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Abstract: The Cretaceous pelagic carbonate succession, i.e., Goru Formation was studied in the
Chutair Section, Sulaiman Range, representing part of the eastern Tethys for the paleoenvironment
and bio-sequence stratigraphy. Eight planktonic foraminiferal biozones are identified which include:
1. Muricohedbergella planispira Interval Zone; 2. Ticinella primula Interval Zone; 3. Biticinella breggiensis
Interval Zone; 4. Rotalipora appenninica Interval Zone; 5. Rotalipora cushmani Total Range Zone;
6. Whiteinella archeocretacea Partial Range Zone; 7. Helvetoglobotruncana helvetica Total Range Zone;
and 8. Marginotruncana sigali Partial Range Zone representing Albian-Turonian age. The pet-
rographic studies revealed five microfacies: 1. Radiolarians-rich wacke-packestone microfacies;
2. Radiolarians-rich wackestone microfacies; 3. Planktonic foraminiferal wacke-packestone microfa-
cies; 4. Planktonic foraminiferal wackestone microfacies; and 5. Planktonic foraminiferal packestone
microfacies; indicating deposition of the Goru Formation in outer-ramp to deep basinal settings.
Based on the facies variations and planktonic foraminiferal biozones, the 2nd and 3rd order cycles
are identified, which further include six transgressive and five regressive system tracts. The sea
level curve of the Goru Formation showed fluctuation between outer-ramp and deep-basin, showing
the overall transgression in the 2nd order cycle in the study area, which coincides with Global Sea
Level Curve; however, the 3rd order cycle represents the local tectonic control during deposition of
the strata.

Keywords: microfacies; biostratigraphy; Chutair Section; sequence stratigraphy; Sulaiman Range;
Stratigraphic Analysis; eastern Tethys

1. Introduction

The Sulaiman Range in Pakistan consists of thick Triassic to Pleistocene sedimentary
succession [1,2]. Whilst these units represent predominantly marine succession, the post
Eocene shows the fluvial depositional realms [2]. Among all marine succession, the pelagic
carbonates of the Goru Formation, which is subject of the current study, was deposited in
the Cretaceous time (i.e., mid-Cretaceous) [3]. The Early and Early Late Cretaceous reflect a
period of significant paleoenvironmental changes, which manifested itself in the installation
of widespread dys-aerobic to anaerobic conditions in outer-shelf and basinal settings on
multiple stages [4,5]. The mid-Cretaceous period (i.e., 124–90Ma) saw a shift in the ocean-
climate system’s dynamic. Increased tectonic activity and changing paleogeography were
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responsible for the changes [6]. The planktons preserved in deep-sea marl, organic-rich
shale, and pelagic carbonate from the mid-Cretaceous (Barremian–Turonian) period provide
an important record of how the marine biosphere responded to short- and long-term
changes in the ocean-climate system [7]. Dynamic paleo-oceanographic settings affected the
evolution of planktonic foraminifera throughout the mid-Cretaceous [8]. A vital radiation
in the evolution of planktonic foraminifera occurred during the Late Albian–Cenomanian
(105–93 Ma), characterised by the appearance of new morphologies, such as single-keeled
trochospiral and biserial taxa with supplementary apertures, and the development of
complex wall textures, such as macroperforate, muricate, and costellate, which lasted until
the end of the Cretaceous [9]. The mid-Cretaceous, in the marine plankton, was likewise a
time of high radiation and turnover [10]. The southern high latitudes were likely the main
sources of deep-water production during the mid-Cretaceous, with subtropical convection
restricted to isolated basins [11].

The autotrophic calcareous nano-plankton and heterotrophic planktonic foraminifera
and radiolarians, both of which have mineralized skeletons of calcium carbonate and
silica, are both abundant and well-preserved in mid-Cretaceous marine strata [7]. At or
near the Oceanic Anoxic events (OAEs), radiolarians show high rates of evolutionary
turnover that is extinction and radiation [12]. During the Cenomanian–Turonian boundary,
the first bioevent occurred and the isochronous extinction of rotaliporids and the evolu-
tion/diversification of Praeglobotruncana, Dicarinella, and Marginotruncana indicate the start
of the Turonian [7,13,14].

Based on planktonic foraminifera biostratigraphy, the pelagic carbonates of the Goru
Formations in the Southern Kirthar Ranges represent Cretaceous age and the fauna show an
open-marine environment [15]. The Goru Formation in the Lower Indus Basin (i.e., Kirthar Ranges)
comprised of yellowish to greenish grey, fine to coarse grain sandstone interbedded with
siltstone and shale in lower part whilst dark gray-to-black shales with siltstone and clay
interbeds in upper part [16,17]. Here, the Goru Formation represents the main hydrocar-
bon bearing reservoir zone [18–21]. Previously researchers have conducted only patchy
work on the Goru Formation in the Lower Indus Basin with respect to deposition and
biostratigraphy; authors in a study [22] assigned the Albian to Cenomanian age to the
Goru Formation on the Nar River Section, near Goru village in the Kirthar Range. In
another study, authors [23] assigned to it Albian to Cenomanian age based on calcareous
nannofossils and planktonic foraminifera of NW Pakistan. The Goru Formation in the
Kirthar Range was allotted as an Lower Aptian to Coniacian age [24]. The Goru Formation
has not been studied in detail in the study area for biostratigraphy, paleoenvironments and
sequence stratigraphy. Therefore, the aims of this study are to determine the biostratigraphy,
paleoenvironments and sequence stratigraphy of the Goru Formation.

2. Tectonic and Stratigraphic Settings

The Sulaiman Range is a structurally and tectonically active thin-skinned fold and
thrust belt that developed from an oblique collision between Eurasia and India [25]. The
Chaman sinistral strike slip fault and the Zhob Ophiolites (i.e., Muslim Bagh Ophiolites)
form the northern and western boundaries of this thrust belt (Figure 1). It resulted by
transpression of left lateral Chaman Fault as well as the southward thrusting of the western
end of the India [26–28]. The Sulaiman Range has a Triassic to Oligocene stratigraphy. The
Chutair Section is a part of the Sulaiman Range near Ziarat. The stratigraphic succession
exposed in the study area ranges from the Triassic Wulgai Formation to the Oligocene con-
glomerate [3] (Figure 2), having being deposited on a broad shelf opening in the westward
terminations into the southerly expansion of the Tethys during the Early Cretaceous [3].
The Goru Formation in the western part of the Sulaiman Range, where the study area is
located, is primarily composed of thinly bedded limestone. The limestone has a grey hue
in the lower part of the formation, a cream color in the middle, and a red and brown color
in the upper part (Figure 2).
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Figure 1. Map showing the study area and distribution of Triassic to Holocene rocks in the Sulaiman
Range. (After [29]).
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Figure 2. Generalized stratigraphy and lithologic log of Goru Formation at the study area, i.e., Chutair
Section (After [3]).

3. Methodology

The Cretaceous pelagic carbonates of the Goru Formation exposed at Chutair Section
(at Lat: 30◦20′38.02′′ N; and Long: 67◦54′11.26′′ E), Sulaiman Range is sampled for the
determination of depositional environment, biostratigraphy, and sequence stratigraphy.
The section is logged and 31 samples are collected on the basis of facies variation for the
petrographic study [30]. The important features at the outcrop scale are noted. The field
samples were cut into slabs and thin sections were generated at thin section laboratory of
the National Centre of Excellence in Geology (NCE in Geology), University of Peshawar.
The Nikon eclipse LV100ND polarizing microscope having dispersion staining observation
at up to 400×magnification was used to examine and photograph the thin section at the
Sedimentology and Paleontology Laboratory, NCE in Geology, University of Peshawar.
The petrographic studies are carried out for the biostratigraphy and paleoenvironment.
The morphological characteristics of planktonic foraminifera are used in association with
published literature for identification [9,31,32]. For the sequence stratigraphic studies, the
microfacies and biostratigraphy are used to define the system tracts and order of cycles, by
using the sequence models from the literature [33,34].
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4. Results and Discussions
4.1. Planktonic Foraminiferal Biostratigraphy

The planktonic foraminiferal studies are carried out for the determination of biostratig-
raphy of Goru Formation in the study area. Forty-four species of planktonic foraminifera
that belonged to different genera are identified from thin section examination (Figure 3).
Based on taxa’s stratigraphic distribution within the Goru Formation in the study area
(i.e., Chutair Section; Figure 1), 8 planktonic foraminiferal biozones are documented
(Figure 4). These biozone are compared with literature [32,35–37]. The documented
planktonic foraminifera are correlated with global biozonal schemes. All foraminiferal
species’ thin section photomicrographs are shown in Figure 3. The biozones discussed
from the Albian–Turonian age of the pelagic carbonates of the Goru Formation are given
as: Muricohedbergella planispira Interval Zone; Ticinella primula Interval Zone; Biticinella
breggiensis Interval Zone; Rotalipora appenninica Interval Zone; Rotalipora cushmani Total
Range Zone; Whiteinella archeocretacea Partial Range Zone; Helvetoglobotruncana helvetica
Total Range Zone; and Marginotruncana sigali Partial Range Zone. These zones are discussed
in detail as follows:

Muricohedbergella Planispira Interval Zone (Moullade, [38])
Age: Early Albian
Definition: Partial range zone of Muricohedbergella planispira from the transition to the

First Appearance Datum (FAD) of Ticinella primula.
Assemblage: Muricohedbergella delrioensis, M. planispira (Figures 3 and 4).
Remarks: This zone is marked based on the FAD of the Ticinella primula, and is

characterized by the low-diversity assemblages. The zonal marker’s FAD is recorded at the
bottom of the section, and it may extend deeper into the unexposed stratigraphic depth,
casting doubt on the Late Aptian age, although the base of the Albian is marked by the
presence of Microhedbergella renilaevis [39] and in this part of the basin this particular species
have not been identified (Figure 4).

Ticinella Primula Interval Zone (Moullade, [38])
Age: Middle Albian
Definition: The zone ranges from the FAD of the Ticinella primula to the FAD of

Biticinella breggiensis.
Assemblage: Muricohedbergella delrioensis, M. planispira, M. rischi, M. simplex, Ticinella

praeticinensis, T. primula, T. roberti (Figures 3 and 4).
Remarks: The planktonic foraminifera gradually increase in this zone. Some of the

planktonic species have their FADs in this zone including M. rischi, M. simplex, and Ticinella
roberti. These taxa FADs have also been reported from this zone of the Parh Formation of
Mughal Kot Section [40]. However, elsewhere in the world, the Ticinella roberti has been
reported from the older Zone, i.e., Ticinella bejaouaensis zone [32,36]. This zone is correlated
with the Ticinella primula zone of Premoli Silva and Verga [9].

Biticinella Breggiensis Interval Zone (Moullade, [38])
Age: Middle Albian
Definition: This zone started from the FAD of Biticinella breggiensis to the FAD of

Rotalipora appenninica and Planomalina buxtorfi.
Assemblage: Biticinella breggiensis, B. subbreggiensis, Macroglobigerinelloides bentonen-

sis, Muricohedbergella delrioensis, M. planispira, M. rischi, M. simplex, Ticinella praeticinensis,
T. primula, T. raynaudi (Figures 3 and 4).

Remarks: The upper boundary of this zone is marked on the FAD of Rotalipora appen-
ninica and Planomalina buxtorfi instead of Rotalipora ticinensis, which is the defined boundary
elsewhere in the world [32,38]. The diversity in the planktonic foraminifera increase in this
zone such as M. bentonensis, T. praeticinensis, and T. raynaudi, start to appear in this zone.

Rotalipora Appenninica Interval Zone (Bronnimann, [41])
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Age: Late Albian
Definition: This interval spans from the FAD of Rotalipora appenninica to the FAD of

Rotalipora globotruncanoides.
Assemblage: Heterohelix moremani, H. reussi, Macroglobigerinelloides bentonensis, M. caseyi,

Muricohedbergella delrioensis, M. planispira, M. rischi, M. simplex, Planomalina buxtorfi,
P. praebuxtorfi, Praeglobotruncana delrioensis, Rotalipora appenninica, R. balernaensis, Ticinella
madecassiana, T. primula (Figures 3 and 4).

Remarks: The planktonic foraminiferal diversity and abundance increase. The keeled
forms mostly appeared in this zone, i.e., Rotalipora appenninica, Planomalina praebuxtorfi,
P. buxtorfi. The Heterohelix moremani, H. reussi, Macroglobigerinelloides caseyi, and Prae-
globotruncana delrioensis, also appeared at the base of this zone (Figure 4). Some of the
species disappeared in this zone, i.e., Biticinella breggiensis, B. subbreggiensis, Ticinella primula,
T. roberti. The lower zones that were identified [9,32,36] are missing in this succession which
with other factors could also be attributed to the coarse sampling in the field.

Rotalipora Cushmani Total Range Zone (Borsetti, [42])
Age: Middle to Late Cenomanian
Definition: The Total range zone of Rotalipora cushmani.
Assemblage: Heterohelix reussi, H. moremani, Muricohedbergella delrioensis, M. planispira,

M. rischi, M. simplex, Macroglobigerinelloides bentonensis, Praeglobotruncana delrioensis,
P. stephani, Rotalipora balernaensis, R. cushmani, R. globotruncanoides, R. greenhornensis,
R. montsalvensis, Whiteinella baltica, W. praehelvetica (Figures 3 and 4).

Remarks: Most of the keeled taxa appeared in this zone. The test sizes showed increase
towards the middle part and gradually started disappearing at the top. The Whiteinella
and Dicarinella have their FADs in this zone (Figure 4). The rotaliporids are dominant
in this zone and are reported in other parts of the world [9,32,42]. The rotaliporids are
diversified and having the gradual disappearance of older species that is balanced by the
younger species and then by Whiteinella and Dicarinella species. The rotaliporids have Last
appearance datums (LADs) at the top of this zone that is also reported from elsewhere with
the appearance of black shale, i.e., Ocean anoxic event-2 (OAE2) [14,36]. On the basis of
bio-stratigraphic constraints, the black shale is correlated with the global bonarelli event
(i.e., OAE2). Such black shales have also been reported from Parh Formation by Khan ([43])
from the Northern Suleman Range, Mughal Kot Section. However, in this study the black
shale is not reported from this part of the basin in the southern Suleman Range. The
planktonic foraminifera disappeared at the onset of these black shale deposition. Below
this zone, some of the biozones are missing.

Whiteinella Archeocretacea Partial Range Zone (Bolli, [44])
Age: Late Cenomanian to Early Turonian
Definition: This zone is the partial Range Zone of LAD of Rotalipora cushmani to the

FAD of Helvetoglobotruncana helvetica.
Remarks: At the onset of black shale deposition, almost all the planktonic foraminifera

disappeared. Consequently, this zone is only named based on the LAD of Rotalipora
cushmani to the FAD of Helvetoglobotruncana helvetica as this zone is barren of foraminifera
(Figure 4). The high organic rich black shale deposition corresponds to this zone [14,36].
Such black shales of OAE2 are not present in this part of the basin in the Goru Formation.

Helvetoglobotruncana helvetica Total Range Zone (Dalbiez, [45])
Age: Early to middle Turonian
Definition: The total Range zone of Helvetoglobotruncana helvetica.
Assemblage: Dicarinella algeriana, D. canaliculate, D. imbricata, Helvetoglobotruncana

helvetica, Heterohelix moremani, H. reussi, Macroglobigerinelloides bentonensis, Muricohedbergella
delrioensis, M. planispira, M. rischi, M. simplex, Marginotruncana coronata, M. marianosi,
M. pseudolinneina, M. schneegansi, M. sigali, M. renzi, Praeglobotruncana gibba, P. stephani,
W. aprica, W. baltica, W. brittonensis, W. paradubia, and Whiteinella praehelvetica (Figures 3 and 4).
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Remarks: This zone started above the Whiteinella archeocretacea zone by the appearance
of zonal marker that is FADs of Helvetoglobotruncana helvetica and extinction of rotaliporids
(Figure 4). Some of the species survived this extinction like Macroglobigerinelloides bento-
nensis, and Whiteinellids. Most of the robust and large planktonic foraminifera have their
FADs and diversification within this zone, i.e., Marginotruncanids like Marginotruncana
pseudolinneina, M. renzi, M. schneegansi, and M. sigali.

Marginotruncana Sigali Partial Range Zone (Barr, [46])
Age: Late Turonian
Definition: This zone started from the extinction of Helvetoglobbotruncana helvetica.
Assemblage: Dicarinella canaliculate, D. concavata, D. imbricata, Heterohelix moremani,

H. reussi, Muricohedbergella delrioensis, M. flandrini, M. planispira, M. rischi, M. simplex
Macroglobigerinelloides bentonensis, Marginotruncana coronata, M. pseudolinneina, M. mari-
anosi, M. renzi, M. schneegansi, M. sigali, and M. undulata (Figures 3 and 4).

Remarks: The base of this zone is marked by the LADs of Praeglobotruncana spp. and
the extinction of Helvetoglobotruncana helvetica and FADs of Muricohedbergella flandrini and
Dicarinella concavata (Figure 4). The upper boundary of this zone is not identified here. This
zone is the last biozone that is encountered in the Goru Formation in the study area and is
also observed elsewhere [32].

Biostratigraphic Discussions
The Goru Formation’s planktonic foraminiferal biostratigraphy suggests Mid-Cretaceous

(Early Albian to late Turonian) age in the study area (Figure 4). The planktonic foraminifera
evolution in the mid-Cretaceous was defined by periods of high and low turnover. The
latest Albian, the mid-Cenomanian, and the Cenomanian/Turonian boundary had the
highest turnover rates [7]. All across the Cenomanian, the diversity remained high, with
a wide range of morphologies [47]. The same type of conditions are also prevailing
from vertebrate fauna of the peninsular India, and Cauvery Basin, India [48,49]. Almost
all the identified zones in the Goru Formation are global in nature as was identified
elsewhere [32,36]. The base of the deposition of pelagic carbonates of the Goru Formation
started with Muricohedbergella planispira Zone that indicates the Early Albian age. This zone
is marked based on the FAD of Ticinella primula. This is followed by the Ticinella primula
Zone of Early Albian age in which the planktonic foraminifera become larger and abundant
represented by the FAD of Macroglobigerinelloides bentonensis and Muricohedbergella rischi.
In the same stage in Middle Albian time, the Biticinella appeared and have FAD in the
Biticnella breggiensis Zone. Here, the notable increase in the taxa’s diversity, and abundance
and gradual transition in morphology from unkeeled to keeled taxa is observed. This
zone is followed by the Rotalipora appenninica Zone of the latest Albian time in the study
area. Some of the global biozone below R. appenninica Zone of the Late Albian are missing.
Diversification of the rotaliporids occurs at the top of this zone where some species appeared.
Some of the species become extinct at this zone that is Ticinella’s and biticinella’s. Above this
zone, is the Total Range zone of Rotalipora cushmani Zone of Middle to Late Cenomanian
age (Figure 4). Below this zone, some of the global biozone of Early Cenomanian age are
missing in the Goru Formation that may be because of the coarse sampling intervals. At
the top of this zone, is the zone OAE2 (Bonarelli event), but OAE2 black shale has not been
identified in this part of the Suleman Range, despite the fact that the OAE2 black shale was
identified in the Parh Formation of the Mughal Kot Section, northern Sulaiman Range [40].
This is correlated with the arbitrary biozone that is Whiteinella archeocretacea Biozone that
is of the Latest Cenomanian to Early Turonian. Here, in the Goru Formation, the C/T
(Cenomanian/Turonian) boundary is present in the pelagic carbonates. This arbitrary zone
is marked on the LAD of Rotalipora cushmani to the FAD of Helvetoglobotruncana helvetica.
With FAD of Helvetoglobotruncana Helvetica, the Helvetoglobotruncana helvetica Total Range
Zone of the Early to Middle Turonian started where the large, robust Marginotrancanids
appeared. After this, the Marginotreuncana sigali Zone of Late Turonian age started with
the extinction of the Helvetoglobotruncana helvetica. Here, the Praeglobotruncana disappear
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and Muricohedbergella flandrini appeared. The Goru Formation deposition ends with this
biozone in the Chutair Section, Sulaiman Range. The biozones identified in this study have
been compared to the main Tethyan biozonation system on a global scale [9]. The Goru
Formation’s biostratigraphy also suggests that Cretaceous sedimentation in the Eastern
Tethys was nearly complete.

Figure 3. (1) Muricohedbergella planispira; (2) Muricohedbergella delrioensis; (3) Ticinella prim-
ula; (4) Ticinella roberti; (5) Muricohedbergella simplex; (6) Muricohedbergella rischi; (7) Ticinella
praeticinensis; (8) Biticnella subbreggiensis; (9) Biticnella breggiensis; (10) Ticinella madecassiana;
(11) Ticinella raynaudi; (12) Macroglobigerinelloides bentonensis; (13) Planomalina praebuxtorfi;
(14) Planomalina buxtorfi; (15) Whiteinella praehelvetica; (16) Whiteinella aprica; (17) Whiteinella brit-
tonensis; (18) Heterohelix reussi; (19) Rotalipora cushmani; (20) Rotalipora globotruncanoids; (21) Ro-
talipora greenhornensis; (22) Praeglobotruncana delrioensis; (23) Praeglobotruncana gibba; (24) Rotali-
pora appenninica; (25) Rotalipora balernaensis; (26) Rotalipora montsalvensis; (27) Helvetoglobotrun-
cana helvetica; (28) Marginotruncana sigali; (29) Marginotruncana Renzi; (30) Marginotruncana
schneegansi; (31) Marginotruncana marianosi; (32) Marginotruncana coronata; (33) Marginotruncana
pseudolinniena; (34) Dicarinella concavata; (35) Dicarinella imbricata; (36) Dicarinella canaliculata;
(37) Muricohedbergella flandrini. (Scale = 100 µm).
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Figure 4. Biostratigraphic range chart of the Goru Formation exposed in the Chutair Section,
Sulaiman Range.

4.2. Microfacies

The comprehensive petrographic analyses were carried out to evaluate the microfacies
based depositional environment. Five microfacies were identified in the pelagic carbon-
ates of the Goru Formation at Chutair Section based on texture, grain type, and other
petrographic features discussed as follows:

4.2.1. Radiolarians-Rich Wacke-Packestone Microfacies (MF-1)

Description
The Radiolarians-rich wacke-packestone microfacies (MF-1) in the outcrop shows

thin bedded dark grey color limestone. Petrographic observation reveals the presence
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of matrix and allochems. The planktonic foraminifera, radiolarians, calcispheres, and
undifferentiated bioclasts make up the majority of the allochems. The matrix is neo-
morphosed and ferruginous. (Figure 5).

Interpretation
The MF-1 microfacies is mostly comprised of the deeper fauna such as radiolarians and

calcisphere. The radiolarians’ dominance indicates that energy levels are too low and that
they are found deeper in nature [50]. An environment with low-energy levels is reflected by
the extensive carbonate mud. [50]. The combination of mud, radiolarians, and planktonic
foraminifera indicate that the deposition took place in a low-energy environment [50,51].
The dominant radiolarians show deposition in the outer-ramp to deep basinal settings [52].
The MF-1 is deposited in deep basinal setting of the ramp depositional environment
(Figure 6).

4.2.2. Radiolarians-Rich Wackestone Microfacies (MF-2)

Description
The Radiolarians-rich wackestone microfacies (MF-2) displays medium-bedded, dark

grey to light grey limestone. The petrographic studies indicate the presence of grains and
matrix. The radiolarian, calcisphere, and planktonic foraminiferal grains are present. The
micrite is a fine bioclastic matrix that is ferruginous. (Figure 5).

Interpretation
The MF-2 has similar type of fauna to that of MF-1 but different texture. The radiolarians-rich

deposit is found in deeper outer to basinal environments [53]. The presence of radiolarians
and planktonic foraminifera together indicates a deeper energy condition. [54]. Hence, the
MF-2 is deposited in the deeper basinal setting (Figure 6).

4.2.3. Planktonic Foraminiferal Wacke-Packestone Microfacies (MF-3)

Description
The Planktonic foraminiferal wacke-packestone microfacies (MF-3) shows thin to

medium bedded grey to light grey color limestone. Planktonic foraminiferal allochems,
mollusk bioclasts, and micritic matrix are the main components of this microfacies. The
planktonic genera’s includes the Dicarinella, Macroglobigerinelloides, Marginotruncana, Muri-
cohedbergella, Rotalipora, Ticinella and Whiteinella. The other bioclasts include the mollusks,
pelagic bivalves and some are undifferentiated. The radiolarians and calcisphere are in
minor amount. This microfacies contains pyrite in the form of lenses and along the stylolites.
The foraminiferal grains are concentrated at some places showing the tempestites nature
(Figure 5).

Interpretation
The combined occurrences of the planktonic foraminifera, bioclasts of mollusks and

radiolarians represents that the energy condition was low [50]. The concomitant of the
radiolarians and planktonic foraminifera shows the deposition in outer ramp [54]. The
pyrite rich matrix is present in most of the microfacies but here it is in more concentration,
which is related to the OAEs of the cretaceous time [55,56]. Its presence represents the
deeper water conditions. The tempestites in the microfacies represent the deposition near
the stormy weather wave base (SWWB) [50]. The microfacies is deposited in proximal part
of outer ramp setting (Figure 6).

4.2.4. Planktonic Foraminiferal Wackestone Microfacies (MF-4)

Description
The Planktonic foraminiferal wackestone microfacies (MF-4) in outcrop shows medium

bedded grey limestone. The MF-4’s major components are micritic matrix and allochems.
Bioclasts are present and undifferentiated, while also belonging to bivalves, ostracodes, and
echinoderms. The major planktonic foraminifera in MF-4 include Dicarinella, Heterohelix,
Macrglobigerinelloides Marginotruncana, Muricohedbergella, and Whiteinella (Figure 5).

Interpretation
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There is a lot of lime mud in the MF-4. Lime mud’s presence suggests low-energy
conditions beneath the fair-weather wave base. [50]. The presence of bioclasts, as well as
planktonic foraminifera and lime mud, support low-energy conditions [57]. Planktonic
foraminifers show sediment deposition in an outer-ramp setting [30]. The micorfacies
suggest deposition in the proximal outer ramp environment (Figure 6).

4.2.5. Planktonic Foraminiferal Packestone Microfacies (MF-5)

Description
The Planktonic foraminiferal packestone microfacies (MF-5) is identified by the pres-

ence of a micritic matrix, foraminiferal grains, and pyrite. The micritic matrix is fine bioclas-
tic matrix. Dicarinella, Heterohelix, Marginotruncana, and Muricohedbergella, and Whiteinella
are the dominant foraminifera present in MF-5. The foraminiferal chambers are filled with
pyrite. The micritic matrix contains a significant amount of brown pyrite. The pyritization
also occurred along the stylolites. Additionally, there are radiolarians, a small number of
calcispheres, and sponge spicules. (Figure 5).

Interpretation
The pyrite is in the form of matrix and suture boundaries is the dominant feature of this

microfacies. The lack of neritic fauna and dominance of the pyritic matrix shows deposition
in outer ramp setting [43]. The coexistence of radiolarians and planktonic foraminifera
supports deposition in outer ramp environments [54]. In the light of the above-mentioned
biota and other features, distal outer ramp environment is suggested for this microfacies
(Figure 6).

4.2.6. Depositional Environment

The geoscientists need to understand the depositional environment since it determines
the architecture, heterogeneity, and ultimately the quality of any reservoirs [58–61]. The
Goru Formation is the study area and is comprised of pelagic thin bedded carbonates.
Based on petrographic studies, the texture is wackestone, wacke-packestone, and packe-
stone. Allochems and micritic matrix are the most important constituents. The grains
are of radiolarians, calcispheres, planktonic foraminifera, whilst others are bioclasts. The
majority of the bioclasts are undifferentiated, although some are planktonic foraminifera
and mollusks (bivalves), ostracodes and echinoderms. The micritic matrix is fine and mud
dominated. The limestone’s mud-dominated texture indicates that the mud was deposited
from a suspended load in a low-energy environment [62]. A deep marine outer ramp energy
setting below the storm wave base is suggested by the presence of planktonic foraminifera
in the limestone unit [30]. The other grains such as radiolarians and calcisphere indicate
the deeper water conditions [54]. Radiolarians are a key paleoenvironmental indicator
that accumulate on the seabed because of suspended load, but they may also be found
in the outer ramp setting [63]. The high content of radiolarians, planktonic foraminifera
together with pelagic lime mud show outer ramp setting. Based on the microfacies details,
the sediments of the Goru Formation are pelagic in nature and were deposited in the
distal middle ramp via distal outer ramp to deep basinal setting in low-energy conditions
(Figure 6). The ramp depositional environment was suggested for these carbonates because
there is nothing about the deposition of resedimented deposits, i.e., turbidities, and also
there is nothing about the grain stone belts and reefal offshore facies. All this evidence
suggests a low-energy gradient slope that is the feature of ramp rather than a shelf [64].
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Figure 5. (a) Photomicrograph of the Radiolarians rich wacke-packestone microfacies (MF-1) showing
radiolarians (Ra) and Calcisphere (C); (b) Photomicrograph of the MF-1 (zoomed view) showing
matrix (M), radiolarians (Ra) and Calcisphere (C); (c) Photomicrograph of the Radiolarians rich
wackestone microfacies (MF-2) showing radiolarians (Ra), matrix (M) and muricohedbergella (Mhd);
(d) Photomicrograph of the Planktonic foraminiferal wacke-packestone microfacies (MF-3) showing
rotalipora sp. (Rt), rotalipora appenninica (Rta), and matrix (M); (e) Photomicrograph of the MF-3
(zoomed view) showing Rotalipora appenninica (Rta), and rotalipora sp. (Rt); (f) Photomicrograph of
the Planktonic foraminiferal wackestone microfacies (MF-4) having muricohedbergella (Mhd), Ticinella
(T) and matrix (M); (g) Photomicrograph of the MF-4 (zoomed view) having iron filaments (Fe) and
rotalipora (Rt); (h) Photomicrograph of the Planktonic Foraminiferal Packestone Microfacies (MF-5)
showing marginotruncana (M) and dicarinella (D); (i) Photomicrograph of the MF-5 (zoomed view)
having dicarinella (D); and marginotruncana (M).
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Figure 6. Proposed depositional model of the Goru Formation at Chutair Section, Sulaiman Range.

4.3. Sequence Stratigraphy

The microfacies studies along with bio-stratigraphic investigations of the pelagic
carbonates of the Goru Formation are done, which indicates the outer ramp to deep basinal
environment of deposition for the pelagic carbonates of Goru Formation in Albian to
Turonian time (Figure 4). It is essential to classify depositional sequences according to
their cyclicity orders because tectonics controls the eustatic rise and fall that might occur
throughout a series of time periods [65]. Each sequence is the result of a specific tectonic or
eustatic cycle order. The stratigraphic cycle is usually demonstrated in the following four
orders of million years’ time span [66]. That is, the first order (greater than 50 Ma), second
order (3–50 Ma), third order (0.5–3 Ma), and fourth order (0.1–0.5 Ma) order of cycles [65,67].
The current bio-stratigraphic results show an Albian to Turonian age (113–89.8 Ma) for
the deposition of Goru Formation in the study area (Figure 3). This represents an overall
time span of 23.2 Ma for the deposition of Goru Formation. This time indicates that the
Goru Formation is deposited in Second (2nd) order cycle. For the third (3rd) order cyclicity,
the Transgressive-Regressive (T-R) sequence model [33] is used. The T-R sequence model
employs the unconformable portion of the boundary as sub-aerial unconformity over the
basin margin, and the correlative conformity as the maximum regressive surface (MRS)
farther seaward. This model provides a special technique of classifying strata into sequences.
T-R sequences are classified as transgressive systems tract (TST) or regressive systems tract
(RST) based on Maximum Flooding Surfaces (MFS) (Figure 7). Six depositional sequences
are identified that represent system tracts [68,69]. Two types of system tracts that is TST
and RST are identified by using the T-R sequence model in a measured section of the Goru
Formation in the Chutair Section.

4.3.1. Depositional Sequences

Depending on the sequence model used, depositional sequence corresponds to the
depositional product of a whole cycle of base-level changes or shoreline movements [68].
The consequence of the interactions between Eustasy, climate, and tectonic, the depositional
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sequence constitutes a full cycle of deposition [65,70]. In the Goru Formation, the identified
sequences contain total of eleven system tracts, which are the following.

4.3.2. System Tracts

Transgressive system tract (TST)
Six transgressive system tracts are identified comprising of the deeper pelagic carbon-

ates of the Goru Formation. All the transgressive system tracts (TST1-TST6) represent a
retro gradational stacking pattern that is the shallower microfacies are overlain by deeper
microfacies (Figure 7). The TST1 and TST2 contains the deep basinal microfacies that are
overlain by the proximal outer ramp microfacies. The TST3-TST5 are represented by the
distal outer ramp microfacies that are overlain by the proximal outer ramp microfacies.
The TST6 shows distal outer microfacies that is present at the top of the Formation and also
overlain by the proximal outer ramp microfacies. Stratigraphically, the TST1, TST2, and
TST3 are present in the Albian time. The TST4 in late Cenomanian to Early Turonian and
TST5, TST6 in the Late Turonian time (Figure 7).

Regressive System tract (RST)
Five regressive system tracts are identified comprising of outer ramp carbonates of the

Goru Formation. The regressive system tracts are characterized by the progradational facies
pattern that is the deeper facies are overlain by the shallower facies (Figure 7). The RST1 is
represented by the proximal outer ramp microfacies that is underlain and overlain by of
deep basinal microfacies. The RST2 contains the same microfacies as that of RST1 that is the
proximal outer ramp microfacies. The RST2 is underlain by deeper basinal microfacies and
overlain by the distal outer ramp microfacies. The RST3, RST4, and RST5 is represented by
proximal outer ramp microfacies and overlain by distal outer ramp microfacies. Similarly,
the bio stratigraphic position of the RST1, and RST2 are present in Albian time. The RST3
in late Cenomanian to Early Turonian time and RST4, RST5 in Middle to Late Turonian
time (Figure 7).

4.3.3. Comparison of Local with Global Sea Level Curve

The cretaceous is defined by the long- and short-term sea level oscillations [71]. The
overall trend of sea level in the Cretaceous is characterized by a fall in the Cenomanian,
a maximum rise in the early Turonian, a prolonged fall from the middle Turonian to the
Santonian, a rise in the late Santonian to the early Campanian, and then a subsequent fall in
the Middle Campanian that lasts until the Danian [72]. Long-term sea-level variations can
be connected to paleoclimate, for example, the boundary between the late Cenomanian and
early Turonian is documented as a worldwide warming event of OAE2 defined by positive
δ13C excursion, high organic burial and global sea level rise [4,56,73]. The Cretaceous’
maximum sea-level increase occurred during the Earliest Turonian (93.5), and is believed to
have been 240–250 m. above present-day mean sea level (or 180–190 m without the existing
ice cap, which is anticipated to store water equal to another 60 m of sea-level rise) [71].
Therefore, the sea level curve of the Goru Formation is constructed on the basis of mi-
crofacies types under the bio stratigraphic framework. This local sea level curve of the
formation is compared with the global curve of Haq et al., [34] to infer about the global
and local tectonic on the Goru Formation deposition. The Long-term sea-level variations in
Goru Formation have continued to deposit a second-order composite transgressive systems
tract, which is comparable with Haq et al.’s, [34] long-term sea-level curve (Figure 7). The
short-term 3rd order sea level fluctuations show six episodes of rise and fall, whilst the
Haq et al., [34] curve shows almost double to these conditions (Figure 7). The difference in
the short-term pattern of sea-level variation in the study area from the global short-term
sea-level curve at the time of deposition is attributed to the local tectonics in the study area.
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Figure 7. Showing the vertical distribution of microfacies, paleoenvironment, vertical distribution
of sequences and system tracts, global sea level curve of the Goru Formation at Chutair Section,
Sulaiman Range, Pakistan.

5. Conclusions

The Cretaceous Goru Formation in the study area is comprised of thin to medium
bedded, greenish grey, whitish and dark grey color pelagic carbonates. Based on planktonic
foraminiferal biostratigraphic studies, eight biozones are established: Muricohedbergella
planispira Interval Zone; Ticinella primula Interval Zone; Biticinella breggiensis Interval Zone;
Rotalipora appenninica Interval Zone; Rotalipora cushmani Total Range Zone; Whiteinella
archeocretacea Partial Range Zone; Helvetoglobotruncana helvetica Total Range Zone; and
Marginotruncana sigali Partial Range Zone. Based on these biozones, an Albian–Turonian
(113–89.8 Ma) age is assigned to the Goru Formation in the study area. The detailed
petrographic studies revealed five microfacies types, namely: radiolarians rich wack-
packestone (deep basinal settings); radiolarians rich wackestone (deep basinal settings);
planktonic foraminiferal wack-packestone; planktonic foraminiferal wackestone; and plank-
tonic foraminiferal packestone suggesting deposition of Goru Formation in outer ramp
to deep basinal settings. The biostratigraphic and microfacies types are used to establish
sequence stratigraphic studies that show transgressive and regressive sea level episodes in
the Goru Formation. Six depositional sequences are established that include eleven system
tracts including six transgressive and five regressive system tracts ranging from Albian
to Turoniian age. Two orders of cycles are identified including 2nd and 3rd order. The
overall deposition of the Goru Formation takes place at 2nd order of cycle which includes
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the small-scale 3rd order cycles. The 2nd order local sea level curve of the Goru Formation
is matching with the Global Sea level curve whilst the 3rd order curve is not that much
matching showing a local tectonic control in the difference in the 3rd order cyclicity.
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