grains (Figure 5g), likely caused by mechanical

J. Ind. Geophys. Union, 29(1) (2025), 12-25

disintegration or bioerosion of large calcareous organisms,
such as Nummulites and algae, by endolithic algae (EI Ghar
and Hussein, 2005; Khalifa, 2005; Melim et al., 2002). The
precipitation of isopachous and pore-filling calcite and
calcite overgrowths (Figure 8e) is typically associated with
marine and mixed marine-meteoric processes.

Meteoric environment and Mesodiagenesis processes

The presence of granular calcite cement, early-stage blocky
calcite cement, micritic cement, dissolution of molds, and
neomorphism all indicate meteoric-phreatic diagenetic
realms (Melim et al., 2002; Vincent et al., 2007; Abu EI Ghar
etal., 2015). Similarly, in the mesodiagenesis processes, such
as mechanical and chemical compaction, cementation,
neomorphism, formation of calcite veins, and fracturing
processes impacted the studied limestone (Figures 5h, 8b, c).
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Figure 9. Detailed paragenetic sequence of the Umlatdoh Limestone, representing different diagenetic events observed in thin sections
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Figure 10. Conceptual depositional model of Umlatdoh Limestone of the study area.

Burial environment

The Umlatdoh Limestone possess features such as sutured
and concavo-convex contacts, fractures, veins, and blocky
and granular calcite cements. During cementation, calcite
crystals formed as overgrowths and blocky textures,
suggesting precipitation under burial conditions (Moore,
1989). Burial diagenetic realms are typically divided into
shallow and deep burial, though the exact boundary between
them is not clearly defined (Vincent et al., 2007; Flugel,
2010). Mechanical compaction features, such as suture and
concavo-convex contacts, are indicative of shallow burial
condition (Vincent et al., 2007; Mahboubi et al., 2010;
Abuseda et al., 2015). Characteristics of chemical
compaction such as stylolites and dissolution seams, also
appear to develop in shallow burial environments (Mahboubi
et al., 2010; Abuseda et al., 2015). In the deep burial realm,
fractures, dissolution, and calcite veins, along with blocky
calcite cements, are prevalent.

The Umlatdoh Limestone are rich in skeletal grains,
including larger benthic foraminifera namely Nummulites
sp., Assilina sp., Alveolina sp., Discocyclina sp., Biloculina
sp., Quniqueloculina sp., Periloculina sp., Lockhartia sp., and
Dasycladalean algae. Abundance of Dasycladalean algae and
large benthic foraminifera in the Umlatdoh Limestone clearly
indicate that these carbonates are analogous to modern
shallow-marine carbonates. Based on biogenic assemblages,
the depositional environment of the Umlatdoh Limestone is
interpreted as an open lagoonal to proximal middle shelf
environment (Figure 10).

22

CONCLUSIONS

The present study deals with the diagenetic characteristics
and depositional environment of Umlatdoh Limestone
exposed in southern Shillong Plateau, Meghalaya. The
following conclusions are drawn from the present study:

(1) The fine- to medium-grained Umlatdoh Limestone are
rich in both skeletal and non-skeletal grains classified as
wackestone, packstone and grainstone.

(2) The non-skeletal grains consist of intraclasts, ooids, and
peloids, while skeletal grains include foraminifera
(Nummulites sp., Assilina sp., Alveolina sp.,
Discocyclina sp., Biloculina sp., Quniqueloculina sp.,
Periloculina sp., Lockhartia sp.), Dasycladalean algae

and Coraline algae.

(3) The abundance of biogenic assemblages suggests that
the depositional environment of the Umlatdoh
Limestone was an open lagoonal to proximal middle

shelf environment.

(4) The Umlatdoh Limestone underwent various diagenetic
processes, including  micritization, cementation,

compaction, dissolution, and neomorphism.

(5) Based on mineralogical and textural variations in the
studied limestones, distinct diagenetic environments
were identified, including meteoric-phreatic
(freshwater), marine phreatic, mixed marine phreatic,

and burial diagenetic settings.
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