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Abstract Based on high-resolution seismic and well
datasets, this paper examines the evolution and drown-
ing history of a Paleocene-Eocene carbonate platform in
the Offshore Indus Basin of Pakistan. This study uses the
internal seismic architecture, well log data as well as the
microfauna to reconstruct factors that governed the car-
bonate platform growth and demise. Carbonates domi-
nated by larger benthic foraminifera assemblages permit
constraining the ages of the major evolutionary steps and
show that the depositional environment was tropical within
oligotrophic conditions. With the aid of seismic stratigra-
phy, the carbonate platform edifice is resolved into seven
seismic units which in turn are grouped into three packages
that reflect its evolution from platform initiation, aggrada-
tion with escarpment formation and platform drowning.
The carbonate factory initiated as mounds and patches on
a Cretaceous—Paleocene volcanic complex. Further, the
growth history of the platform includes distinct phases of
intraplatform progradation, aggradation, backstepping and
partial drownings. The youngest succession as late-stage
buildup records a shift from benthic to pelagic deposition
and marks the final drowning in the Early Eocene. The
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depositional trend of the platform, controlled by the con-
tinuing thermal subsidence associated with the cooling of
volcanic margin lithosphere, was the major contributor of
the accommodation space which supported the vertical
accumulation of shallow water carbonate succession. Other
factors such as eustatic changes and changes in the carbon-
ate producers as a response to the Paleogene climatic per-
turbations played secondary roles in the development and
drowning of these buildups.

Keywords Paleogene carbonate platform - Seismic
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Introduction

Paleogene carbonate platforms have been intensively
studied over the last few decades with respect to sea level
changes, shallow benthic biostratigraphy (Serra-Kiel
et al. 1998; Scheibner and Speijer 2009; Courgeon et al.
2016), paleoclimate (Scheibner et al. 2005, 2007; Scheib-
ner and Speijer 2008a; Robinson 2011), environmental
conditions (Hallock et al. 1991), reconstruction of depo-
sitional systems and lithofacies of economic importance
(Mresah 1993; Jorry et al. 2003; Scheibner et al. 2007;
Zamagni et al. 2008; Hontzsch et al. 2011). The Paleo-
gene was a time of major reorganizations of continents
and significant climate fluctuations such as the Pale-
ocene—Eocene thermal maximum (PETM) which culmi-
nated with the Early Eocene Climatic Optimum (EECO).
These events were marked by a prominent negative car-
bon isotope excursion (CIE) and carbonate dissolution in
deep-sea sediment records (Zachos 2001). Shallow water
carbonate platforms are acutely sensitive to such climatic
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fluctuations and are fundamental archives encoding these
environmental changes (Schlager 1981; Hallock and
Schlager 1986; Schlager and Camber 1986; Betzler et al.
2000, 2009, 2013).

Carbonate platforms develop as a result of different
factors including tectonic, climate, eustatic variations,
siliciclastic and nutrient availability, and environmental
conditions (Schlager 2005). These factors determine the
relationship between carbonate production and accommo-
dation space. Hence, they control the internal sedimen-
tary architecture and facies distribution of the carbonate
buildups (Sarg 1988; Sarg et al. 1999). Seismic interpre-
tation becomes challenging when the carbonate deposi-
tional cycles operate over a magnitude of a few meters.
This problem leaves behind a poorly resolved strati-
graphic pattern (e.g., progradation) on a seismic scale. In
this situation, seismic data show an overall aggradational
section, which can mistakenly be interpreted as a high-
stand or a transgressive systems tract. Herein, the ques-
tion of sequence internal stratification is elucidated by
applying the HorizonCube method (Qayyum et al. 2012,
2013).

Fig. 1 Geographical position
of the Offshore Indus Basin.
Bathymetry after Ryan et al.
(2009). The study area is
marked with the black rectangle
and its position relative to the
Indian Ocean is shown in the
bottom right corner
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On the northwestern periphery of the Indian Plate, cov-
ering an area of 3500 km?, the Paleogene carbonate system
represents the largest isolated carbonate platform system
of the region (Fig. 1). In the past, regional studies on tec-
tonic and stratigraphic framework of these buildups have
been performed. However, they did not address the internal
stratigraphic architecture of these carbonate platforms and
buildups (Carmichael et al. 2009), which is a key for under-
standing the evolution of these platform.

Considering the current research gaps, this study inves-
tigates the architectural evolution and drowning history of
one of the Paleogene carbonate platform of the Offshore
Indus Basin, Pakistan, through a comprehensive analysis
of regional 2D seismic profiles and well data. In the light
of seismic stratigraphic concepts and facies analysis, this
study focuses on internal reflection geometry to trace the
development phases and assess the intrinsic and extrinsic
factors that governed the carbonate growth and demise.
Furthermore, this study documents the biotic assemblages
and constrains the ages of the major evolutionary stages of
platform growth and final drowning based on the biostrati-
graphic analysis. Thus, the outcomes have significant

64°E 65°E 66°E 67°E 68°E 69°E  70°E

Indus River

7

KARACHI (PAKISTAN)

_ Indian
Ocean




//doc.rero.ch

http

implications for the understanding of the evolution of car-
bonate platforms, which indirectly helps better in predict-
ing the depositional system and lithofacies of economic
importance. The depositional model as reconstructed
through this study may also serve as an analog to the sub-
surface carbonate platforms elsewhere.

Geological background

The Offshore Indus Basin is located in the eastern part of
the Arabian Sea, on the northwestern margin of the Indian
Plate. Tectonically, the basin is bounded by the Murray
Ridge—Owen Fracture Zone in the northwest (Fig. 2a),
which is a major plate boundary between the Indian and
Arabian Plate (Edwards et al. 2000). To the north, it is fac-
ing the present-day continental shelf which is cut by the
Indus Canyon and to the south it bounded by the Carlsberg
Ridge. A subsurface buried structure is identified as the
Laxmi Ridge in the southeast of the basin and assumed to
be a continental product of the early stages of Indian Plate
drift (Naini and Talwani 1982; Talwani and Reif 1998). Two
buried shield volcanoes, the Somnath Ridge and the Sau-
rashtra High, which form prolific structural features of the
basins, are hosting carbonate platforms (Malod et al. 1997,
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Fig. 2 a Map of tectonic and structural elements of the northwestern
margin of the Indian Plate and surroundings with the free air grav-
ity (Sandwell et al. 2014). The bold black line indicates the position
of the cross section in Fig. 3. The dotted line labeled with “COB”
marks the continent-ocean boundary (after Carmichael et al. 2009).

Continent-Ocean Boundary (COB)

Calves et al. 2011). The crustal thickness in the region var-
ies between 9 and 11.5 km (Calves et al. 2008). Geohistory
analyses, performed by various researchers, indicate a ther-
mal subsidence phase with cooling of the Pakistan volcanic
margin, followed by the induced flexuring responsible for
the basin development through the Cenozoic (Mohan 1985;
Agrawal and Rogers 1992; Whiting et al. 1994).

The tectonic elements of the Indus Basin encompass
over 200 million years of geological history (Gaedicke
et al. 2002; Chatterjee et al. 2013). The development of
the western Indian margins started with the Early Jurassic
breakup of the supercontinent Gondwana into East Gond-
wana, comprising Antarctica, Madagascar, India, and Aus-
tralia, and West Gondwana, comprising Africa. During the
Early Cretaceous, the Indian Plate started to detach from
the Antarctic and the Australian Plates and drifted north-
ward (Chatterjee et al. 2013). Further rifting resulted in the
separation of the Madagascar and the Indian Plate (Edwards
et al. 2000). This rifting phase was followed by the rapid
northward drift of the Indian Plate coupled with a counter-
clockwise rotation (Copley et al. 2010). During this time,
the Seychelles and India passed over the Réunion hotspot
and extensive volcanic activity occurred with the extrusion
of the Deccan lava during the Late Cretaceous and Early
Paleocene (Duncan 1990; Todal and Edholm 1998). As a

Indo-Pacific
Seaway

-20° S

—

&

-40° S

1000 km
—

— Cross-section (fig. 3a) == Active fault

Ocean Circulation 4+— Trade Winds
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BH Bombay High. b Late Paleocene reconstruction (~56 Ma) and
paleogeography of Indian Plate to show the tropical environment with
ocean circulation and prevailing wind direction (Haq 1981; Aubert
and Droxler 1996; Scotese 2001). Md Madagascar
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result, a chain of volcanic ridges was formed. This event
was also accompanied by the separation of the Seychelles
from the Indian Plate, (White and McKenzie 1989; Todal
and Edholm 1998; Calves et al. 2011) and formation of a
new sea-floor spreading center (Carlsberg Ridge) in the
Indian Ocean (Whiting et al. 1994). Passive margin devel-
oped during the post-volcanic event that would become the
modern day continental shelf.

Following the Deccan volcanism, tropical carbonate
platforms developed on the resultant volcanic seamounts
(Fig. 2b), while the plate itself was drifting northward
with a speed of 15-20 cm/year. (Copley et al. 2010). This
northward movement of the Indian Plate was slowed by the
oblique collision with the Eurasian Plate and docking with
the Ladakh—Kohistan Island Arc in Late Paleocene to Mid-
dle Eocene time. Subsequently, the Tethyan Seaway located
in the northwest closed during the Late Eocene—Oligocene.
This was followed by a mountain building process and a
massive influx of terrigenous sediments in the adjacent seas
and nearby foredeep, terminating the carbonate sedimenta-
tion which developed the world second largest submarine
fan system in the Indian Ocean, the Indus Fan (Clift et al.
2001; Wandrey et al. 2004). An increase of the sediment
supply to the Indus Fan is known since Late Oligocene.
Increased sedimentation rates between the Early and Mid-
dle Miocene (~16 to 11 Ma) may reflect the prominent
uplift of the Himalaya. Further, Clift et al. (2001) specu-
lated that the exhumation of the Indus drainage basin was
later followed by a decrease in sediment influx in the Late
Miocene. Today, the basin contains a 9 km thick succession
of Tertiary sediments (Gaedicke et al. 2002; Carmichael
et al. 2009).

Stratigraphic framework of the Paleogene carbonates

The offshore region of Pakistan is still considered as a
frontier basin with respect to geological studies and no
formal lithostratigraphic scheme has been established yet.
The basin stratigraphy consists of (1) a Late Cretaceous
to Early Paleocene igneous basement with volcanics and
volcaniclastics, broadly known as Deccan volcanics, (2)
Paleocene—Eocene shallow marine isolated carbonate plat-
forms, settled on the volcanic highs, (3) Paleocene—Oligo-
cene hemipelagic to pelagic deposits between these car-
bonate highs, and (4) the Neogene to Recent siliciclastic
succession of the Indus Fan, which essentially consists of
very large scale channel-levee systems, filled with a consid-
erable amount of coarse sediments (Figs. 3, 4).

The principal focus of this paper is one isolated carbon-
ate platform of the Paleocene-Eocene interval (Fig. 4).
These drowned isolated carbonate platforms are separated
by a deeper water trough from the attached carbonate ramp
and buried under a 1600 m thick basin floor fan system

of the Offshore Indus Basin. This sedimentary package
unconformably overlies the Late Cretaceous to Early Pale-
ocene igneous complexes of the Deccan volcanics and has
a conformable contact with the overlying thin sequence of
deep marine shales. In deep water, the time equivalent suc-
cession appears as a condensed section and may be com-
posed of mudstone or shales.

Data and methods
Seismic and well data

This study is based on the analysis of industrial 2D seis-
mic data that was acquired and processed in 2002 for
hydrocarbon exploration. The 160-fold seismic survey was
recorded with SEG reverse polarity, where the increase
in acoustic impedance is reflected as negative amplitude.
Standard processing yielded data length ranges between 8
and 10 s with a 4 ms sampling interval. With a grid inter-
val of approximately 5 km in each direction, the regional
dataset covers an area between the continental shelf and the
deep basin, with water depths ranging from 400 m to more
than 3500 m (Fig. 1). Most of the seismic lines are concen-
trated over the buried isolated carbonate platforms of the
Paleocene to Eocene succession (Fig. 5). The vertical seis-
mic resolution is 18 m for a central frequency of 45 Hz and
velocity 2000 m/s. Overall the quality of seismic imaging
is good, but it compromised close to the volcanic basement
and structural highs.

The seismic interpretation was conducted using Pet-
rel software. Key reflections were identified and mapped
on seismic data based on reflections discontinuity criteria.
Further, data from three exploration wells (Pakcan-1, Indus
Marine-A1l, and Pak-G2-1) were incorporated to support
the seismic interpretation. The time—depth relationship
was established using VSP and check shot dataset. The
well Pak-G2-1 was drilled in 2004 to test the hydrocarbon
potential of the Paleocene—Eocene carbonate succession. It
penetrated the approximately 2050 m thick Early Eocene
to Pleistocene sedimentary sequence (Fig. 4). The stratigra-
phy from the wells Pakcan-1 and Indus Marine-A1, located
on the present-day continental shelf (Figs. 1, 3), was
extrapolated to the seismic dataset which provided a chron-
ostratigraphic framework for the carbonate and the younger
sedimentary succession. The well data consist of a standard
wireline log suite comprising gamma ray (GR), sonic (DT),
density, and neutron porosity. Furthermore, the biostrati-
graphic analysis of the drill cuttings brought additional dat-
ing constraints and depositional environment interpretation
of the carbonate sequence.

The seismic stratigraphic framework was established
using standard seismic stratigraphic interpretation techniques
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Fig. 3 a Regional cross-section of the Offshore Indus Basin and
adjacent onshore basin, modified after Carmichael et al. (2009) (for
location, see map in Fig. 2a). b Regional stratigraphic column of the
Offshore Indus margin showing generalized stratigraphic relationship
between studied carbonate platform and other stratigraphic succes-
sions drilled from the Eocene to recent. The location of well is shown

(Mitchum et al. 1977; Fontaine et al. 1987; Embry 1993).
Depositional sequences in carbonate buildups are defined by
unconformities and their correlative conformities as sequence
boundaries. These sequence boundaries are based on reflec-
tion terminations (onlap, downlap, and truncation), ero-
sional surfaces, truncations, and downlap events (Mitchum
et al. 1977). The detailed mapping for the understanding of
stratigraphic succession was achieved using advanced seis-
mic interpretation techniques such as Horizon cube method
by dGB OpendTect software (de Groot et al. 2010; Qayyum
et al. 2012). This approach is used to produce densely
mapped seismic sections and allow defining the HorizonCube

[ Deep Marine Pelagics [[Ifg] Volcaniclastic sediments

in Fig. 1. Changes in depositional environment and regional tectonic
events referred in the text are also indicated. On left side global deep-
sea oxygen and temperature curve with significant Cenozoic global
climatic events is illustrated, modified after Zachos (2001), and com-
pared with the global sea level curves (Haq et al. 1987; Miller et al.
2011)

density attribute, which helps to determine the intervals of
reflection convergence (dense) and divergence (less dense).
The convergence areas are mostly related to unconformities,
condensed sections, reef tops, and flooding surfaces.

Results and interpretation

Seismic facies

Eight seismic facies are described from seismic profiles,
differentiated by their internal reflection configuration
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Fig. 4 Interpreted NW-SE oriented regional seismic profile showing the stratigraphic framework of the Paleocene—Eocene isolated carbonate

platform (/CP isolated carbonate platform) (for location see map in Fig. 1)
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Fig. 5 Time structure map (two-way travel time) of the top surface of carbonate platform with position of seismic transects presented in this
study. M1, M2, M3 and M4 are four carbonate buildups identified. Contour line interval is 100 ms

and external geometry. The isolated carbonate platform is
seismically characterized by medium- to high-amplitude
reflections as compared to the younger siliciclastic deposits
of the Indus Fan. The irregular top surface of the platform
appears as a high-amplitude reflection, covering irregu-
lar and semi-continuous reflections with several parabolic
shapes (Fig. 6a). This pattern is most likely produced by
an intensive karstification, possibly with formation of caves
at the platform top before its final demise. This irregular
surface may be overlain by some patch reefs which in the

data are imaged as pinnacle shaped bodies (Fig. 6a). The
inner platform facies are characterized by medium- to high-
amplitude reflections with strong continuity and parallel
relationship (Fig. 6b). This variance in reflection amplitude
is interpreted as the alternating succession of a lagoonal to
shallow marine environment. Reflections of these facies
often have low-angle dips, thus forming localized pack-
ages with internal shingling. Often inner platform facies are
laterally interrupted by the convex upward or bidirectional
mound facies, having a high impedance contrast at the top



//doc.rero.ch

http

Seismic Reflection

Seismic Expression -
Geometeries

Depositional Environment

Karst facies with high amplitude,
broken reflections topped by a
drowning surface. Carbonates are
overlain by siliciclastics.

Inner platform facies with high
amplitude reflections. Often these
reflections are inclined with a dip
of less than 1°.

Mound facies which appears as
isolated bodies whithin the platform
and/or at the platform margins.

»
2
(3}
©
e
2
@©
c
S
!
=
®
(&}

Platform margin facies with
onlapping basinal siliciclastics.

Hemipelagic and pelagics off-
platform deposits onlapping the
volcanic basement.

Inner platform facies with high
amplitude reflections overlying a
strong reflection making the top
of the volcanic basement.

Basalt facies with chaotic and
attenuated reflections.

%) "y N N I~
= 4

g ‘.‘a ~ /\\ S mites S

@ Sad L Eall e & =

Q0  |l7 /NN -7~

% N N Rl AN e

o - s =

6 v'.! _ S —_— /

>

Lava delta facies with prograding
clinoforms.

Legend:
Basalts ——— Carbonates

Fig. 6 Catalogue of seismic facies recognized in the high-resolution seismic dataset

— Siliciclastics




//doc.rero.ch

http

Legend:
- Drowning Unconformity (DU)

- Top Volcanics

- Transgresive Mounds
BEg Stratal Terminations

= Sequence Boundary (SB)
= Max. Flooding Surface (MFS)



//doc.rero.ch

http

«Fig. 7 Seismic profile crossing the carbonate platform in a NW-SE
direction. a Un-interpreted view. b Interpreted section of the M4 car-
bonate buildup with all seismic characteristics and seismic reflection
configurations. MTC mass transport complex; m mound facies; SB
sequence boundary. ¢ Interpreted section of M4 carbonate buildup
with horizon cube attribute and showing the region of convergence
and divergence seismic of reflections patterns; Cs condensed section.
The location of the seismic line is indicated in Fig. 5

(Fig. 6¢), which is interpreted as an indication of the possi-
ble presence of reefs and mounds. The juxtaposition of the
inner platform facies with the mound facies is proposed to
represent the contact of inner platform deposits with reef
and reef debris.

The slopes of the carbonate platform appear as sharp
boundaries with the surrounding strata arranged in an
onlap configuration (Fig. 6d). High- to medium-amplitude
basinal and hemiplegics seismic facies are present basin-
ward of the carbonate platform slopes and the toe of the
slopes (Fig. 6e). The boundary between the carbonate
and volcanic basement is sharp because of high acoustic
impedance contrast between carbonate and volcanic rocks
(Fig. 6f). The volcanic basement contains reflection-free
seismic facies and chaotic reflections with low amplitude
(Fig. 6g). At places, sigmoidal shaped reflections with high
acoustic impedance contrast are imaged on the seismic
data, which represent lava-fed delta systems comparable to
those described by Jerram et al. (2009) in Faroe-Shetland
Basin (Fig. 6h).

Seismic stratigraphy

Detailed analysis of seismic reflection configuration iden-
tified seven seismic stratigraphic units within the studied
isolated carbonate platform based on stratal terminations,
seismic reflection geometries, and stratal stacking patterns,
bounded by key sequence stratigraphic surfaces (Figs. 7, 8,
9, 10; Table 1). The seismic survey is time migrated, and
depth control is inadequate. Thus, the vertical scale and
time structure maps are in two-way travel time (Fig. 11).
The stratigraphic framework is summarized in Table 1,
with each unit described below. The location of the seismic
lines used for the stratigraphic subdivision is displayed in
Fig. 5 in a time structure map.

Deccan volcanics

The Deccan volcanics form a chain of seamounts and guy-
ots, dominated by basaltic flows with interlayered sedi-
mentary packages (Carmichael et al. 2009). The top of the
volcanics is defined by a strong seismic peak with a posi-
tive amplitude, which marks a pronounced regional suba-
erial unconformity at the Cretaceous—Paleogene bound-
ary (K-Pg). Often the unit contains sigmoidal reflection

bundles of the prograding lava basalt (Figs. 4, 6h). Apart
from these features, this unit mostly includes the basalt
facies with chaotic and attenuated reflections (Figs. 4, 6g).
The thickness and nature of the volcanic unit are highly
variable. Laterally, age equivalent rocks attributed to the
Khadro Formation of the Ranikot Group were encountered
in wells in the onshore areas of the Greater Indus Basin
(Ahmad and Ahmad 2005). This unit has not been drilled
until today in the studied area. However, its tentative age
assignment is as old as Late Cretaceous to Early Paleocene
(Calves et al. 2008; Torsvik et al. 2013).

Seismic unit S1

Seismic unit S1 is the oldest sequence developed above
Deccan volcanics with an onlapping reflection pattern and
early transgressive mounds. Internally, this unit is domi-
nated by high amplitudes and sub-continuous reflections,
with frequent mound facies in the basal part (Figs. 7b,
9b). Toward the southeast, seismic frequency decreases
in areas where the confined package consists of mixed
chaotic reflections (Fig. 8a). This configuration indicates
a complex assemblage of lithofacies that may range from
volcaniclastic to shallow marine carbonates. Following
the early transgressive event, a local prograding complex
is observed, reflecting a normal regression (Figs. 7b, 8a).
From the top, this unit is bounded by sequence boundary
SBI.

In the map view, four distinct buildup areas are identi-
fied as M1, M2, M3, and M4 (Figs. 5, 11a). On the isoch-
ron map, the thickest interval is located in the eastern part
of the volcanic ridge at the M1 buildup, which is consider-
ably deeper and is the oldest succession of the carbonate
platform (Fig. 11: S1). Thinning and onlapping of the unit
toward the west suggest that the regions of M2, M3, and
M4 were topographically higher during the deposition of
the seismic unit S1. The maximum thickness represented
by this unit is about 220 ms (TWT) on isochron map with
an aerial extension of approximately 1700 km?.

Seismic unit S2

Seismic unit S2 is characterized by a distinct reduc-
tion of the platform surface area and retreated margins
(T1; Figs. 9b, 10b). It is a relatively thin unit with mostly
medium- to low-amplitude reflections. In the lower part of
the S2, some high amplitude and continuous seismic reflec-
tions are observed (Fig. 7b, c). These reflections sometimes
onlap the top surface of S1 (SB1), forming a thinly defined
basal transgressive package. The overall growth of this unit
shows an aggrading stacking pattern. Often, subtle local-
ized clinoforms are observed dipping towards the southeast
and downlap onto the basal transgressive unit (Fig. 8b).
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Fig. 8 Seismic characteristics of the M4 buildup a a confined chaotic reflection pattern. b Shingling reflections against the basal transgressive
system. ¢ Development of mound and shift in the depositional unit. d Mound facies in the margin

Numerous small mounds and pinnacles are observed within
this unit (Fig. 12). The top of this unit is identified by a
high-amplitude surface with an irregular relief, defined as
horizon SB2 (Figs. 7, 9, 10).

Overall, this unit is thin in the middle part of the car-
bonate platform, across the buildup M4. It is thicker along
the northeastern and southwestern margins of the platform,
identified as buildups M2 and M3, respectively (Fig. 11).
During the formation of this unit, M1 buildup area is con-
sistently the thinnest, with small patches and mound facies.
The total surface area covered by this unit is ultimately lim-
ited to about 1315 km?, with a maximum thickness of less
than 200 ms.

Seismic unit S3

Seismic unit S3 conformably overlies the unit S2. The
facies in the lower part are analogous to the seismic unit
S2, whereas the upper part shows high amplitude, sub-
parallel, continuous seismic reflection patterns with sub-
tle clinoforms toward the central platform, forming a
condensed section to the west (Figs. 7c, 8c). Often, some
onlaps and in-fills are partially truncated at the top of this
unit (Fig. 8c). Several mound facies with chaotic reflection

10

and terminations are observed (Fig. 9b). The platform mar-
gin facing the open ocean retreated and developed a terrace
that was around 850 m in width (T2), whereas the east-
ward margin exhibits a continuous aggrading stacking pat-
tern (Figs. 9, 10). The top of this unit is delimited by SB3,
which is imaged as a high-amplitude continuous surface.

An isochron map of this unit reveals a remarkable
upward growth with a maximum relief of around 200 ms
(TWT) and steepening of the platform margins by more
than 15°. The thickest interval lies in the center of the plat-
form, at the location of buildup M4 (Fig. 11b: S3). A dis-
tinct succession characterized by strong reflections with
hummocky to chaotic pattern piles up as off-platform
deposits between these buildups.

Seismic unit S4

S4 is mainly characterized by medium amplitude, wavy,
and semi-continuous seismic reflections with minor lateral
facies changes. The lower part of the unit onlaps onto SB3,
forming a wedge-to-sheet-like body which thins out toward
the northwest (Fig. 7b, ¢). Within this unit, two bodies with
convex upward reflections and bidirectional downlaps are
interpreted as the mound seismic facies, which are separated
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Fig. 9 a NE-SW trending seismic profile across the central part of the platform (see map in Fig. 1 for location). b and ¢ are interpreted seismic

section of the M4 and M2 buildups, respectively

from each other by the inner platform facies (Figs. 8d,
9b, 10b). These mounds measure around 70 ms (TWT) in
height and 550-650 m in width (Figs. 8d, 9b, 10b). Unit S4
is bounded at the top by the sequence boundary SB4.

In contrast to the seismic unit S3, this unit marks a sig-
nificant change in a deposition. In this unit, the main thick-
ness lies at the southeastern margin of the buildup M4. The
unit thins toward the northwest with mound facies on the
top. The average thickness of this unit is less than 100 ms
(TWT) with a maximum surface area of about 350 km?
(Fig. 11b: S4).

Seismic unit S5

With seismic characteristics similar to those of S4, seis-
mic unit S5 is a wedge-shaped unit becoming thinner
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toward the northwestern margin of the platform, pass-
ing from about 120 ms to about 40 ms (TWT) (Figs. 7b,
11b). Its basal part onlaps over the inclined surface
of SB4 since the unit is thinner toward the northwest
margin. In contrast, this unit shows an average thick-
ness of approximately 120 ms on the seismic profiles
oriented northeast to southwest (Figs. 9b, 10b). Reflec-
tion amplitude is moderate, and reflection continuity
is low to high, with decreasing frequency toward the
northwestern margin. At the eastern margin, the internal
reflections are conformably overlying SB4. Internally,
this unit displays mostly sigmoidal clinoforms prograd-
ing to the west. At the western margin, there is a ter-
race of around 1000 m in width (T4: Fig. 7b). The top
surface of unit S5, identified as SBS, is a relatively flat
surface.



//doc.rero.ch

http

Legend:

- Top Volcanics

n Transgresive Mounds = Sequence Boundary (SB)
- Drowning Unconformity (DU) Stratal Terminations

Fig. 10 a NE-SW trending seismic profile across the central part of the platform (see map in Fig. 1 for location). b Interpreted section of M4

buildup

Seismic unit S6

Seismic unit S6 is mainly characterized by medium- to
high-amplitude and discontinuous seismic reflections.
High-amplitude continuous and parallel seismic facies
are confined to the east margin of the carbonate buildup
(Figs. 7, 9). This unit is bounded on the top by a high-
amplitude uneven surface, picked as a regional unconform-
ity across the platform with mounds and troughs (Fig. 7b).
However, this surface becomes continuous and smooth
toward the eastern margin of the buildup, where it marks
the onset of the late-stage buildup—seismic unit S7.

On isochron maps, seismic unit S6 restricted to a surface
area of approximately 260 km”. The maximum thickness is
about 60 ms in average, which separated the buildup M4,
from the late-stage buildup.

Seismic unit S7
Seismic unit S7 is the youngest unit of the carbonate plat-

form and consists of a convex upward late-stage buildup
(Figs. 7, 9). This unit is located and restricted to the
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southeastern side of the underlying M4 buildup and consists
mostly of medium- to low-amplitude with semi-continuous
to parallel seismic reflections. The internal geometries of
the late-stage buildup, with a mostly aggrading growth pat-
tern, are coupled with retrograde margins (Fig. 7b). At the
top, this unit is bounded by a strong-peak surface, inter-
preted as drowning unconformity, which marks the cessa-
tion of carbonate platform growth in the analyzed dataset.
This unit covers an area of less than 8 km?, the maximum
thickness of which is approximately 80 ms as mapped on
the seismic profile (Fig. 7).

Calibration with biostratigraphy

Cutting samples from the well Pak-G2-1 were investigated
for the facies and the microfaunas of the carbonate platform
(Fig. 13). The well-penetrated £320 m of shallow water
carbonates, encompassing seismostratigraphic units S5, S6,
and S7 (Fig. 14). Biogenic components are dominated by
larger benthic and small benthic foraminifera, planktonic
foraminifera, gastropods, and brachiopods with some silici-
clastic rock fragments. Further detailed investigation of the
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Table 1 Description of the seismic units

Seismic units Top surface  Identification criteria Maximum thickness (TWT) Intraplatform facies
amplitude
S7 DU Seismic; drill cutting and log T =280 ms Aggrading late-stage buildup
character Medium amplitude, continuous
reflections
S6 SB6 Seismic and log character, and T = 60 ms Chaotic and discontinuous reflec-
drill cuttings Medium to high amplitude tions
Discontinuous to chaotic
S5 SB5 Seismic and log Character drill T =120 ms Progradation, thickness decreases
cuttings Medium amplitude towards northwest.
Continuous to semi-continuous
S4 SB4 Seismic character T = 100 ms Mostly progradation and onlapping
Low amplitude and semi-contin- on the base surface
uous
S3b SB3 Seismic character T = 100 ms Aggrading facies minor prograda-
High amplitude, parallel to sub- tion towards north-northwest
parallel and continuous
S3a SB3a Seismic character T =100 ms Aggrading and progradational
High amplitude, parallel to sub- facies south to southeast
parallel and continuous
S2 SB2 Seismic character T =200 ms Aggrading basal part with localized
High to low amplitude, continuous  progradation towards the south to
to discontinuous southeast
S1 SB1 Seismic character, interval velocity 7 = 220 ms Aggrading, backstepping and

Deccan volcanic  Top volcanics Seismic character, interval velocity

High amplitude discontinuous
reflections

Seismic dipping reflection (inner
and outer SDRs)

progradation

Reflection free, sometime with pro-
grading and high amplitude facies

samples coupled with well logs and seismic interpretation
leads to the following results.

Samples from 4750 m to 4630 mMD (meters—measur-
ing depths) depth correspond to the upper part of the seis-
mic unit S5 that predominantly consists of creamy-white
fossiliferous limestone with abundant benthic foraminifera
and some other bioclasts. The abundance of larger benthic
foraminifera, which are represented by Lokhartia (Fig. 13a,
b), Alveolina (Fig. 13c, d), Nummulites (Fig. 13e, f, k),
Operculina, and Orbitolites in the absence of planktonic
specimens is taken as an indication of shallow, open marine
to inner neritic environment. In conjunction with the cut-
tings samples, the wireline log characters show a rather
clean carbonate succession. The GR log displays low-
amplitude response of less than 45 API (Fig. 14), indicating
a lack of any argillaceous materials with minor heteroge-
neity (Lucia 2007). The estimated average porosity ranges
between 20 and 30%, with a bulk density of about 2.3 g/
cm’. The upper bounding surface ‘SB5’ coincides with rel-
atively high GR log values (greater than 50 API). However,
there is a slight mismatch between the wireline log and
seismic data, attributed to the poor depth control (£5 m).

On the depth scale, seismic unit ‘S6’ ranges between
4630 and 4530 m. It is mainly composed of wackestone
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to packstone and is rich in benthic foraminifera such as
Nummulites (Fig. 13e, f) (N. atacicus, N. globulus) Alve-
olina sp., Assilina sp. (Fig. 13h), and miliolids (Fig. 13i).
In the well log suite, the GR facies shows serrated low- to
medium-amplitude values of around 45 API to 39 API in
the basal part of the unit. Uphole, the log shows an increase
in the values to up to 65 API, and then a decrease again
to 51 API at the SB6. The DT and density logs also show
the similar features, varying between 60 and 100 ps/ft. and
2.0-2.3 g/em?, respectively. Similarly, the average poros-
ity is 20-25%, but values vary highly between 10 and 30%
(Fig. 14). The variations observed in the log suite correlate
to the high-amplitude reflection and chaotic seismic facies.
These features are interpreted to represent a secondary
porosity developed due to the dissolution and leaching of
the formation during subaerial exposure and karstification
(Fig. 14). Therefore, it is proposed that the top surface of
the unit is a subaerial unconformity.

Seismic unit S7 corresponds to the late-stage buildup,
which was penetrated between 4530 m and 4433 mMD.
Below 4505 mMD, this unit is dominated by bioclas-
tic packstone to grainstone. The succession contains
fragments of litho- and bioclasts with the large ben-
thic foraminifera Glomalveolina lepidula, Alveolina
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Fig. 11 a Time structure maps of the interpreted stratigraphic sur-
face (SB1-DU) described in the study. M1, M2, M3 and M4 are four
carbonate buildups identified in the isolated carbonate platform. The
well Pak-G2-1 is located on the late-stage buildup. Contour lines
are every 100 ms (thin black lines) and 500 ms (thick black lines).

sp., Orbitolites sp., and Nummulites sp. together with
some small miliolids. Overall, in this unit, fossil shells
are often recrystallized, and, therefore, the preserva-
tion of fossils is poorer as compared to the older units.
This deterioration in preservation points towards post-
depositional fluid migration and dissolution. Plank-
tonic foraminifera replaces this assemblage in the upper
part of this unit. At a depth of 4450 mMD, a mixture
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b Isochron maps which represent the two-way travel time thickness
maps calculated by the thickness difference between top and bottom
bounding surface of each seismic stratigraphic unit. Area with zero
thickness is depicted as blue color

of deep marine sediments with shallow marine carbon-
ate is noticed. The ratio of gray shale to carbonate sedi-
ments increases toward the top of platform implying
a deepening of the environment. This is confirmed by
a fining upward sequence in the GR log (Fig. 14). The
average density of the formation is about 2.3 g/cm?. Just
2 m below the top of the drowning unconformity—at a
depth of 4335 mMD—the collected samples are rich in
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Fig. 12 Seismic characteristics of the isolated carbonate platform. MTC mass transport complex (see Fig. 5 for seismic line positions)
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Fig. 13 Biostratigraphically significant larger benthic foraminif-
eras from Late Paleocene to Early Eocene. a, b Lokhartia sp., (L),
¢ Alveolina sp., (A) (axial section), d Alveolina sp., (A), (equatorial
section), € Nummulites sp., (N) (axial section), f Nummulites sp., (N)
(equatorial section), g bioclasts (B) and some Eocene larger benthic

planktonic foraminifera and benthic species are entirely
absent. The age-diagnostic planktonic species identified
are Catapsydrax sp. and Globigerinatheka sp. (Wade
et al. 2011). On the GR and DT, a gradual increase in
the basal part of the unit is noticed (Fig. 14). This pat-
tern is followed by the serrated values, which again
decrease toward the interpreted drowning unconformity
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foraminiferas (Somalina sp., S), h a broken piece of Assilina sp., (As),
i Milliolid foraminifera, (M), in lithoclast, j, k Nummulites sp., with
poor preservation, 1 a lithoclast with abundant planktonic foraminit-
eras (P)

(DU), recognized at 4433 mMD (Fig. 14) on the digital
well logs motifs. In the GR and DT logs, a sudden low-
to the high-amplitude pattern is observed along the shale/
carbonate boundary. The GR log jumped from 50 API
below to around 130 API above. The same trend appears
in DT and density logs, which seem to have increasing
values. At 4320 mMD depth (at 13 m above the DU), the
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Fig. 14 Stratigraphic ranges of some important foraminiferal spe-
cies in the studied section of well Pak-G2-1 and their corresponding
seismostratigraphic units on depth converted seismic. The gamma ray

assemblage is rich in age-diagnostic planktonic fossils
with predominantly pelagic mudstone or marine shales.
Some lithoclasts are also present.

Discussion
Paleoecology and biostratigraphy

The large benthic foraminiferal assemblages indicate that
the carbonate succession accumulated in a tropical environ-
mental setting under oligotrophic conditions (Hallock and
Glenn 1986; Jorry et al. 2006). The large benthic foraminif-
era together with the planktonic foraminifera allow an age
assignment of the carbonate platform. For the age model,
the work of Serra-Kiel et al. (1998) on larger benthic
foraminifera biozones was applied together with the doc-
umented stratigraphic distribution of these fossils in the
Greater Indus Basin by Afzal et al. (2009, 2011).
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curve increasing from left to right. The black and red well curves are
compressional sonic and density logs, respectively

The earliest appearance of Lokhartia sp. is documented
as SBZ3 (Serra-Kiel et al. 1998) which extends into the
Early Eocene age in the region of the eastern Tethys
(Akhter and Butt 1999; Afzal et al. 2009, 2011). The first
appearance of Alveolina sp. marks the biozone SBZ5/6 at
the base of the Eocene (Hottinger 1971; Serra-Kiel et al.
1998). However, the analyzed samples were void of com-
mon large benthic foraminifera of SBZ3 and SBZ4 Zones
in the Greater Indus Basin (Afzal et al. 2011), such as
Ranikothalia and Miscellanea. Therefore, the presence of
Lokhartia sp. and Alveolina sp. together suggests an earli-
est Eocene age for the shallow marine carbonate platform
(Fig. 14), equivalent to Zone SBZ5/6 by Serra-Kiel et al.
(1998). Later, the first appearance of Nummulites atacicus
and Nummulites globulus is attributed to the Zone SBZS.
These results are consistent with the biostratigraphic
assemblage of other Tethyan carbonate platforms (Afzal
et al. 2011). This foraminiferal assemblage indicates that
this carbonate unit dates to an Early Eocene age.
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Fig. 15 Schematic model of NE
the studied isolated carbonate
platform. a Initial establishment
and start-up phase. Carbonate
platform deposition first began
as mounds and patches at the
top of the submerged volcanic
high with early transgression. b
The development of low relief
platform with low-angle flat-top
surface. ¢ Carbonate platform
retreated from the margins

and catch-up with the rela-

tive sea level rise. M4 buildup
accumulated vertically and M2
buildup subsequently drowned.
d A fall in relative sea level was
recorded and erosional features
were formed. e The quick rise
in sea level caused the terminal
drowning of carbonate platform
with subsequent formation

of late-stage buildup in Early
Eocene. The deep water settings
were prevailed and pelagic
continuous to develop till Mid-
dle Miocene when carbonate
platform was covered by the
terrigenous succession of Indus
Fan

P

B. Low Relief Platform Stage

M2 Buildup

Drowned Buildup

P =
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E. Late Stage Buildup and Final Drowning Stage (Early Eocene to Middle Eocene)

Late Stage Buildup

e

D. Subareal Exposure (Early Eocene)

C. High Relief and Partial Drowning (Early Eocene)

M4 Buildup
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The final drowning event of the carbonate platform
is placed in the interval encompassing the Early Eocene
to earliest-Middle Eocene (~49 to ~45 Ma) by consid-
ering the appearance of the age-diagnostic planktonic
foraminifera Catapsydrax sp. and Globigerinatheka sp.
as evidence (Berggren 2005; Wade et al. 2011). Hence,
the stratigraphic data of Calves et al. (2008) propos-
ing the platform drowning age as 37 Ma are evidently
challenged.

‘& Seismic Mounds

Platform evolution

Regional seismic interpretation and the biostratigraphy
indicate that the carbonate platform has evolved during the
Paleocene to Early Eocene times. Seismic stacking pat-
terns, platform architecture, and depositional facies allow
the identification of three-platform evolution stages—plat-
form initiation stage, development of aggrading and escarp-
ment stage, and late-stage buildup and drowning stage.
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Platform initiation stage (S1-S2)

Investigation of seismic profiles and isochron maps depict
an atoll-shaped flat-topped volcanic complex. The evi-
dence of subaerial exposure of this volcanic complex is a
debatable subject. Subsequent localized growth of car-
bonates on the volcanic complex is evident in the data
presented herein. These carbonates formed small mounds
and patches which are interpreted as the first recognizable
flooding event of the volcanic complex (Fig. 15a). This ini-
tial stage of carbonate development is interpreted as a start-
up to catch-up phase, which mostly forms the lower part
of the seismic unit S1. This phase, with a backstepping of
the mounds, seems to match with the global Early to Mid-
dle Paleocene sea level rise (Miller et al. 2011). During the
further growth of this unit, carbonate production expanded
and localized patches and mounds coalesced, thus forming
a low relief flat-topped platform with small mounds and
four distinct buildups areas M1, M2, M3, and M4.

Following the seismic unit 1, the carbonate factory kept
up with a significant local growth. This episode is marked
by the presence of subtle clinoforms away from the mound
observed in the seismic unit S1 (Fig. 7b) and interpreted as
a localized lowstand on the carbonate platform which was
later onlapped by a transgressive event of the seismic unit
S2. This growth phase culminated with the drowning of the
M1 buildup, which restricted the growth of neritic carbon-
ates to the western margin of the volcanic ridge (Fig. 11b:
S1). Several small mounds and pinnacles are present in the
central and peripheral areas above the sequence bound-
ary SB1. At the end of this stage, the carbonate platform
developed a low relief with an estimated height of almost
approximately 450 m (velocity 4500 m/s) and slope angles
of less than 10°.

Aggrading and escarpment stage (S3-S6)

With a subsequent relative sea level rise, the carbonate
platform significantly aggraded until the mid of the seis-
mic unit 3 (SB3a). During this time, the platform margin
retreated inwards, which is taken as an indication of insuf-
ficient carbonate production to fill up the available accom-
modation space, giving way to a ‘give-up’ sequence. With
the onset of the seismic unit 3b, a significant shift in the
depositional trend is observed. The trend marks a subtle
intraplatform prograding complex towards the NW and
may, in fact, be the downlapping on the underlying aggra-
dational geometries. Considering the seismic resolution as
a limitation, interpreting this as an abrupt change in depo-
sitional trend could be misleading. However, the downlap-
ping patterns clearly mark another event, genetically differ-
ent from the underlying carbonate factory. A few possible
explanations for this shift may be:
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1. A lag time and re-establishment of the carbonate fac-
tory may have occurred between the sub-units S3a and
S3b. If this was the case, the underlying keep-up cycle
must have terminated for a particular period before a
new factory was established at another location. There
is no clear seismic evidence of exposure between the
sub-units S3a and S3b, but such a feature may lie
below seismic resolution.

2. The development of local mounds was due to a signifi-
cant increase in the carbonate growth potential under
decreasing accommodation (see Fig. 8c). This would
imply that the underlying keep-up cycle continues until
the end of the seismic unit S3.

3. A transgressive event may have temporarily shut down
the carbonate factory, due to a significant rise in sea
level, but could not develop a seismic scale reflection.
In this case, a drop in sea level at a later point of time
re-established the carbonate factory, which was pro-
grading toward the north and northwest.

In summary, the entire stage is characterized by large-
scale aggrading margins until the end of seismic unit 3
(SB3b). Further, this unit is onlapped by a thin transgres-
sive event of the seismic unit S4 overlain by normal regres-
sive events of the seismic unit 5. This entire stage is inter-
preted as a localized keep-up cycle, with the subsequent
drowning of buildups M2 and M3 (Fig. 15¢). The margins
of buildup M4 became starved and accumulated vertically
to form an escarpment surface with a relief of approxi-
mately 1100 m (velocity 4500 m/s), with progressively
steepening slopes reaching angles between 15° and 20°.
The buildup M4 growth continued until the next fall in sea
level (SB6), which apparently marks a depositional hiatus
and subaerial exposure on seismic scale as high ampli-
tude (Figs. 14, 15d). This observation matches with more
erratic log values and infers a possible karst development.
However, the impact of this exposure is not observed in the
limited record provided by the well cuttings. An alternative
interpretation for the discontinuous and mounded facies
could also infer the presence of patch reefs in the shallow
lagoon, enclosed by reef rims similar to examples provided
by numerous ancient and modern carbonate buildups. The
topographic lows between these buildups received some
of the platform-derived sediments characterized by strong
amplitudes with hummocky reflections (Figs. 9, 15).

Late-stage buildup and final drowning stage (S7)

Following the exposure event which interrupted the forma-
tion of S6, the platform was inundated again by a rise in
relative sea level, thus re-establishing a neritic carbonate
production. During this time, the increase in accommoda-
tion space restricted the carbonate factory to the eastern
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margin of the M4 buildup. In this scenario, the carbonate
factory did not have an opportunity to re-occupy the full
platform. It rather formed a distinctive mound, approxi-
mately 120 m thick and covering a surface of 8 km?. This
growth episode is herein referred to as late-stage buildup
(Fig. 15e). The surrounding platform area at this time was
covered by hemipelagics and pelagics. The gradual change
from shallow marine benthic foraminifera to deep marine
planktonic species is recorded, which is indicative of the
deepening paleoenvironment. From the biostratigraphic
data, it appears that the shallow water carbonate factory
completely drowned during the Early Eocene followed by
the pelagic deposition, which persisted, from the Middle
Eocene to the Middle Miocene (see Fig. 14). This hemipe-
lagic to pelagic episode terminated with the advance of the
southward prograding Miocene Indus Fan. The platform
was, therefore, buried under a thick pile of Neogene to
Recent siliciclastics turbidites and marine shales.

Factors controlling the carbonate platform growth
and architecture

The Indus Basin is a classical area for the development
of models for the facies, the stratigraphy and the paleoen-
vironmental evolution of Paleogene neritic carbonates
(Akhter and Butt 1999; Afzal et al. 2011). In this study, for
the first time, an overview of the geometrical and sequence
stratigraphic evolution of these depositional systems is
introduced, along with an insight into global and regional
factors controlling the buildups growth in the region.

Subsidence and eustatic sea level changes

In the line of previous studies (Mohan 1985; Agrawal and
Rogers 1992; Calves et al. 2008), the subsidence history of
western Indian margin can be separated into a main thermal
subsidence phase, linked with the Early Paleocene volcan-
ism and coeaval development of the passive margin, and a
secondary phase of the flexuring induced subsidence by the
loading of excessive Indus fan sediments and accompanied
by the Indian Plate reorganization (Mohan 1985; Agrawal
and Rogers 1992; Whiting et al. 1994). The first phase of
thermal subsidence further consists of a slow subsidence
during Late Paleocene to Early Eocene and a rapid subsid-
ence event occurred thereafter.

The stratigraphic development of the carbonate plat-
form in the Offshore Indus Basin was controlled by thermal
subsidence. This continuous subsidence was responsible
for creating the accommodation space for the growth of
an approximately 1400 m thick shallow marine carbonate
succession. During this time, the carbonate platform con-
tinuously reduced its surface area between the seismic units
S1-S7, from 1650 to 260 km?, without any interruption by
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a margin progradational phase. However, the contempora-
neous intraplatform progradation and the subaerial expo-
sure of the platform suggest that the main global eustatic
changes can still be recognized as a secondary overprint
despite the strong control on deposition by subsidence. Fur-
ther, a gradual change in the carbonate facies, from shallow
marine limestone to the deep marine pelagic, is an indica-
tive of a rapid change in accommodation space where the
carbonate platform could not keep pace with the relative
sea level rise and drowned. Calves et al. (2008) connected
this demise of platform with the rapid subsidence by thin-
ning and cooling of the lithosphere. It was further specu-
lated that the Indian margin shows significant slow thermal
subsidence until Middle Eocene (~37 Ma) which was fol-
lowed by an episode of a rapid subsidence.

The present study, on a contradictory note, presents
a different age of the platform drowning. Results derived
from the biostratigraphic data propose an age bracket of
~49 to 45 Ma for the onset of the drowning of the carbon-
ate platform. This infers that the rapid subsidence started
prior to this time, where initial slow subsidence is recorded
within the time span of 16-20 Ma. This resulted in the
deposition of thick limestone units. These results validate
the drowning age suggested by Carmichael et al. (2009).
However, the exposure surface preceding the development
of the late-stage buildup is suspicious. We propose that a
high-amplitude eustatic sea level lowering occurred in the
corresponding time interval that may be responsible for the
platform emersion. Although the herein presented biostrati-
graphic data are inadequate to document the precise age
and interval of the emersion, the best correlation of the
emersion preceding the late-stage buildup seems to match
with an eustatic fall of more than 100 m around ca. 49 and
51 Ma (Miller et al. 2011; Haq et al. 1987) (Fig. 3b: global
sea level).

Climate and paleoceanography

The type of carbonate producers and rate of deposition
are known to be strongly influenced by climate (Jones and
Desrochers 1992; Schlager 2005). The carbonate succes-
sion of the Greater Indus Basin was dominated by larger
benthic foraminifera during the Paleogene period. This
period witnessed long-term climatic changes that led to
the transition from global greenhouse conditions to ice-
house conditions (Zachos 2001). Scheibner and Speijer
(2008a) suggested that Paleogene global warming events
caused a Tethyan-wide massive decline in coral reefs and
a coeval shift of carbonate platforms with large benthic
foraminifera.

Scheibner and Speijer (2008b) subdivided the evolu-
tion of Paleogene Tethyan carbonate platforms into three
stages linked to climate perturbations. Platform Stage I
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(~58.9 to 56.2 Ma; SBZ 1-3) is represented by the domi-
nance of coralgal assemblages throughout the Tethys. Plat-
form Stage 2 (~56.2 to ~55.5 Ma; SBZ 4-5) is linked with
a noticeable reduction of coral taxa and a proliferation of
larger foraminifera communities such as ranikothalids and
micellanids in lower latitudes (0°-20°) with a global rise
in sea surface temperature, and Platform Stage III (~55.5
to 40.4; SBZ 5/6-16) with a massive transient temperature
peak causing a Tethyan-wide scarcity of coral communi-
ties. At the same time, Paleocene ranikothalids and mis-
cellanids were substituted by nummulitids and alveolinids
at the Paleocene—Eocene limit. This evolutionary trend is
known as larger foraminifera turnover (LFT) and is directly
coupled to the CIE of the PETM (Scheibner et al. 2005).
The drilled section of carbonate platform sequences S5-S7
shows a high abundance of Nummulites and Alveolina spe-
cies. This may assist in treating this part of carbonate suc-
cession to Platform Stage III of the Tethyan carbonate plat-
forms. Undoubtedly, the lower platform part, which is more
than 1000 m thick, records the LFT but this needs further
drilling for confirmation. Correspondingly, the seismic
units overlying SB3 show a decrease in relative thickness
with the absence of any seismic mound facies. This is taken
as an indication that a turnover of the type of carbonate fac-
tory occurred after this time and the lowest carbonate pro-
duction rates due to the lack of a mound-building capacity
can be expected.

The Early Paleogene climate perturbation climaxed with
the EECO responding to a decline in the global tempera-
tures. The global cooling event was accompanied by the
demise of many symbiont-bearing larger benthic foramin-
ifers species and a recovery of coral taxa in the southern
Tethys (Hallock et al. 1991; Hontzsch et al. 2013). This
persistent cooling trend eventually led to a glacial climate
condition near the Eocene—Oligocene boundary (Kent and
Muttoni 2008). The EECO is apparently not a signature in
the platform, but its possible effects cannot be neglected in
final demise of the carbonate platform.

Hallock (1987) presumed that the Paleogene evolution-
ary events of large benthic and planktonic foraminifera
were linked to the effects of varying trophic resources in
the oceans, resulting in eutrophic conditions on the conti-
nental shelves. Further, Speijer and Wagner (2002) out-
lined the intensification of deeper water upwelling on the
continental shelf bordering the Tethyan Ocean. Considering
these scenarios, the orientation of the Indian margin dur-
ing the Late Paleocene was almost —32° clockwise from
the present-day position (Copley et al. 2010). The Indo-
pacific seaways were not closed yet and acted as a passage
for ocean currents to the western Tethys (Scotese 2001).
Perhaps these conditions developed a local geostrophic
flow along the western margins of the Indian Plate, which
enhanced the seasonal upwelling and productivity in the
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surface water with a possible additional influence of trade
winds. Scotese and Summerhayes (1986) predicted the
presence of upwelling phenomena during the Early Eocene,
which might be a source of seasonally induced nutrient
influx in the Offshore Indus Basin. As a consequence, the
deposition of organic-rich shale occurred along the coast
of the western Indian margin during the Late Paleocene to
Early Eocene, which is taken as an evidence of an increase
in productivity (Ahmad and Ahmad 2005). Such enhanced
eutrophic conditions on the continental shelves may have
been a factor for controlling the proliferation of the large
benthic foraminifera.

Partial drowning mechanism of the carbonate platform

Tropical shallow water carbonate factories drown if the
rate of increase of accommodation exceeds the carbonate
growth and accumulation rate (Schlager 1981; Kim et al.
2012) and growth and accumulation rates are reduced
through ecological disturbance and the platform submerged
beneath the photic zone (Schlager 1981; Hallock and
Schlager 1986).

Our results suggest that the flanks of carbonate platform
show asymmetric growth. The eastern margin shows con-
tinuous aggrading margins whereas the western margins
stepped back episodically during its growth to form three
successive terraces. These types of terraces are also iden-
tified within the other modern and ancient carbonate sys-
tems. The reason of such terrace formation is attributed to
the differential tectonics, changes in climate and biota, and
environmental conditions (Ward 1999; Betzler et al. 2009;
Fiirstenau et al. 2010; Courgeon et al. 2016). The origin of
this asymmetrical appearance of the platform margins, on
the studied platform, is not entirely clear because of the
data restraints. By comparison with the other platforms in
the region, several hypotheses can be formulated to explain
the external architecture of the platform history.

1. The western margin of the platform could be a response
of differential subsidence subjected to the Cenozoic
reorganization of the Indian Plate with respect to Ara-
bian—African Plate. However, this hypothesis cannot be
fully tested on this platform as the seismic data resolu-
tion also abruptly decreases beneath the carbonate plat-
form due to the sub-basalt-imaging problem. There-
fore, resolving the basement faults which could reflect
such a process is not possible on 2D seismic.

2. Courgeon et al. (2016) also reported successive terrace
formation in an Early Paleogene carbonate bank in the
Mozambique Channel seamounts. This example was
proposed to be associated with the major long-term
climatic warming of the Paleocene—Eocene transition
during which many Tethyan coral reef system declined.
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3. The backstepping could also be the response of envi-
ronmentally triggered eutrophic regimes in the western
Indian Ocean as seen in the archipelago of the Mal-
dives (Betzler et al. 2009, 2016), the South China Sea
(Zampetti et al. 2004). It is suggested that the deterio-
ration of the environmental conditions are linked with
the trade-wind driven upwelling as discussed earlier.
Eventually, this nutrient injection threatened the car-
bonate factory and the platform could not keep-up with
the relative sea level rise in aforementioned scenarios.

Nevertheless, future drilling, high-resolution geochemi-
cal, and microfacies analysis of the western margin of the
platform may help to test the validity of these hypotheses.

Seismic geomorphology and biota in comparisons
with the Indo-Pacific carbonate platforms

Subsurface examples of Paleocene and Eocene carbon-
ate platforms were rarely documented in the past. Exam-
ples with a similar architecture and morphology as the
case described herein are the Maldives (Purdy and Betram
1993; Aubert and Droxler 1996) and the Yadana platforms
(Paumard et al. 2017). In all examples, the accommoda-
tion space for carbonate sedimentation is provided by the
thermal subsidence of the volcanic pedestal. The carbonate
platforms developed during a greenhouse time and inter-
nally contain an apparent layer cake stratigraphy with meter
scale stratigraphic cycles. The stratigraphic geometries are
largely aggradational in these platforms, escorted by the
steep slopes descending to oceanic depths and apparently
lacks wave resistant reefs structures. In terms of biota, the
quoted examples also share similarities with an abundance
of benthic foraminifera such as nummaulites. The Paleogene
succession in Maldives persisted until the Late Oligocene
time (Aubert and Droxler 1996). The Indus offshore exam-
ple, on the contrary, drowned at the end of Early Eocene.
This confirms that, albeit the platforms are comparable in
stratigraphy and morphology, the regional climatic and tec-
tonic settings had a strong imprint on Indus Offshore car-
bonate platforms.

Conclusions

Detailed investigation of Paleocene—Eocene carbonates of
Offshore Indus Basin yields a record of an isolated carbon-
ate platform system, which developed on top of the Dec-
can volcanics with a minimum structural deformation. The
2D seismic stratigraphic architecture and the biostrati-
graphic data obtained from the well suggest that a long-
term sea level rise, induced by the post-Deccan thermal
subsidence, contributed significantly to the generation of
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the accommodation space required for the thick carbonate
succession. Eustatic-induced short-term relative sea level
changes acted as primary factors that influenced the inter-
nal heterogeneity and sequence formation, which could be
resolved over the seismic scale as third-order cycles.

The presence of an Early Eocene benthic assemblage
with nummulitid and Alveolinids allows assigning the
platform to the Tethyan Platform Stage III. The climatic
changes associated with PETM such as LFT caused a
severe reduction in carbonate production. Hence, it is
concluded that the global climate perturbation and rapid
subsidence made the carbonate factory and the sediment
accumulation vulnerable to high-frequency relative sea
level fluctuations and, thus, eventually led to the platform
drowning during the Early Eocene.
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