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From Series Editor

The Paleogene, comprising the early part of Cenozoic Era, was the most dynamic
period in the Earth’s history with profound changes in the biosphere and geosphere.
The period began with post-K/T mass extinction event at *65.5 Ma and ended at
*23 Ma, when the first Antarctic ice sheet appeared in the southern hemisphere.
The early Paleogene (Paleocene–Eocene) has been considered a globally warm
period, superimposed on which were several transient hyperthermal events of
extreme warmth. Among them, the Paleocene–Eocene Thermal Maxima (PETM)
boundary interval is the most prominent extreme warming episode of 200 Ka
duration. PETM is characterized by 2–6‰ negative carbon isotope excursion in
both terrestrial and marine sediment records, worldwide. The event coincides with
the benthic extinction event (BEE) in deep sea and larger foraminifera turnover
(LFT) in shallow seas. Rapid *6°–8° warming of high latitudinal regions led to
major faunal and floral turnovers in continental, shallow-marine, and deep-marine
realms. Emergence, dispersal of mammals of modern aspect including artiodactyls,
perissodactyls, and primates (APP), and evolution and expansion of tropical veg-
etation are some of the significant features of the Paleogene warm world.

In the Indian subcontinent, the beginning and end of the Paleogene are marked
by varied events, which resulted in shaping various physiographic features of the
subcontinent. Indian subcontinent lays within the equatorial zone during the earliest
part of Paleogene. Carbonaceous shale, coal, and lignite deposits of Paleogene age
(*55.5–52 Ma) of the western and northeastern margins of the Indian subcontinent
are rich in their fossil content and provide information on climate as well as evo-
lution and paleobiogeography of tropical biota. Indian Paleogene deposits of
India-Asia collision zone also provide information pertaining to the paleogeography
and timing of collision. Indian Paleogene rocks are exposed in the Himalayan and
Arakan mountains; Assam and the shelf basins of Kutch-Saurashtra, western
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Rajasthan; Tiruchirapalli-Pondicherry and Andaman, and though aerially limited,
these rocks preserve very important geological records. I hope this concise account
of Indian Paleogene will provide valuable insight.

Satish C. Tripathi
Series Editor
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Paleogene Stratigraphy of India: An
Overview

D. S. N. Raju

Abstract The Paleogene stratigraphic record in India left imprint with many clues
towards understanding the global and Indian plate events. The KTB and the begin-
ning of the Paleogene is heralded by the Deccan volcanism, which is considered to
be the main killer responsible for mass extension. Towards the end of the Paleogene
there was a global drop in sea-level and major hiatus which left marks in the Indian
basins. Within the limits of the Paleogene a number of major geological events are
recognizable. They are: (1)Maximumflooding during zones P4/P5 (Late Paleocene),
(2) Paleocene-Eocene Thermal Maxima (PETM), the impacts of which are not fully
explored in Indian strata, (3) Late Paleocene-Early Eocene sedimentary succession
of India occupies an important position as a major source rocks and to a lesser extent
reservoirs of hydrocarbons. Case examples are: (a) Bombay Offshore Panna Forma-
tion deposited in several cycles in a marginal marine setup, (b) Facies comparable to
the Panna Formation extended up to Kerala-Konkan basin where these are referred to
KasargodFormation. (c)CambayBasin:Olpad/CambayShale deposited in lacustrine
to marginal marine environment is the source for the sandstone reservoir in several
fields, (d) Tura Formation in NE Region, (4) Zone P13 (Middle Eocene) maximum
flooding surface recognizable and valuable in correlation, (5) Himalayan orogenic
movement-I (41.3–42 Ma), (6) Late Eocene drop in sea-level left record in several
basins except in Cambay Basin and NE Indian basin where there was sea-level rise
due to local tectonic subsidence greater than sea-level drop, (7) drop in paleotemper-
atures during the Early Oligocene documented globally and in the Kutch basin. (8)
Extinctions close to the Paleocene-Eocene boundary and top of the Eocene. Further
studies by Research scholars require access to deep well samples of the ONGC and
other oil companies. Lithostratigraphy of Paleogene strata of India from exposures
and subsurfaces, paleoshelfs and bathyal settings is well recognized/established. All
the formations are briefly described and further references are being provided for
more detailed account. Sedimentary basins covered in this paper include: Himalayan
foreland, NERegion, Andaman,West Bengal,Mumbai offshore, Cambay, Kutch and
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2 D. S. N. Raju

Jaisalmer basins. Preserved record in exposed sections is incomplete-punctuated by
hiatuses. Diachronos nature of the limits of the formations on basin scale is not fully
appreciated by workers in India.

Keywords Paleogene stratigraphy · PETM · Foraminiferal markers · Indian
basins

Introduction

The Cenozoic (originally Cainozoic) Era (Phillips 1841) derives its name from the
relatively new (Kainos) biota, compared to the Mesozoic Era. The Cenozoic Era
is subdivided into the Paleogene (Palaios � old, genes � birth), the Neogene and
the Quatenary periods. The term Tertiary (Ardunio 1759) has been traditionally used
to indicate the lives interval between the Mesozoic and the Quaternary and therefore
comprise the Paleogene and theNeogene. The use of the termTertiary is discouraged.
However, the term Tertiary still widely used, in particularly since the ratification of
the term Quaternary as a period (Head et al. 2008).

Naumann (1866) combined his “Paleogene Stufe,” the Eocene and the Oligocene,
as opposed to the “Neogene Stufe of Hornes” (1853) which included not only the
Miocene and the Pliocene, but also fauna of the Pleistocene. The term “Nummuli-
tique,” which have been employed as an equivalent of Paleogene mainly by French
speaking stratigraphers such as Renevier (1873), Haug (1908–1911) GTS (2004).

The Paleogene system is subdivided into three series: The Paleocene, Eocene and
Oligocene, referring again to the evolution of the biote (Eos� down and oligos� lit-
tle). The three Paleogene series have been formally subdivided into nine stages as
decided by the International Subcommission on Paleogene Stratigraphy at the 1989
International Geological Congress in Washington (Jenkins and Luterbacher 1992).
The Paleocene Series is further subdivided into the Danian, Selandian and Thane-
tian stages, the Eocene series into the Ypresian, Lutetian, Bartonian and Priabonian
stages and the Oligocene Series into the Rupelian and Chattian stages, all stages
being listed successively from old to young (GTS 2012).

• All Paleocene stages (i.e., Danian, Selandian and Thanetian) have formally ratified
definitions, and so have the Ypresian and Lutetian Stages in the Eocene, and the
Rupelian Stage in the Oligocene.

• The Bartonian, Priabonian and Chattian Stages are not yet formally defined.
• After the global catastrophe and biotic crisis at the Cretaceous- Paleogene bound-
ary, stratigraphically important marine microfossils underwent new evolutionary
trends, and on land the now flourishing mammals offer a potential for stratigraphic
zonation.

• During the Paleogene the global climate, being warm until the late Eocene, shows
a significant cooling trend culminating in a major cooling event in the beginning
of the Oligocene, preparing the conditions for modern life and climate. Orbitally
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tuned cyclic sedimentation series, calibrated to the geomagnetic polarity and bios-
tratigraphic scales, have considerably improved the resolution of the Paleogene
time scale.

Indian Stages Biochrons

Paleocene

GTS 2012 recognized 9 stages in the Paleogene. For Indian basins, 7 stages and 19
biochrons are recognizable. Comparison/correlation of Indian biochrons and stages
with standard stages and zones is shown in Figs. 1 and 2.

Meghalayian Stage (2.72 My)

Interval from the LAD of Racemiguembelina fructicosa, Globotruncana,
Globigernelloides, Rugoglobigerina (66.04 Ma) to FAD of Morozovella angu-
lata/Igorina pusilla (62.29 Ma) (Early Paleocene).

1. MEG-I: Definition: defined as the interval from the LAD of Racemiguembelina
fructicosa, Globotruncana, Globigernelloides, Rugoglobigerina (66.04 Ma) to
FADofGlobanomalina compressa (63.94Ma).Duration: 2.1My (EarlyDanian).
Datums within this biochron MEG-I are Planktic foraminifera 4 FADs.

2. MEG-II: Defined as the interval from the FAD of Globanomalina compressa
(63.90 Ma) to FAD of Morozovella angulata/Igorina pusilla (62.29 Ma). Dura-
tion: 1.61 My (Early to Late Danian). Datums within this biochron MEG-II are
planktic foraminifera: 3 FADs.

Mawsmaian Stage (6.19 My)

Interval from FAD ofMorozovella angulata (62.29 Ma) to LAD ofGloboanoma-
lina pseudomenardii (60.73 Ma). Duration: 1.56 My (Middle Selandian).

MAW-I: Defined as interval from FAD of Morozovella angulata (62.29 Ma) to
LAD of Globoanomalina pseudomenardii (60.73 Ma). Duration: 1.56 My (Mid-
dle Selandian). Foraminiferal datums within this biochron MAW-I are Planktic
foraminifera 5 FADs and 2 LADs.
MAW-II: Defined as an interval from FAD of Morozovella aequa (57.79 Ma) to
FAD of Globoanomalina pseudomenardii (60.73 Ma). Duration: 2.94 My (Late
Selandian). Datums within this biochron MAW-II are planktic foraminifera: 1 FAD
and 1 LAD.

Khasian Stage (4.53 My)

KHA-I: Defined as an interval from FAD of Globanomalina pseudomenardii
(60.73 Ma) to LAD of G.pseudomenardii (57.10 Ma). Duration: 3.63 My (Mid-
dle Thanetian). Datums within this biochron KHA-I are planktic foraminifera: 2
FADs and 3 LADs.
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Fig. 1 Comparison/correlation of Eocene-Oligocene global standard stages, zones and Indian
biochrons, stages and boundary marker

KHA-II: Defined as interval from LAD of Globanomalina pseudomenardii
(57.10 Ma) to LAD of Morozovella velascoensis (55.20 Ma). Duration: 1.9 My
(Late Thanetian). Datums within this biochron KHA-II are planktic foraminifera: 1
LAD and 4 FADs.
Kakdian Stage (6.28 My)

1. KAK-I: Defined as an interval from LAD of Morozovella velascoensis-
(55.20Ma) to FADofMorozovella aragonensis (52.54Ma). It occupies the lower
part of the Ypresian. Duration: 2.34My. Datums within this biochron KAK-I are
Planktic foraminifera: 2 FADs and 4 LADs, Nannoplanktons: 2 FADs and 1
LAD.
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Fig. 2 Comparison/correlation of Paleocene-Eocene global standard stages, zones and Indian
biochrons, stages and boundary markers

2. KAK-II: Defined as an interval from FAD ofM. aragonensis (52.54Ma) to FAD
of Planorotalites palmerae (~50.20 Ma). This biochron occupies the middle part
ofYpresian.Duration: 2.34My.Datumswithin this biochronKAK-II arePlanktic
foraminifera: 1LADand1FADs,NannoplanktonTribrachiatus orthostylusLAD
50.47 Ma

3. KAK-III: Defined as an interval from the FAD of P. palmerae (50.20 Ma) to
the FAD of Guembelitrioides nuttalli (45.72 Ma). This biochron represents the
upper Ypresian. The upper limit is close to the LAD of Acarinina soldadoensis
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angulosa. Duration: 1.6 My. Datums within this biochron KAK-III are planktic
foraminifera: 1 FAD, Nannoplankton Discoster sublodoensis FAD at 49.43 Ma.

Babian Stage (8.52 My)

1. BAB-I: Defined as an interval from FAD ofG. nuttalli (45.72 Ma) to LAD ofM.
aragonensis (43.26Ma). The interval is highly fossiliferous in the Cauvery Basin
in wells Adiyakkamangalam-1. Duration: 2.46 My (Middle Lutetian). Datums
within this biochron BAB-I are planktic foraminifera: 2 FADs, nannoplanktons:
2 FADs and 1 LAD.

2. BAB-II: Defined as an interval from LAD of M. aragonensis (43.26 Ma) to
FAD ofOrbulinoides beckmanni (40.49Ma). Duration: 2.77My (Late Lutetian).
Datums within this biochron BAB-II are planktic foraminifera: 2 FADs and 1
LAD, nannoplankton: 1 LAD.

3. BAB-III: Defined as an interval from FAD of O. beckmanni (40.49 Ma) to LAD
of Acarininarohri (~37.2 Ma). This biochron is well developed in Indian basins.
Duration: ~3.29 Ma (Late Bartonian). Datums within this biochron BAB-III are
planktic foraminifera: 1 FAD and 6 LADs, nannoplanktons: 1 FAD and 1 LAD.

Taptian Stage (3.30 My)

1. PY-I: Defined as an interval from LAD of Truncorotloidesrohri (~37.2 Ma) to
LAD of Globigerinatheka semiinvoluta (36.18 Ma). Duration: ~1.02 My (Early
Priabonian). Datums within PY-1 biochron are nannoplankton: 1 FAD and 1
LAD.

2. PY-II: Defined as an interval from LAD of G. semiinvoluta (36.18 Ma) to LAD
ofGloborotalia cerroazulensis (s.l) (~33.9 Ma). The LAD of Pellatispira is very
close to the LAD of G. cerroazulensis. Duration: ~2.28 My (Late Priabonian).
Datumswithin this biochronPY-II are planktic foraminifera: 3FADs and5LADs,
nannoplanktons: 1 FAD and 1 LAD.

Ramanian Stage (Early to Middle Rupelian)

RAM-I: (Early Ramanina, Early Rupelian): Defined as an interval from the FAD
of N. fichteli to FAD of Lepidocyclina isolepidinoides. Nannoplankton assemblage
referable to zone NN23 was recorded by Dr. Jafar and others from the uppermost
part of this zone (personal communication).
RAM-II: (UpperRamanian,Middlepart ofRupelian):Defined as an interval from
FAD of L. isolepidinoides to LAD of N. fichteli. Nummulities clypeus is common in
this zone. The definition and subdivision of this Ramanian stage is based on larger



Paleogene Stratigraphy of India: An Overview 7

foraminifera. However, based on subsurface data in the Cauvery Basin, a linkup with
planktic foraminifera is attempted.

(a) The LAD of N. fichetli is close to the LAD of Globigerina ampliapertura
(30.28 Ma).
Datums within this biochron RAM-I are Planktic foraminifera: 1 LAD and 1
FAD, Nannoplanktons: 2 FADs and 3 LADs.

Waiorian Stage
WA-I (EarlyWaiorian, latest Rupelian to Early Chattian): Defined as an interval
from LAD ofN. fichteli to FAD ofMiogypsinidae (M. bermudezi in Kutch Basin). In
Kutch theFADofMiogypsinidae coincideswithFADofGlobigerinoides primordius.
WA-II: (Middlepart ofChattian):Defined as an interval fromFADofM.bermudezi
to FAD ofM. (Miogypsinoides) complanata. It is characterized byM. bermudezi and
transitional forms fromM. bermudezi toM. gunteri like forms with primitive lateral
chambers. It is differentiated from younger intervals withM. gunteri in the absence
of M. (Miogypsinoides) bantamensis which has a distinctly larger protoconch.
WA-III (Upper part of Chattian): It is characterized by an interval from FAD of
M.(M.) complanata to FADof Spiroclypeus ranjanae. Lepidocyclina praemarginata-
morgani occurs in this interval.
WA-III b:Defined as an interval fromFADof S. ranjanae to a level ofM. gunteriwith
mean value ofX� 11. Datumswithin this biochronWA-III are planktic foraminifera:
5 LADs and 7 FADs, Nannoplanktons: 2 LADs.

Limitations of Bio- and Chronostratigraphy

Biochronology rests on the principle of irreversible evolution in biota and establish-
ment of ranges of species particularly their FADs (First Appearance Datums) and
LADs (Last Appearance Datums). A case example is given below. Fasciolites ellip-
tica (=Alveolina elliptica) was described by Sowerby (1840) from Kutch. The type
level is from planktic foraminiferal zone P13. (Bartonian, Middle Eocene) Its range
in Kutch is from P13 to P14. Govindan (2013) has shown the range of A. elliptica
from P10 to P11 (Lutetian); such interpretations will lead to wrong correlations.

ResolutionAchieved inBiochronostratigraphyThroughVariousTools/Methods

Biostratigraphy based on planktonic foraminifera, nannoplankton, spore-pollen,
acritarchs and dinoflagellate cysts are most useful and actually applied constantly in
hydrocarbon exploration in India.
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Some Inquiries and Requisites of Basic Research in India

What is the use of bio- and chrono-stratigraphic classifications if they are not useful in
deciphering the geological evolution of a basin or theEarth as awhole, or evolutionary
trends in biota or if not applicable towards economic benefits of mankind and other
life?

In GTS 2012, standard Cretaceous-Cenozoic chronostratigraphic classification,
several of the standard stage boundaries are located within foraminiferal or nanno-
plankton zone.

Resolution Achieved so Far

Late Cretaceous (Duration 34.5 My)

The divisions are: 5¼ polarity chrons according to Miller et al. (2005) and 3½
chrons by Gradstein et al. (2012); 15 planktic foram zones; 20 nanno zones; 9 cycles
of global sea-level fluctuations. The resolution through planktic foram zones is about
2 My while by nanno plankton is 1.5 My.

Paleocene (Duration: 10 My)

The divisions are: 5 polarity chrons according to Miller et al. (2005) and 4½
chrons by Gradstein et al. (2012); 10 planktic foram zones (including subzones); 9
nannoplankton zones; about 5 cycles of sea-level (Miller et al. 2005) and 2 ½ major
cycles according to Haq et al. (1987). The resolution achieved through plankticsis
about 1 My. 22 dinoflagellate cysts datums are recognized by GTS 2012. Resolution
can be 0.5 My.

Early Eocene (Duration: 8.2 My)

The divisions are 3¾ polarity chrons, 5 1/3 planktic foram zones and 4½ nanno
zones. Resolution is about 1.4 My. 20 dinoflagellates cysts datums are recognized
by GTS 2012. Resolution can be 0.3 My. Haq et al. (1987) has shown 2 major cycles
and a relatively high sea-level?

Middle Eocene (Duration: 10 My)

The divisions are: 5 polarity chrons, 5½ planktic foram zones; 6½ nanno zones
(including subzones); 6½ pulses in sea-level according to Miller et al. (2005) and 6
pulses byHaq et al. (1987).The resolution achieved is about 1.8My. 20dinoflagellates
cysts are recognized by GTS 2004. Resolution can be 0.56 My.

Late Eocene (Duration: 3.9 My)

The divisions are: 3 polarity chorns, 2½ planktic foram zones; and 3½ nanno
zones. The resolution achieved is about 1.6 My. 7 dinoflagellates cysts datums are
recognized by GTS 2012. Resolution can be 0.47 My.
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Oliogocene (Duration: 10.9 My)

The divisions are: 7½ polarity chrons, 5½ planktic foram zones; 4½ nanno zones;
6 sequence chornostratigraphic units in Europe; 7 larger foram zones (5 zones plus
2 subzones) in India. Seven parasequences are recognizable in Kutch. Resolution is
about 1.5 My. 16 dinoflagellates cysts datums are recognized by GTS 2012. Resolu-
tion can be 0.68 My.

Global Sea-level Changes and Indian Record

Figures 3, 4 and 5 show standard chronostratigraphy, Indian stages and biochrons,
relative sea- level curves for Indian basins and comparison with global sea- level
curves of Haq et al. (1987) and Miller et al. (2005).

Paleocene (duration: 10 My)

A major rise of sea-level during P4/P5 with a peak in P5 is well recognized
in Rajasthan, Bombay offshore, Kutch offshore, Cauvery, KG and Mahanadi. At
some localities in Bengal Basin, Late Paleocene is represented by non-marine while
a regressive phase recognized in KG basin during latest Paleocene–earliest Early
Eocene. A minor hiatus was recognized by Narayanan and Raju (1996) at the top of
Paleocene in SM-2-1, Bombay offshore.

Early Eocene (Duration: 8.2 My)

In the Cauvery Basin two distinctly major cycles are recorded as in PTK-1 and
MNRG-1 where relative fluctuations of an order of 100 m are known. Miller also
showed 4–6 pulses within 2 major cycles. Interestingly about 6 minor cycles are
recognizable in Kutch, Cambay and Rajasthan basins. Sea regressed from several
areas of Kutch, Cauvery and KG basins during latest Early Eocene. In Bombay
offshore, Narayanan and Raju (1996) mentioned about probable hiatus during P9-
lower P10.

Case example: Late Paleocene-Early Eocene

Late Paleocene-Early Eocene stratigraphic succession of India occupy an envious
position as amajor source rocks and to a lesser extent reservoir ofHydrocarbons.They
are the source rocks for the major oil and gas accumulation in Bombay offshore giant
and major oil fields. Cambay Basin, Barmer Basin, Assam and Krishna-Godavari
Basin.

Globally significant event of the Paleocene-Early Eocene Thermal Maxima
(PETM) and higher temperature are well recognized. Global environmental events
such as PETM have had profound effects on evolution in geological past and must
be considered when modeling of the history of life.

Bombay Offshore: The Panna formation (also referred as Panna basal clasts)
deposited in several cycles in marginal marine setup are the source rocks for sev-
eral reservoirs: (1) Late Paleocene- Early Eocene sands in Panna Formation; (2)
Middle Eocene to Early Oligocene Paleocene-Early Eocene sands Oligocene car-
bonates of Mukta Formation and Early Miocene carbonates of Bomay formation
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(Llll). Chakravarthy et al. (Unpublished Report) have identified altogether 12 promi-
nent lithological episodes in the area. Out of them 8 are fining up cycles, 2 major
coarsening cycles and 2 moderate cycles. There are 5 layers of coal and thin beds of
open marine limestones in the Panna formation.

Cambay Basin: Olpad/Cambay Shale deposited in lacustrine to marginal marine
rock environment are the source rock for the sandstone reservoir in of kadi and Kalol
formations and Cambay Shale is the source for Middle Eocene to Early Oligocene
Ankleswar Formation and Dadhar Formation.

The Strata of Vastan open cast Lignite Mine in the south-eastern part of Cambay
Basin were studied in great details because of discovery of many vertebrate fossils
and microfossils in an exposed column of on 32 m thick.

Sahni et al. (2006, Fig. 2) recorded six lignite seams, seven marine fish layers and
inferred five cyclothems. There are at least seven marine incursions in a marginal
marine to shallow marine set-up.

Raju et al. (2005) recognized five to six third order cycles in the Cambay Shale
encountered in deep wells of Southern part of the Cambay Basin.

Grover et al. (2004) recognized seven sequences in deeper part of Mehsana block
of Northern Cambay Basin. As a whole six to seven third order cycles/sequences
were recognized in the Early Eocene of Cambay basin.

Barmer Basin: The Akli Formation of the Late Paleocene-Earliest Eocene,
exposed in Lignite mines of Barmer district, was studied in detail due to the occur-
rence of vertebrate fossils. In Giral LigniteMine, 10–11 lignite seamswere recorded.
Rana et al. (2005) have dealt with the summary of the Akil Formation.

Tura Formation: In the Tura Formation hydrocarbon were discovered recently
by the ONGC. Near the top of the formation there are claystones and shales and
occasional coal seams of Paleocene-Early Eocene age. Foraminifera in this formation
includeMiscellaniamiscella.The inferred environments of deposits vary fromfluvio-
deltaic to shallow marine (Pandey and Dave 1998).

Case example: Late Eocene-Earliest Oligocene

Miller et al. (2005) recognized twomajor fluctuations in Sea-level with amplitude
of about 50 m but with an overall rise during Late Eocene when compared to Middle
Eocene. Haq et al. (1987) predicted a drop in global sea-level by amplitude of 50/60
during the Late Eocene. Interestingly two cycles of Sea-level are recognized in PY
structures, offshore of Cauvery basin.

In the exposed section at the location of Ramania dam, Kutch a drop in Sea-level
by on an amplitude of 40/50 m is recognizable band on foraminifera. At this location
carbonates of equivalent to zone P14 (may be a part) ofMiddle Eocene are overlain by
strata bearing Nummulites fitcheli of Early Oligocene with a disconformity (duration
of hiatus 3.5 ma). In the Berwali nadi section which is located some 20 km. west of
the Ramania dam represents slightly basin ward facies. Shukla (1996) found about
1.5 thick strata of Late Eocene.

In major part of Mumbai offshore, the Bassein Limestone of Middle Eocene
is overlain by the Early Oligocene strata with N. fitcheli. However, at a few areas
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along depressions, Late Eocene strata are present. However, a drop in sea-level along
western onshore and offshore is well established.

On the other hand, stratigraphic record suggests a relative rise in Sea-level almost
through out the basin. In the Cambay basin in the subsurface successions there was
a rise of more than 200 m from the late Middle Eocene to the Late Eocene.

A similar deepening (rise of Sea level) took place during the deposition of the
Disang Formation (group of some authors) across a long belt of Assam-Arakan, NE
India. Examples of the Cambay Basin along the Western part of India and Assam-
Arakan across NE India demonstrate that the Sea level rise in these basins was due
to higher/rapid rate of tectonic subsidence compared to drop in eustatic seal level.

Early Oligocene

Haq et al. (1987) estimated a major rise of Sea-level in this interval. Indian data
from Cauvery Basin, Bengal Basin and some areas of Bombay offshore support Haq
et al. (1987). But the rapid rise due to tectonic subsidence appears more in these three
Indian basins. Miller estimated a relative drop. The present author visualizes another
possibility that estimate of major/abrupt rise in some areas of India could be due to
migration of bathyal Uvigerinids (on whose basis the paleodepths were estimated)
to shallower waters during cold (low) temperatues of Early Oligocene or paleowater
depth. Estimates based on modern Uvigerinids may not be fully valid for Oligocene.
Narayanan and Raju (1996) estimated hiatus of a duration of 2.5–5 My covering the
interval of zones P20/P21. This event matches with Sea-level drop estimated by both
Haq et al. (1987) and Miller et al. (2005).

Late Oligocene

Haq et al. (1987) estimated a major relative drop in sea-level with three pulses.
There is relatively a major drop in India basins of KG, Mahanadi, Cambay and
Bombay offshore. In Kutch 3–4 pulses are recognized but the drop when compared
to the Early Oligocene is very minor. Hiatus immediately after LAD of Nummulites
fitcheli (approximately close of zoneP21,G. opima zone)maymatchwith the estimate
of Miller et al. (2005). The Late Oligocene transgression (Waiorian) after P20/P21
hiatus is prominent in Kutch and Bombay offshore.

Case example: Oligocene

Pekar et al. (2004) recognized eight cycles of Sea-level change within
Oligocene. Interesting observations/results from India are: (i) seven to eight para
sequences/cycles are recognizable in the Oligocene exposures in Kutch. (ii) Bhan-
dari (personal communication) recognized seven zones/biochorns (including two sub
zones) within the exposed succession of Kutch. He also recognizes eight ostracod
zones in the exposed Oligocene strata of Kutch as well as in the subsurface succes-
sions of Mumbai-4 and AKM-1, 6–7 cycles are recognized.

Exposures in Kutch and continuously cored Oligocene strata of Mumbai offshore
should be play grounds for future research.
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Middle Eocene (Duration: 10 My)

Both Haq and Miller estimated a relatively high sea-level during zones P10–P11-
lower part of P12. This interval is represented by a major hiatus in Kutch outcrop
area while there are evidences of a lower sea-level in Bombay offshore and Cambay
Basin. Miller et al. (2005) estimated a relative fall of sea-level during zones upper
P12, P13 and P14. There is a maximum flooding during P13 in Kutch and Rajasthan.
Haq showed a relatively high sea-level during the entire Middle Eocene. Zone P13
represents a regional MFS in Rajasthan, and Kutch.

Late Eocene (Duration: 3.9 My)

Miller et al. (2005) recognized two cycles within this interval with an overall
rise in sea-level compared to zones P13 and P14 of Middle Eocene. Our data of
Cambay Basin, Assam and Nagaland support Miller. On the other hand, Haq et al.
(1987) showed a relative drop in sea-level of an order of 70–80 m. Indian records
from Kutch, Bombay offshore, KG Basin support (Haq et al. 1987). These are clear
evidences that tectonic subsidence versus rate of sediment accumulation played a
major role. An interesting observation by Narayanan is: Eocene-Oligocene marine
succession is continuous in the Murud depression while a hiatus of ~3 My across
Eocene-Oligocene boundary in BHE-1 within the Bombay Offshore.

Early Oligocene (Duration: 5.8 My)

Haq et al. (1987) estimated a major rise of sea-level in this interval. Indian data
from the Cauvery Basin, Bengal Basin and some areas of Bombay offshore support
Haq et al. (1987). But the rapid rise due to tectonic subsidence appear more in
these three Indian basins. Miller et al. (2005) estimated a relative drop. Uvigerinids
(on whose basis the paleodepths were estimated) to shallower waters during cold
(low) temperatures of Early Oligocene or paleo water depth estimates based on
modern Uvigerinids may not be fully valid for Oligoene. Narayanan and Raju (1996)
estimated hiatus of a duration of 2.5–5 My covering the interval of zones P20/P21.
This event matches with sea-level drop estimated by bothHaq et al. (1987) andMiller
et al. (2005).

Late Oligocene (Duration: 5.1 My)

Haq et al. (1987) estimated a major relative drop in sea-level with 3 pulses. There
is relatively a major drop in Indian basins of KG, Mahanadi, Cambay and Bom-
bay offshore. In Kutch 3–4 pulses are recognized but the drop when compared to
Early Oligocene is veryminor. Hiatus immediately after LAD of Nummulites fichteli
(approximately close of zone P21, G. opima Zone) may match with the estimate of
Miller. Late Oligocene transgression (Waiorian) after P20/P21 hiatus is prominent
in Kutch and Bombay offshore.
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Systematic Stratigraphy

(Abbrevations given in the paper are: AU: Author; HOLO: Holo stratotype/type
section; LB: Lower boundary, UP: Upper boundary; LITH: Lithology, THICK:
Thickness; ENVIRON: Environment of deposition)

Zanskar-Spiti Basin

Zanskar marine sediments of Latest Precambrian to Early Cambrian and Early
Paleoecene to Middle Eocene are known. There is a hiatus from Middle Eocene to
Pleistocene. Three formations are briefly described below.

Stumpata Formation (Au: Gaetani and Garzanti 1991)

LB: Normal contact. UB: Normal contact with overlying Dibbling Formation
(Gaetani andGarzanti 1991).LITH:White, brown-weatheredquartz arenite, increas-
ing in thick towards the East THICK: 10–12 m. BIOTA: Devoid of fauna AGE:
Early Paleocene. ENVIRON: Transition zone, mouth bar deposits of a fluvial dom-
inated delta.

Dibling Formation (Au: Gaetani and Garzanti 1991)

HOLO: Not defined, Hypo: Dibling village section (Spanboth Valley, Zanskar);
LB: Normal contact with underlying Stumpata Formation.UB: Normal contact with
overlying Chulungla Formation. LITH: Silty marls, dark marly packstone to wack-
stone, calcite ballswithwackstoneTHICK: 100m thickBIOTA: Rotallids;Lockhar-
tia sp., miliolids, Chrysalidinae; Daviesina danieli; Operculania sp., Ranikothalia
sp.,Furcoporella diplopora;Daviesina langhami;D. khatiyahi,Ovulitesmargaritula
etc. AGE: Paleocene ENVIRON: Open shelf carbonate sequence.

Chulung La Formation (Au: Gaetani et al. 1986)

LB: Conformable contact withDibling Formation.UB: Its upper contact is uncon-
formable LITH: Nummulitic limestone, red shale/siltstone/slate and impure fine
grained sandstone, volcanic arenite. THICK: 160 m thick (>160–200 m) BIOTA:
Morozovella velascoensis andM. aragonesis AGE: Early Eocene. ENVIRON: The
sequence testifies to the progradation of a fluvial-dominated deltaic system in a shal-
low lagoon. Sedimentary features indicate tropical climate and high sedimentation
rates.

Lesser Himalaya

Proterozoic sediments are established. There is a major hiatus from Cambrian to
Maastrichtian,Maastrichtian to Pleistocene events are well known. Three formations
are briefly described below.

Dagshai Formation (Au: Medlicott and Blanford 1879)

HOLO: Dagshai hill in H.P. LB: Subathu Formation. UB: Kasauli Forma-
tion/Dharmsala,Up.Murree.LITH: Red shale and sandstone intercalations.BIOTA:
Ill preserved plants, Frag. Vertebrates, Bones. AGE: ?Late Eocene-Oligocene, Lr.
Miocene. ENVIRON: Brackish continental water interval.
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Subathu Formation (Au: Medlicott 1864)

HOLO: Subathoo H.P. Hypo: Various parts of Lesser Himalayan region; LB:
Kakara Formation.UB: Dagshai/Dharmsala/Murree. LITH: Calcareous shale splin-
tery firzile grey green khaki colure with minor limestone and sandstone. THICK:
Maximum thick 410m. at Subathu type areaminimum thick 92m at Kalakot (Jammu
area). LV : Outcrops of Subathu Formation are exposed at various localities from
Garhwal to Jammu area. BIOTA: 8 foraminiferal zones are recognized.AGE: Ypre-
sian—early Lutetian. ENVIRON: Shallow marine.

Kakara Formation (Au: Juyal and Mathur 1990; Kakara original Au: Srikantia and
Bhargava 1967)

HOLO: (Kakara Village) Tal Valley. LB: Unconformable contact with the under-
lying Cambrian/Pre Cambrian rocks of the Lesser Himalayan formations, i.e. Simla
Group in type section, Arki, Blaini in Halog, Krol in Mangarh-Bagar, Dharamkot
Limestone in Bilaspur (H.P.) (H.P.), and Sriban Limestone in Jammu area. UB:
Subathu Formation. LITH: Grey limestone in Garhwal area Age: Maastrichtian
to Paleocene. Carbonaceous Shale local coal (Kalakot) with lenses of limestone.
THICK: 60 m in Garhwal area. Thickness varies in other area. BIOTA: Biozones
and ostracods in Garhwal area and age diagnosis foraminifers and ostracodes in other
area. AGE: Palaeocene–Maastrichtian. ENVIRON: Marine.

Ganga, Punjab and Purnea Basin

Proterozoic to Early Paleozoic sediments are known in the subsurface. Late Paleo-
zoic to Eocene. One formation is described. Late Eocene toOligocene are recognized
in subsurface in well Matera-1, U.P.

Matera Formation (Au: Shukla et al. 1993). The name is proposed after Matera,
a village NW of Bahraich U.P. These sediments have been encountered in Matera-1
whereas in all the other wells drilled in the Ganga basin, these Oligo-Miocene (?)
sediments have not been encountered so far.

HOLO: Matera-1, Latitude; 270° 43′ 22′′N. Longitude: 810° 36′ 51′′E. Drilled
depth: 3927 m. The top of the formation is at 3400 m (Fig. 24). THICK: 400 m LB:
It is underlain unconformably by Bahraich Group. The contact being a pronounced
unconformity can be easily identified in the type section.UB: The formation is over-
lain conformably by Lower Siwalik.LITH: Three lithountis are identified in the type
section. Litho unit I (3280–3400): It consists of dark grey shale which is moderately
hard and silty in nature and shows splintery characteristics. Occasionally siliceous
matter has also been reported. It is noncalcareous and pyretic in nature. Litho unit
II (3190–3280 m): It is a thick sandstone unit with thin intercalations of siltstone
and claystone at places. Litho unit III (3000–3190): It is composed of intercalation
of sandstone, claystone and siltstone and is considered to be a transition between
Lower Siwalik and Matera Formation (core analysis report C C # 4). BIOTA: The
palynomorph assemblage recorded in core no 5 and 6 is characterized by Poly-
podisporites sp., Trialata sp., Inverturopollenites sp., and Caryapollentes sp., AGE:
Oligo-Miocene (?) age is assigned to the formation on the basis of palynofossils
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and heavy mineral analysis. ENVIRON: The sediments were deposited in a mixed
braided/anastamosing and possibly meandering fluvial system.

Himalayan Foreland Basin

Kakara, Subathu and Dagshai are well known and details on biostratigraphy and
sequence stratigraphy are published by Bhatia et al. (2013). Litho-bio- and chronos-
tratigraphy is shown in Fig. 6.

Subathu Formation (Au: The term Subathu was first used byMedlicott (1864) to
a group of pre-SiwalikTertiary rocks occurring in SimlaHill area, after the small town
Subathu, southwest of Simla. Medlicott’s Subathu stage that formed the lowest unit
of his “Sub-Himalayan Series” Sirmur Series included Subathu,Dagshai andKasauli
stages and the name “Subathu” was restricted to the lowermost sequence. Since then,
the term Subathu has been in wide usage for designating the Paleocene/Eocene sed-
iments of the Himalayan foothills). THICK: Repetition of green and red coloured
rocks in Lower Tertiary sequence is mainly due to thrusting and faulting due to
which calculation exacts formation thick is difficult. The thickness of the Subathu
Formation however, varies from 180 to 840m in Himanchal Pradesh while in Jammu
and Kashmir its thick ranges from 35 to 225 m. LB: It is noted that Subathu rests
unconformably on the pre-Tertiary rocks.UB: There is however, a great deal of con-
troversy on the upper contact of Subathu with the overlying Dharmasala. According
to Bhatia and Bhargava (2006) the concept of a greater than 10My hiatus in the fore-
land basin based on 40 Ar/39 Ar dares of a single detrital muscovite grains from the
supposed Dagshai arenite is no longer tenables. LITH: The Subathu is characterized
by olive green-dark grey, splintery shale, dark grey, fossilferous, carbonaceous shale
and calcareous shale, red shale in basal and upper parts, with bluish grey to grayish,
very hard and compact fossiliferous limestone. Limestones are best developed in
the northwestern areas and gradually diminish into the southeast. The characteristic
heavy minerals include rutile, zircon and tourmaline. BIOTA: The faunal content
of Subathu outcrop has revealed the dominance of genera Nummulites, Assilina,
Rotalia, Lockhartia, Dictyconoides.

Paleogene sediments are widely distributed from Pakisthan to Nepal in the
Himalayan Foreland Basin (Fig. 7). The development of Paleogene succession on
the Indian shelf is related to gradually accelerating to transgression of sea which
seems to have reached its acme during Middle Eocene when extensive carbonate
facies developed all around the Indian shield are shown in Fig. 8, Pandey and Dave
(1996).

Shimla Hills: Subathu Formation

Faunal succession: A detailed account on larger foraminieral succession, pale-
oenvironmental setting and sequence stratigraphic frame work of the Paleogene of
Himalayan Foreland Basin- Shimla Hills was presented by Bhatia et al. (2013). The
data are shown in chart.

AGE: Considerable paleontological and palynologicwork has been done in recent
years to give an idea about the age of Subathu. Bhatia et al. (2013) assigned Late
Thanetian to Early Priabonian age for the Subathu Formation. ENVIRON: The
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Fig. 7 Distribution of the Paleogene sediments of the Himalayan Foreland Basin. (After Bhatia
and Bhargava 2006)

Fig. 8 Late Middle Eocene paleogeography of India. (After Pandey and Dave 1996)
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Subathu sediments were deposited in open-sea and shallow marine environments.
Mainly open marine conditions appear to have prevailed in the upper part of the
sequence in the north western areas near Punch and Jammu as indicates by green
shales and fossiliferous limestone. Most of the fossiliferous zones, contain mainly
Nummulites which is restricted to tropical and subtropical waters and occurs abun-
dantly in the shallower parts of the sublittoral (neritic) depths. In Triyath Nala tra-
verse, a few significant ostracod genera have been recorded which are indicative of
shallow normal marine condition.

Dagshai Formation: This formation is encountered only in a few deep wells in
the basin. The base of the section is not penetrated in any of the wells.

HOLO: Dagshai; BTHICK: The thick of theDagshai is around 1000m in Jammu
area measured in relatively undisturbed section (Ranga Rao 1986). In Himachal
Pradesh maximum thick is measured near Jwalamukhi area. In the subsurface maxi-
mum thick penetrated was 2300m in Jwalamukhi–B, 1303m Jwalamukhi-2, 1164m
inBalt\h-1 and1028m inSuruinsar-2.LB: The formation is underlain unconformable
by Subathu. The mangnitude of hiatus is, however, not known definitely. UB: The
Dagshai is conformably overlain by theKasauli with a gradational contact. In the out-
crop the boundary is commonly marked on the appearance of first laterally extensive
sandstone body in the succession, above which the entire section is more arenaceous.
LITH: In the northwestern part of the basin this formation is mainly argillaceous
and contains thick sections of deep purple to chocolate coloured shale siltstone with
subordinate sandstone and several calcrete horizons. In well Suruinsar-2 this section
is composed of reddish brown,micaceous, calcareous siltstone and grey, fine grained,
calcareous and occasionally micaceous sandstone. In Himachal Pradesh Dagshai is
predominantly argillaceous with laterally impersistant sandstone. In the subsurface
consists of reddish brown to chocolate brown, massive and occasionally calcare-
ous shale and light grey to greenish grey, fine to very fine grained non calcareous
sandstone. BIOTA: No diagnostic fossile of any significance. AGE: If the K/Ar dat-
ing of Khardung volcanics in Ladakh as 25–35 My (Sharma and Gupta 1983) are
correct, Oligocene in the Himalayan region may be represented by volcanic activ-
ity with negligible sediment accumulation. Magnetic polarity stratigraphy across
Udhampur Syncline suggests and age of 19.88 ±1.23 Ma for the outcropping base
of Upper Muree (=Kasauli) (Ranga Rao 1983). ENVIRON: The Dagshai represents
diachronous deposition on the feather edge of the foreland basin. Depositional envi-
ronments comprised semi-arid meander plain with sediment source from the rising
but still distant proto-Himalayas to the north in which direction the Dharamshala
foreland basin center was located.

Assam, Assam-Arakan Formation

Garo Hills oldest rocks are of Permian age after another hiatus of 108My, the suc-
cession of Campanian to Miocene succession is known. The litho- bio- and chronos-
tratigraphic succession of North East basins from Garo Hills to Upper Assam is
shown in Fig. 9.
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Generalised stratigraphy of Assam shelf showing formation names litho-facies
and hydrocarbon occurrences are shown in (Fig. 10), Wandrey (2004b). The Paleo-
gene formations are briefly described below.

Garo Hills

Nine formations and alluvium deposits mapped in the Garo Hills are described
here.

Tura Formation (Au: Fox in Heron 1937)

HOLO: Around Tura Village in western Garo Hills.LB: Unconformably overlies
theMahadeo Formation.UB: Conformably overlain by thick limestones of the Sylhet
Formation. LITH: A thin conglomerate band dominated by vein quartz and gneissic
pebbles at the base and claystones/shales and occasional coal seams at the top in the
type section. THICK: 244–500 m in the western Garo Hills. Ext: Typically exposed
in west Garo Hills and continues to the Shillong Plateau, Mikir Hills, Kopili Valley,
Dhansiri Valley andUpperAssam.BIOTA: Larger foraminifera viz.Miscellanea sp.,
Nummulites sp. andDiscocyclina sp.AGE: Paleocene to Early Eocene. ENVIRON:
Fluvial deltaic to shallow marine.

Sylhet Formation (Au: Evans 1932)

HOLO: Um Sohryngkew river section, south of Cherapunji. LB: Conformable
and gradational contact with the Tura Formation. UB: Conformable and gradational
contact with Kopili Formation. LITH: It consists mainly of massive limestone with
intercalated sandstone and calcareous shales THICK: In Lakwa Well it is 130 m.
Ext: The Sylhet Formation is exposed along the southern edge of the Shillong plateau
from Tura in the west to the Kopili Valley in the east, it continues to theMikir Hills in
the northeast. The Sylhet Formation continues to the subsurface of Dhansiri Valley
and Upper Assam and in the subthrust block of the Schuppen Belt, (Deshpande et al.
1993). BIOTA: Several species of larger foraminifera.AGE: Late Paleocene to Late
Eocene. ENVIRON: Shallow shelf condition.

Kopili Formation (Au: Evans 1932)

HOLO: Khorungma section, in Kopili Valley. LB: Overlie the Sylhet Formation
conformably with a gradational contact.UB: Conformably overlain by Barail Group.
LITH: Dark grey, hard compact and splintery shales intercalated with thin limestone
and sandstone. THICK: 500 m or more in the Garo Hills. BIOTA: Foraminifera
fossils include Nummulites fabianii, N. beaumonti, N. pengaronensis, Discocyclina
sp.,Hantkenina alabamensis,G. (T). cerroazulensisAGE: Late Eocene.ENVIRON:
Outer shelf to transitional, mainly lagoonal.

Barail Group (Au: Evans (1932) as Barail series)

LB: Conformable contact with the underlying Kopili Formation. UB: Uncon-
formable contact with the overlying Angartoli Formation. LITH: Sandstones
interbedded with shales. AGE: Late Eocene to Oligocene. ENVIRON: Brackish.
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Fig. 10 Generalized stratigraphy of Assam Shelf (After Wandrey 2004b)



Paleogene Stratigraphy of India: An Overview 25

Khasi and Jaintia Hills

Oldest rocks are Sylhet rocks. They are overlain by the Mahadeo Formation.
Hiatus of duration 13 My. The Paleogene formations and members are described
below.

Langpar Formation (Au: Medlicott 1869)

HOLO: Langpar spur, south of Mawsmai in the Khasi Hills. LB: Conformably
overlies the Mahadeo Formation. UB: Conformably overlying by the Theria For-
mation of the Jaintia Group. LITHO: It consists mainly of calcareous shales with
sandy limestones and interbedded sands towards the top. THICK: A maximum
thick of 95–151 m. BIOTA: Guembelitria cretacea, Chiloguembelina sp., Subbo-
tinid sp., Gglobigerina and Turborotalia eugubina etc. from Um Sorhyngkew River
section, Meghalaya. AGE: Maastrichtain to Danian age. The K/T boundary in the
Um Sohhryngkew River section has been identified near the base of Langpar.ENVI-
RON: Iridium enrichment at Cretaceous/Tertiary boundary in Meghalaya, Bhandari
et al. (1987). Marginal marine to open marine environment.

Therria Formation (Au: Medlicott 1869)

HOLO: Therriaghat section. LB: Gradational and comformable contact with
Langpar Formation.UB: Overlain conformably by amassive LakadongLimestone of
Sylhet Formation. LITH: It consists of massive Lakadong limestone at the base fol-
lowed by sandstones at the top THICK: A maximum of 95 m. BIOTA: Lower lime-
stone member is poorly fossiliferous yielding algal remains and rare foraminifera.
The coals in the upper sandstone member yield leaf impressions. AGE: Late Pale-
ocene. ENVIRON: Shallow lagoon to fluvial.

Sylhet Formation

In the Khasi and Jaintia Hills, Sylhet Formation is divided into Lakadong Lime-
stone, Lakadong Sandstone, Umlatodoh Limestone, Narpuh Sandstone and Prang
Limestone members. Each member is described separately.

Lakadong Limstone Member (Au: Wilson and Metre 1953)

HOLO: Um Sohryngkew River. LB: It has a comformable lower contact with the
Therria Formation. UB: Gradational, conformable contact with the Lakadong Sand-
stone Member. LITH: Pinkish grey massive hard, crystalline limestone. THICK:
Thick varies between 220 and 250 m. BIOTA: Miscellania miscella, Lokhartia
haimei, Discocyclina ranikotensis, Fasciolites primaevis, Nummulites thalicus and
Globorotalia pseudomenardii. Paleocene calcareous algae viz. Sporolithon sp.,Mes-
ophyllum sp., Lithoporella sp., Sporolithon sp.,Amphiroa sp., Lithothamnion sp., etc.
from Khasi Hills Meghalaya. A new genus Lakadongia is described from the Thane-
tian (Paleocene) of Meghalaya, NE India by Matsumaru and Jauhri (2003). AGE:
Based on the occurrence of typical Paleocene marker algae Distichoplax biserialis,
the age of the limestone is considered as Thanetian (Late Paleocene); ENVIRON:
Jauhri et al. (2006) identified two facies associations in the carbonate sequence: (i)
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Facies A characterising the lower 50 m part and (ii) Facies B characterising the
upper 50 m part. The facies A corresponds to the Thanetian sedimentation cycle
in which deposition occurred in a relatively low-energy environment on a shallow
subtidal ramp (protected lagoon). The Facies B correlates with the Ilerdian sedi-
mentation cycle during which deposition occurred under low to moderate energy
conditions on a relatively deeper mid-uppermost outer ramp, which allowed devel-
opment of sediment-binding coralline algae and foraminifera such as discocyclinids
and Ranikothalia.

Lakadong Sandstone Member (Au: Wilson and Metre 1953)

HOLO: Um Sohryngkew River. LITH: Dirty white, light yellow, fine to coarse
grain, subangular to angular sandstone. LB: Gradational contact with underlying
Lakadong Limestone. UB: Gradational contact with the Umlatodoh Limestone.
THICK: In the type section it is 25m.BIOTA: Leaf impressions.Archaeolithotham-
nium sp.,M.meghalayensis,Distichoplax biserialis,D. raoi,Amphiroa sp. and Jania
occidentalis. Jauhri et al. (2006), Glomalveolina, Polystrata alba, Aberisphaera,
Ranikothalia nuttalli, Nummulites sp., Discocyclina sp. AGE: Late Paleocene to
Early Eocene.ENVIRON:Marginalmarine to deltaic conditions. Jauhri et al. (2006)
suggested carbonate plateform.

Umlatodoh Limestone (Au: Wilson and Metre 1953)

HOLO: Um Sohryngkew River. LB: Gradational contact with Lakadong Lime-
stone Member. UB: Gradational contact with Nurpuh Sandstone Member. LITH:
Dark grey to pure bluish grey, crystalline and oolitic limestone. THICK: 55 m in
the type section.BIOTA: reported Lithophyllum, Lithothamnion,Coralline Ovulites,
Halimeda from South Jaintia Hills, Meghalaya.AGE: Eocene.ENVIRON: shallow,
warm shelf environment of normal salinity with someminor sea-level changes within
the transgressive phase.

Nurpuh Sandstone Member

HOLO: Um Sohryngkew River. LB: Gradational contact with the underlying
UmlatodohMember.UB: Gradational contact with overlying PrangMember.LITH:
White to dirty white, medium to coarse grained quartzose sandstone. THICK: 20 m
thick in the type section. BIOTA: Orbitolites complanata and Nummulites atacicus.
AGE: Eocene. ENVIRON: Shallow marine to deltaic conditions.

Prang Member (Au: Wilson and Metre 1953)

HOLO:UmSohryngkewRiver.LB:Gradational contactwith the underlyingNur-
puh Member. UB: Gradational contact with the overlying Kopili Formation. Lith:
In the type section, it is represented by grey to greyish white crystalline and mas-
sive limestone. Thick: Thick varies between 130 and 300 m. BIOTA: Lithoporella,
Lithothamnion, Sporolithon, Spongites and Actinoporella from South Jaintia Hills,
Meghalaya. Record of Discocyclina dispansa, D. omphalus, N. acutus, N. discorbi-
nus,N. fabianii,Assilina granulosa,A. spira,Pellatispira sp.,Truncorotaloides rohri,
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Hantkenina alabamensis andTurborotalia cerroazulensis arementioned.AGE:Mid-
dle to Late Eocene. ENVIRON: A shallow water depth with more or less low to
moderate energy condition.

Kopili Formation

See other details in Garo Hills.
LB: Conformable contact with the underlying Prang Member. UB: Conformable

contact with the overlying Laisong Formation of Barail Group.THICK: 350–355m.

Barail Group
Laisong Formation (Au: Laisong stage of Evans 1932; Emend: Laisong Formation
of Ranga Rao 1983 and many later workers)

HOLO: Near Laisong Village along Jenam River, Hypo: Silchar–Haflong road.
LB: Conformable contact with the underlying Kopili Formation. UB: Gradational
contact with the Jenam Formation. LITH: In the reference section, it consists of
dark grey, fine to medium grained, thin to thick bedded sandstones with thin shaly
interbeds near the top.THICK: 185m in theLarangRiver section in theKhasi-Jaintia
Hills. BIOTA: Ranga Rao (1983) reported Nummulites chavannesi, Operculina sp.
and Biplanispira sp. AGE: Late Eocene to Early Oligocene. ENVIRON: Deltaic
with occasional marine incursion.

Jenam Formation (Au: Jenam stage of Evans 1932; Emend: Jenam Formation of
Ranga Rao 1983).

HOLO: Jenam River section, Hypo: Silchar–Haflong road section LB: Grada-
tional contact with the Laisong Formation. UB: Gradational contact with the overly-
ing Renji Formation. LITH: Comprises of thin bedded, grey to brownish grey, fine
to medium grained sandstone, dark grey to grey shale and sandy shale giving way
to predominantly carbonaceous shale near the top. THICK: In the type section it
is 1200 m and in the Prang River section it is 304 m. BIOTA: A few arenaceous
foraminifera are recorded from Schuppen Belt. Palynoflora from Silchar–Haflong
road section includesTricholpites reticulatus,Mayeripollis naharkotensis,Lygopodi-
umsporites,Biretisporites oligocenicus (Kumar 1962).AGE: EarlyOligocene.ENV-
IRON: Deltaic environment.

Renji Formation (Au:Renji Stage of Evans 1932;Emend: Renji Formation ofRanga
Rao 1983)

HOLO: Renji Hills north of Badarpur. LB: Gradational contact with the Jenam
Formation.

UB: Unconformably overlain by the Surma Group. LITH: An arenaceous unit
with thin shale and sandy shale interbeds. THICK: In the type section, it is 700 m
which increases to 950 m in the Jenam River section. Ext: It is well exposed in
the Barail Range, Schuppen Belt, south eastern part of Shillong Plateau and eastern
Manipur area. BIOTA: Palynological assemblages comprising of Arecipites com-
munis, Couperipollis rarispinous, Margocolporites sp. etc. are recorded from the
outcrops along Silcher-Halflong road section. AGE: Late Oligocene. ENVIRON:
Deltaic environment.
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Mikir Hills

The rock succession include Mikir traps of Early Cretacous to Pleistocene are
known. The Paleogene formations are briefly mentioned below.

Tura Formation

See details in Garo Hills.
LB: Unconformably overlying the Mikir Trap. THICK: 20–30 m.

Sylhet Formation

See details in Garo Hills.
THICK: It is less than 100 m. BIOTA: Nummulites atacicus, N. beaumonti, N.

burdigalensis, N. discorbinus, N. garnieri, N. globulues, N. obtusus, Assilin aspira,
Discocyclina javana, Bolivina sp., Bulimina pupoides, Cibicides lobatulus, Lagena
striata, L. sulcata, Lagena sp., Nonionella sp., spiroloculina sp., Triloculina sp.,
Planorotalites palmerae, Pseudohastigerina sp., Age: Latest part of Early Eocene
to Late Eocene.

Kopili Formation

See details in Garo Hills.
THICK: 400 m. BIOTA: Nummulits pengaronensis, Discocyclina omphalus,

Assilina spira corrugatae, Globigerina gortanii, Cribrohantkenina inflata, Globig-
erapsis semiinvoluta etc., Samanta (1971). AGE: Late Eocene. ENVIRON: The
Mikir formation is essentially of continental to near shore deposits. The Garampani
limestone and the lower part of the Kopilli Formation are open, marine shelf deposits.
The upper part of the Kopilli Formation was probably deposited in brackish water
conditions, Samanta (1971).

Barail Group

See details in Garo Hills.

Dhanasiri Valley

It contains about 7000 m thick Tertiary sediments the oldest rocks are non marine
sediments the oldest rocks are nonmarine sediments of Early Cretaceous age. The
formations known are mentioned below.

Tura Formation

See details in Garo Hills.
THICK: 20–30 m.

Sylhet Formation

See details in Garo Hills.
UB: Overlain by Charali Member of Kopili Formation.
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Kopili Formation

See details in Garo Hills.
Kopili Formation in the subsurface of Dhansiri Valley and Upper Assam Plain is

divisible into the lower Charali Member and the upper Amguri Member.

Charali Member (Au: Deshpande et al. 1993)

HOLO: Charali well #1.ND: Charali structure.LB: Conformably overlyingmas-
sive limestone of Sylhet Formation.UB: Conformably overlain by the AmguriMem-
ber. LITH: In the type section, it is represented by grey to dark grey, fissile shales
intercalated by thin limestone and sandstone. THICK: Varies from 135 to 460 m
in the Charali well. Ext: Throughout the subsurface of Dhansiri Valley and Upper
Assam.BIOTA:N. discorbinus,N. pengaronensis,Discocylina dispansa.AGE: Late
Middle Eocene to Late Eocene. ENVIRON: Open marine to inner shelf to littoral
with moderate clastic input.

Amguri Member (Au: Deshpande et al. 1993)

HOLO: Amguri well #2. LB: Conformably overlies the Charali Member. UB:
Gradationally overlain by the Disangmukh Formation of the Barail Group. LITH:
Grey hard, compact fissile shales THICK: 381 m in Amguri well 2. Ext: It is rec-
ognized in Upper Assam and Dhansiri Valley. BIOTA: Nummulites sp., N. Pengaro-
nensis. AGE: Late Eocene. ENVIRON: Open marine to littoral

Disangmukh Formation (Au: Deshpande et al. 1993)

HOLO: Disangmukh well 1. LB: Conformable contact with the underlying
Amguri Member of the Kopili Formation. UB: Gradational contact with the overly-
ing massive sandstone of the Demulgaon Member. LITH: Interbedded sand-shale
sequence. Occasionally thin coal streaks are also reported. The sandstones are dirty
white, light grey to grey, fine to very fine, and moderately to fairly sorted. The shales
are light grey to grey, brownish grey,moderately hard and compact, at places carbona-
ceous.THICK: Maximum thick varies from 270 to 310 m.BIOTA:Nummulites sp.,
N. pengaronensis. AGE: Late Eocene. ENVIRON: Distal delta front environment.

Demulgaon Formation (Au: Bhandari et al. 1973)

HOLO:Well Demulgaon 7.LB: Gradational contact with the underlying Disang-
mukh Formation. UB: Unconformable contact with overlying Bokabil Formation.
LITH: In the type section it is mainly sandstones with subordinate shale and coal
beds. THICK: In Dhansiri Valley, it is 100–120 m. Biota: The formation is gener-
ally unfossiliferous, rare presence of arenaceous foraminifers is known. AGE: Late
Eocene to Oligocene. ENVIRON: Deltaic.
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Khoraghat Sandstone

See details in Mikir Hills.
THICK: 390 m.

Upper Assam
Tura Formation

See details in Garo Hills.
LB: Unconformable contact with metamorphic basement complex. UB: Con-

formably overlain by thick limestones of Sylhet Formation with a conformable con-
tact. THICK: 10–150 m.

Sylhet Formation

See details in Garo Hills.
THICK: 130 m.

Charali Member

See details in Dhansiri Valley.
THICK: 74–144 m.

Amguri Member

See details in Dhansiri Valley.
ENVIRON: Open marine to prodelta.

Disangmukh Formation

See details in Dhansiri Valley.
THICK: 260 m.

Demulgaon Formation

See details in Dhansiri Valley.
UB: Gradational contact with the overlying interbedded coal shale sequence of

Rudrasagar Formation.

Rudrasagar Formation (Au: Bhandari et al. 1973)

HOLO:Well Rudrasagar #1.LB: Gradational contactwith the underlyingDemul-
gaon Formation. UB: Unconformable contact with the overlying undifferentiated
Tipam Group. LITH: The sedimentary succession in the type section comprises
essentially of coal and shale with minor sandstone. THICK: 570 m is recorded in
the well Charaideo 1 in the Upper Assam subsurface BIOTA: A diverse assemblage
of arenaceous foraminifera likeHaplophragmoides sp., Trochammina sp., Ammodis-
cus sp., Cyclammina sp., Lituola sp. etc. is recorded. AGE: An Oligocene age is
assigned to this formation. ENVIRON: The sediments were deposited under deltaic
condition.
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Schuppen Belt, Naga Hills Fold Belt and NE Manipur

The oldest rocks are ophiolitees of Late Albian to Maastrichtian, Santonian to
Holocene sediments are known. Paleogene formations are included below. The litho-
bio and chronostratigraphic successions from Manipur-Naga Hills to Mizoram is
shown in Fig. 11.

Disang Group (Au: Mallet 1876)

HOLO: Disang (Dilli) river section, Hypo: Silchar-Halflong road section. LB:
The lower contact is not exposed in most sections. UB: The upper contact with
the Barial Group is gradational. LITH: The Disang Group of rocks comprises
mainly shale, siltstone and fine-grained sandstone. It is divided into Lower and
Upper Disang. The former consists of dark grey shales interbedded with thin bands
of grey siltstone or fine-grained sandstone. In general, the frequency and thick-
ness of siltstone/sandstone bands increases towards the top of this group (Upper
Disang). The shales are argillaceous and carbonaceous in Lower Disang and more
arenaceous in Upper Disang. THICK: It is 1500 in the type section and 3000 m
in eastern Manipur. BIOTA: Nummulites pengaronensis, N. discorbinus, Discocy-
clina dispansa, D. eamesi, Pellatispira madaraszi, P. inflata, Hantkenina alaba-
mensis,Globorotalia cerroazulensis,Globigerinaampliapertura,Pseudohastigerina
barbadoensis etc., from near Heningkunglwa and Lotsu village, SW of Dimapur.
Chungkham and Jafar (1998) reported foraminifera from the limestone beds within
lower Disang exposed near Ukhrul contains Abathomphalus mayaroensis, Rosita
contusa, Dicarinella asymetrica, Gansserina gansseri, Globotruncana aegyptiaca,
G. ventricosa, Globotruncanita angulata, G. conica, G. elevata, Margiotruncana
sinuosa, Pseudoguembelina excolata, Globotruncana arca, G. stuarti and Hetero-
helix globulosa. Lokho et al. (2004) reported Hantkenina alabamensis, Hantken-
ina liebusi, Cribrohantkenina inflata, Pseudohastigerina naguewichiensis, P. micra,
P. barbadoensis, Turborotalia cerroazulensis pomeroli, T. cerroazulensis cocoaen-
sis, Globigerina sp., T. c. cerroazulensis, Chiloguembelina martini, C. cubensis, C.
cf. tenuis, Chiloguembelina sp., Globigerinatheka semiinvoluta, Globigerina sp.,
Nummulites chavannessi, N. pengaronensis, Baggina cojimarensis, B. dominicana,
B. dentata, B. subinaequalis, Cibicidoides sp., Cancris mauryae, Cyclammina sp.,
Lenticulina sp., Praebulimina sp., Osangularia sp., O. plummerae, Uvigerina con-
tinuosa, U. cf. eocaena, U. longa, U. cocoaensis, U. moravia, U. vicksburgensis,
U. jacksonensis, U. glabrans from Upper Disang Formation exposed in and around
Pfutsero of southwest. A collection of fossil pteropods, including some unidentified
species, provisionally referable to the families Limacinidae, Creseidae, and Clioidae
(?) is reported from the late Middle Eocene–Late Eocene beds of the Upper Disang
Formation exposed near the town of Pfutsero, Phek District, South Central Nagaland
(Assam–Arakan Basin, northeastern India) Lokho and Kumar (2008). AGE: Lokho
et al. (2004) suggest Late Eocene for the Upper Disang Formation of Nagaland.
The exotic limestone blocks of Ukhrul are of Santonian to Maastrichtian. ENVI-
RON: Baruah et al. (1987) suggest that the fossiliferous sequence was deposited
in a shallow marine environment ranging from mostly inner to middle shelf zones
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and also partly to outer shelf zone for a short period. Lokho et al. (2004) suggest
lower part of upper bathyal set-up for the localities of Pfutsero 1, 2, Chobama and
Leshemi in Phek District supported by dominant Uvigerina facies consisting Uvige-
rina cocoaensis, U. continuosa, U. cf. eocaena, U. glabrans, U. jacksonensis, U.
longa, U. Moravia and U. vicksburgensis. The occurrence of pteropods in the Upper
Disang Formation indicates deposition in an open marine basin above the arago-
nite compensation depth. The combined assemblages of pteropods and previously
reported uvigerinid foraminifers from theUpper Disang Formation indicate a palaeo-
bathymetry of ~500 m, i.e. upper bathyal zone, and a tropical–subtropical climate,
Lokho and Kumar (2008).

Barail Group

See details in Khasi and Jaintia Hills.
BIOTA: Pteridophytic spores of Cyathdites australis, C. minor and angiosper-

mous pollen of Lakiapollis ovatus, Tricolporopilites robutus. AGE: Late Eocene.
ENVIRON: Brackish water, swampy environment of deposition.

Laisong Formation

See details in Khasi and Jaintia Hills.
LB: Conformablyoverlying theDisangGroup.THICK: 1750+m in theSchuppen

Belt. BIOTA: Baruah et al. (1987) reported sporadic arenaceous foraminifera from
Laisong Formation of Barail Group near Heningkunglwa and Lotsu village, SW of
Dimapur, Nagaland. ENVIRON: Brackish Water environment.

Jenam Formation

See details in Khasi and Jaintia Hills.
THICK: 800 m in the Schuppen Belt. LITH: In the Schuppen Belt, it is pre-

dominantly an argillaceous sequence of dark grey, silty shale and mudstone with
thin sand lenticles. Bioturbation, carbonaceous plant material, cross laminations and
ripple marks are common.

Renji Formation

See details in Khasi and Jaintia Hills.
UB: Unconformable contact with middle Bhuban Formation. THICK: 850 m in

the Schuppen Belt.

Tripura, Cachar, Mizoram and SWManipur

Paleogene sediments are not known in Tripura and Mizoram. In Cachar Eocene and
Younger sediments are known.
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Disang Formation

See details in Schuppen Belt, Naga Hills Fold Belt.
LB: Metamorphic basement complex? THICK: Less than 1250 m. BIOTA:

Kachhara et al. (2000) reported Ostrea sp., Barbatia sp., Natica sp., Turritella sp.,
Assilina sp., Nummulites pengaronensis, Alveolina sp. Tripathi and Satsangi (1982)
reported Ophiomorpha sp. AGE: Upper age limit of the Disang Group in Manipur
is Late Eocene, Kachhara et al. (2000). ENVIRON: Marine condition, Kachhara
et al. (2000). Tripathi and Satsangi (1982) suggest shallow intertidal environment
deposition.

Barail Group

See details in Khasi and Jaintia Hills.
BIOTA: Chondrites sp., Skolithos sp., Thalassinoides sp. ENVIRON: The depth

of the sedimentary basin of Disang-Barial transition in the Imphal Valley and its
surrounding areas may have been about 200 m.

Arunachal Pradesh

Proterozic and Paleogene sediments are known.

Yinkiong Group

ThisGroup of rock is exposed aroundYinkiong in the SiangValleymapped by Jain
(1974). It consists of two formations viz., Geku Formation and Dalbuing Formation.

Geku Formation (Au: Tripathi and Murti 1981; ND: Geku Village)

LB: Unconformably overlying the Abor Formation.UB: Gradational contact with
overlying Dalbuing Formation. LITH: Volcanic and continental facies. THICK:
2774 m thick. BIOTA: Dicot plant fossils like Apocynophyllum sp., Canavalia sp.,
Hicora sp. and Sophera sp. AGE: Upper Paleocene. ENVIRON: Volcanic and con-
tinental facies.

Dalbuing Formation (Au: Singh 1984; ND: Dalbuing Village)

LB: Gradational contact with the Geku Formation. UB: Abor volcanic or the
quartzite of the Tenga Formation tectonically lies over the formation along Roing
Fault.LITH: Limestones, phyllites and shales.BIOTA: Foraminifera ofNummulites
atacicus, Assilina dandotica, A. daviesi, N. laminose, N. globulus, A. spinosa,
etc. Singh (1984). Prasad and Dey (1986) reported palynomorphs of Dandotias-
pora,Cyathidites,Malayaeaspora,Foveotriletes,Spinainaperturites etc.AGE: Early
Eocene. Prasad and Dey (1986) compared their palynomorphs assemblages with
Early assemblages of Cauvery Basin, Venkatachala and Rawat (1972). ENVIRON:
Shallow marine based on the foraminiferal assemblages. The Eocene basin was ini-
tially marked by fresh water regime which gradually turned into a marine basin.
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Andaman Onshore

The oldest formation is of pre Cretaceous to probable Middle Cretaceous Port
Meadow Formation. Baratang Formation of Late Cretaceous to Late Eocene over-
lies Port Meadow Formation. The Paleogene litho- bio- and chronostratigraphy and
paleoenvironments settings of Andaman Basin are shown in Fig. 12.

Baratang Formation (Au: Boileau 1950)

HOLO: Gandhi ghat—Lorujig Anticline Traverse, Baratang Island; LB and UB:
Both the upper and lower contacts of Baratang Formation with Port Blair Formation
and Port Meadow Formation respectively are marked by distinct unconformities. For
full details on lithology, biota, paleoenvironments reference is made to Pandey and
Dave (1998)

Lithostratigraphy of Holostratotype: In the type section, the formation rep-
resents dominantly flysch sediments and consists mainly of claystones, shales and
minor interbeds of sandstone and siltstone.

Lithostratigraphy of Hypostratotype: In the reference section of Dhani Khari
Nala Traverse the formation consists of alternations of sandstone and shale.THICK:
In the type section the thick of the formation is 458 m. Subdivisions: Ramachandra
and Chatterjee (1963) subdivided the Baratang Formation into 2 broad lithological
units. They recorded development of arenaceous units within Baratangs in Middle
Andaman and suggested two broad subdivisions viz., the lower argillaceous unit and
the upper arenaceous unit. No formally designated type sections were given.

Subsequently, Shrivastava et al. (1973) carried out detailed geological mapping of
theMiddleAndaman Island. They subdivided theBaratangGroup into 10 formations.
Later Shrivastava et al. (1974), proposed a formal subdivision of ‘Baratang Group’
into five ‘formations’ and the 10 formations proposed earlier were dropping as they
were having limited geographical extent.

Karmatang Sandstone Member (Au: Shrivastava et al. 1973)

HOLO: In the outcrops of Karmatang Boliu in the eastern part of Middle
Andaman; LB: The stratigraphic relationship of Karmatang Sandstone Member
with the underlying chert/jasper, quartzitic beds of Port Meadow Formation remains
mostly obscure.

Lithostratigraphy of Holostratotype: In the stratotype section, the Karmatang
Sandstone Member consists of alternations of dark grey very fine to fine grained
hard quartzitic standstone with dark grey slaty shale. The shale is more dominant in
the lower part while sandstone dominates in the upper part of the section. At places
sediments have undergone low grade metamorphism.

Lithostratigraphy of Hypostratotype: In the lower part of the section in Jhinga
Nala section, the member dominantly comprises of sandy shale and shale. The shales
are black to grey, slaty carbonaceous, ultrabasics of Saddle Hill Intrusives are also
observed. THICK: Due to rapid alternations of competent and incompetent rock,
acutely folded and faulted, the exact determination of thick is difficult. Based on
detailed traverses along Jhinga Nala and Badamnala. Shrivastava et al. (1974) have
calculated thick of 2750 ft (846 m) for this unit.
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Kalsi Shale Member (Au: Shrivastava et al. 1972)

The name was given for thick sequence of dark grey, carbonaceous shale exposed
on the western part of Middle Andaman by Shrivastava et al. (1972) after the Kalsi
Bush Police camp no. 7.

HOLO: Kalsi Bush Police Camp. 7.LB andUB: The Kalsi Shale is exposed only
on the western part of Middle Andaman. Its base is not exposed. Towards top, it is
overlain by Lipa Sandstone, but the nature of their contact is not clear.

Lithostratigraphy ofHolostratotype: In the type section theKalsi Shale consists
of alternations of shales with clay stones. The shales are grey to very dark grey,
carbonaceous, pyritic and rich in organic matter. The claystones are white to cream
colored and soft. At some places sandstone bands are also present.

THICK: The maximum thick of Kalsi Shale was estimated to be around 850 ft
(259 m) in the northwestern part of Middle Andaman by Shrivastava et al. (1974).

Lipa Sandstone Member (Au: Shrivastava et al. 1973)

HOLO: Lipa Nala, Lipa North Karmatang Traverse, Northern part of Middle
Andaman. LB: In the eastern part of the Middle Andamans, this unit rests uncon-
formably over the Karmatang Sandstone. UB: It has a conformable contact with the
overlying Neali Alternation.

Lithostratigraphy of Holostratotype: In the type section, the member domi-
nantly consists of grey to buff coloured, medium to coarse grained, friable, occa-
sionally massive, thick bedded sandstone and thin interbeds of conglomerates with
pebbles of quarzite, chert/jasper etc. In the upper part, the alternation of dark grey, fine
grained sandstone and grey, brown shale are seen. In the upper part of the sequence,
sandstones are light greenish grey, medium to fine grained and moderately hard.

Lithostratigraphy of Hypostratotype: The lower part of the sequence in the
BadamNala traverse consists of grey to dirty white fine tomedium grained sandstone
with carbonaceous specks.

THICK: Shrivastava et al. (1974) calculated the thickness of Lipa Sandstone in
the Badam Nala traverse to the order of 1450 ft (452 m) on the north and 1270 ft
(387 m) along Kalsi Parnasala traverse in the south.

Neali Alteration Member (Au: Shrivastava et al. 1973)

HOLO: Neali Nala, Northwestern part of Middle Andamans (Neali-south Kar-
matang traverse); Hypo: Badam Nala Traverse, Middle Andaman. LB: In the lower
part, the Neali Alternation shows conformable relationship with the underlying Lipa
Sandstone. UB: The upper contact of the unit with Burmadera Member is discon-
formable, as evidenced by the presence of conglomerate and pebble beds at the
contact of the two untis.

Lithostratigraphy ofHolostratotype: In theNeali Nala traverse, theNeali Alter-
nation Member consists of alternation and sandstone and shale with minor siltstone
towards the top. Towards the base conglomerates with rounded pebbles of grey to
brown sandstone are observed. THICK: Due to foldings and other structural com-
plication the exact thick of this member is difficult to compute. However, Shrivastava
et al. (1974) computed a thick varying from 268 to 345 m.
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Burma Dera Member (Au: Shrivastava et al. 1973)

HOLO: Near Burma Dera Village (Karmatang Boliu Traverse), Middle
Andaman; Hypo: Neali Nala Traverse, Middle Andaman. LB: The lower bound-
ary of Burma Dera Member with the underlying Neali Alternation is disconformable
as evidenced by presence of basal conglomerates, dip discordance and lithologi-
cal changes. UB: The Burma Dera Member has an unconformable contact with the
overlying Port Blair Formation representing a significant time gap.

Lithostratigraphy of Holostratotype: In the type section of Burma Dera Mem-
ber, the sequence dominantly consists of shales with minor sandstone towards the
base. The shales are greenish grey to grey with thin bands of siltstone and fine
grained sandstone. At places few thin lenses of sandstone are observed in the shale.
The sandstone are observed in the lower part and are fine grained.

Lithostratigraphy of Hypostratotype: In the Neali Nala Traverse, the member
consists of dark grey to grey, fissile shale with fine grained sandstone and siltstone
layers. Thin sandstone streaks are observed in the section. Towards the upper part
sandstone are observed.

THICK: Shrivastava et al. (1974) have calculated the maximum thick of the unit
to be around 1340 ft (400 m) along Badamnala traverse in the north, 130 ft (40 m)
along Kalsi-6 Saguanala Traverse and Rangat Bakultala Traverse in the south. The
thick is reduced to 1120 ft (341 m) along Kalsi-3 Pitchar nala due to folding and
faulting.

Distribution: The Burma Dera Member has been extensively encountered in the
core of a number of synclines in theMiddleAndaman.BIOTA: Fauna of theBaratang
Formation ofMiddle Andamanwas examined by Pandey (1972) fromNeali Nala and
Chandbagh Nala traverses by Ramachandra. These expose, respectively, the upper
and lower parts of the formation. The highest samples with profuse and diagnostic
microfauna is about 350 m. below the observed top of the formation (contact with
the Port Blair Formation not seen). The Stratigraphic Position of the lowest sample
from Chandbagh Nala, above the Baratang base, is uncertain.

The sample from the upper Baratang contains a few specimens of Nummulites
fabianii. This is the well known species of Late Eocene. The association of the
Globotruncana forms of Late Cretaceous with N. fabianii of Late Eocene and differ-
ences in the infilling material in the two faunas clearly indicates the reworked nature
of the Globortruncana assemblage. In the sample from the lower part of the forma-
tion also, differences in the infilling material of theGlobotruncana assemblage even
in the lower part of the Baratang Formation. However, in a locality sample fromMid-
dle Andaman Pandey (1972) came across an indigenousGlobotruncana Heterohelix
assemblage which is devoid of either arenaceous foraminifers or nereitic benthonics.
Proportion of the planktonics in this sample, with the matrix, is very close to that of
an ooze. The Globotruncana fauna recorded by Pandey (1972) may be referred to
theGlobotruncana gansseri-A. mayaroensis Zones of Bolli (1966). These two zones
constitute the highest Cretaceous. It suggests that the lower horizons of the Baratang
which yielded the indigenous Globotruncana assemblage may be placed in the Late
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Cretaceous whereas the bulk of the Baratang Formation with reworked Cretaceous
fauna may be assigned to a Tertiary age in the range of Paleocene to Late Eocene.

Diagnostic foraminifers are rather rare in the Baratang Formation. Miscellanea
miscella D’ Archiac & Haime, Civillierina vallensis Ruise De Gona, Nummulites
sp., and Discocyclina ramaroi (?) Samanta were identified in thin sections of an
allochthonous algal limestone. Paleocene-Lower Eocene planktonics identified by
Kumar and Iyengar (unpub.) from the Baratang Formation include: Globigerina
triloculinoides (Plummer), Globorotalia pseudobulloides (Plummer), G. uncinata
(Bolli) and M. aragonensis Nuttal. AGE: Based on the forminifera recorded from
the Baratang Formation Late Cretaceous to Late Eocene age. ENVIRON: The low-
est sample of the Baratang Formation, examined by Pandey (1972) is an ooze like
material with Globotruncana Heterohelix assemblage and no benthonics. In this
sample, terregenous material is marginally higher than that prescribed for an Ooze.
Never the less, the ecological parameters of this rock may be inferred to be same as
a ‘Globigerina Ooze’ and the Late Cretaceous basin floor may well be conjectured
to be deeper than 3500 m.

For the greater part of the Tertiary Period, the indigenous Baratang fauna is con-
stituted by above 90% holomarine agglutinated types-many of them of robust size.
The assemblage also includes cold water genera like Pelosina and Saccamina. This
arenaceous assemblage, in view of its composition showing cold water habitat in
the tropical latitudes of Andaman, could referred to abyssal depths of low temper-
ature. In the Peru-Chile Trench area, Bandy and Rudolfo (1964) observed that the
faunal assemblages were persistently dominated (more than 90%) by arenaceous
foraminifers at depths of 4000 m or more. The Reophax-Asterorhiza association
is more characteristic of 4500–6000 m depth as per these authors. The Barantang
assemblage recorded by Pandey (1972) is referable to the Reophax-Asterorhiza asso-
ciation indicating thereby depths of 4500 m and below during the Eocene part of the
Baratang.

Lithological criteria suggest that bulk of the Baratang sediments are turbidite
Graded bedding is common and wood fragments are also seen like the modern tur-
bidites. There is a prgressive coarsening of the sediments towards north suggesting
that the provenance of rock units was towards north, in Burma.

End of Cretaceous period and begining of the Paleocene was marked by a recog-
nisable change in the Andaman Region. There was a noticeable uplift in the eastern
shelf which contributed to some sediments with reworked Globotruncana fauna in
the Geosyncline. Simultaneously the Geosyncline deepened further and there came a
phase of igneous intrusion during Paleocene. This phase of ultrabasic intrusion, con-
tinued till Early Eocene in Burma where some Nummulitics have been also affected
by this igneous activity (Pascoe 1964, p. 1411). However, fragments and pebbles of
serpentine are commonly recorded from the Baratang sediments of North Andaman
(Pascoe 1964, p. 1410), suggesting that much of the Baratang sedimentation has
occurred after this intrusion.
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Saddle Hill Intrusives (Au: Shrivastava et al. 1973)

HOLO: Saddle Hill Range, North Andaman. LB& UB: The ultrabasic rocks are
found as intrusive in Baratang Formation. In Middle Andaman, they intrude all the
five members of Baratang Formation viz. Karmatang Sandstone, Kalsi Shale, Lipa
Sandstone, Neali Alternation and Burma Dera Members. The intensity of intrusions
decreases in the younger sequences. Higher up in the Port Blair Formation, the
intrusives are absent.

Description: The main rock type of Saddle Hill Formation are coarsely crystalline
ultrabasic rock, serpentinized and rarely volcanic rock. The ultrabasic rocks comprise
of dunite, peridotite, pyroxenite gabbro etc. and are dark greenish grey to black in
appearance (Shrivastava et al. 1974).

AGE: Chhibbar (1934) has dated the ultrabasics to be of Cretaceous age. The
fact that the ultrabasics intrude only the Baratang sediments and not the Port Blair’s,
suggest a Post Baratang Pre-Port Blair i.e. Pre-Oligocene age to these intrusives.
ENVIRON: As already noted, the ultrabasics occurs as intrusives in the Baratang
sediments.

Port Blair Formation (Au: Oldham 1885)

HOLO: Corbyn’sCove-SouthPoint traverse near PortBlair town, southAndaman
(between Gymkhana Ground to near Corbyn’s Cove); Hypo: Jarwatikri-Uttara
Macaurthiball Traverse, Middle Andaman. LB: The lower contact of this formation
in unconformable with the underlying Baratang Formation. UB: The upper contact
of this unit with Strait Formation is unconformable and is seen in Strait Island.

Lithostratigraphy of Holostratotype: In the type area of Port Blair, the forma-
tion consists of alternating sequence of sandstone and shales. In the basal part, the
sequence comprises of conglomerate and grit beds.

Lithostratigraphy of Hypostratotype: In the reference section, the formation
overlies the Burma Dera Member marked by a conglomerate. THICK: The maxi-
mum thick of Port Blair Formation was estimated to be +1100 m by Chandra et al.
(1961). BIOTA: Tipper (1911) described Nummulites atacicus from this unit. N.
miarritzensis and Assilina granulosa was also reported from sandstones of South
Andaman. Gee reported A. granulosa from calcareous sandstone in northern part of
Middle Andaman. AGE: Oligocene. ENVIRON: The presence of more than one
band of conglomerate towards the base, suggest oscillation of shore line at the time
of deposition of Port Blair Formation. The shelly conglomerates are regarded as
modified subaequous talus rather than normal shore gravel (Pettijohn 1949). The
smoothness of some of pebbles in conglomerates suggest that they were sufficiently
worked by waves, whereas, the angular to subangular particles in greywackes sug-
gest that they were not sufficiently moved by bottom traction and might have been
brought to the side of deposition by turbidity currents. The better development of
conglomerates in northern part of Middle Andaman suggest that during deposition
the shore line lay towards the northern part of the present region. The littoral phase
of earlier period gave place to deeper (epineritic) phase when sandstones and shales
were deposited, Sandstones are well sorted suggesting slow rate of deposition. The
shales were deposited during intermittent period of waning of bottom traction.
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Kalapani Formation (Au: Pandey et al. 1992)

Remarks on nomenclature: The name has been proposed for the undifferenti-
ated Pre-Neogene sequences of shales and clays encountered in the well drilled in
Andaman basin. HOLO: Well An-42-1 between 520 and 3972 m; Hypo: Well An-
1-1, from 2600 to 3740 m. LB: The formation unconformably overlies the basement
of igneous rocks in An-42-1 and has a pronounced unconformity on the top. Where
it is overlying Neogene Formation.

Lithostratigraphy of Holostratotype: In the stratotype of well An-42-1, the for-
mation typically depicts flysch facies and consists of claystone, Shale and sandstone.

Lithostratigraphy of Hypostratotype: In the reference section in well An-1-A,
the formation consists of light to dark grey, moderately hard highly calcareous shale
and light grey to white, subangular to angular, feebly calcareous, fine to medium
grained, poorly sorted sandstone. THICK: In the type section of AN-42-A, 3452 m
of the formation have been encountered. On an average the thick of the formation
ranges from 3452 to 100 m.

LV : As started above the Kalapani Formation has only been encountered in the
subsurface of Andaman Basin. The formation mainly consists of shale, claystone
and minor sandstone. The claystone is dominant facies and is interbedded with shale
and minor sandstone. A few thin streaks of carbonaceous shale (HLO-A) and thin
limestones have also been observed in the northern part of the basin.

Distribution: The formation is encountered inmost of thewells drilled inAndaman
basin including AN-42-A, HLO-A, An-1-A, AN-14-A and Oil India wells AOE-1
andAOE-2.BIOTA: In the Oil India wells AOE-1, AOE-2, the formation has yielded
a rich suite of planktonic foraminifera of Late Cretaceous toOligocene age. The diag-
nostic species include, Morozovella Globorotalia velascoensis P. pseudomenardii,
M. subbotinae,G. (Acarinina) soldadoensis angulosa,G. (A) pentacamerata,Astero-
cyclina sp.,Globigerina ampliapertura,G. selli,G. gortanii, Lepidocyclina spAster-
igerina sp., G. opima opima, Catapsydrax dissimilis, G. tripartita, G. prasaepis, G.
sastrili, G. opima nana, G. angulisuturalis.

AGE: Cretaceous to Oligocene. ENVRON: The foraminiferal assemblage sug-
gests an outer shelf to upper bathyal environment of deposition for major part of the
sequence. The presence of pyritised foraminifera at places suggests suboxic to anoxic
environment. The present of abundant reworked planktonic and smaller foraminifera
suggest probable and smaller foraminifera suggest probable transportation of outer
shelf sediments to bathyal environment by turbidity traction.

East Coast Basins

The bio-chrono and tectonostratigraphic frame work for lithofacies distribution
andmagnitude of hiatus in East Coast Basins (Cauvery,KrishnaGodavari,Mahanadi,
Bengal Basins) are shown in Fig. 24.

West Bengal Basin

The West Bengal Basin has a history of intracratonic rift basin. Permotriassic to
recent sediments are known in the subsurface. Seven formations are briefly described.
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The litho-bio- and chronostratigraphy and paleoenvironmental settings in the Bengal
Basin is shown in Fig. 13.

Ghatal Formation (Au: Biswas 1963)

HOLO: Interval 2802–2971 m in well Ghatal-1; Hypo: Interval 3257–3592 m
in well Karimpur-1. LITH: The holostratotype comprises of fine to very grained
calcareous sandstones grey siltstone and oolites. The Ghatal Formation is subdivided
into four members:

(i) Karimpur Member: Comprising of fine grained sandstone alteration with buff
or white limestone and shale.

(ii) Mayapur Member is characterized by carbonaceous, calcareous shale and silt-
stone with occasional oolites, overlain by oolites.

(iii) Amta Member is represented by thin grey shale sequence.
(iv) Domjur Member is the youngest member of Ghatal Formation overlying Amta

Member. It is characterized by fine grained sandstone, calcaceous siltstone and
grey shale.

LB: Unconformable with Bolpur Formation. UB: Unconformable with Jalangi
Formation.THICK: Ghatal Formation shows gradual increase in thick towards east.
Maximum thick is observed in the well Karimpur-A, where it is around 335 m
(Chandra et al. 1991) BIOTA: Ghatal Formation has yielded a few planktonics in
Dhananjaypur-A, Domjur-A and Chandkuri-1 including Turborotalia, trinidadensis,
Globorotalia (T ) inconstants. AGE: Early Paleocene. ENVIRON: The formation
is referred to the Early Paleocene accordingly. The formation represents a trans-
gressive– regressive sequence. Its Karimpur and Mayapur member are transgressive
deltaic deposit. Domjur Member is regressive represented in the well Domjur-1 by
fine to very fine sandstones. Amta Member includes predelta shales of a regressive
delta.

Jalangi Formation (Au: Biswas 1963)

HOLO: Interval 2407–3095 m in well Jalangi-1. LITH: The type section is rep-
resented dominantly by coarse to medium grained, white to brownish sandstone.
Carbonaceous matter and red shales are occasionally present. Towards top, carbona-
ceous shale, coal and fine to medium grained sandstone are present. The Jalangi
Formation is subdivided into lower, middle and upper. The Lower Jalangi is domi-
nated by coarse to medium arkosic, light grey to dirty white sandstone. The Middle
Jalangi is a coal shale unit with fine grained sandstone, while the Lower is character-
ized by coarse to medium grained glauconitic sandstone. BIOTA: Foraminifera in
Jalangi are rather sparse. In the lower andmiddle Jalangi non-diagnostic agglutinated
forms viz; Trochammina, Ammobaculites, and rare calcareous foraminifera occur. In
well Domjur-1 the limestone sequence yielded very few Nummulites, Fasciolites
and Lockhartia. Upper Jalangi yielded Nummulites acutus, N. discorbinus etc. LB:
UnconformablewithGhatal Formation.UB: Unconformablewith overlyingKalighat
Formation.THICK: There is a general eastward increase in thick.Maximum thick of
640 m (+) has been met in Memari-1 well and still higher thick is inferred within the
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paleodepression betweenMemari and Ghatal and betweenMemari and RadhaAGE:
Upper Paleocene to Middle Eocene. ENVIRON: Lower–Middle Jalangi Formation
represents fan delta environment. Middle Jalangi Formation indicates presence of
marginal delta/lower delta plain facies. Upper Jalangi was deposited in marine envi-
ronment.

Kalighat Formation (Au: Chandra et al. 1993)

HOLO: Domjur-1 well, interval 3845–4640 m. LITH: In the type section, it
consists of a number of limestone bands separated by clastics. The limestone is
grey or buff coloured and the clastics are represented by fine to medium grained,
glauconitic sandstone and shale. The entire Kalighat is divisible into three units:
lower middle and upper. The lower Kalighat is represented by alternation of sandy
limestone and sandstone or shale. The middle Kalighat unit is characterized by thick
compact limestone body with little or no clastics. The uppe Kalighat is characterized
by occurrence of a coarse to fine grained sandstone topped by a limestone band.
THICK: In the holostratotype it is 795 m thick BIOTA: The lower Kalighat is
characterized by: Nummulites globulus, Assilina granulosa, A. laminosa, A. daviesi,
Fasciolites oblonga, Lockhartia hunti, L. conditi, L. haimei. The middle Kalighat
is characterized by N. burdigalensis, N. globulus, N. dijodjokartae, Assilina spira,
A. placentula, Fasciolites elliptica. In the upper Kalighat N. fabianii, Pellatispira
glabra and P. madraszi are characteristic. ENVIRON: Faunal assemblage recorded
indicate shallow inner shelf condition with minor pulses of regression in an overall
transgressive phase.

Hooghly Formation (Au: Chandra et al. 1993)

HOLO: Interval 5200–5324 m in Golf Green-1 well. LITH: In the type section
lithology comprises of grey to dark grey calcareous shale. THICK: 124 m in the
holostratotype.BIOTA: Foraminifera recorded are dominated by larger foraminifera
N. fabianii andPellatispira sp.Assemblage.AGE: AnUpperEocene age is suggested
based on the above assemblage. It is equivalent to Kopili Formation. ENVIRON:
Recorded foraminifera indicate shallow inner shelf conditions.

Matla Formation (Au: Chandra et al. 1993; Modified after Biswas 1963)

HOLO: Interval 1330–4560 m in well SME-5. Hypo: SHE-5 between 13.30 and
4560 m.

LITH: This unit is represented by dark grey, grey, fissile shale or clay, occasionally
glauconitic. Sand bands, wherever present, are very thin. BIOTA: TheMalta Forma-
tion is highly fossiliferous and comprises of forms represented in the Hooghly, Bur-
dwan, Diamond, Harbour and Pandua Formation. UB: Conformable with Ranaghat
of Debagram Formation. Unconformable with Bengal Alluvium. THICK: 1500 m.
in 1 Chapur-1 and 4000 m in SMM-2 and Raghunod wells.AGE: This formation has
inter tonguing with several formations and the age is ranging from Upper Eocene to
Pliocene. ENVIRON: Marine environment.
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Burdwan Formation (Au: Biswas 1963)

HOLO: Interval 1545–1675 m in well Burdwan-1. LB: Unconformable with
Hooghly Formation. UB: Unconformable with Pandua Formation. LITH: The type
section is characterized by the dominance of sandstone with varying grain size from
coarse to fine and are occasionally feldspathic and lignitic. Few shale bands, ligntic
and pyretic andmicrospherulites of Siderite are common. The Burdwan Formation is
subdivided into (i) GoldGreenMember comprising of fine tomediumgrained, white,
dirty white sandstone, light to dark grey siltstone and ark grey shale. At the bottom
a fossiliferous limestone band is also recorded. (ii) Memari Member comprises of
grey to dark grey glarcconitic, carbonaceous shale, fine to medium grained, occa-
sionally glanconitic sandstone and a thin limestone band in the lower part. THICK:
500 m in Golf Green area. BIOTA: In basin margin area Burdwan Formation is
devoid of microfauna. Very few arenaceous foraminifera includes Trochammina,
Ammobaculites. Oligocene form Eulepidina is found in a number of wells. In wells
like Maju-1, Golf Green-1, Chandkuri-1, Lower Oligocene formNummulites fichteli
occurs along with Lepidocyclina. Oligocene planktonic forms like Globigerina gor-
tanii, G. tripartita, G. ouchitensis also occur. Burdwan Formation is Early to Late
Oligocene in age. AGE: Lower to Upper Oligocene. ENVIRON: The Golf Green
Member comprises transgressive deltaic sand. Memari member not only includes
transgressive but also regressive deltaic sand and shales.

Diamond Harbour Formation (Au: Mohan et al. 1981)

HOLO: Diamond Harbour-1, between 3905 and 4405 m. THICK: Maximum
thick to the tune of 500 m is observed in type section i.e. in Diamond Harbour-1 well
LB: LowerBoundary is conformablewithBurdwanFormation.UB:UpperBoundary
is unconformable with the overlying Pandua Formation. LITH: In type section, the
formation comprises of grey to dark grey siltstones, thin layers of very fine grained or
silty sandstones and shale.Upper part contains grey coaly shales and coal. Silty nature
of Diamond Harbour Formation is observed only in type section; in other wells it is
represented largely by a shale section. BIOTA: The formation contains arenaceous
foraminiferal assemblage ofTrochammina,Haplophragmoides,Reuselola alongwith
Ammonia and Bulimina.AGE: The formation is assigned Upper Oligocene to Lower
Miocene age. ENVIRON: Diamond Harbour Formation is inferred to be deposited
under shallow marine and coastal environment.

Mahanadi Basin

Age ofMahanadi Basin is Early Cretaceous to recent. About 2078mvolcanic pipe
with intratrappean overlies the Archaean Basement. Thin volcanic rocks equivalent
to the Deccan trap in two wells. KTB represented by hiatus. Paleocene to recent
sediments are encountered in several onshore wells. The Paleogene litho-bio-chrono-
sequence and paleoenvironmental settings in theMahanadi Basin is shown in Fig. 14.
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Kalighat Formation: (Au: Raju et al. 2009)

HOLO: 3298-2497 m in MND-2, Hypo: 2500–1782 m in MND-3. LITH: The
bottom of this formation consists of a package of alternating sand and shale. Major
part of the formation consists predominantly of calcareous interoperated with thin
sandstone layers. The limestones are fossiliferous. Layers of calcareous shale occur
in the upper part. LB: Coincides with K-T boundary, a major unconformity with
base level fall and hiatus of 5–6 My equivalent Danian period. UB: The top is a pro-
nounced erosional unconformity and subaerial exposureswithmajor hiatus.THICK:
300–800 m BIOTA: The basal part contains Daviesina langhami and Lockchartia
haimei. The Early Eocene interval yielded Flosculina oblonga, Nummulites burdi-
galenis, N. globulus, N. praelucasi, Lockhartia hunti and L. conditi. The Middle
Eocene strata contain Nummulites djodjokarte. M. discorbinus, Flosculina elliptica
and Assilina spira. The late Eocene strata yielded Pellatispira inflata and Num-
mulites fabianii. In the hypostratotype (MND-3) additional foraminifera including
Globorotalia uncinata and Lockhartia retiata are found. AGE: Middle Paleocene to
Late Eocene ENVIRON: Stable marine shelf. The lowest sands represent marginal
marine condition.

Chilika Formation: (Au: Raju and Misra 2009)

HOLO: Interval from 3838 to 3204 m in MND-8 LITH: Predominantly shale
with some sand layers

LB: Conformable in MND-8, UB: Unconformable THICK: About 630 m in the
type section BIOTA: Nummulites pengaroenensis in lower part, Eulepidina dialata
in the middle part,Globigerina ampliapertura,G. selli, Sphaeroidina bullodes,Glo-
bigerinoides primordius and Cyclammina sp., in the upper part of the type section.
AGE: Early Oligocene to lower part of late Oligocene ENVIRON: Shallow marine
conditions in the lower part while outer shelf/upper bathyal conditions in the upper
part prevailed in the type section.

Krishna—Godavari Basin

The preserved and eroded records of sediments from Early Permian to recent are
known. KTB is represented by volcanic an intratrappeans.The Paleogene litho- bio-
and chronostratigraphy and paleoenvironment settings of Krishna Godavari (KG)
Basin are shown in Fig. 15.

Cretacous Tertiary Boundary (KTB)

Numerous publications are available in KTB both from outcrops and subsur-
face. The most detailed study of the Deccan volcanism and mass extinction is by
Keller et al. (2012) who described effects of the Deccan volcanism on stratigraphy
and biologic contents in eleven deep wells from the KG Basin. In these wells, two
phases of Deccan volcanism record the world’s largest and longest lava mega-flows
interstratified with the marine sediments in the KG Basin about 1500 km from the
main Deccan volcanic province. The main phase-2 eruptions (~80% of total Deccan
Traps) began in C29r and ended at or near the KTB, an interval that spans planktic
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foraminiferal zones CF1-CF2 and most of the nannofossil Micula prinsii zone, and
is correlative with the rapid global warming and subsequent cooling near the end
of the Maastrichtian. The mass extinction began in phase-2 preceding the first of
four mega-flows. Planktic foraminifera suffered a 50% drop in species richness. The
mass extinction was likely the consequence of rapid and massive volcanic CO2 and
SO2 gas emissions. Deccan volcanism phase-3 began in the early Danian near the
C29r/29n boundary. These data suggest that the catastrophic effects of phase-2 Dec-
can volcanism upon the Cretaceous planktic foraminifera were a function of both the
rapid and massive volcanic eruptions and the highly specialzed faunal assemblages
prone to extinction in a changing environment. Data from theKGBasin indicates that
Deccan phase-2 alone could have caused the KTB mass extinction and that impacts
may have secondary effects.

Razole Formation (Au: Rao 1990)

HOLO: Well Razole—1 LB: Conformably underlain by the Tirupati sandstone
in West Godavari and Chintalapalli shale in parts of East Godavari sub-basins. UB:
Conformably overlain by theMatsyapuri sandstone/Palakollu shale in East Godavari
sub basin and unconformably by the Rajahmundry formation in Mandapeta area.

LV : Razole volcanics occur as outcrops. In West Godavari basin, these lava flows
are encountered at a depth of 1000 m and Narasapur sub basin at a depth range of
3300 m. These volcanics are absent in Amalapuram, northeastern part of Narasapur
and in offshore area.

Palakollu Shale (Au: Rao 1990)

HOLO: The interval from 2130 to 2575 m in deep well Palakollu-1. LB: This
formation unconformably overlies the volcanics of the Razole Formation. UB: Con-
formably underlies the Pasalarapudi Formation. LITH: (Venkatarangan et al. 1993),
In the type section the formation consists of darkgreyfissile shaleswith occasional silt
bands. Siltstones are grey to darkgrey, hard, compact andmicaceous.THICK: 445m.
in the type section. BIOTA: Morozovella conicotruncana and M. aequa, M. angu-
lata, M. velascoensis, which suggest Late Paleocene (upper P3–P5) are recorded.
The assemblage includes Globorotalia (Turborotalia) inconstans, Eoglobigerina
trivalis, Globorotalia (Acarinina) precursoria, and G. (T.) imitatea. Between 2410
and 2575 m, between 2410 and 2575 m. G. (T.) pseudobulloides is recorded. The
FAD/LDHO of Cruciplacolithus primus at depth 2560–65 m. and occurrence of
Cruciplacolithus tenuis at depth 2315–20 m assign the sediments between 2315 and
2565m to NP1 (upper part)Markalius inversus nannoplankton zone of Early Danian
age. The occurrence of Princius dimorphosus in the sediments at 2445–50 m could
further assign the sediments 2445–2515 m. to a combined NP2–NP4: Cruciplacol-
ithus tenius? Eolissolithus macellus nannoplankton zones of Danian age.

The occurrence ofToweius eminens,Heliolithus riedeli,Neochiastozygus chiastus
and Princius bisulcus between 2160 and 2445 m depth is significant. Based on the
known ranges of the above species, a combined nannoplankton zones NP5–NP9:
Fasciculithus tympaniformis-Discoaster multiradiates of Thanetian age is assigned
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to the sediments. AGE: Paleocene (Danian to Thanetian). ENVIRON: Middle to
Outer shelf.

Pasarlapudi Formation (Au: Rao 1990)

HOLO: Well Palakollu—1 (depth interval, 1970–2840 m). LB: Conformably
underlain by the Vadaparru shale. UB: Conformably overlain by the Bhimanapalli
limestone. THICK: The thick of the formation in the well Pasarlapudi—1 is 870 m
and in the well Razole—1 is 765 m. LITH: This formation consists mainly of alter-
nations of sandstones and shales with thin limestone bands.BIOTA: Foraminifera: In
the holostratotype, the sediments at 2850m, just 10mbelow the base of the formation
yieldedMorozovella marginodentata/subbotina plexus suggestive of earliest Lower
Eocene. The entire succession from 2000 to 2850 m yielded rare larger foraminifera
including,Nummulites, Assilina,Discocyclina, and Fasciolites. andMiliolids.AGE:
The upper limit of the formation is within Planorotalites palmarae (Zone P9) of
Lower Eocene. The lower limit is well within earliest Lower Eocene. ENVIRON:
The entire succession of Pasarlapudi Formation, both in holo and hypostratotypes
was deposited in a very shallowmarine conditions in bathymetry between 0 and 50m
but often within 0-20 m.

Vadaparru Shale (Au: Rao 1990)

HOLO: Vadaparru–1 (depth interval, 1525–2235 m). Hypo: Bhimanapalii–1
(depth interval, 1780–2025 m). LB: Conformably underlain by the Razole Forma-
tion in onland area, not known in offshore due to lack of data. UB: Conformably
overlain by the Matsyapuri and Ravva formations. THICK: The formation is 710 m
thick in the well Vadaparru-1 and 245 m in the well Bhimanapalli-1. The formation
thickens (more than 2000 m) in the offshore area. LITH: In the type section, this
formation consists mainly of shales with minor sand layers. It is rich in organic mat-
ter and feebly calcareous with occasional presence of pyrite. BIOTA: Foraminifera:
The hypostratotype in Bhimanapalli-1 gave a better control. In the lower part of
the formation, Morozovella acqua, occurs at 1950 m and M. cf. subbotinae, is
found at 1925 m, which suggest an age of upper P6 (lowest Lower Eocene). The
upper part between 1800 and 1855 m yielded Nummulites, Discocyclina, and Fas-
ciolites. The holostratotype in Vadaparru-1, yielded essentially larger foraminifera
including Nummulites and Discocyclina. However, between 2000 and 2105 costate
Uvigerina occurs. Acarinina broedermani is found at 2100 m. Nannoplanktics: The
sediments between 1525 and 2235 m yielded low diversity and frequency of nanno-
fossils. It is mostly dominated by Prinsiaceae and Braarudosphaeraceae members.
Reticulo-Fenestra dictyoda is occurring almost throughout the section and based on
the total known range of the species, a combined NP13–NP16: Discoaster lodoen-
sis–Discoaster tanii nodifer nannoplankton zones of Late Ypresian-Lutetian age is
inferred. The presence of Braarudosphaerids are very common in Eocene times
and indicate a near shore depositional environment. AGE: Early to Middle Eocene.
ENVIRON: In holostratotype the succession from 1525 to 1900 m was deposited
under very shallow environment with a bathymetry between 0 and 2 m, but between
2000 and 2105 m a bathymetry of about 50–100 m prevailed.
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Bhimanpalli Limestone (Au: Rao 1990)

HOLO: Well Bhimanapalli-1 LB: Conformably underlain by Pasarlapudi For-
mation or Vadaparru shale. UB: Conformably overlain by Matsyapuri sandstone.
THICK: The thick of the Bhimanapalli Limestone in well Bhimanapalli-1 in 555 m
and in Pasarlapudi-1 is 540 m. LITH: In Bhimanapalli-1 this formation consists
mainly of highly fossiliferous limestone with thin sand–shale alternations in some
areas. BIOTA: Foraminifera—The hypostratotype has yielded better control partic-
ularly in the lower part. The lower part and interval just below that from 1750 to
1989 m hqas yielded Planorotaloides palmerae, Acarinina pseudotopilesis, Moro-
zovella aragonensis, Nummulites, Fasciolites, and Assilina, which clearly demon-
strate, that the lower limit of the formation in the hypostratotype is within zone P9
of Lower Eocene. The interval between 1450 and 1700 m yielded Nummulimtes
and few other larger foraminifera. At 1650 m Lockhartia hunti pustulosa has been
recorded.

In the holostratotype, interval from 1230 to 1750 m, yielded larger foraminifera
including Nummulites, Fasciolites, Discocycline and Assilina. Close to the upper
limit of the formation at 1250 m in Bhimanapalli-1 Truncorotaloides, Assilina occur
suggesting a Middle Eocene age. ENVIRON: The carbonates of the holostratotype
were deposited under a bathymetry essentially between 20 and 50 m. In the hypos-
tratotype, the sediments of this formation between 1750 and 1970 m were deposited
under a moderate bathymetry between 50 and 80 m (Middle to Outer neritic).

Matsyapuri Sandstone (Au: Rao 1990)

HOLO: Well Matsyapuri-1 LB: Conformably underlain by Bhimanapalli Lime-
stone. UB: Conformably overlain by Narasapur claystone. THICK: 540–1200 m.
LITH: In the type section in well Matsyapuri-1 this formation consists mainly of
sandstone with thin beds of claystone and limestone. The sandstones are dark grey
to greenish, coarse to very coarse grained, moderately sorted, sub rounded with thin
beds of dark grey carbonaceous claystone. Traces of pyrite at places with calcare-
ous matrix occur. The claystone is brownish to dark grey, calcareous with traces
of shell fragments; Reference section: The lithology of the formation in the well
Bhimanapalli-1 is mainly sandstone with few claystone bands.THICK: The thick of
the formation inMatsyapuri-1 is 692m and inBhimanapalli-1 540m. The thick of the
formation is maximum near GS-18-1 well where it is 1200m.BIOTA: Foraminifera:
Foraminifera are better represented in the hypstratotype. Important events from top
to bottom include:

1. LAD of Miogypsina cushmaniantillea, at 790 m.
2. LAD of M. (Lepidocyclina) excentrica at 850 m.
3. LAD of Nummulites fichteli at 1040 m.
4. LAD of Pellatispira at 1070 m.
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Fig. 16 Paleogeography of Eocene (Pasarlapudi/Vadaparru), Krishna Godavari Basin. (After
Karuppuswamy 2013)

In between these events several larger foraminifera occur.
AGE:MiddleEocene—MiddleMioceneENVIRON: The succession is deposited

under shallow marine condition with a bathymetry between 0 and 20 m, except at
850 m, where a bathymetry of 50 m might have been attained.

Paleogeography of Eocene (Pasarlapudi/Vadaparru Formations) show present
coastline, paleo coastline shallowmarine facies, shelf margin and also submarine fan
lobes in between shelf margin and 85° East Ridge. Carbonate deposits were predicted
on the top of 85° East Ridge but they are yet to be proved (Fig. 16), Karuppuswamy
(2013).

Paleogene-Neogene Boundary

The major events close to the Paleogene/Neogene boundary are: (1) drop in sea-
level and hiatus.
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Cauvery Basin

The oldest sediments recorded on the subsurface of Early Permian age. The forma-
tions and their biota are described below. The Paleogene litho- bio- and chronostratig-
raphy and paleoenvironments settings of the Cauvery Basin are shown in Fig. 17.

Kallamedu Sandstone (Fluvial Sandstone)

HOLO: Kallamedu THICK: 300 m LB: At places overlies Ottakovil sandstone
and Kallankurchchi limestone, UB: Unconformably overlain by the Niniyur lime-
stone (KTcontact is observed in Periyakurichimine)BIOTA: Nautiloid-Hercoglossa
danica AGE: Danian. ENVIRON: Fluvial

Niniyur Formation (Au: Sundaram and Rao 1986)

HOLO: Niniyur village LB: Unconformably underlain by Kallamedu
sandstone, UB: Unconformably overlain by Caddalore sandstone (Miocene)
THICK: 65 m. LITH: Limestones interbedded with sandstones BIOTA:
Nauitiloid–Hercoglossa danica, Foramnifera-Thalmannita sp., Morozovella angu-
lata, Ichnofossils-Ophiomorpha, Thalssinoides AGE: Palaeocene (Danian) ENVI-
RON: Shallow marine.

Karasur Formation = Nerina = Niniyur (Au: Kossmat 1895)

HOLO: Ksrasur LB: Mettuveli Formation, UB: Manaveli Formation BIOTA:
Planktic foraminifera AGE: Paleocene ENVIRON: Shallow shelf

Cauvery Basin Subsurface
Kamalapuram Formation: (Au: Venkatarengan et al. 1993)

HOLO: Well no. Kamalapuram-1 LB: Unconformably underlain by the
Portonovo shale or Komarakshi shale. UB: Conformably overlain by the Karaikal
shale. THICK: Thickness of the formation in type section is 680 m and in refer-
ence Sect. 840 m. Maximum thick recorded is 100 m (+) near Bhuvanagiri area.
LITH: The formation is characterized by alternations of shaly sandstone and shale
bands. Sandstone is greyishwhite to dirtywhite, sometimes greenishwhite, compact,
hard to moderately hard, coarse, sometimes pebbly subangular to subrounded, well
sorted, calcareous, at some places micaceous, pyritiferous and shaly. The shale is
light grey to dark grey, compact, moderately hard, fissile. At some places, brownish
limestone streaks are present along the fissile planes and encrustations of pyrite are
also seen. BIOTA: Globotruncana arca, Globorotalia pusilla, Morozovella velas-
coensis,M. subbotinae,M. spinulosa,M. aragonensis. AGE: Maastrichtian-Middle
Eocene. ENVIRON: Outer shelf to Upper Bathyal

Karaikal Shale Formation (Au: Rao 1972)

HOLO: Well no. Karaikal-1 LB: Conformably overlying the Kamalapuram For-
mation, at places unconformably underlain by Portonovo shale or Komarakshi shale.
UB: Unconformably overlain by different formations. THICK: 1000 m in PY-3
structure. LITH: The formation is made of predominantly shale which are grey,
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silty, fissile and occasionally calcareous, micaceous, pyrite is seen as disseminated
crystals;BIOTA: Diagnostic foraminifera:Morozovella velascoensis,Planorotalites
pseudomenardii, P. pusilla, Subbotina pseudobulloides. AGE: Paleocene-Eocene
ENVIRON: Middle to Outer shelf.

Pandanallur Formation (Au: Rao et al. 1971)

HOLO:Well no. Pandanallur-1LB:Underlain byKaraikal shale,UB:Overlain by
Tirupundi, Niravi, Madanam Limestone, Cuddalore formations. LITH: Pandanallur
Formation consists mainly of clayey sandstone with bands of interbedded claystone.
The sandstones are light grey to dirty white, fine to coarse grained, subangular to
subrounded, feebly calcareous; silty with clayey matrix; pyrite and carbonaceous
matter occur in traces. Claystones are dark grey to greenish grey, sticky, silty feebly
calcareous. Pyrite limestone, chert and chalk also occur in traces. THICK: 100 m
(+) in Bhuvanagiri area. BIOTA: Diagnostic foraminifera: Nummulites fichteli,Glo-
bigerina angiporoides, Lepidocyclina sp. AGE: Early Eocene ENVIRON: Middle
shelf.

Thiruppundi Formation (Au: Rao et al. 1971)

HOLO: Well no. Thiruppundi-1 LB: Unconformably underlain by the Bhuvana-
giri Formation. UB: Conformably overlain by the Nannilam Formation THICK:
613 m in type section. LITH: In the type section, the Tiruppundi Formation com-
prises limestone, siltstones and sandstones. The upper part of formation is marl,
in the middle it is essentially a thick limestone and in the lower part, there is silt-
stone with thin bands of limestone. The sandstones consist of thin lenses of very
fine sand occurring in between the limestone. In the reference section, most of the
formation is massive limestone except the lower part which is claystone. BIOTA:
Diagnostic foraminifera:Turborotalia cerroazulensis,Turborotalia frontosa,Acarin-
ina broedermanni, Orbulinoides beckmanni AGE: Middle Eocene- Early Miocene
(?). ENVIRON: Inner to Middle neritic.

Niravi Formation (Au: Rao et al. 1971)

HOLO: Well no. Karaikal-2 LB: Unconformably underlain by Tirupundi For-
mation/Karaikal shale. UB: Overlain by the Shiyali claystone/Kovilkalappal forma-
tions. THICK: 535 m LITH: In the type section, the formation comprises mainly
of sandstone with minor limestone bands in between. THICK: The formation attain
a maximum thick of 1000 m (+) in the Nagapattinam sub basin. BIOTA: Diagnos-
tic foraminifera: Globigerina angulisuturalis, G. binaensis, G. gortanii, G. ampli-
apertura, G. tripartita, Globorotalia opima and costate Uvigerina, Hoeglundina,
Sphaeroidina, Gyroidina, Planulina. AGE: Oligocene ENVIRON: Upper Bathyal.

Tiruttyraipundi Sandstone Formation (Au: Rao et al. 1971)

HOLO:Well no. Tiruttyraipundi-1LB: Unconformably underlain by theKaraikal
shale andTiruppundi/Kamalapuram formations.UB:Overlain by theMadanam lime-
stone and Tittacherri formations.THICK: 1000 (+) m in the Nagapattinam susbasin.
LITH: In the type section, the formation comprises mainly of sandstone with minor
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limestone bands in between. The sandstones are medium to coarse grained, yellow,
brown and grey in colour, at times pebbly and calcareous, subangular to subrounded.
It ismoderately to poorly sorted and is fossiliferous. Thin bands of light grey, compact
siliceous limestone are seen at places.BIOTA: Diagnostic foraminifera:Myogipsina
complanata-formosaensis, Nummulites fichteli, Globigerina sastrii, Chiliguembe-
lina cubensis. AGE: Oligocene—Early Miocene ENVIRON: Inner to Middle shelf
conditions.

Kovilkalappal Formation (Au: Venkatarengan et al. 1993)

HOLO:Well no.Kovilkalappal-1LB: Unconformably underlain by theBhuvana-
giri Formation. UB: Conformably overlain by the Nannilam Formation. THICK:
955–1035 m. Thick of the formation in type section is 280 m where as it is 300 m in
the reference section Extent: It occurs in Tanjore sub basin and Nagapattanam sub
basin. LITH: The formation is an argillaceous rock unit with significant presence of
limestone. Bands of sandstone are also observed. It is fossiliferous. It is calcareous
and presence of pyrite is also noticed. BIOTA: Pellatispira madaraszi,Discocyclina
sp, Baculogypsina tetrahedra, Nummulites acutus, N. chavannesi, Fasciolites sp,
Lockhartia sp. AGE: Middle to Late Eocene. ENVIRON: Inner to Middle shelf.

Vanjiyur Sandstone Formation (Au: Rao et al. 1972)

HOLO: Well no. Karaikal-4 LB: Underlain by the Shiyali claystone. UB: Over-
lain by the Madanam Limestone and at places by Tittacheri formations. THICK:
65–155 m LITH: In the type section, this formation is predominantly a sandy rock
unit with occasional occurrence of siltstone and calcareous matter. BIOTA: Diag-
nostic foraminifera: M. (M.) complanata, M. formosensis, Globigerina angulisutu-
ralis, Turborotalia opima. AGE: Late Oligocene-Early Miocene ENVIRON: Inner
to Middle shelf.

West Coast Basins

Distribution of lithofacies during the Paleogene in selected wells across Westren
offshore is shown in Fig. 25.

Kerala–Konkan

The basin evolved the following breakup and separation of Sychelles and Mada-
gascar from India Ca 110–90 Ma. In the subsurface 4 Basalt flows with Coniacian
to Santonian to Danian were observed. Paleogene formations are briefly described
below. The Paleogene litho- bio- and chronostratigraphy and paleoenvironments set-
tings of Kerala-Konkan Basin is shown in Fig. 18.

Cochin Formation (Au: Mathur et al. 1993)

HOLO: Interval 3150–3942 in well CH-1-1; LB: Unconformably overlie the
Deccan Traps, UB: Unconformably underlie the Kasargod Formation LITH: In the
holostratotype the formation is divisible into four subunits; the lowest unit is predom-
inately dirty white to grey, medium to coarse grained sandstones with thin grey to
dark grey sandstones. The second unit consists of grey and dark grey siltstones with
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shales and thin limestone towards top. The top unit is dominantly shalewith thin lime-
stone bands. THICK: 919 m in K-1-1 and 790 m in CH-1-1. BIOTA: Morozovella
pseudobulloides,M.uncinata, Rosita contuse,Globotruncana venticosa,Dicarinella
Concavata.AGE: Santonian to Paleocene. This lithounits crosses theKTBboundary.
ENVIRON: From foraminiferal evidences a paleobathymetry deeper than 100m can
be suggested for the Santonian to Masstrichtian succession. A hiatus across KTB is
recognizable. Paleocene succession was probably deposited under middle shelf envi-
ronment.

Kasargod Formation (Au: Mathur et al. 1993)

HOLO: Well KG-1-1 LB: Unconformable with either the Cochin formation or
the Deccan traps. UB: Gradation with Karwar formation. LITH: Consists of pre-
dominately grey, medium and Fine grained sandstone with thin beds of grey tom dark
grey clay and Limestone towards the top part. Inn CH-1-1, the Kasargod Formation
consists of argillaceous limestone, sandstone and shales in the upper part .two thin
basaltic flows were observed in the basal part of this formation in CH-1-1. THICK:
588 m in KG-1-1 BIOTA: Nummulites globulus, Assilina placentula, Miscellania
miscella, Ranikothalia sp., and Lockhartia hunti. AGE: Late Palaeocene to early
Eocene ENVIRON: Inner shelf.

Karwar Formation (Au: Mathur et al. 1993)

HOLO: Interval 1342–1429 m in deep well KK-OS–V-1-1 LB: Conformably
overlies the Kasargod Formation. UB: Unconformable with either the Calicut For-
mation or the Mayyanod Formation LITH: The lithology is consistently a carbonate
facies comprising grey-light grey limestone with occasional thin shale beds. This for-
mation is present all over the basin, except the shallower part of the shell. THICK:
87 m in the type section.BIOTA: The index Larger foraminifera includeNummulites
fabianii, Nummulites burdigalensis, Assilina spinosa, Lituonella sp., Nummulites
bagelensis AGE: Early, middle to late Eocene ENVIRON: Varies from Lagoonal
and restricted marginal marine towards basin margin to inner Neritic in deeper part
of the basin.

Calicut Formation (Au: Mathur et al. 1993)

HOLO: Interval from 1342 to 1429 m in deep well CH-1-1 LB: The formation
rests unconformably over the Karwar Formation. UB: Unconformably underlies the
Cannare Formation LITH: This formation is recognized into include Limestone
sandwitched between theEocene andLowerOligocene unconformity. The 87m thick
unit is characterized by greenishwhite and buff colored forams and algal wackestone.
Several intervals are dolomitized.THICK: 87 mm BIOTA:Nummulites fichteli and
Nummulites vascos AGE: Early Oligocene. ENVIRON: Inner Neritic to Shallower
shelf and Marginal Marine.
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Mayyanad Formation (Au: Desikachar 1976)

HOLO: Interval from 448 to 695 m in deep well K-1-1 LB: It rests uncon-
formably over the Karagod Formation. UB: Unconformably overlie the Quilon For-
mation LITH: In the holostratotype this formation consists of well sorted coarser to
medium grained, occasionally gravelly sands interbedded with dark clays and lig-
nite. A few thin limestone bands are also present. The lower part of this formation
laterally changes into carbonate facies of the Calicut formation beyond the shallow
shelf. THICK: Maximum thick is 270 m. Extent and LV : The formation is exposed
in detached outcrop and has also been met in bore hole nonconformably overly-
ing Archean basement. Lower part of Mayyanad formation laterally changes into
carbonate facies of Calicut foamation the shelf edge. BIOTA: Nummulities fichteli,
Nummulities vorcer, Upper part is fossiliferous. AGE: Early Oligocene to proba-
bly early Miocene ENVIRON: Shallow inner-shelf to marginal marine and swampy
environment.

Mumbai Offshore Basin

The oldest sediments named Panna Formation overlie the Deccan traps. The Pale-
ogene Formations are briefly described below. The Paleogene litho- bio- chronos-
tratigraphy and paleoenvironments settings of Mumbai Offshore Basin is shown in
Fig. 19.

Panna Formation (Au: Chugh 1987)

HOLO: Well Bassein-1 LB: Nonconformably underlain by the Deccan Trap or
the Crystalline basement, UB: Conformable and gradational with the overlying the
Bassein Formation inmost part. Unconformable in basinmargin.LITH: Represented
by conglomerate and sandstones at the basal part, overlain by a section of coal-shale
alternation in themiddle and succeeded by shale section at the top. The coal is lignite.
The shale is laminated, carbonaceous and pyritiferous. Chakravorti et al. (Unpub-
lished Report) have identified altogether 12 prominent lithological episodes, out of
them 8 are fining-up cycles, 2 major coarsening-up cycles and 2 moderate cycles.
There are 5 layers of coal and thin beds of openmarine limestone in the Panna Forma-
tion. THICK: In the type section, the formation is 75 m. In the reference section the
formation is 661 m. LV : The formation is spreads over the entire Mumbai offshore
basin, excepting the paleo-high. Panna Formation has been informally divided into
three units. The formation shows considerable variations. In the Tapti-Daman block,
a good sand development is observed adjoining the Navasari low. A large part of this
formation is represented by thick sandstone unit (Alluvial fan deposit) in the Panna
East area. In south Ratanagiri, it is represented by a fairly thick trapwash sequence.
BIOTA: Top of the Panna Formation coincides with top of the Nummulites burdi-
galensis-Assilina spinosa assemblage. Palynology played a major role in dating the
strata of Panna Formation.Mehrotra et al. (2002) recognized three dinoflagellate bio-
events in the Thanetian and 12 in Ypresian (within duration of 7.3 My). ENVIRON:
Fluctuation (cycles) conditions varying from fluvial, lagoonal to shallow inner shelf
prevailed. The cycles appear to comparable with 9–10 sequence recognized in the
Ypresian of Europe (Hordenbol et al. 1998) AGE: Late Paleocene to Early Eocene.
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Bassein Formation (Au: Basu et al. 1982)

HOLO: Well BS-1, interval 1765 to 2070 m; LB: Unconformable with the Panna
Formation. In the shelf margin block and Mahim graben, it overlies the shale of
Belapur Formation. Over Ratanagiri and DCS area, it unconformably overlies the
Devgarh Formation. UB: A regional unconformity (H-3B sequence boundary) sep-
arates the Bassein Formation form the overlying Mukta Formation. Over most of
the shelf area, base of 15–20 m thick high gamma marker (clay) define its upper
boundary. LITH: Bassein Formation is characterized by a monotonous, buff to light
brown, highly porous wackstone in the upper part and hard packstone towards the
base. Occasionally echinodermal wackstone constitute themiddle part.THICK: The
formation is 305 m thick in the type section. Its thick varies drastically, from less
than 100 m over the Paleohigh to more than 700 min the western and southern parts
of Bombay High-DCS block. BIOTA: In the Panna-Bassein area, the top part of the
formation coincides with the top of Coskinolina-Fasciolites assemblage zone. In a
few wells, typical upper Eocene forams like Pellatispira sp.,Nummulites fabiani etc.
occur in the uppermost part of the Bassein Formation. ENVIRON: A wide range
of environments like restricted platform (Shelf lagoon) with isolated shales in the
Bassin area to open carbonate platform in Bombay High and Ratanagiri area, and
finally deeper water carbonates over most of the shelf margin blocks. AGE: Middle
to Upper Eocene.

Mukta Formation (Au: Mathur et al. 1983 introduced it as a member; Zutshi et al.
1993 raised it to the rank of Formation)

HOLO:Well B-57-11LITH: In the type area, the formation consists of a massive
limestone unit underlain by a 15–20m thick zone of radioactive shales andmarlstone.
The limestone is fossiliferous. The shale is fossiliferous and carbonaceous. In well
SS-1, it shales out. THICK: 47 m thick in the type section BIOTA: Foraminiferal
assemblage includingNummulites fitchteli.LV : The formation extends over the entire
Bombay offshore Basin but shales out in Tapti-Dman block. EMW: Oil and gas.

Alibagh Formation (Au: Basu et al. 1982; Panvel Formation of Zutshi et al. 1993 is
considered junior synonym of Alibagh Formation.)

HOLO: Well B-38-1 LB: The Heera Formation is unconformably overlain by
dominantly shaly facies of Alibagh Formation, UB: Unconformably overlain by the
massive limestone of the Ratanagiri Formation. Over most of the Panna-Bassein
block, limestone of the Bombay Formation overlies the Alibagh Formation. LITH:
In the type section, the formation consists of predominately of shale with a few thin
limestone bends. The shale is occasionally pyrtic and fossiliferous. The limestone
is fossiliferous and micritic. THICK: In the type section, the formation is 84 m
thick. In B-30-1, it is 278 m. BIOTA: The formation is characterized by Miogypsi-
noides complanata and Spiroclypeus. ENVIRON: Deposited in shallow inner shelf
environment AGE: Upper Oligocene.

Paleogeographic map of Mumbai high and western shelf shows from east to west
clay/shale facies of fluvial to transitional environments, carbonate facies and shelf
margin facies further seaward (Fig. 20a), Wandrey (2004b).
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Fig. 20 GeneralizedPaleocene (left) andOligocene (right) paleogeographicmaps ofBombay-High
and western shelf area. (After Wandrey 2004b)

A paleogeographic map of Oligocene (Fig. 20b) shows clay/shale facies of
marginal marine along eastern part and wide carbonate facies and shelf margin
clay/shale facies towards thewest. Therewas no deposition fromPaleocene toMiddle
Oligocene of Mumbai High.

Cambay Basin

The oldest sediments dated by palynofossils indicate Maastrichtian age and flu-
vial environment. The latest Cretaceous Early Paleocene is a time of the Deccan
volcanism. Paleocene toRecent sedimentswere encountered in subsurface. The Pale-
ogene litho- bio- and chronostratigraphy and paleoenvironments settings of Cambay
Basin is shown in Fig. 21.

Deccan Trap

Hypo: Well Cambay-11, interval 2482–3487.75 m. LB: Unconformable with
the Mesozoic, UB: Olpad Formation LITH: It comprises of vesicular and non-
vesicular dark grey to greenish grey, melanocretic basalts associated with andesite,
trachyte etc. About 14 lava flows are recognized separated by intertrapeans beds.
The intertrapeans beds are made of variegated shales, chocolate brown with greenish
grey specks and pockets pf calcite. THICK: 1500 m. LV : Present in Cambay Basin
and absent in on land part in further sites. BIOTA: No micro fauna is reported from
the intertrapeans ENVIRON: Effusive volcanic activity Age: An upper Cretaceous
to Lower Paleocene age is suggested to the Deccan Trap.
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Olpad Formation (Au: Chandra and Chowdary 1969)

HOLO: Olpad well-1A, interval 1468–2443 m (+); LB: Unconformable with the
Deccan Traps, UB: Intertonguing relationship with Lower Cambay shale LITH: In
the type section it comprises of volcanic conglomerate, sandstone, silt, shale, clay-
stone, and clays exclusively derived from basalts. Sudhakar and Basu (1973) have
divided theOlpad into two lithosomeswith varying degrees of intermixture: Grey and
mottled claystone lithosome and Trap conglomerate-Sandstone lithosome. Pandey
et al. (1993) have divided the Olpad Formation into three lithosomes; the upper sand-
stone lithosome, middle claystone lithosome, and the lower Trap lithosome. In one
exploratory well the Olpad Formation is subdivided into three members: (i) Trap-
wash Member, (ii) claystone Member (iii) Nawagam Member THICK: Maximum
thick 1778 m in Jambusar-P-I.

LV : Mostly developed in the Cambay Basin, absent in over Meshana host. Shows
distinct vertical variation as three lithounits. BIOTA: Poorly fossiliferous and the
fauna (after Pandey et al. 1993) recorded are thin walled fresh water Gastropods,
bivalves shells and chitinous plates. Palynofossils are also recorded in the Olpad
Member. ENVIRON: The formation was deposited under fresh water to slightly
brackish water coastal environment, shallow marine towards upper part.AGE: Pale-
ocene to Lower Eocene age has been assigned based on palynofossils and indirect
stratigraphic methods (Pandey et al. 1993).

Cambay Shale (Au: Zubkov et al. 1966; Chandra and Chowdary 1969; Bhandari
and Mathur 1968).

The Paleogene litho- bio- and chronostratigraphy and paleoenvironment settings
of Cambay Basin is shown in Fig. 16.

HOLO: Cambay well No. 11, interval 1950–2382 m; LITH: In type section
this formation is comprised of dark grey to black, fissile, frequently laminated
and bituminous shale with occasional bands of sands and siltstones. THICK: in
type section it is 432 m, in Kalol-263 it is 1153 m LV : thick increases in north in
Linch-Warson-Sobhasan up to 1500–3000 m BIOTA: Cambay Shale, in general is
poorly fossiliferous. Important foraminifera recorded from upper part of the Cambay
Shale include: Nummulites burdigalensis, Operculinoides sp., and rare occurrences
of Assilina granulosa and Assilina cf. A. spira and ostracodes i.e. Alocopocythere
longilinea, A. abstracta,Gyrocythere grandilavis, Butonia boldi, Paracypris sp., and
Neocyprideis suratensis, Phylcetenophora meridionalis and Acanthocythereis vas-
tanensis. The younger Cambay Shale is rich in nonmarine ostracodes. They include
Canada cambayensis, Cythereidella gujaratensis, Cythereidella govindanii, The-
riosynoeum? Danielopoli, Frambocythere colinii, andMetacypris bhatiai. Globoro-
talia sp., Chiloguembelina sp., arenaceous foraminifera from the upper part of the
formation. ENVIRON: The Cambay Shale generally was deposited in fluctuating
environment varying from brackish to shallow inner neritic with intermittent fresh
water conditions. AGE: Lower Eocene.
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Kadi Formation (Au: Chandra and Chowdary 1969)

HOLO: Well south Kadi-4, interval 1345–1816 m; LB: Conformable with
younger Cambay shale, UB: Unconformable with overlying Kalol Formation which
is marked by the base of seismic “B” mark. LITH: In type section it is characterized
by alternations of sandstone, siltstone and coal with layers of shale, shale is dark
grey, sideritic and carbonaceous. Coal is black moderately hard, subvitreous to dull
luster. THICK: 871 m in UA and WA-1 wells. In the type well South Kadi-4 the
thick is 471 m.

LV : Restricted in Ahmedabad-Mehsana Block. For details please see Pandey and
Dave (1998)BIOTA: The formation is mostly unfossiliferous. However, a few ostra-
cods represented by Alocopocythere abstracta, Buntonia boldi, broken shell frag-
ments, gastropods shells, dinoflagellates and pollen species are recorded from the
Nandasan well-D. Important palynofossils: Proxaperites hammenii, Psilodiporites
hammenii,Tricolpites densioranatus,Marginipollis concinnus andSpinizonocolpites
echinatus etc. ENVIRON: The sediments in this formation deposited under conti-
nental to paralic to littoral environment. AGE: A Lower Eocene to Middle Eocene
age is assigned to this formation based on palynofossils evidence.

Tharad Formation (Au: Roychoudhary et al. 1972)

HOLO:Well Tharad-1, interval 961–1546m;LB: Unconformablewith theOlpad
Formation,UB: Conformable with Tarapur Formation LITH: The type section com-
prises of sandstone, shale and thick coal beds. Sandstone is grey, pink, coarse to
medium grained. The formation in Sanchaor-1 is comprises of sand, shale and coal
alteration. THICK: Maximum thick in the type section is 585 m, which increases in
Sanchaor area to 647m.LV : The thick generally reduced towardswestern and eastern
margins. BIOTA: The formation is poorly fossiliferous, at places solitary forms of
bryozoa and shell fragments along with sideritic globular bodies have been recorded
(Sharma et al. 1990, unpublished report on well Tharad-P). ENVIRON: The Tharad
Formation was deposited under deltaic regime (Sharma et al. 1990). Presence of phy-
toplankton and brownish grey claystone suggestive of fluctuating water conditions
AGE: A Lower to Middle Eocene age is assigned based on palynofossils evidences.

Kalol Formation (Au: Zubkov et al. 1966)

HOLO: Well Kalol-19, interval 1310–1595 m; LB: Unconformable with Kadi
Formation, UB: Conformable with the Tarapur Formation LITH: The type section
comprises alternations of fine to medium grained sandstone, siltstone, grey to dark
grey, silty and carbonaceous shale, sideritic claystone and coal. The Kalol Formation
is subdivided into three units (Mehrotra and Ramakrishna 1980)THICK: Maximum
thick 250m, varies from 100 to 250m.BIOTA: The formation is poor inmicrofauna;
Sudhakar and Basu (1973) have reported Truncorotaloides rohri, Nummulites sp.,
and Discocyclina from the upper part. Chilguembelina martini is also reported from
the upper part. Discocyclina sp., Pellatispira sp., and Nummulites acutus are also
reported (Pandey et al. 1993). The characteristic micro-floral assemblage includes
Polycolpites flavatus, Polycolpites granulatus, Psilodiporites hammenii, Proxaper-
tites cursus,Palmaepollenites sp., andHomotryblium sp.ENVIRON: The formation
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was deposited under alternating regressive and transgressive marine environment.
Shallow marine inner shelf, marginal marine and deltaic environments. AGE: Mid-
dle to Upper Eocene age is assigned to the Kalol Formation

Anklesvar Formation (Au: Rao 1969; Chandra and Chowdary 1969; Sudhakar and
Basu 1973)

HOLO: Well Anklesvar-1, interval 800–1190 m; LB: Unconformably underlain
by Cambay shale, UB: The Anklesvar Formation is conformably overlain by the
Dadhar Formation. LITH: In type section the lower part is represented by an alter-
nating sequence of shale, sandstone and claystone. The upper part of the formation
in its type section consists of claystone, shale, sub-greywacke, sand, carbonaceous
shale and arenaceous limestone. THICK: In type section the formation has thick of
390m. InGandhar-1, the thick is 602m.BIOTA: Sudhakar and Basu (1973) reported
arenaceous foraminifera such as Haplophragmoides, Trochammina sp., Nummulites
sp., Discocyclina sp., Trucorotaloides and Chiloguembelina sp., Nummulites acu-
tus, N. striatus, N. maculatus, N. beaumonti and Pseudohastigerina micra, Prox-
apertites cursus, Polycolpites flavatus, Ploycolpites granulatus, Palmaepollenites
ovatus, Dicolpopollis sp., Psilodiporites hammeni., Glaphyrocysta exuberans etc.
ENVIRON: Open marine neritic environment in some parts of the basin, sandstone
beds represents delta front sands of the proto-Narmada delta developed in the South
Cambay Basin. AGE: Middle to Upper Eocene age.

Bhavanagar Formation (Au: Pandey et al. 1993)

HOLO: Well Gulf-1, interval 1891–2012 m; LB: Unconformable with the Olpad
Formation;UB: Unconformable with the Tarapur FormationLITH: The type section
includes grey shale, sandstone and ferruginous sandy claystone. The shales are inter-
calated with sideritic mudstone and sandstone mudstone and sandstone. The sand-
stone is hard, coarse to very coarse grained. THICK: 121 m in Gulf-1. BIOTA:
The formation is poorly fossiliferous, includes: palynofossils Polybrevicolporites
cephalus, Plygalacidlites clarus, Pellicieroiporites sp., and P. langenheimii. ENVI-
RON: Lower part of the formation is deposited in low energy environment; upper part
is interpreted to deposit in high energy environment affected by fluvial conditions.
In overall upper part indicate deposited in near shore fluctuating energy conditions.
AGE: A middle Eocene age is assigned based on palynofossils.

Tarapur Formation (Au: Zubkov et al. 1966)

HOLO: Well Cambay-11 interval 1390–1745 m; LB: Conformable with the
Kalol Formation in Tarapur-Cambay andMehsana-Ahmedabad Blocks.UB: Uncon-
formable with the Babaguru Formation. LITH: In the type section, Cambay well-
11, the formation is composed of greenish grey, at places, dark grey, poorly fissile,
silty and sandy shales, with occasional presence of sideritic bands in the lower part
and argillaceous sandstone, siltstone, calcareous, grey shales in the upper part. In
Limbodra-1, it is composed of grey sandy shales, oolitic and chamostic claystone
and sand/silts are developed. THICK: In type section it is 355 m in Limbodra-1 its
thick is 59mLV :Mainly shalewithminor sandstoneBIOTA: The larger foraminifera
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are represented byNummulites acutus,N. djodjokartae,N. maculates,N. fabianii,N.
beaumonti, N. stamineus, N. uranensis, Discocyclina, Dispansa, Discocyclina sp.,
Propocyclina sp., Asterocyclina, Dictyoconoides cooki, and Chilogumbelina mae-
tini. Planktic foraminifera include Globigerina eocaena, G. yeguaensis, G. lina-
parta, Turborotalia cerroazulensis, Globigerina. ENVIRON: Based on microfauna
a shallow-inner neritic—middle neritic-outer neritic at places bathymetry greater
than 350 m is suggested AGE: Middle Eocene-Upper Eocene-Early Oligocene.

Dadhar Formation (Au: Rao 1969)

HOLO: Well Dadhar-1, interval 2265–2381 m; LB: Unconformable with
Tarkesvar Formation

LITH: The type section consists of thin soft sandstone with finely bedded shale
alterations THICK: 211 m in type section LV : Mainly shale with minor sand-
stone BIOTA: Baculogypsinoides tetraedra, N. beaumonti, Nummulites fabianii,
Pellastispira sp.,Discocyclina sp.,N. fichteli, N. retiatus,Operculna sp., Rotalia sp.,
and Gastropods. ENVIRON: Shallow marine neritic AGE: Upper Eocene-Lower
Oligocene.

Tarkesvar Formation (Au: Sudhakar and Basu 1973)

HOLO: Outcrop in a canal section 1.5 km south of Tarkesvar village, Well
Broach-B, interval 2687–2833 m; LB: Unconformable with the Dadhar Formation
and the Tarapur shale; UB: Conformable with Babaguru Formation. LITH: In the
type section lithology comprises of variegated claystone, mottled claystone, minor
argillaceous sandstone and ferro-dolomitic sphercules, occasionally thin streaks of
coal are encountered. In the reference section the formation consists of alterations
of variegated soft claystone and coarse to medium grained sandstone. THICK:
50–125 m variables LV : More sand content in north of Narmada BIOTA: The for-
mation is poorly fossiliferous, rare occurrence ofQuinqueloculina sp., Ammonia sp.,
arenaceous foraminifera, gastropods and ostracode are recorded. ENVIRON: The
formation represents a basin wide regressive phase and was deposited in a series of
shallow, inland locked basins where the sediments are frequently subjected to sub
aerial exposure. AGE: Upper Oligocene and Lower Miocene (Sudhakar and Basu
1973); Lower Miocene (Pandey et al. 1993).

In Cambay Basin inner neritic facies occur in the southern part of Cambay
Basin (south of Ahmadabad) during Early Eocene as shown in paleogeographic
map (Fig. 22a). During Late Eocene to Early Oligocene neritic deep inner neritic to
outer neritic facies are characterized by Uvigerina and Bollimina facies. In the area
south ofMehsana along the centre part of the basin. Inner neritic shallow inner neritic
facies occur both along the eastern northern western part of the basins as shown in
Fig. 22b. (Pandey and Srivastava 1996).

Kutch-Saurasthra Basin

Kutch had a history of Mesozoic to Quaternary. The Paleogene formations are
described below. The Paleogene litho- bio- and chronostratigraphy and paleoenvi-
ronments settings of Kutch Basin is shown in Figs. 23, 24 and 25.
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Fig. 22 a Early Eocene paleogeography of Cambay Basin. b Late Eocene and Early Oligocene
paleogeography of Cambay Basin

Deccan Trap (Au: Anonymous)

HOLO: Deccan plateau (Maharasthra state); LB: Disconformable with the Bhuj
Formation;UB:Unconformablewith theMatanomadhFormationLITH:Alternating
flows of columnar and a Mygdaloidal basalt with local intertrapeans beds THICK:
Kutch onshore thick varies from 125 to 340 m, in offshore it varies from 145 to
1520m BIOTA:Physa cf. prinsepii,Paludina sp., Lymnea sp.,Eucrypsis Illiocypris,
Cypris, Paracypria, Candona and Eucandona (Biswas 1983)AGE: Masstrichtian to
Danian ENVIRON: Sub aerial in Kutch onshore and in the offshore it is sub aerial
to subaquous in environment.

Matanomadh Formation (Au: Biwas and Raju 1973)

HOLO: Type section is exposed in Bhuj-Lakhpat road section, east of Matana-
madh village and inMadhwali Nadi section to south of the villageLB: Lower bound-
ary sharply defined by red laterite or trap-pebbles conglomerate above Deccan traps;
UB: The upper contact is marked by lignite bands in the type locality, elsewhere the
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contact is disconformable LITH: The Lithological section is variable and consists
of brightly colored clastic and volcanic material, laterite to clays in the lower part of
the formation. The common rock types are red laterite, bauxite, lateritic trap-pebble
conglomerate, bentonitic clays, ferruginous clays tuffaceous sandstone and occa-
sional layers of lignite. THICK: 49 m in type section BIOTA: Locally rich in dicot
leaf impressions and pollen/sporesAGE: Pollen/spores probably indicate Palaeocene
age ENVIRON: The vocano-clastic sediments were deposited during vaning phase
of the Deccan volcanism. Volcanic debris were reworked and deposited along with
clastic in fluvial and lacustrine environment.

Nakhtarana Formation (Au: Zutshi et al. 1993)

HOLO: Well GK-1-1, interval 1900–2025 m LB: Unconformable with the Dec-
can trap in the Kutch shelf, excepting the well KI-1A where it is unconformably
underlain by the Kori Formation. UB: Unconformable with the Jakhau Formation.
LITH: Three members are identified: Nakhtarana limestone member: consists of
white buff, fossiliferous compact limestone along with alternations of siltstone; Nora
member: claystone lithounits with minor basalts and fine grained sandstone; Anjar
member: dominantly sandstone lithounits and comprises shale-sandstone alterations
in lower part. THICK: In type section it is 152 m; over the Kutch thick varies from
6 to 410 m. BIOTA: Nummulites-Lockhartia biofacies, Nummulites ranikothalia,
Discocyclina, P. pseudomenardii;M. miscella. AGE: Upper Paleocene ENVIRON:
Inner shelf environment, lower part of the formation in KD-1 and GKH-1 wells is
barren of fauna and deposited in non-marine to marginal marine environment.

Naredi Formation (Au: Biswas and Raju 1971)

HOLO: Type section is exposed in the cliff along the Kakdi Nadi, south of Naredi
village and partly (only upper part) along Guvar stram NNW of Naredi village LB:
In the type locality, the formation directly overlies the Deccan Trap Formation as
observed in the Nala 700 m west of Naredi. In other places a well marked discon-
formity separates this formation from the Matanomadh Formation. UB: The upper
contact with the Harudi Formation is marked by red ferruginous and erosional sur-
face. The surface occurs above the barren lateritic shales of the ferruginous clay-
stone member of Naredi Formation LITH: Three distinct members are identified:
(i) Gypseous shale member: It is about 24 m thick and consists of grey, brown,
glauconitic sandstone and splintery shales with thin layers of gypsum with sideritic
concretions with occasionally contains fossils of Nautilus. (ii) Assilina limestone
member: it is 6 m thick and consists of bedded dirty white limestone and alloys grey
marlite with Assilina (iii) Ferruginous claystone member: It is about 50 m thick and
consists of grey and brown claystone with layers of gypsum and red ferruginous
laminae. The lower and middle part locally develop black shale facies, pyretic shales
and lignite beds, THICK: 40 m in the type section. It is over 100 m thick in the sub
outcrops in Babia syncline (Panadra mines). In the well Lakhpat-1, the thick is 93 m.
BIOTA: Nummulites globulus nanni, N. burdigalensis, Assilina spinose. AGE: Late
Paleocene to Early Eocene. Age of the Naredi Formation was controversial for more
than 5 decades. Considerable progress has been made in the last 5 years. The Naredi
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Formation overlies last (NOT CLEAR) the Deccan trap. Keller et al. (2013) dated
the lower part of Naredi section as of Early Eocene (Ypresian) age (SBZ8, E4) based
on larger foraminifera and rare planktic foraminifera in assemblages. The top of the
section is of late early Eocene (SBZ11, E6) age. The lower assemblage (SBZ8, E4) is
indicative of brackish to normal marine inner shelf environment; the top assemblage
(SBZ11, E6) is the most diverse and indicates an inner shelf to marginal marine
environment. Two phases of marine transgression were identified. Sediments of the
transgression/regression cycleswere derived fromphysical and chemical-weathering
processes of basaltic rocks as indicated by the different geochemical proxies. Carbon
isotope analyses of bivalve shells and organic matter reveal a negative excursion that
is correlative with the global Early Eocene excursion. The presence of fish bones, fish
teeth and organic matter can be related to the Early Eocene climatic optimum. Clay
mineral data from the Naredi Formation indicate variably hot humid to arid climate
conditions. A negative carbon isotopic excursion detected in bivalves, fish bones and
teeth and organic matter could be related to the Early Eocene Climatic Optimum 2.
Khozyem et al. (2013), Anwar et al. (2013) carried out strontium Isotope study and
is of Early Eocene age spanning from 50.58 Ma. ENVIRON: The paleobathymetry
ranges from non-marine to 45 m.

Jakhau Formation (Au: Zutshi et al. 1993)

HOLO: Interval 1900–2025 in well GK-1-1 LB: Unconformably underlain by
Nakhtarana Formation; UB: Unconformably overlain by the Fulara limestone in
Kutch offshore, and marked by sharp fall in resistivity and gamma logs LITH:
consists of dominantly argillaceous foraminifera packed limestone which is par-
tially dolomitised and occasionally pyretic. The formation has coal bands at the top.
THICK: Maximum thick in well KD-1 is 255 m; the thick increases to 485 m in
GKS-1 BIOTA: N. globulus, A.spinosa, G. subotinae, N. globulus, AGE: Lower
Eocene (Ypresian) age ENVIRON: Shallow warm water, inner shelf environment
is suggested in the eastern part of the Kutch offshore.

Pandara Formation (Au: Zutshi et al. 1993)

HOLO: Interval 663–774 m in well GK-29A-1. LB: Unconformable with the
Nora Member of the Nakhtarana Formation in the well GK-29A-1; UB: Uncon-
formable with the Jakhau Formation, the contact is distinct between argillaceous
limestone of the Jakhau Formation and dominantly sandy facies of the Pandara For-
mation LITH: The formation consists dominantly of sandstone facies in the upper
part and the alteration of sandstone, feeurginous shale and slity siltstone in the lower
part.THICK: 111m inGK-29A-1wellBIOTA:Nummunlites-Dicocyclina-Assilina
biofacies AGE: Lower Eocene ENVIRON: This formation got deposited in near-
shore beach environment.

Harudi Formation (Au: Biswas 1971)

HOLO: Exposed in an escarpment to the west of Harudi village, the section is
continuously exposed over a short distance of 300 m LB: Lower contact is discon-
formable and is fixed at the top of the laterite bed at the top of the Naredi forma-
tion; UB: Upper contact is conformable and is placed at the base of lowest massive
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foraminiferal limestone bed containing characteristic saddled to undulated Discocy-
clina LITH: Consists of splintery shale with yellow limonitic partings in the lower
part and calcareous claystone and siltstone with occasional layers of gypsum and
carbonaceous shale in the upper part. Two to three Coquina beds occur near the base.
Occasionally concretionary and oolitic fossiliferous limestone bands are present in
the lower part. Two to two and half feet thick ferruginous, gypseous clayey marlite
with large diameter (1–2 cm)Nummulites obtusus is characteristic marker bed within
the formation.TheNummulites is easily recognisedby the doubly convex tablet shape
and ornamented surface with curved sutures resembling that of a thumb impression.
The bed is extensive.THICK: 14m thick in the exposuresBIOTA: Truncorotaloides
topilensis, Orbulinoides beckmanni, Turborotalia frontosa, Nummulites obtusus, N.
acutus, Brarrudosphaera biglowi,Discoaster barbadiensis, Bolies, Xomcus, Poroci-
daris and Cidaris.AGE: Lutetian to lower part of Bartonian. ENVIRON: Littoral to
lagoonal in the lower part and inner to lower part of middle shelf. Cyclical, transgres-
sive phase of deposition. A sharp raise of paleobathymetry by an order of 40/50 m
immediately above the obtusus beds.

Fulra Limestone (Au: Biswas and Raju 1973; Samanta 1989; Related names: Num-
mulitesGroup ofWynne 1872; Kiddar series of Tewari 1957; Sengupta 1964; Poddar
1959).

HOLO: The type section is best exposed in southern flank of Babia Hill, about
17.7 km SW of Fulra village. The upper part is also well exposed in the nala to the
south of Fulara LB: The lower contact is marked at the base of the massive limestone
overlying the Harudi Formation. In the subsurface the lower boundary is marked by
the sharp change in resistivity from serrated character of the underlying Jakhau
Formation and 15–20 m thick clastic bed in the wells SP-1-1 and GK-1-1, GK-33A.
UB: Unconformable but locally disconformable showing cut and fill structures and
bioturbation. In the Kutch offshore, the Fulara limestone is unconformably overlain
by the Tuna limestone and the boundary coincide with last occurrence of Pellatispira
THICK: Maximum thick of 60 m exposed in the Berawali stream section. It is only
23 m thick in the type section. Thick of Fulara limestone is more than 400 m in the
well GK-1-1 and GK-S-1 and GK-36-1. BIOTA: Two zones namely Orbulinoides
beckmanni zone in the lower part and Truncorotaloides rohri zone in the upper
part. The larger foraminifera belong to Discocyclina sowerbii zone in the lower part
and Fasciolites ellipticus zone in the upper part. AGE: Late Middle Eocene age
ENVIRON: A low energy, clear waters, probably outer middle-shelf environment.

Sir Formation (Au: Zutshi et al. 1993)

HOLO: Interval 3869–3966 m + in well Kutch-A LB: Not encountered; UB:
Conformable with Fulara limestone. LITH: Dominantly shale/claystone and also
contains minor limestone. Shale/claystone is occasionally carbonaceous and pyretic
and feebly calcareous. THICK: 97 m in Kutch-A BIOTA: Characterised by Trun-
corotaloides rohri, and Turborotalia cerrozulensis AGE: Middle to Upper Eocene
ENVIRON: Middle to outer neritic environment.

Tuna Formation (Au: Zutshi et al. 1993)
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HOLO: Interval 1225–1285 m in well GK-1-1 LB: Unconformably with the
Fulara limestone. This boundary typically is marked by gamma and resistivity breaks
on logs. This boundary also marked by last occurrences of Pellatispira zone in the
Kutch shelf wells and Nummulites discorbis-Discocylina assmeblaege zone top in
wells GKH-1 and Sutri-1 and top of Turborotalia cerruzoulensis top in other wells of
Kutch; UB: Unconformable with the Narayan sharovar Formation. It can be marked
on the logs by increase in gamma and reduction in resistivity in the well KD-1.
LITH: Consists of limestone with minor shale and siltstone. THICK: 60 m in GK-
1-1, the thick in Kutch offshore ranges from 15 to 115 m. Towards Saurasthra its
thick increases further. BIOTA: N. fichteli., Globgerina tapuriensis AGE: Rupelian
(Early Oligocene) ENVIRON: varies from inner shelf to outer shelf.

Maniyara Fort Formation b (Au: Biswas 1971; related names Nummulites Group,
Wynne (1872); Nari Series, Nagappa 1959; Chatterjee and Mathur 1966).

HOLO: Type section is continuously exposed alongBermotiRiver betweenMani-
yar fort and Bermoti village from a locality 1.6 km NNE of Bermoti to a locality
450 m SE of Bermoti village LB: Disconformable. Ochre and sudden appearance
of glauconitic pellets make it easy to recognise in the field; UB: persistent blue clay
at the base of overlying formation and the top of limestone of Bermoti member
distinguish unconformable contact.

LITH: Four members:

1. Basal member is 4 m thick and consists of alternating beds of foraminiferal,
glauconitic, brownish to yellowish siltstone and calcareous gypseous claystone,
the glauconite gets locally concentrated in the cut and fills of the lower discon-
formable surface.

2. The lumpy clay member is about 5 m thick and consists of cement colour to
brownish calcareous lumpy claystone, occasionally containing thin limestone
and marlite beds.

3. The coral limestone member is about 10 m thick and consists of dirty white
nodular limestone, alternating with calcareous claystone in the lower part. The
upper part comprises grey to dirty white massive limestone with abundant coral
which frequently forming bioherms. The limestone is glauconite, biomicritic and
biosperitic.

4. The Bermoti member is about 10 m thick and is best developed in the stream
SE of Bermoti and also NNE of Wuaior. It is also well developed and top of
the Maniyarfort Hill. The lower part is best exposed in Wuaior and consists of
rusty brown, friable, glauconitic argillaceous sandstone with pseudoolites. The
upper part is composed thinly bedded very hard grey to yellowish foraminiferal
limestone with interbeds of silty marlite full of Spiroclypes.

THICK: In type section it is about 30 m BIOTA: Five zones/biochrons are recog-
nised within this formation. In the lower part biochron RAM-1 defined as an interval
from FAD of Nummulites fichteli to FAD of Lepidocyclina isolepidinoides is recog-
nised. Dr. Jafar and others recognised nannoplanktons assemblage referable to zone
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NN23 was recorded from zone. RAM-11 defined as interval from FAD of L. isole-
pidinoides and LAD of N. fitcheli is recognised in the coral limestone member.
Nummulites clypeus is common in this zone.

Three zones/biochrons namely WA-I is defined from LAD of N. fichtlei to FAD
of Miogypsinidae; WA-II defined as an interval from FAD of M. bermudezi to FAD
of M. (M.) complanata; and WA-III defined as an interval from FAD of M. (Mio-
gypsinoides) complanata to a level within a range ofM. (M) gunteri are recognised.
Two subzones/subchrons were recognised in WA-II and WA-III. AGE: Oligocene
ENVIRON: Seven to eight cycles/parasequences are recognised in the outcrops.

Raju (2009) recognized 7 third order stratigraphic cycles/parasequences (4 in
Ramanian Stage and ¾ in the Waiorian Stage). They are close to European data.

Narayansarovar Formation (Au: Zutshi et al. 1993)

HOLO: Well KD-1, interval 695–742m LB: Unconformable with the Tuna lime-
stone. It can be marked on the log by increase in gamma and reduction in resistivity;
UB: Unconformable with the Godhra Formation. It can be marked on the log by
a sharp break on gamma and resistivity logs LITH: consists of dirty white, grey-
ish, brownish, hard, massive, compact and fossiliferous limestone, greenish grey
to grey, feebly calcareous and fossiliferous claystone and colourless fine grained,
sub-rounded sandstone. THICK: 47 m in well KD-1. there is general increase in
thick towards west and NW. BIOTA: M. compalanata, G. tandoni, S. ranjanae, G.
gortani, Lepidocyclina, SpiroclypeusAGE: Chatian (Upper Oligocene)ENVIRON:
Over the Kutch shelf and GKH area was inner shelf, whereas it was outer shelf in
the western part of the Kutch offshore.

Oxygen isotopic measurement of larger benthic foraminifers from western India
suggest that the Paleogene temperature varied between 22 and 32 °C, deteriorated in
lateMiddle Eocene (corresponding to planktic zones P13–P14)when the temperature
dropped by 6 °C.With progressive cooling through the Late Eocene, the temperature
reached 22 °C during Early Oligocene times. The cooling trend set in the Middle
Eocene seems to have been terminated towards the end of the Paleogene whent the
temperature rose to 25 °C.

Saurasthra Basin

Deccan Traps/Laterites

Jafrabad Formation (Au: Zutshi et al. 1993)

HOLO: interval 3884–4502 m in well SS-1;Hypo: Interval 1648–1883 m in well
OS-2-G-1

LB: Unconformably overlies Deccan Traps/Laterites; UB: Unconformable with
overlying the Belapur Formation. LITH: It consists of alternating sequence of lime-
stone/shale with few quartzite sandstone layers in lower parts.THICK: in OS-2-G-1
is 165 m, its thick increase towards Diu Arch BIOTA: N. burdigaliensis-Lokhartia
hunti occur in the upper part. The lower part of the formation is poorly fossiliferous.
AGE: Upper Paleocene to lower Eocene. ENVIRON: Shallow marine
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Belapur Formation (Au: Zutshi et al. 1993)

HOLO: Interval 3024–3428 m in well B-12-1; Hypo: Interval 1587–1700 m in
well OS-2-G-1. LB: Unconformable with Jafrabad Formation; UB: Conformable
with overlying Diu Formation in Bombay Basin LITH: Calcareous shale/claystone
with a limestone marker bed at the bottom. THICK: 424 m thick in type section,
in well OS-2-G-1 it is 61 m. BIOTA: Fasciolites-Lokhartia alvelata-Nummulites
diokartae,N. burdigalensis-Lokhartia hunti, Pustulosa,O. beckmanni,Discorbinus-
Discocyclina, Globigerinatheka kugleri-S. frontosa-howeri AGE: Middle Eocene.

Fulra Limestone (Au: Biswas and Raju 1971)

HOLO: See in Kutch Basin LB: Conformable with the Belapur Formation; UB:
Unconformable with the Tuna limestone. LITH: In well OS-2-G-1 limestone is
white to medium grade. There is abundant carbonaceous matter. THICK: 60 m in
Kutch, it increases towards west in Kutch offshore and completely sails out over Diu
Arch where it is called Belapur and Diu formations BIOTA: Nummiulites fabianii,
Pellatispira sp.,AGE: Upper Eocene age ENVIRON: Shallow marine lower energy
clear water environment. 6 shallowing upward cylces are recogniziable within the
major 3rd order cycles of approximately 2 My.

Tuna Limestone (Au: Zutshi et al. 1993)

HOLO: Discussed in Kutch;Hypo: Interval 1360–1483 m in well OS-2-G-1 LB:
Unconformable with the Fulra limestone; UB: Unconformable with the Narayan
Sarovar Formation LITH: In the well OS-2-G-1, consists of limestone with clays,
carbonaceous matter. Towards Diu Arch limestone facies of this formation changing
into dominantly shaly facies. THICK: In well OS-2-G-1 it is 123 m thick BIOTA:
Nummulites fichteli AGE: Rupelian (Lower Oligocene) ENVIRON: Shallow inner
shelf to littoral environment.

Narayan Sarovar Formation (Au: Zutshi et al. 1993)

HOLO: See Kutch Basin; Hypo: 1360–1555 m in well OS-2-G-1 LB: Uncon-
formable with the Tuna Limestone; UB: unconformable with the Nabibanda For-
mation LITH: It consists of limestone (grainstone/packstone, with abundant car-
bonaceous material). In the northern part of Suarasthara Basin there is reduction
in argillaceous matter and increase in carbonaceous matter within this formation.
THICK: 205 m thick in well OS-2-G-1, toward Diu Arch its thick increase up to
378 m in the well S-2-1 BIOTA: M.(M.) complanata and S. ranjanae in the well
OS-2-G-1. AGE: Chattian (Upper Oligocene) ENVIRON: Inner-shelf environment
suggested by faunal and Lithological data.
Western Rajasthan Basin

Permo-Triassic to Eocene sediments are known. Three formations are briefly
described below.

Jaisalmer Basin
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Sanu Formation (Au: Dasgupta et al. 1973)

HOLO: Sanu village with type section exposed in the Pariwar Hill located
west of village Pariwar; Hypo: Interval 79–1008 m in well Kharatar and interval
1340–2020 m in well Lang-2. LITH: The formation is composed of reddish uncon-
solidated, current bedded, glauconitic sandstone. The formation is composed in the
reference well Kharatar-1 is divisible into (a) Mohammad Dhani Member compris-
ing medium to coarse sandstone. The basal part of the sandstone is argillaceous
with layers of chocolate brown clay. Lignite streaks and grey shale also charac-
terize the upper part of the unit (b) Kharatar Member comprises greenish brey
fine to coarse grained argillaceous feebly clacarious sandstone. It is overlain by
argillaceous, light greenish grey, glauconitic limestone intercalated with marl. The
upper part comprises dark grey to black fissile shale and sandstone interbeds. The
top of the member is marked by chocolate brown silty shale/clay. The formation
in the outcrop is devoid of microfauna. In the subsurface, limestone and marl in
the upper part is rich in foraminifera and ostracoda. BIOTA: The characteristic
foraminifera include, Planororalities pseudomenardii,Morozovella velascoensis, P.
pusilla pusilla, P. chapmani, P. compressa, M. angulata, Discocyclina seunesi, D.
ranikotensis, Assilina dandotica andMiscellanea miscella. The characteristic ostra-
codes include:Acanthocythereis retispinata,Brachycythere rajasthanensis,Herman-
ites crecens,Protobuntonia ghotaruensis,Macrocypris guhai,Acanthocythereis pro-
capsus, Cytherelloides jaisalmerensis, Phalcocytehre improcera, Anommatocytehre
indica and Echinocythereis contexta. ENVIRON: The basal part of Sanu Formation
is inferred to have been deposited under continental environment with little marine
influence. The limestone with glauconitic sandstone with intercalated shale in the
upper part has yielded planktics land benthonics, indicative of middle shelf condi-
tions.AGE: The faunal assemblage recorded suggest Late Paleocene age. The lower
unfossiliferous part could not be dated however based on its stratigraphic position it
is inferred to be of Paleocene age.

Khuiala Formation (Au: Narayanan 1959)

HOLO: Te-Takkar scarp located near west of Mohhammad Ki-Dhani. Hypo;
Internal 511–791m inwell Kharatar-1THICK: About 25m LITH: The type section
comprises of gypseous clay/shale followed by a grayish white to saffron shale con-
sisting ofAssilina. This is overlain by dirtywhite, thin bedded argillaceous limestone,
yellow to brown hard, shell limestone, white to yellow chalk, occasionally sandy and
at the top is pinkish yellow, thick bedded, massive, hard, compact, crystalline and
fossiliferous limestone. Based on distinct lithological variation, Singh (1984) has
subdivided the Khuiala Formation into two members. Te-Takar Limestone Member
and Khinsar Shale Member. The Khuiala Formation is fossiliferous both in outcrop
and subcrop sections. BIOTA: (Microfauna): include: Nummulites burdigalensis,
Assilina daviesi, A. daviesi var. pustulosa, Orbitolites complanatus, Praeindicola
bikanerensis and P. sigali, A. granulosa, N. praediscorbinus.

In the subsurface sections planktic foraminiferal assemblage comprisesGlobotro-
talia triangularis, Acarinina acarinata, A. soldadoensis angulosa. Ostracodes:
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Important ostracodes recorded are: Alocopocythere abstracta, Hornibrookella
rajasthanensis, Paragrenocythere reticulospinosa, Phalcocythere sentosa, Herman-
ites goeli, Schizocythere bikanerensis, H. avadhesi, Gyrocythere parvicarinata, Pai-
jenborchella narediensis, Paijenborchellina indica, Orthonotocythere kutchensis,
Anommatocytehre laqueta, Schizocythere spinosa, Stigmatocythere obliqua and Alo-
copocythere longilinea. ENVIRON: Based on the recorded foraminifera in the out-
crop and subsurface, a bathymetry ranging from shallow inner shelf to more than
100m is inferred for this formation.AGE: The faunal assemblage recorded indicated
in Early Eocene age. In the lower part (Te-Takkar Member) planktics belonging to
P. pseudomenardii Zone were recorded by Sigal et al. (ibid) from most of well sec-
tions except Kharatar well where M. velacoensis occurs at the top. Based on these
evidences, the outcrop section is of definite younger age (Early Eocene) while in the
subsurface the Khuiala Formation ranges from Late Paleocene to Early Eocene.

Bandh Formation (Au: Narayanan 1959)

HOLO: Exposure south of Bandah Village, Hypo: In two locations. Batrewala
Tibba and Shumarwali Talai, and well Kharatar-1, (interval 302–511 m). THICK:
About 30 m; LITH: In the type area it consists predominantly of limestone. Yellow
calcareous siltstone, greenish marl, bentonitic greenish clays thin beds of calcite at
the base. The middle and upper parts comprise of shales and limestone occasion-
ally laterites. BIOTA: Foraminiferal assemblage recorded by Sigal et al. (1971) and
Singh (1984) includes: Nummulites acutus, N. maculatus, N. beaumonti, N. pen-
garonensis, N. cuivelleri, Discocyclina javana var. indica, D. dispansa, D. sowerby,
Fasciolites ellipitica, Assilina spira, A. papillata, A. subpapillata, Dictyoconoides
cooki.Others includesGlobigerinatheka kugleri, Truncoroloides topilensis and Tur-
borotalia cerroazulensis. Singh (1984) has recorded a different assemblage from
the top most part of this formation in the Kharatar area. They include, N. beau-
monti andHeterostegina sp. Sharma and Bhandari (1986) have recordedNummulites
fabianii, N. pengaronensis, Pellatispira sp., Baculogypsinoides sp. and Chiloguem-
belina sp. from this horizone. Ostracodes: Characteristic ostracodes recorded are:
Alocopocythere transversa morp.A, Anommatocythere confirmata, Echinocythereis
(S.) sahnii, Gyrocythere exaggerate, Cytherelloidea khartarensis, Alocopocythere
transversa morph-A, Stigmatocythere lumaria morph.B and Echinocythereis (S.)
sparsa. ENVIRON: Foraminifera from the limestone greenish grey clay and glau-
conitic marl in association with planktics suggest inner to middle shelf conditions.
The upper part of Bandah Formation deposited in shallow inner neritic.AGE: Based
on the faunal evidences a Middle to Late Eocene is suggested.

Bikkaner Nagaur Basin

Late Proterozoic-Cambrian oldest sediments after major hiatus. There is a major
hiatus (120My) covering theLateCambrian to theCarboniferrous between thePermo
Carboniferrous marine are known. Four formations of Paleogene are discussed.

Palana Formation (Au: Srivastava and Srinivasan 1962)
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HOLO: It is present in quarry section at Palana (interval 460–500m).LITH: In the
type area the lithology is characterized by the association of nummulitic limestone,
Fullers earth, gray to variegated and carbonaceous shale, medium to coarse grained
sandstone and lignite bands. AGE: Based on palynofloral evidences. This formation
is dated as Paleocene.

Marh Formation (Au: Dhar and Khar 1977)

HOLO: Rocks of this formation are exposed at Marh village and around Kolayat.
THICK: Based on borehole data at Gariyala and other places, it is about 270 m
thick (in subsurface). LITH: The formation is characterized by soft, friable pebble
sandstone composed of pebbles of chert and quartz, ferruginous sandstone and red
clays with rare presence of hematite bands. ENVIRON: The lower part of the for-
mation was deposited under shallowmarine environment, while the upper part of the
formation, based on lithology and presence of leaf impression and cross bedding is
suggested to have been deposited under fluvial conditions.

AGE: The lower part of the formation has yielded foraminifera and ostracoda
of Early Eocene age (Kulshreshtha et al. 1989). The upper arenaceous sequence is
devoid of fauna.

Jogira Formation (Au: Srivastava and Srinivasan 1962)

HOLO: The type section is located half a mite Joira TalavTHICK: About 170m.
LITH: In the type locality the lithology is represented by alternation of marl, fuller’s
earth and foraminiferal limestone. BIOTA: Forminifera are recorded in this forma-
tion and the characteristic ones are: Morozovella formosa formosa, M. subbotinae,
Pseudohastigerina wilcoxensis, Discocyclina sella, Fasciolites elliptica, Truncoro-
taloides rohri, T. collactea, Morozovella lehneri, Globigerina eocaena and Chilo-
genumbelina cubensis. ENVIRON: Based on the foraminferal assemblage a middle
shelf (or deeper) conditions is suggested during the depositions of Jogira Formation.
AGE: The age of this formation ranges from Lower to Middle Eocene.

Barmer Formation (Au: Dasgupta et al. 1973)

HOLO: Lunu Hill section THICK: It is about 26 m. Lithologically it is divided
in two members, viz. Barmer Hill Member and Mandal Scarp member. LITH: The
Barmer Hill Member comprises of siltstone, bedded chert, intraformational con-
glomerate, sandy siltstone and sandstone. ENVIRON: In the Barmer Hill section
(Reference Section) a continental/Fluviatile environment is suggested while in the
North, KotaHill section shallowmarine conditions prevailed (Dasgupta 1974).AGE:
A Paleocene age, is suggested based on plant fossils.

Barmer Basin

Five formations in the span of Paleocene to Early Eocene are briefy described
below.

Fatehgarh Formation (Au: Dasgupta 1974)
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HOLO: Fault scarp south of fatehgarh village. LITH: The formation is divided
into two members. The lower Vinjori Member comprises variegated silty sandstone
and quartzite. The upper Sajit Member contains coquina bed having gastropods and
bivalves. The upper boundary with Barmer Foundation is conformable. THICK:
Maximum thick in type area is about 140 m. BIOTA: The formation is devoid
of fauna. However, it has been correlated with non-marine sandstone of Mohmad
ki Dhaini Member of Sanu Formation of Jaisalmer Basin. ENVIRON: The lower
portion deposited in near shore while upper part laid under shallow inner neritic.
AGE: Paleocene.

Barmer Formation (Au: Blanford 1876; refined by Dasgupta 1974)

Holo: Lunu Hill Section. LITH: The formation comprises of arenaceous unit. It
has been divided into two members viz. the lower Barmer Hill member siltstone and
leaf impression. The upper Maidai scarp comprises a current bedded, white to pink
colour sandstone. The upper boundary is unconformable with overlying the Akli
Formation while lower contact is conformable with Fatehgarh Formation. BIOTA:
The formation is devoid of fauna.ENVIRON: Continental to fluvialAge:Occurrence
of plant fossils suggest a probable Paleocene age.

Akli Formation (Au: Siddiqui and Bahi 1965)

HOLO: Quarry section at Hathi SinghKiDhani.LITH: This formation is divided
into two members. The Thumbli Member comprises essentially sandstone with lig-
nite andbituminous layers occasional gypseous andmarl bads.The lower contactwith
the Barmer Formation is unconformable while upper contact is disconformable with
the Mata ji ka Dungar Formation. Maximum thick of this formation is about 280 m.
BIOTA: Nomicrofauna.ENVIRON: Paralic to desiccating conditionsAGE: On the
basis of stratigraphic position Paleocene to Early Eocene age has been assigned.

Mata Ji Ka Dungar Formation (Au: Dasgupta et al. 1973)

HOLO: Outcrops at Mataji ka Dungar. LITH: it is comprising dominantly of
ferruginous coarse grained sandstone. At base, a clay bed is seen. The lower contact,
of the formation with the underlying Akli Formation is gradational. However, in
the eastern most part around Jhak village the formation directly overlies the base-
ment. The contact of the formation is unconformable with the overlying Kapurdi
Formation. THICK: The maximum thick of this formation is about 180 m. BIOTA:
The formation is poorly fossiliferous except for the lower part where indeterminate
angiospermic leaf impressions are seen. ENVIRON: Continental

AGE: Based on stratigraphic position an Early Eocene age has been assigned.

Kapurdi Formation (Au: Shrivastava and Srinivasan 1963)

HOLO: Pond section near Rajputon ki Dhani. LITH: It comprises fuller’s earth
with carbonaceous streaks and gypseous clay in the lower part while the upper part
consists of dull white argillaceous limestone and bioclastic marl. LB: The lower
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boundary seems to be unconformable with the underlying Mata ji ka Dungar For-
mation. UB: While the upper contact is marked by a pronounced unconformity with
the overlying Uttarlai Formation. THICK: The maximum thick of this formation in
quarry section is about 12–15 m. BIOTA: Lakhanpal and Bose (1951) have reported
plant fossils, fish, crabs, shrimps, etc. and Dasgupta (1975) have reported Assilina
daviesi, A. granulose and N. atacicus (mostly juvenile). ENVIRON: Near shore to
shallow inner neritic. AGE: The microfauna recorded at the bioclastic at the top of
the fuller’s earth suggest Early Eocene age.

Tectono-stratigraphy

TS Unit ix: Duration: Paleocene to middle Eocene.
It is equivalent to super sequence xi ofRavi Shankar et al. (2005,Table 3) and lower

deccan synthem of Pandey (1986). According to Ravi Shankar et al. (2005, P. 31) the
sedimentation of the super sequence xi initiated with a marine transgressions—the
Subathu sea. The sedimentation terminated in the Middle Eocene in the first phase
of the Himalayan orogeny (HOM-1 ca 46–41.3 Ma), when the sea regressed.

The tectonic setting alongWest coast, East coast and North-East basins was stable
platform between Deccan volcanism and HOM-1. In Cambay and Mumbai offshore
lower part of this unit represents synrift facies. There was a carbonate build up
represented by Bassein Formation (Mumbai offshore), Fulra Limestone (Kutch) and
sylhet Limestone (Meghalaya, Bengal basin, Mahanandhi Basin and Bhimannapalli
Limestone. The major source rocks along Western basins appear to be associated
with Paleocene- Eocene maximum.

TS Unit- X: Duration: Late Eocene to Oligocene.
It is equivalent to the upper Deccan Synthem. Towards the upper part of this unit

a major hiatus was detected and dated in west coast and East coast basins. In cambay
basin this interval is represented a major transgressive cycle. In several basins of
India, a drop in Sea-level and again in the Late Oligocene is well documented.
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Paleogene Tectonic and Sedimentation
History of the Andaman-Nicobar
Accretionary Arc, Northeast Indian
Ocean

P. C. Bandopadhyay and Andrew Carter

Abstract The Andaman-Nicobar archipelago in the northeastern Indian Ocean is
a nonvolcanic outer arc island chain developed by tectonic accretion of sediments
and ocean crust along the eastern margin of the subducting Indian lithosphere. The
Paleogene stratigraphy of the island chain comprises olistostromes, olistoliths and
coarse-grained volcaniclastic turbidite facies, and reefal limestones of late Paleocene-
Eocene Mithakhari Melange and finer-grained siliciclastic turbidites (Andaman Fly-
sch) of Oligocene age. The lower Paleogene sedimentary rocks were deposited in
shallow-water basins formed on the upper trench slope and growing accretionary
wedge and contain material sourced from a local volcanic arc and eroded ophiolite.
By contrast, the Oligocene continent-derived siliciclastic sediments were originally
deposited outside of the accretionary wedge as part of a large submarine fan sys-
tem. Subsequent deformation and thrusting juxtaposed these different formations as
trench rollback progressed and the accretionary wedge expanded westwards.

Keywords Paleogene · Turbidites · Arc volcanism · Andaman-Nicobar islands

Introduction

The Andaman-Nicobar archipelago consists of 319 islands spread over a length
of 700 km and a width of 58 km between latitudes 6.45°–14°N and longitudes
92.15°–94°E. Formation of this island chain can be traced back to the lateCretaceous-
Paleogene convergence and collisional events involving subduction, off scraping,
underplating, accretion and uplift of ocean floor sediments and crust (ophiolites)
along the eastern margin of the Indo-Australian plate. This created a north–south to
east–west trending >5000 km long accretionary ridge that includes the Andaman-
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Nicobar islands. The structure of Andaman-Nicobar islands comprises an accre-
tionary prism formed by an imbricate stack of east dipping fault slices and folds
that young to the west linked to a westward-migrating subduction zone (Roy and
Das Sharma 1993). The geology of an accretionary wedge is complex, reflecting a
dynamic environment that involved subduction, off scraping, accretion, folding and
thrusting. Since the geological study by Oldham (1885), there have been a number of
investigations centered onmapping and generalized descriptions of the lithostratigra-
phy, palaeontology and lithology of rocks ofAndaman-Nicobar Islands (Tipper 1911;
Gee 1927; Jacob 1954; Karunakaran et al. 1964a, b, 1968a, b; Chatterjee 1964, 1967;
Haldar 1985). Studies noteworthy for providing improved constraints on stratigra-
phy, palaeontology, sedimentology, petrology, geodynamics, and isotopic ages of
these rocks are those of Ray et al. (1988, 2013), Sengupta et al. (1990), Jafri et al.
(1993), Bandopadhyay and Ghosh (1998), Chakraborty et al. (1999), Chakraborty
and Pal (2001), Pal et al. (2003), Bandopadhyay (2005, 2012), Chakraborty and
Khan (2009), Acharyya (1997, 2007), Pal andBhattacharya (2010), Pal (2011), Allen
et al. (2008), Pedersen et al. (2010), Sarma et al. (2010), Ray and Awasthi (2015)
and many others; nevertheless the Paleogene tectonics and sedimentation history are
poorly constrained. Here, we detail the field occurrences and attributes of the differ-
ent Paleogene tectono-stratigraphic units and examine their structural/stratigraphic
relationships, paleontology and geochemistry.

Tectonic Setting and Geological Framework

The present-day Andaman-Nicobar Archipelago can be viewed as part of a curvi-
linear belt of accretionary ridges that stretches from Sumba in Eastern Indonesia to
Western Burma in the north (Moore andKarig 1980; Curray andMungshinghe 1989)
associatedwith the subduction of Indo-Australian oceanic lithosphere below an over-
riding Eurasian (Sunda) plate. The present-day regional tectonic map (Fig. 1) shows
that the Andaman-Sumatra section is broadly aligned north-south and sub-parallel
to the present-day motion of the Indo-Australian oceanic lithosphere resulting in an
oblique convergence. The Andaman-Nicobar accretionary wedge lies between the
Arakan-Yoma accretionary ridge of the Indo-Burma ranges to the north and outer arc
islands (e.g. Nias, Mentawai) of the Sumatran arc-trench system to the south. This
tectonic domain has been described as the western Sunda Arc (Curray and Allen
2008). The north-south running west Andaman Fault (WAF) to the east of Andaman
Islands forms the most prominent morphotectonic feature of the Andaman Sea. It
separates a shallow forearc to the west from a deeper backarc region to the east. East
of theWAF are Quaternary inner arc volcanoes (Barren and Narcondam islands) and
the late Miocene Andaman Sea spreading centre (ASSC) (Khan and Chakraborty
2005; Kamesh Raju et al. 2004). The 1200 km long Sunda trench defines the western
limit of the Andaman-Nicobar island chain (Fig. 1) and in this sector the oblique
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Fig. 1 Tectonic map showing Andaman-Nicobar accretionary ridge and the morphotectonic fea-
tures surrounding the ridge. ASSC = Andaman Sea Spreading Centre, IBR = Indo-Burma Range,
CBB = Central Burma Basin

convergence takes place at a rate of 43 mm/yr (Moeremans et al. 2014). During the
Paleogene the subduction zone would have been located closer to the western edge
of the Myanmar-Sumatra continental margin. Roy and Das Sharma (1993) has sug-
gested that the site of the present-day Andaman forearc was the site of subduction
during the late Cretaceous.
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Seismic sections across the Andaman Sea at 11°N latitude have been interpreted
as showing an accretionary prism (outer arc ridge) structure formed by imbricate
thrusting of east-dipping and west-verging fault slices and folds linked to a westward
migrating subduction zone (Roy 1983, Roy and Das Sharma 1993). Recent high
resolution deep marine seismic reflection study of the Sunda subduction system
(Singh and Moeremans 2017) has revealed that the accretionary wedge around 10°N
latitude consists of sea-ward verging folds and thrusts accompanied by a landward-
verging conjugate fault indicating a pop-up structure. Onshore field studies show
that the sedimentary successions were deposited in several narrow and elongated
trench-parallel basins that, by and large, exhibit a north-south strike and easterly dip
with younger Paleogene and Neogene formations occurring in the west, structurally
overlain by early Paleogene formations and a late Cretaceous ophiolite to the east.
A more extensive review on the geological setting of the Andaman-Nicobar ridge is
given by Bandopadhyay and Carter (2017a). The late Miocene-Pliocene pull-apart
opening of the Andaman Sea is interpreted to have initiated in the south near Sumatra
and propagated northwards (Kamesh Raju et al. 2004; Khan and Chakraborty 2005).

The geology of the Andaman-Nicobar accretionary wedge shows a complex net-
work of metamorphic, sedimentary and igneous rocks (Fig. 2). Metasedimentary
rocks thought to be older than the late Cretaceous ophiolites occur in the Andaman
islands and on Tilanchang Island of the Nicobar Group but their genesis remain
conjectural. The ophiolite, presumed to be the basement of the Tertiary sedimen-
tary succession, is mainly represented by serpentinized mantle peridotites whereas
the associated crustal rocks are rare and in the southern part of South Andaman
Island where a near complete mantle-crustal transition has been recorded (Saha et al.
2010; Pal 2011; Ghosh et al. 2014). Stratigraphically, above the ophiolites are two
important Palaeogene units, the Mithakhari Mélange and the Andaman Flysch. The
Mithakhari Mélange comprises slumps, slides, olistostromes (debris flow conglom-
erates), olistoliths, turbidites, and reef limestones. The rocks are heavily fractured,
folded, faulted and sheared, typical of mélange rocks of accretionary wedge of a sub-
duction complex. Mud diapirism, is also a typical feature of the Mithakhari Mélange
that is common amongst the accretionary settings of the Indonesian segment of the
subduction zone (Barber 2013). Thick and extensive deposits of siliciclastic tur-
bidites that were once part of an axially fed submarine fan represent the Oligocene
Andaman Flysch (Fig. 2). Neogene (Mio-Pliocene and Pleistocene) rocks comprise
shallow marine limestone, marls, calcareous sandstones and reworked felsic tuffs
occur chiefly in both western and eastern offshore islands (Fig. 2). In comparison
to the Paleogene, the Neogene sequences are less deformed. A wider description of
the Neogene Archipelago Group can be found in Bandopadhyay and Carter (2017b).
Salient features of the stratigraphy, sedimentology, lithology, palaeontology, isotopic
ages, deformational structures, tectonic settings and sedimentary environments of the
Cenozoic rocks of Andaman Islands are given in Table 1.
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Paleogene Stratigraphy

On the larger Andaman islands (especially South Andaman Island), late Cretaceous
ophiolites and the lower Paleogene formation are seen tectonically juxtaposed and
telescoped into an N–S trending high-rising fold-thrust belt. The upper Paleogene
unit comprises a thick succession of sandstone-dominated turbidites known as the
Andaman Flysch. It is exposed almost continuously along the western part of the
Andaman islands and is recognized as submarine fan deposits. The lower Paleogene
formation (Mithakhari Melange) is a tectonic unit composed of variably deformed
sedimentary sequences occurring in associationwith thrust slices (nappes) and blocks
of ophiolites and pre- or sub-ophiolite rocks of meta-sedimentary composition. At
outcrop the sedimentary sequences are discontinuous and show rapid lateral changes
in lithology, thickness, and age and facies associations, implying deposition in a
wide range of environments that best fit its description as a melange. Bandopadhyay
and Carter (2017c) described and discussed the field and petrologic attributes of
the Andaman Flysch and Mithakhari deposits in detail. We note that in some places
deformation has not totally overprinted the original (remnant/ghost) stratigraphy and
this offers the opportunity to learn about the pre-collision geology.

Mithakhari Melange

In this study, outcrops that contain a mix of boulders and blocks >2 m across with
features indicative of emplacement by sediment gravity flows are classed as olis-
tostromes. The Mithakhari Melange comprise boulders, blocks and bedded units
of conglomerates with intercalations of gritty sandstones. The beds often tecton-
ically steepen and in places become vertical (Fig. 3a, b). Other melange rocks
are pervasively fractured and include brecciated massive sandstones, interstratified
conglomerates-sandstones-shale (Fig. 3a), limestones and mudstones. In deformed
units of interbedded sandstone-shale turbidites and sandstone beds, affected by layer
parallel shearing and stretching, there are also necked sandstone blocks in scaly and
foliated mudstone matrix that are similar to tectonic melanges (Lash 1985; Need-
ham 1995; Maltman 1998; Ujiie 2002; Robertson and Ustaomer 2009) are common
(Fig. 4). On the islands of Indonesia this type of deformation is also recorded in
melange units formedby large-scale diapiricmovement of plasticmud (Barber 2013).
Rock units with preserved depositional sequences are classed here as coherent units
of melanges, whilst rock units, such as interbedded sandstone-shales, overprinted by
accretion related-deformation are classified as chaotic units (Cowan 1985).

Conglomerates marked on the geological maps of South and North Andaman
islands are rarely seen as an individual outcrops instead they aremore common as part
of an interbedded conglomerates-sandstones-siltstone and shale mostly associated
with ophiolites. The map of Middle Andaman (Fig. 5), instead, shows outcrops
of conglomerates associated lithic grits and tuffs of the Mithakhari Melange and
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Fig. 3 a Steep easterly dipping interstratified conglomerates-sandstone of theMithakhariMelange,
Chidiya Tapu, South Andaman. b Thick vertical beds of matrix to clast-supported conglomerates
and intercalated gritty sandstones lenses, Middle Andaman

their occurrences are mapped as several linear and disconnected bodies bounded
by the Oligocene Andaman Flysch to the west (Andaman Flysch-II on the map)
and to the east by the sandstone-shale turbidites referred as Andaman Flysch-I.
Parthosarathy (1984) who mapped the area described these conglomerates as fluvial
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Fig. 4 Deformed interbedded sandstone-shale of the Namunagarh Grit shows layer parallel shear-
ing and stretching in sandstones caused deformation of the beds that produce clasts and blocks of
necked sandstones

occurring between two deep water facies. Bandopadhyay and Ghosh (1998) used a
textural study of conglomerates on South Andaman to infer fluvial reworking of the
conglomerate clasts before being emplaced into a deep water basin by subaqueous
debris flows. The exposed sections of theMithakhariMelange show an upward fining
and thinning motif with evidence of slumping and soft sediment deformation. Bed
contacts are generally sharp and planar and some evidence of fluvial channels can
be found.

The conglomerates are polymictic, matrix-to locally clast-supported, ungraded
to poorly graded and occur as boulders, blocks and bedded units. They often grade
to pebbly sandstones. Although the framework clasts in the conglomerates are ran-
domly oriented, planar clast fabricmay also be observed in some rocks. The polymict
conglomerates (Hope Town Conglomerate) and grits (Namunagarh Grit Formation)
(Table 1) are interpreted as derived from the ophiolite and its pelagic cover sediments.
Ultrabasic and basic rock fragments dominate the composition of the conglomerate
clast population with subordinate to minor amounts of clasts derived from sedimen-
tary sources. Basic rock fragments comprise clasts of, basalt, andesite, serpentinite
and gabbro. The sedimentary clasts are mainly limestone, jasper and radiolarian
chert with occasional platy clasts of mudstone. Rounded and well rounded granules
and pebbles in conglomerate represent a sharp contrast to normally sub-rounded to
angular coarse sand and granule sizes grains. It is also noted that the larger clasts are
more rounded than the smaller ones.
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Bandopadhyay and Ghosh (1998) described the clast compositions and textures
of the conglomerates, and also recorded a decreasing trend of abundances and litho-
logical changes in clast composition from north to south Andaman, implying the
influence of local tectonics with diachronous uplift and variable supply of clasts
from the conglomerate-source(s). These observations are consistentwith thermo- and
geo-chronological interpretations that suggested diachronous development of depo-
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sitional basins associatedwith theMithakhari Group (Allen et al. 2008). Chakraborty
et al. (1999) studied the Mithakhari rocks from Middle Andaman and identified five
facies associations (FA-1 to FA-5) inferred to represent: (1) subaerial alluvial fan,
(2) shallow water, wave dominated shelf, (3) delta slope, (4) prodelta slope and, (5)
submarine fan. The succession, which includes thin coals and gypsum, was deposited
in a delta slope setting with facies associations ranging from subaerial alluvial plain
to prodelta slope. The depositional age is not well defined due to the lack of dis-
tinct biostratigraphic evidence but shallow benthic foraminifera in the Hope Town
Conglomerate including Nummulites atacicus constrain the age to between the late
Ypresian and early Lutetian (Karunakaran et al. 1968) although many foraminifera
are broken and abraded (i.e. reworked). The relationship of the Namunagargh Grits
to the Hope Town Conglomerates is not clear although the Namunagarth Grit is
presumed to be younger.

Gritty andmassive sandstones of the Namunagarh Grit (Table 1) are characterized
by coarse to fine-grained quartz-poor sandstones and siltstone. On South Andaman
the type section and best exposures are found in quarry sections near Namuna-
garh village. The sandstones are 3–5 m thick, green, matrix-supported, unstratified
to well stratified. Bandopadhyay (2005) identified coarse-grained to gritty unstrati-
fied and medium to fine-grained well stratified volcaniclastic sandstones facies. The
coarse-grained beds, occurring at the base of the section, are ≥1 m thick, with sharp
non-erosive contacts. The finer-grained beds consist of 4–8 cm thick beds of fine to
medium grained volcaniclastic sandstones interbedded with thin mudstones. Ban-
dopadhyay (2005) identified beds with abundant pyroclasts including vesiculated
glass fragments, pumice clasts and shards, euhedral feldspars and angular lithic
fragments from Namunagarh sandstones at Namunagarh quarry on South Andaman.
Some sandstone beds invariably consists of >70% syn-eruptive volcanic constituents
and are, therefore, tuffs derived from arc volcanism. Similar juvenile grains are
recorded from Namunagarh volcaniclastic turbidite sandstones of the Mithakhari
Melange that occur on Middle and North Andaman islands (Fig. 6a, b), implying a
widespread volcanism. Bandopadhyay et al. (2009), Bandopadhyay (2012) and this
study also confirm widespread occurrences of shallow water ichnotraces and rip-up
clasts in sandstone and shale beds of the Namunagarh Grit of South, Middle and
North Andaman islands. For more detailed observations of this unit see Chap. 8 of
Bandopadhyay and Carter (2017c).

Andaman Flysch

The Andaman Flysch is considered to be Oligocene in age and is found exposed
along the western margin of North and Middle Andaman as relatively thin tur-
bidites that become thicker and alternate with rocks of the chaotic terrane on South
Andaman (Bandopadhyay 2012). The turbidites cover virtually the whole of Great
Nicobar Island. Only in the southern part of South Andaman are turbidites found on
the eastern side. The rocks are typically quartzofeldspathic to feldspatho quartzose
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Fig. 6 Petrographic
attributes of the
volcaniclastic turbidite
sandstones, Mithakhari
Melange; a PPL microphoto
of a juvenile crystals
showing tabular shape, well
developed crystal faces and
inclusion of glass at the
centre of the grain. b XPL
microphoto of a
volcaniclastic rock
consisting of fresh juvenile
grains of lithic and crystal
fragments

metamorphiclastic sandstones in which the framework components are embedded
in an argillaceous matrix. This represents a contrast to the chlorite rich matrix that
is common in the Mithakhari sandstones. Current understanding of the Andaman
Flysch highlights that the eastern and western exposures of the turbidites may not
have the same petrogenesis and possibly different depositional ages (Bandopadhyay
and Carter 2017c). These authors also mentioned that the term ‘Andaman Flysch’ is
misleading since the Flysch in Andaman Island is not related to a deep marine facies
in the foreland basin of a developing orogen.The term however, is deep-rooted in the
literature and thus used here for convenience.

The best and most complete sequences of Andaman Flysch, documented in most
studies (Karunakaran et al. 1964a; Bandopadhyay and Ghosh 1998; Chakraborty
and Pal 2001; Allen et al. 2008), occur on the east coast of South Andaman around
Corbyn’s Cove. Coastal sections and inland outcrops in fresh road cuttings and stone
quarries are also available near Brindavan, Danros Point, Collinpur and Wandoor on
South Andaman. The Flysch turbidites across South Andaman Island together with
their bedding attitudes has been interpreted as reflecting folding of the succession
into an open anticline exposing the older Mithakhari Group at the core (Karunakaran
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et al. 1964a). Allen et al. (2008) mentioned that at Corbyn’s Cove, steep dipping to
vertical beds of Flysch are seen adjacent to the pillow basalt of the ophiolite sequence,
although the nature of the contact is uncertain. Pandey et al. (1992) described the
contact between the Mithakhari Melange and Andaman Flysch all along the mid-
western side of theMiddle Andaman Island as amajor thrust called the Jarawa Thrust
which trends N–S following the regional structural grain.

Though thick and extensive, the actual thickness of the Andaman Flysch is not
known and estimates varies from 750 m (Roy 1983) to 3000 m (Pal et al. 2003).
Classical Bouma sequences and fluidization structures are abundant in rhythmites
exposed on the shore platforms at Corbyn’s Cove. It is a sandstone-dominated tur-
bidite consisting of meter-thick and unchannelized beds of sandstone that alternate
with much thinner beds of shale. Popularly known as greywackes, the sandstone-
shale rhythmites form 10–100 m thick and laterally continuous multi-storied units.
The calcite cemented and very thick and massive beds contain spherical concretions
of calcareous sandstone of diagenetic origin (Pettijohn et al. 1972). Good examples
are seen in the sandstones exposed on the coast at Wandoor and Collinpur on South
Andaman.

The sandstone beds show Bouma cycles that start with a massive or normally
graded interval at the base grading upwards to a parallel laminated interval. These
intervals correspond to Bouma Ta and Tb divisions. Soft-sediment deformation and
slump folds are common in the more laminated intervals. A small-scale current
ripple-laminated interval often overlies the parallel laminated or massive interval
and represents the Tc division. However, the topmost two Bouma divisions (Td
and Te) are difficult to separate in the field and the thick and laminated beds of
dark grey shale are considered to represent theTd division. There is very little pelite
division (Te) preserved. Chakraborty and Pal (2001) described top- and bottom-
truncated Bouma cycles consisting of Ta-c, Tb-c, Tb-e and Td-e divisions. Very thick
sandstone beds where loaded into the underlying shale beds produce ball and pillow
structures and flame structures. Individual sandstone beds are marked by a sharp
base with an assemblage of sole marks (flute and groove casts and flame structures)
(Fig. 2 d, e, f of Bandopadhyay and Ghosh 2015) and a gradational top with the
overlying shale. Directional structures in sandstone beds include flute casts, groove
casts, pod marks and current bedding. Karunakaran et al. (1968) and Chakraborty
and Pal (2001) recorded a southward palaeocurrent direction based on orientation
of sole marks. They suggested sediment transport from the north and northeastern
frontiers of Burma, consistent with sediment-provenance analysis based on detrital
geochronology, sandstone-shale geochemistry and Sm-Nd isotope chemistry of shale
(Bandopadhyay and Ghosh 2015; Allen et al. 2008). Allen et al. (2008) observed that
the fine to very fine grained Flysch sandstones compare closely with modern sands
of homologous grain size from the Irrawaddy delta in Myanmar.

Apart from a small area on the eastern side, both Great and Little Nicobar Island
are entirely made up of Andaman Flysch (Fig. 2). Regional mapping revealed occur-
rences of long and parallel ridges of the Flysch formation formed by anticlinal folds
(Karunakaran et al. 1975). Road cut sections nearCampbell Bay,GreatNicobar Island
expose cm to a few meters thick and parallel-sided beds of fine grained quartz-rich
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Fig. 7 Field and
petrographic attributes of
Andaman Flysch from Great
Nicobar Island. a Section of
Andaman Flysch exposed at
road cutting near Campbell
Bay observed by Anindya
Bhattacharya (senior
geologist). Note the
parallel-sided, unchannelized
and internally structureless
medium thick beds of
sandstone alternate with dark
grey shale. b XPL
microphoto of sandstones
reveals textural immaturity
and poor sorting of the
framework grains loosely
packed in argillaceous matrix

greywacke sandstones interbedded with shale beds (Fig. 7a). The sandstone beds are
mainly massive with thin intervals of current-ripple laminated Bouma divisions in
the upper part. Orientation of current ripples reveals a southward paleocurrent direc-
tion which is similar to that recorded from South Andaman Island (Karunakaran
et al. 1975). However, compared to South Andaman sandstones the Nicobar sand-
stones are finer grained and tend to be texturally less mature and relatively poorly
sorted (Fig. 7b). Does this reflect a short distance transportation and a different
source? The sandstone beds on Great Nicobar Island are mainly massive, parallel-
sided, un-channelized, laterally continuous beds that are uniformly thick and contain
thin (cm) intervals of current-ripple lamination (BoumaTc division) towards the top.
Karunakaran et al. (1975) estimated ~5000 m thickness of the Nicobar turbidites
and noted that they show an increased abundance of clay beds. The siliciclastic
turbidites on the South Andaman and Great Nicobar Islands represent part of a sand-
dominated submarine fan system, characteristic of an active margin setting (Mat-
tern 2005). Sandstone-conglomerate associations representing facies A of Mutti and
Ricchi Lucchi (1978) are absent. Trace fossils have not yet been identified in the
Andaman Flysch turbidite sequences, including the Corbyn’s Cove section.
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Discussion

Several models exist for the Cretaceous-Cenozoic tectonic development of the
Sumatra-Andaman-Myanmar region mainly based on study of the ophiolite
sequences (Sengupta et al. 1990; Acharyya 2007; Pedersen et al. 2010; Morley and
Searle 2017; Ghosh et al. 2017). Tectonic features of the modern Andaman-Sumatra
subduction system, their various attributes and their control on geodynamics of this
region have also been discussed in detail (Singh and Moeremans 2017). The early
Cretaceous oceanic crust in the northeast Indian Ocean is overlain by a thick pile
of sediments (Curray et al. 1979) deposited by the paleo Ganges and Brahmaputra
drainages onto the shelf of the Bay of Bengal and later redeposited by gravity flows
into the deeper basins including the Nicoar Fan. A similar situation lay to the east
where a paleo Irrawaday deposited thick piles of sediment onto the extended margins
of Sundaland.

The Andaman Sea is a complex back arc extensional basin formed by transten-
sion soon after the collision of India with Eurasia during late Paleogene time (Peltzer
and Tapponnier 1988)whilst Cenozoic paleogeographic reconstructions of Southeast
Asia (Hall 2012) show that the Andaman Sea did not exist prior to the mid Miocene
and that the location of Andaman and Nicobar Islands during the Paleogene was
closer to continental margin, west of the Burma-Malaya-Sumatra peninsula. Inter-
estingly, historical records described a similar setting. Sewell (1925) suggested that
the Andaman–Nicobar Ridge had drifted toward the west away from the South–East
Asian mainland, and had thus formed a pronounced curve with its apex in the region
of ‘Little Andaman’ Island.

Following the breakup of Gondwana and the separation of India from Antarctica
and Australia the early stages of India’s northward drift took place at convergence
rates that rose above 150 mm/yr (Copley et al. 2010). During the early stages of
drift an intra-oceanic arc known as the Incertus-Woyla Arc underwent a polarity flip
from south- to north-directed and the Ceno-Tethys began to subduct northwards. By
the late Cretaceous the remnant arc had collided with the Burma-Sumatra margin
(Hall 2012). It is in this setting that the Paleocene-Eocene-Oligocene geology, now
exposed on the Andaman Islands, developed. Curray (2005) considered subduction
along the nascent Andaman section to have initiated in the Cretaceous. U–Pb zircon
dating of plagiogranite from the South Andaman ophiolite has yielded a 95 ± 2 Ma
age, implying a late Cretaceous age for formation and emplacement of the Andaman
ophiolite (Pedersen et al. 2010; Sarma et al. 2010). From this time onwards the
Andaman accretionary wedge began to develop.

Paleocene-Eocene Tectonics and Sedimentation

Abundant basic and felsic (andesitic juvenile) sand grains in the Eocene Mithakhari
sandstones indicate proximity to a volcanic arc, possibly on the western margin of
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theMalaya Peninsula forming part of the overriding Eurasia plate. The extensive and
thick deposits of sedimentary rocks covering more than 90% of the onshore areas
of Andaman-Nicobar accretionary ridge require proximity to continental regions.
Studies have considered deposition of the Mithakhari sediments took place in small
fault controlled trench-slope basins under submarine slope, shelf and alluvial plain
environments (Ray 1982; Chakraborty et al. 1999). Bandopadhyay (2012) suggested
that within the broad trench-slope tectonic setting Mithakhari rocks were deposited
in several and discrete fault-controlled basins perched on the accretionary slope with
reefal limestones deposited on the top of the slope. The discrete units of debris
flow conglomerates are mainly lag deposits formed in submarine fluvial channels
that cut into the underlying sandstones. Clast lithology in conglomerates sharply
vary with one location to another: For example, at Chidiya Tapu, on the southern
tip of South Andaman, the Mithakhari conglomerates contain abundant platy and
rounded limestone clasts while around Port Blair rounded shale clasts are more
common. In the Hope Town quarry section further north of Port Blair conglomerate
clast lithology is polymictic yet significant amounts of basic rock fragments and
rounded vein quartz are noticed. On Middle and North Andaman (near Bakultala,
Betapur, Tugapur, Karmatang, Kalipur beach, Ramnagar beach) conglomerate clast
lithologies are polymictic yet dominated by quartz with subordinate amounts of
basic rocks with a few clasts of serpentinite. The most conspicuous feature, of the
conglomerates as noted by Bandopadhyay and Ghosh (1998) on South Andaman,
is the presence of rounded and well rounded grains of granules and pebbles that
definitely indicate that these grains are reworked implying their derivation from
recycled orogenic province.A late Paleocene-Eocene depositional age based on fossil
contents is consistent with detrital geochronology data (Allen et al. 2008). Abundant
shale pebble conglomerates and trace fossils indicate subaerial to shallow water
deposition. The sheared and fractured blocks and phacoids of sandstones embedded
in scaly, foliated mudstone recognised from the chaotic unit are typical of subduction
zone accretionary complexes. Abundant neovolcanic andesite grains in sandstones
are consistent with deposition in an active arc setting that witnessed felsic volcanism
during the sedimentation in a forearc region that may include both forearc basin
and/or accretionary basins. The significant strata disruption and discontinuity in
stratified rocks of Mithakhari Melange favour deposition in accretionary basins.

Oligocene Tectonics and Sedimentation

Deposited between 30 and 20 Ma in an axially fed basinal scale submarine fan,
the Andaman Flysch is devoid of ichnotraces and contains reworked body fossils.
Shallow water sedimentary structures are also absent in the Flysch beds. All of
these suggest a deep water depositional setting for the finer-grained siliciclastic
turbidites composed of quartzo-feldspathic to feldspatho-lithic metamorphiclastic
quartzwacke sandstones. Observed Bouma sequences are comparable to those found
in submarine fan sequences (Pickering and Hiscott 2016) while the non-channelized
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parallel beds of dominantly fine-grained sandstones imply a mid-fan depositional
setting and the predominance of sandstones in theFlysch turbidites comparewellwith
turbidites formed in active margin settings (Mattern 2005). Directional structures
in the sandstone beds and framework composition indicate that the detritus were
derived from orogenic sources, which may be the western and eastern Burma blocks
located to the north and northeast of Andaman-Nicobar Islands. We suggest that the
sources of the Andaman Flysch were Himalyan derived including material from the
Burmese arc-derived Paleogene Indo-Burman ranges (Allen et al. 2008; Limonta
et al. 2017). The distribution of the Andaman Flysch and the Mithakhari Melange in
the Andaman Islands (Fig. 2) and the Andaman Flysch covering virtually the whole
ofGreatNicobar Island suggest that the building out and up of the accretionarywedge
peaked in the North Andaman sector. The accretionary process along the eastern side
of the island chain spans the forearc high and likely rests on continental crust (Singh
et al. 2013). By contrast the wedge that developed on the western side of the islands
on ocean crust and represents an open deep sea fan that was thickest and widest in
the Great Nicobar Island.

Conclusion

We conclude that theMithakhari rocks were deposited when there was an active sub-
duction, accretion and arc magmatism punctuated by intervals of tectonic quiescence
that facilitated the growth of reefs and carbonate platforms in shallow water basins
either starved of clastic material or received minimum supply. Turbidite petrology
of the Mithakhari Melange indicates that an undissected magmatic arc was the main
sediment-source with minor contribution classed as a recycled orogen. By contrast
the Andaman Flysch was deposited during a time when there was a little or no
arc magmatism, and a major part of this accumulation resulted from erosion of the
regions affected by the India-Asia collision in the Eocene (Curray 1991). Associated
tectonics would have produced an enhanced supply of terrigeneous clastic material
to the continental shelf-slope where sediments were reworked by gravity flow sand
redeposited in a deep sea fan. In addition, falling sea levels of the order of 140 m
associated with early Oligocene global glaciations may have also contributed to the
enhanced sediment supply through the re-mobilisation of shelf sediments (Curray
and Allen 2008). Whilst the Andaman Flysch represents basinal scale deposition in a
submarine fan, theMithakhari Groupwas deposited in small and shallowwater, fault-
controlled slope basins formed on an accretionary complex, before being accreted to
form an outer arc ridge.We suggest that the sources of theAndaman Flyschwas dom-
inantly Himalayan-derived but also included Burmese rocks affected by India-Asia
collision.
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Geotectonic Evolution of the Paleogene
Basins in and Around Peninsular India
as Revealed in Seismic Sections and Deep
Drilling

K. S. Misra

Abstract High resolution seismic data processed by Pre-Stacking andDepthMigra-
tion (PSDM) and Pre-Stacking and Time Migration (PSTM) processing techniques,
have made on eloquent exposition of basin forming and modifying tectonics of
Paleogene basins in and around peninsular India. These basins are characterized by
prolonged extensional tectonics, development of rift and grabens, subsidence along
nearly vertical faults, decompression melting and outpouring of enormous lava units
during Cretaceous and deposition of uninterrupted Paleogene and Neogene succes-
sion. Cretaceous volcano-sedimentary sequence is invariably present in all the basins
and is believed by the author to have formed due to down ward progression of faults
associated with rift and grabens to critical limits to cause decompression melting.
This sequence also forms technical basement for the deposition of Paleogene suc-
cession. Processing by PSDM and PSTM techniques have improved the resolution,
due to which litho-units of Paleogene sequence could be identified. These litho-units
have various proportions of limestone, shale and sandstone and are some of the finest
source rocks of hydrocarbons in and around peninsular India. Extensional tectonics
has deformed the entire Mesozoic and Tertiary succession; however, the Mesozoic
rocks are more severely deformed mainly by nearly vertical faults. The effect of
these faults progressively diminishes in over lying younger Paleogene and Neogene
rocks.Most of these faults show upward or downward convergence, intersecting each
other at the boundary between Paleogene and Neogene, thus forming an hour-glass
structure. The prolific growth of coral reef complexes is also observed on volcanic
platform, where gradual subsidence of certain blocks is ascertained.
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Introduction

A sizable amount of non-renewable energy resources, in the form of Tertiary coal,
lignite as well as oil and natural gas come from different Paleogene sedimentary
basins of peninsular India. Earlier these basins were studied and described in local-
ized areas. The present study incorporates all the basins in totality and enumerates
the observed similarities and tectonic history. Many of the findings are quite sig-
nificant for planning the exploration strategy. For regional study and mapping of
large scale structures aerial photographs and satellite imagery, mostly on 1:50,000
are interpreted. This exercise was exceptionally useful in identification and mapping
of remnants of lava channels and tubes, volcanic vents, cones, craters and calderas
(Misra 2002, 2005). Mapping of dyke swarms has helped in identification of regions
which experienced extensional tectonics, (Misra 2008a).Available aeromagnetic data
of Kutch, Saurashtra and fringe areas, has led us to identify horst and grabens within
contiguous basins. Vertical gradient derivative of aeromagnetic data has helped in
demarcation of subsurface basin boundaries and basement blocks below the volcanic
units, (Misra 2008b). The information gathered in land areas is integrated with the
details obtained from the offshore and oceanic regions to get the complete picture.
Seismic data and drill hole logs obtained by spending millions of dollars are utilized
to map the extent of Paleogene basins, sedimentary succession in subsurface and
offshore regions. Furthermore, seismic data processed by Pre-Stacking and Depth
Migration (PSDM) and Pre-Stacking and Time Migration (PSTM) techniques has
improved the resolution many fold. Several profiles are interpreted and were found
extremely useful in understanding sub-basalt stratigraphy. The basin forming and
modifying tectonics of each and every basin is discussed in light of new data gener-
ated and synthesized during the last few decades. The lithology and stratigraphy is
correlated from seismic and drill log sections. Alignment and uniqueness of hydro-
carbon pools is described and correlated with the subsurface features. New areas are
added and prognosticated for planning exploration strategy in all the basins as well
as in contiguous regions.

Regional Tectonic Setting and Paleogene Basins

Paleogene basins are located both in continental as well as oceanic regions around the
peninsular India. On continents they occupy rift and grabens while oceanic regions
are covered by uninterrupted Paleogene and Neogene succession. However, the most
interesting ones are located in the off-shore regions where rift and grabens meet the
oceans. These regions are located at intersections, where subsiding rift and grabens
interact with coastal fault cluster cascading towards the oceans. The continental
regions are transected by a number of rift and grabens which have developed due
to extensional tectonics and were subsiding even during Permo-Carboniferous to
accommodate coal bearing Gondwana sediments. These tectonic features are com-
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monly described as grabens, rifts, tectonic and lineament zones are transecting Indian
peninsula (Fig. 1). Preliminary description of few of these grabens has been given by
Pascoe (1964). Narmada-Tapti Tectonic Zone trends in ENE–WSW, Koel-Damoder
Graben in E–W, Mahanadi Graben in ESE–WNW and Pranhita-Godavari Graben in
NW–SE direction. A gradual fanning out pattern is exhibited by these grabens, which
host most of the Gondwana coal seams. On the western side, curvilinear Kutch Rift
has E–W trend in west and attains NE–SW trend in the east. This rift is unique and
has deformed marine Jurassic and Cretaceous volcanic succession. Narmada-Tapti
Tectonic Zone divides the country into two tectonic entities and coincides with the
trend of Kaladgi-Bhima Graben. This graben has been identified and found to extend
in oceanic region (Misra andMisra 2010). In land it is marked by contrasting geology
on either sides and is filled by Proterozoic sediments, while in oceanic extension it
exhibits rapid rate of subsidence during Mesozoic with Cretaceous volcanic units
at the top. Cambay Structure has NNW trend in north and attains N–S orientation
in the south. These basement features have long geological history; have deformed
Proterozoic successions in shoulder belts. Geological evidences suggest that they
experienced dominant extensional tectonics from the beginning of the Phanerozoic
times. Normal faults gave rise to progressively subsiding elongated basins, filled by
Gondwana sedimentary rocks. The curvilinear East Coast Fault Zone runs mostly
parallel to the coast. Successive blocks have faulted down in a cascading manner
in SE direction. A few of these structures such as Kukdi-Ghod Lineament Zone
and Manjeera Tectonic Zone did not develop as graben, but kept on experiencing
extension tectonics (Misra 2007, 2008a). An excellent summary of stratigraphy of
Paleogene basins is presented by Zutsi et al. (1993), Raju and Srinivasan (1983) Raju
and Misra (2009). Tectonic deposition and evolution of these basins has been elab-
orated by Misra and Misra (2010, 2013). Later findings related to the basin forming
and basin modifying tectonics is highlighted here. Tectonic details suggest profound
effects on development of hydrocarbon pools. Firstly, in deposition of thicker sedi-
mentary sequences, during the Paleogene times, and secondly effusion of volcanic
units could have played significant role in generation and preferential accumulation
of hydrocarbons.

The formation of Paleogene-Neogene basins is intricately associated with the tec-
tonic history of rift and grabens cutting across the peninsular India (Fig. 2). Gradual
subsidence along these rift and grabens has formed the basins while maximummod-
ifying tectonics is witnessed in their intersectional regions. Paleogene basins have
formed on top of Cretaceous volcano-sedimentary sequence. Paleogene and Neo-
gene basins are also located on older Gondwana, Proterozoic and Achaean rocks.
The significant Paleogene basins, along with associated tectonics are discussed here.
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Fig. 1 Outline map showing disposition of major rift and grabens transacting Peninsular India.
This map also shows the position of seismic lines interpreted in Figs. 3, 4, 6, 7, 9 and 10

Kutch Rift and Kutch Basin

Kutch rift is an ENE–WSW trending structure which attains almost NE–SW orienta-
tion in its eastern continuation. On the western side it continues in off-shore region.
This basin is well known for marine Jurassic succession. Geological details of this
basin have been given in detail by Biswas (1987). Cretaceous succession mainly
comprises units of volcanic flows which are separated by fresh water inter-trappean
beds in land areas, and by thick marine sediments in oceanic regions. This volcano-
sedimentary succession, exhibits pronounced folding at the Cretaceous-Paleogene
boundary. Furthermore, during this deformation the volcanic units are folded like any
other sedimentary unit, thus suggesting fairly deep burial and later uplift. Paleogene
succession lying over the volcano-sedimentary succession is largely confined to the
fringe areas of Kutch region. However, very thick Paleogene marine sediments are
logged in the contiguous oceanic regions of theKutch basin.Misra (2008a, b) brought
out transverse faults with strike-slip movement, which separate Kutch basin into sev-
eral blocks. The rocks within the western block are horizontally disposed, in central
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Fig. 2 Outline map of Peninsular India, showing Gondwana and Paleogene basins. The basins are
located along the tectonic features and are more pronounced in the inter-sectional regions

block they are dipping gently in southerly direction, while in the eastern block the
rocks are severely deformed and dip moderately in SE direction. The present study
highlights the continued subsidence and sedimentation since Jurassic period, which
progressed till the beginning of Cretaceous when lavas started outpouring. Like all
other basins lava units are sandwiched between the two sedimentary sequences of
pre-Cretaceous and Tertiary periods. Tectonic details of Kutch region are given in
detail by Misra (1999, 2008a, b). Due to compounding effects of subsidence along
Kutch rift andCambay structure, thickMesozoic and Tertiary sedimentary sequences
are expected to be present in eastern part which includes Little Rann and Santalpur-
Patan areas. Similarly Gulf of Kutch and western off-shore areas are also believed
by the author, to have thick sedimentary sequences.
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Fig. 3 Interpretation of PSDMprofile across Saurashtra offshore region (a–a′). Cretaceous volcanic
unit can be seen forming the base of Tertiary succession. Growth of coral reef complexes related to
slow subsidence can be seen from the beginning of Paleogene and are related to different geological
times. Termination of nearly vertical faults at the end of Cretaceous is also obvious

Saurashtra Basin

This basin occupies almost entire Saurashtra and contiguous offshore region. It
presents nearly continuous succession of sedimentary rocks from Dharangadhra-
Wadawan Mesozoic sequence exposed in the north eastern part. Neogene Gaj,
Dwarka beds and Quaternary Miliolite limestone are mainly exposed in the coastal
region. Paleogene sediments are completely absent from land areas. However, thick
Paleogene sequences are interpreted in seismic sections in adjacent oceanic basins.
Sandwiched between the pre-Cretaceous and Tertiary successions, thick volcanic
units are mapped (Misra 1999). Like Kutch basin, this basin also has dipping Creta-
ceous volcano-sedimentary sequence. In southern coastal belt, it has moderate dips
up to 30° in southerly direction. Interpretation of seismic profiles in offshore region,
has revealed prolific growth of reef complexes (Fig. 3). Older Palaeocene complexes
are located on the western side while younger Eocene complexes are located towards
east. This suggests direction of shifting tectonics and accompanying subsidence.
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Cambay Structure and Associated Basins

The Cambay structure is located on the western side of peninsular India and has
NNW–SSE trend in the northern part and attains N–S trend in the southern con-
tinuation along the West Coast. This structure forms very important petroliferous
basin of India. Earlier only the axial part with the Tertiary sequence was studied and
described as Cambay Graben (Raju and Srinivasan 1993). Misra (2007, 2008a, b)
and Misra and Misra (2010) suggested that it is much wider structure with Meso-
zoic Dharangandhra and Wadhwan on the western side and Himatnagar sequences
in the east. These sequences seem to be deposited within progressively widening and
subsiding structure. The lineament zones are observed further in the west passing
through Cambay, Nal Sarovar and eastern margin of Little Rann of Kutch in NW
direction. Similarly the margin of Mesozoic basin in Saurashtra towards the west
and central Gujarat in the east are marked by the prominent lineament zones. Apart
from these lineament zones, many other geomorphological features and hot springs
are found associated with sub surface boundaries. Geological evidences also suggest
that thicker Mesozoic rocks might be present within this structure underlain by the
Deccan volcanic units. Due to compounding effects of subsidence along Kutch rift
in the north and Narmada-Tapti Tectonic Zone in the south, much thicker Mesozoic
rocks have been deposited. This sedimentation was followed by the Cretaceous vol-
canic activity. This structure also acted as effusive zone. The axial part of Cambay
structure has faulted down to accommodate Paleogene succession.

Barmer Basin

Barmer Basin is northern extension of Cambay basin and is located between the
NE-SW trending Jaisalmer Basin in the north and Kutch rift in the south. Felsic
and mafic volcanic rocks occur in the shoulder area of this basin. They are also
logged in drill holes forming the technical basement. It is filled by both Mesozoic
and Paleogene sediments. Hydrocarbons are produced from Paleogene as well as
fractured Cretaceous volcanic units or basement. Profound effect of tectonics and
preferential accumulation of hydrocarbons is displayed. The oil and gas fields, such
as Saraswati, Raageshwari, Kameshwari, Mangla, Aishvariya, Shakti, Bhagyam,
Vijaya, Vandana and many other, are parallel to basin and associated faults. Of these
Raageshwari field is producing hydrocarbons from underlying volcanic units.

Bombay Offshore Basin

Bombay offshore basin is located south of Surat depression and continues up to
offshore extension of Kaladgi-Bhima graben. This basin is located on submerged
Bombay platform, formed at the end of Cretaceous. The volcanic units have played
significant role in levelling this platform and are sandwiched between Mesozoic and
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Paleogene successions (Fig. 4). Vertical tectonics marked by vertical and upward
bifurcating faults. These faults diminish at K-T boundary. Vertical tectonics cul-
minated in effusion of Cretaceous units and controlled thickness and warping in
Paleogene succession. Plotting of hydrocarbon pools, depending on the geological
ages of reservoir rocks has been very rewarding. In offshore Bombay, the Paleocene,
Eocene, Oligocene andMiocene pools have distinct relationship with geological set-
ting (Fig. 5). Paleocene pools such as Panna and surrounding pools are elongated in
N–S direction and appear to have developed due to subsidence along normal faults
parallel to the extension of Cambay Structure. This succession started with the devel-
opment of nearly N–S trending rift, on top of the Bombay platform. The presence
of Paleocene rocks and hydrocarbon pools largely in southern part, suggests that the
initiation of rifting started from south to north. Later, during the Eocene, this rift-
ing became more prominent and continued in northerly direction right through the
Cambay into Barmer region. This resulted in deposition of thick Eocene sequence in
this basin. Ratna, Heera, Neelam, Bassein, Panna and surrounding smaller pools are
associated with this sequence. Oligocene pools comprise cluster of north Tapti, mid
Tapti and south Tapti fields, mainly localized in the southern part of Gulf of Cambay.
These elongated pools correspond with the directionally similar submerged sand
bars. These linear bars are affected by both longitudinal as well as transverse faults.
Although they are submerged, even then their attitude can be ascertained from the
satellite imagery. The unique crescent shaped Bombay high super giant hydrocarbon
pool is also associated with lower Miocene carbonate reef complexes. Furthermore,
a number of surrounding pools, as well as several new findings are also located in
lower Miocene Gaj Formation.

Lakshadweep-Kerala Basin

Along the southern part of thewest coast Lakshadweep andKerala basins are located.
Thnorthern limit of these basins is marked by the offshore extension of Kaladgi-
Bhima graben, while on the southern continuation basins seem to turn around the
southern tip of peninsular India. Longitudinally these basins are divided by a promi-
nent rise, commonly referred as Lakshadweep ridge. Geomorphologic, N–S trending
ridge is reflected as a chain of islands. Individual islands are however, trending in
ENE–WSW. Interpretation of seismic data and drilling logs, have shown profound
effects of vertical tectonics in Kerala basin. A series of echelon faults transect the
gently folded Mesozoic succession. Some of them propagate upward into lower part
of Tertiary, which show open warping (Fig. 6).

East Coast Fault Zone and Associated Basins

The present study suggests that East Coast Fault Zone forms 200–300 km wide belt
with closely spaced nearly vertical faults. Prominent gravity anomaly is found asso-
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Fig. 4 Interpretation of PSTM seismic data (b–b′), showing Cretaceous volcanic unit sandwiched
between older Mesozoic and Tertiary succession in Bombay offshore basin. Disposition of nearly
vertical faults and coral reef complexes can also be seen. Upward bifurcation of nearly vertical
faults and their role in forming the base of Paleogene is also illustrated

ciated with this zone. Geological evidences suggest that the land areas are rising
constantly, while the oceanic region is subsiding along a hinge line, which corre-
sponds to present day sea shore. Along east coast of India, sedimentary basins are
located and are generally described as Mannar-Kaveri-Palar basins in the south,
Krishna-Godavari and Mahanadi basins in the middle and Bengal basin in the north.
The pronounced directional parallelism of these basins with the east coast of India
and development of horst and grabens, strongly suggest that they are largely related
to extensional forces operating across the NE–SW trending East Coast Fault Zone.
Transverse block faulting is themost revealing fact emerged from the drill logs is that,
the marker volcano-sedimentary sequence has successively faulted down to greater
depths from approximately 2000 m in Mannar-Kaveri, 3200 m in K-G, 4000 m in
Mahanadi and 5470 m in Bengal Basin (Misra 2005). The thickness of Tertiary suc-
cession also increases accordingly. The tectonic details of rift and grabensworked out
in continental areas have facilitated understanding development of oi grabensworked
out in continental areas have facilitated understanding development of oil reserves
in off-shore region. Firstly deposition of thicker sedimentary sequences, both during
theMesozoic and Tertiary times, and secondly effusion of volcanic units, which have
played significant role in formation and preferential accumulation of hydrocarbons.
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Fig. 5 Disposition of Hydrocarbon pools in Bombay offshore basin is shown as per the geological
ages of reservoir rocks

Mannar-Kaveri-Palar Basins

A group of basins is located along the East Coast Fault Zone. The important ones
are Mannar, Kaveri and Palar. They have formed by faulting of successive blocks
in easterly direction. Mannar and Kaveri basins are separated by Palk Strait, which
is largely submerged arcuate ridge connecting peninsular India with Sri Lanka. A
series of emerging islands along this ridge suggests continuing tectonic movement.
Among these basins, the Kaveri basin is largest and has very high hydrocarbon
potential. In land areas a continuous Cretaceous succession is exposed and overlying
volcanic units are absent. This succession has faulted down in offshore regions and is
overlain by Cretaceous volcanic units. A number of horst and grabens have displaced
basement blocks along with overlying sedimentary succession (Fig. 7). Cretaceous
volcanic units are logged in both Mannar and Kaveri basins at an approximate depth
of 2000 m. In Kaveri basin, volcanic units are located only in distal part of off-
shore basin. Hydrocarbon pools are located in both land and off-shore regions, the
significant ones are Adichapuram in land area and Ganesha in offshore region. This
is one such basin where the source rock belong to Cretaceous and older succession.
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Fig. 6 Interpretation of PSDM seismic profile across Kerala basin (c–c′). Cretaceous volcanic units
are sandwiched between uninterruptedTertiary and deformedMesozoic successions.Nearly vertical
faults have formed the base of Paleogene basin and continue into the lower part of succession

Fig. 7 Geological section across the Kaveri basin (d–d′). Cretaceous volcanic units can be seen
confined towards east in far offshore region only. Older Mesozoic succession is confinedwithin the
grabenportions formed by movement of basement blocks along nearly vertical faults related to East
Coast Fault Zone

Krishna-Godavari Basin

Krishna-Godavari Basin is located in the intersectional region of East Coast Fault
Zone and Pranhita-Godavari graben. Detailed stratigraphy of this basin is presented
by Kumar (1983). Here the effect of tectonics associated with both the tectonic
features are enumerated. Step faulting cascading in south–east direction along the
East Coast Fault Zone, as well as echelon faulting towards axial portion along
Pranhita-Godaveri graben are quiet apparent. Oldest rocks in this basin are of Permo-
carboniferrous period. Cretaceous volcano-sedimentary sequence is well exposed in
the land area has faulted down in offshore region. In land area the volcanic units are
generally described as Rajahmundri volcanic, while in offshore they are known as
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Rajol Formation. The hydrocarbon pools of K-G basin demonstrate an interesting
relationship with the geological ages. The Cretaceous pools such as Mandapetta are
elongated and largely parallel to curvilinear cost line and associated geomorphologic
features, such as beach ridges and coastal dunes. Conversely the Paleogene and Neo-
gene hydrocarbon pools are associated with the paleo-channel systems, having rather
NW–SE trend. This anastomosing system has developed by Krishna and Godavari
rivers and their distributary channels. The hydrocarbons are concentrated in peb-
bly and sandy channel courses, which are encased in impervious clay horizons. The
prolific Dhirubhai and Deendayal pools are associated with such channel complexes.

Mahanadi Basin

Mahanadi basin is located in the intersectional area in the East Coast Fault Zone
and Mahanadi graben. This basin has a small land component known as Cuttack
depression and a large offshore extent. On southeastern side this basin gets terminated
where East Coast Fault Zone brings Archean rocks close to the coast, however in
the north eastern side it merges with the offshore component of the Bengal basin.
Cretaceous volcanic units are logged at approximate depth of 4000 m (Jagannathan
1983). In Cuttack depression, no oil is found, but in off-shore region paleochannel
complexes as well as Paleogene sediments host a number of small pools.

Bengal Basin

Bengal basin has land, subsurface and offshore components. On land the total succes-
sion is described as Rajmahal basin. The down faulted blocks are covered by thickest
Paleogene, Neogene sediments and alluvium forming the main Bengal basin. This
basin is very complex, as it is located in the region where East Coast Fault Zone
divides it into two sub basins. Locally this tectonic feature is known as Hinge zone.
A number of major structures are also identified. Koel-Damodar valley graben and
Narmada-Tapti Tectonic Zone also continues into the Bengal basin (Fig. 8). The rate
of subsidence has also been highest among all the Phanerozoic basins of peninsular
India. If we take Cretaceous volcano-sedimentary sequence as marker horizon, the
thickness of Tertiary rocks is >4000 m and increases drastically in southeast direc-
tion (Fig. 9). The Cretaceous volcanic activity has been described by (Roybarman
1983), as colossal and spasmodic. The hydrocarbon potential of Bengal basin has
been rated as high because of high content of good quality organic matter and favor-
able thermal history. However, favorable trapping mechanism as well as seals is yet
to be identified.
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Fig. 8 Map showing interpretation of satellite imagery in the vicinity of Bengal basin. Disposition
of East Coast Fault Zone, Koel-Damodar Valley Graben and other major lineaments can be seen.
Distribution of Cretaceous volcanic units in the vicinity of Rajmahal basin are also shown

Narmada-Tapti Tectonic Zone and Associated Basins

The Narmada-Tapti Tectonic Zone trends in ENE–WSW direction, and is of con-
tinental significance. It is oldest rift which divides peninsular India into northern
and southern blocks. West (1962) considered it as Precambrian deep crustal frac-
ture zone. Radhakrishna (1989) described Proterozoic mobile belt activity along this
zone in central India. Misra (2008b) found geological evidences to suggest that along
this zone, extensional tectonics continued, a dyke swarm was emplaced and acted as
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Fig. 9 Cretaceous volcanic unit can be seen forming the platform over which Tertiary succession
is deposited in Bengal basin (e–e′). The exponential increase in the thickness of Tertiary succession
towards east can be observed

major effusive zone during the eruption of Cretaceous volcanism. From west to east
several basins have developed and are Surat depression, Bagh, Satpura, Rewa and
Bengal basins.

Surat Depression

This unique submerged geomorphological feature is trending in ENE–WSW direc-
tion and is located south of Saurashtra. The existence of several kilometer deep valley
in sea bottom, suggests that the rate of subsidence is higher than the sedimentation. A
number of nearly vertical faults are largely responsible for down throw of successive
blocks. The volcano-sedimentary succession of Cretaceous period has faulted down,
over which thicker Tertiary succession is deposited towards the southeast (Fig. 10).
This disposition suggests that the Surat depression existed from the beginning of
Tertiary as a sheltered basin and would have played significant role in formation of
hydrocarbon.

Cretaceous Volcanic Units

Cretaceous volcanic units are occurring on land, sub-surface, off-shore and oceanic
regions. Data collected from different sources is collated with new data generated
from seismic profiles and drilling logs, during the present study is presented here
(Fig. 11). Most significant finding is that these volcanic units are invariably present
in all the petroliferous Paleogene basins. These units also form technical base-
ment over which uninterrupted Paleocene sediments are deposited. Several units are
inter-layered with sediments and together form a well-defined volcano-sedimentary
sequence ranging from the beginning to the end of Cretaceous. Earlier the study
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Fig. 10 Interpretation of seismic profile across Narmada-Tapti Tectonic zone in offshore region
(f–f′). Subsidence of blocks along vertical faults has increased the thickness of Tertiary sequence.
The very presence of elongated depression in the ocean floor

of these volcanic units was confined to the Deccan region of western Maharashtra
where they were described as Deccan Traps.

In this region, only certain units are exposed and neither lower nor upper strati-
graphic controls are present. It has also been difficult to estimate the thickness of
volcanic units which would have been eroded off. Models were made based on study
in limited areas and sections. Assumption was made that the entire volcanism has
taken place from single central type of activity. Later studies by Misra (1999, 2002,
2005, 2008b) demonstrated multi central volcanic eruption where volcanic fields
with enumerable plugs, cones, craters and calderas are located Satellite imagery was
extremely useful in recognizing these features (Fig. 12a). Similar cone and craters
were reported from Mount Pavagadh (Sheth et al. 2004). Field mapping, assisted by
satellite imagery interpretation has brought out innumerable centers of eruption from
all over the volcanic country (Fig. 12b). Here a huge volcanic caldera can be seen
from where lava flow has flowed in easterly direction. The variation in weathering
characteristics, has accentuated them to be picked up in satellite imagery. Further-
more, an integrated system of lava channels and tubes has been brought out byMisra
(2002). Mapping of their remnants has shown that they are emanating from effusive
centers (Fig. 12c, d). The most impressive center is located at Asoliadongar near
Kalamdari village, close to Chandwad on Bombay–Agra road.

The initial volcanism was of felsic nature and rhyolites, obsidian, trachyte have
erupted. Felsic sequences dip moderately towards southeast in southern Saurashtra
(Fig. 12e). Dips in sequences have significancant effect on thickness pattern and
disposition of overlying Paleogene sediments. It has been realized that even very
low gradients play important role in movement and preferential accumulation of
hydrocarbons. Furthermore, this felsic sequence was accompanied by explosives
activity where volcanic bombs, agglomerates and tufts have ejected (Fig. 12f). Such
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Fig. 11 Map of peninsular India and surrounding oceanic region, showing distribution of Creta-
ceous volcano-sedimentary succession on land, subsurface, off-shore and oceanic regions

fields have cropped up at different places, not only within the Deccan region but
also in far off areas in the entire peninsula and surrounding oceanic regions. The
most interesting volcanic units outside the main Deccan region are Rajahmundri in
Andhra Pradesh. They are disposed in northeast southwest direction, which is rather
parallel to the coast. However, the effusive centers identified are oriented in NW–SE
direction, which corresponds with the trend of Pranhita-Godavari graben (Fig. 12g).
In K-G basin it has not been possible to resolve different volcanic units in drilling
logs. Field mapping has, however, shown that they have units separated by prominent
inter-trappean beds (Fig. 12h).

The study enumerates evidences to support theCretaceous volcanism is rift related
and attributes to decompression melting. Thickness patterns of these volcanic units
and sedimentary successions reveal tectonic history. They arerelatively thick along
the rift and grabens and reach to enormous thickness of several kilometers in intersec-
tional areas. This suggests that lava coming out along the rift and grabens was filling
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Fig. 12 a Satellite imagery of Central Kutch near Nakhatrana showing several volcanic plugs,
cones and craters. b Satellite imagery in the vicinity of Aurangabad Maharashtra, A huge caldera,
from which lava has followed in easterly direction can be seen. c Gunjale-Vambori area near
Ahmednagar, depicting remnants of levee portions of lava channel. dAsolia dongar near Chandwad
in Maharashtra, emanating lava tube can be seen on the eastern side. e Interlayered succession of
felsic volcanic rocks. The light colored bands are of rhyolite and darker ones are of obsidian.
f Spherical volcanic bombs of rhyolite embedded in obsidian, near Loingdi village in southern
Saurashtra. g Quarry section in Rajahmundri volcanic units, depicting a number of hard compact
volcanic vents oriented in NW–SE direction. h Inter-trappean limestone beds with volcanic units
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the subsiding basins. Maximum thickness of more than three kilometers is logged
in Ankaleshwar Deep well, in the intersectional area of the Narmada-Tapti tectonic
zone and Cambay graben. Furthermore, the thickness patterns of the sedimentary
sequences both above and below the volcanic units also confirm this conclusion.

Cretaceous-Paleogene Boundary

Detailed records of significant geological events, during the Cretaceous and Paleo-
gene period are best preservedwithin the sedimentary basins in and around peninsular
India. Extensional tectonics, which dominated during the Mesozoic and resulted in
rampant and cyclic volcanism ceased at the end of Cretaceous (Fig. 13). However,
extensional forces continued throughout Tertiary with reduced magnitude. Accom-
panying subsidence along the rift and basins as well as oceanic regions is attributed to
the formation of Paleogene basins. Furthermore, the Cretaceous and older sequences
are more severely deformed and faulted along nearly vertical faults. The intensity of
deformation and displacement along faults gradually diminishes upward in younger
formations and only gentle warping is recorded. As can be seen in interpreted seis-
mic profiles the faults exhibit bifurcation during upward progression. Although most
of the faults get terminated at the Cretaceous-Paleogene boundary a few prominent
ones are seen continuing upwards.

Conclusions

The study has led to following conclusions and recommendations:
Geological details emerged from field mapping, interpretation of high resolution

satellite imagery, seismic data and drilling data have significantly improved under-
standing of Paleogene basins.

Paleogene basins in and around peninsular India have developed in response to
extensional tectonics. Prolonged extension has given rise to the rift and grabens.

Basin forming tectonics involved subsidence of basement blocks along nearly
vertical faults. In most of the cases successive blocks have faulted down towards
axial portion in an en-echelon manner.

Faults related to rift and grabens progressed in downward direction and reached to
critical limits at the beginning of Cretaceous period to cause decompression melting,
magma generation and widespread effusion of volcanic units. The volcanic units are
interlayered with sediments and forms technical basement for deposition of uninter-
rupted Paleogene andNeogene succession on land, offshore and oceanic regions. The
study of Cretaceous volcanism has been very rewarding in innumerable ways. Since
volcanic units are sandwiched between the two sedimentary sequences on either side
of Cretaceous-Tertiary (KT) boundary, they have been utilized as prominent marker
horizons. Their disposition has suggested that successive blocks have faulted down
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Fig. 13 Generalized well logs of different basins added and modified after Berger et al. (1983),
a Off-shore Kutch; b On-land Kutch; c Off-shore Saurashtra; d Lakshadweep basin; e Krishna-
Godavari basin; f Off-shore Mahanadi basin; g Cambay basin; h Bengal basin; i Andaman basin
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from a depth of 2000 m in Mannar-Kavery, 3250 m in K-G, 4000 m in Mahanadi
and 5470 m in Bengal basin.

Study incorporates tectonics as well as interlayered volcanic units in totality. Data
sets acquired during hydrocarbon exploration at exponential cost are amalgamated.
The volcanic units have posed insurmountable problems in gathering information
about underlying Mesozoic and older rocks; because seismic waves normally do not
penetrate through the thick basaltic units. Drilling through the basalt is also difficult
and costly particularly in offshore and oceanic regions. In this case study we suggest
an integrated methodology along with PSDM and PSTM processing technique to get
the required information.

The extent and distribution; stratigraphic position, physical volcanology and tec-
tonic disposition of Cretaceous volcanic units is very significant to understand tec-
tonic history, magma generation and effusion. This in turn has explained evolution of
older and younger basins, thermal history, and development of seals and preferential
accumulation of hydrocarbons within Cretaceous and Tertiary succession.

The study recommends intersectional regions of Barmer-Jaisalmer, Barmer-
Cambay and Cambay with Narmada-Tapti Tectonic Zone for detailed study and
exploration. Similarly extensions of Narmada-Tapti Tectonic Zone in the form of
Surat depression, Kaladgi-Bhima graben in offshore and Narmada-Tapti Tectonic
Zone as well as Koel-Damodar Valley graben in Bengal basin, deserve special atten-
tion. Shoulder areas of Cambay graben, offshore regions of Kutch and Saurashtra,
are also recommended for detailed exploration. Further drilling of wells terminated
on reaching volcanic units, is suitably suggested for production of natural gas from
volcanic units.

Pools associated with the rifts and grabens display very strong tectonic control
and are elongated parallel to their axes. In intersectional areas of these structures,
the pools are parallel to super imposed tectonics.

Acknowledgements I will like to profusely thank Dr. Satish Tripathi, Director, Geological Survey
of India for invitation to attend the seminar, participate in valuable discussions and finally submit
this manuscript for publication in prestigious Springer special volume. Seismic profiles processed
by PSDM and PSTM techniques were provided byMs. Sujata Venketraman, Program Director G X
Technologies, Houston, Texas, were of great value in understanding Paleogene basins. Innumerable
anonymous well site geologists who havemeticulously logged hundreds of drill holes from different
basins are thankfully acknowledged.

References

Berger P, Cerny P, Hook JC, Jaffex Kabir CS, Kumar R, Minne JC, Pinningtou DJ, Serra O,
Shukia S, Sibbit, Visvanath SN (1983) Petroleum geology of India. Schlumberger well evaluation
conference, New Delhi, pp 1–26

Biswas SK (1987) Regional tectonic framework, structure and evolution of the western marginal
basins of India. Tectonophysics 135(4):307–327

Jagannathan CR, Ratnam C, Baishya, Das Gupta U (1983) Geology of the shore Mahanadi basin.
Pet Asia J (Spl Issue Petroliferous Basins of India):101-104.



Geotectonic Evolution of the Paleogene Basins in and Around … 133

Kumar SP (1983) Geology and hydrocarbon prospect of Krishna-Godavari and Cauvery Basin. Pet
Asia J 4:57–65

Misra KS (1999) Deccan volcanics in Saurashtra and Kutch, Gujarat, India. Mem Geol Soc India
43:325–333

Misra KS (2002) Arterial system of lava tubes and channels within Deccan volcanics of Western
India. J Geol Soc India 59:115–124

Misra KS (2005) Distribution pattern, age andmode of eruption of Deccan and associated volcanics.
Gondwana Geol Mag 8:53–60

Misra KS (2007) Tectonic history of major geological structures of peninsular India, development
of petroliferous basins and eruption of Deccan and associated volcanics. J Geophys 27(3):3–14

Misra KS (2008a) Dyke swarms and dykes within the Deccan Volcanic Province, India. Indian
Dykes, Narosa Publishing House Pvt. Ltd. New Delhi, India, pp 57–72

Misra KS (2008b) Cretaceous volcanic sequences and development of hydrocarbon pools in and
around Peninsular India. Petroview 2(3):208–320

Misra KS, Misra A (2010) Tectonic evolution of sedimentary basins and development of hydro-
carbon pools along the offshore and oceanic regions of peninsular India. Gondwana Geol Mag
12:165–176

Misra KS, Misra A (2013) Hydrocarbon exploration in sub-basalt basins around peninsular India.
Search and Discovery, AAPG Article# 50804

Pascoe EH (1964) The geology of India and Burma (V. III). Government of India Publication
Radhakrishna BP (1989) Suspect tectono-stratigraphic terrane elements in the Indian sub-continent.
J Geol Soc India 34:1–24

Raju DSN, Misra R (2009) Proterozoic and Phanerozoic integrated stratigraphy (South-East Asia).
ONGC Bull 44

Raju ATR, Srinivasan S (1983) More hydrocarbon form well explored Cambay basin. Pet Asia J
4(4):25–35

Raju ATR, Srinivasan S (1993) Cambay basin-petroleum habitat. In: Proceedings of the second
seminar on the petroliferous basins, Dehradun, pp 33–78

Roybarman A (1983) Geology and hydrocarbon prospects of West Bengal. Pet Asia J (Spl Issue)
Petroliferous Basin of India, 51–56

Sheth HC, Mathew G, Pande K, Mallick S, Jena B (2004) Cones and craters on Mount Pavagadh,
Deccan traps: rootless cones? Proc Indian Acad Sci (Earth Planet Sci) 113(4):831–838

Zutsi PL, Sood A, Mahapatra R, Raman KKV, Divedi AK, Srivastava HC (1993) Lithostratigraphy
of petroliferous basins. Document V, Bombay offshore Basin, ONGC Publication, pp 1–358



Foraminiferal Effects of Regional Fire
and Attendant Paleoenvironment During
K/Pg Transition: Organo-Chemical
Evidence from the Um Sohryngkew
River Section, Meghalaya, India

Sucharita Pal, J. P. Shrivastava and Sanjay K. Mukhopadhyay

Abstract Palaeoenvironmental studies based on organic matter associated with the
biostratigraphically continuous Cretaceous-Paleogene transition section of the Lang-
par Formation, Meghalaya promise to provide crucial evidence of foraminiferal
effects close to K/Pg boundary. Present work primarily focuses on the upper Maas-
trichtian Pseudoguembelina hariaensis Zone (= Zone CF3) that records incidence of
‘regional fire’ to affect paleoenvironment, which facilitated planktonic foraminiferal
disappearance. Incidence of coaly matter towards the upper part of the Racemiguem-
belina fructicosa Zone (= CF4 Zone) endorses that the incidence of ‘fire’ prevailed
for a longer period, encompassing the upper Maastrichtian biozones CF4-CF3. The
yellowish brown clay layer in biozone CF3 is marked with well established excur-
sions in HMW PAH compounds which coincide with the Ce anomaly layer occur-
ring below the PGE anomaly layer around the contact between Pseudoguembelina
palpebra Zone (= CF2 Zone) and Plummerita hantkeninoides Zone (= CF1 Zone)
and below the planktonic foraminiferal change at the K/Pg. Significantly, strong (~4
fold increase) peaks were noticed in biozone CF3 (sample JP12) as marked by sud-
den increase in the total PAHs—4, 5, 6 ring PAH compounds and few 3 (anthracene,
fluorine) ring PAH compounds; biozone CF2 (sample JP-13) also shows excursions
in 3 ring PAHs—phenanthrene, 3-methylphenanthrene, 2-methylphenanthrene, 9-
methylphenanthrene, 1-methylphenanthrene, but the former shows n-alkane and fatty
acid (including their CPI values) excursions. Besides, remarkably high amount of
combustion marker PAHs [fluoranthene, (10.46 μg/gc), pyrene (7.20 μg/gc), chry-
sene (8.28 μg/gc), benzo(a)anthracene (9.92 μg/gc)] in the biozone CF3, similar
to those of well studied K/Pg boundary sections of Stevns Klint (Denmark), Gub-
bio (Italy), Woodside Creek (New Zealand), and Arroyo el Mimbral, Tamaulipas,
(Mexico) suggesting correspondence in the incidence of ‘fire’ in India where it was
triggered presumably by the heat radiating from the epigenic plumes of Abor vol-
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canic and Ninetyeast Ridge, and greenhouse effects of Deccan volcanism. The fire
seemingly facilitated step-wise disappearances of planktonic foraminifera during
biozones CF4-CF3 and instigated migration of some forms from the warm water
environment. A very strong proton peak at δ1.51 ppm in yellowish brown clay layer
(JP-12) indicating the presence of CH2 group of alkane compound in the sample.
FTIR spectra shows weak bands in the region of 2304–2370 cm−1 and attributed
to the presence of traces of CO2 and CO, which are related to the combustion inci-
dence. Such environment was possibly created in the interspaces of the sediments by
burning of organic matter in the presence of oxygen whereby CO2 formed and water
released in the environment. High abundance of combustion derived PAH in the yel-
lowish brown layer of biozone CF3 of the succession endorses this observation. The
study considers ‘regional fire’ as one of the factors for step-wise disappearance of
planktonic foraminifera prior to the advent of the K/Pg boundary in the shallow shelf
of Meghalaya.

Keywords Organic compounds · Biozone CF3
K/Pg transition · Palaeoenvironment · Langpar Formation ·Meghalaya

Introduction

Fine resolution biostratigraphy based on planktonic foraminifera revealed that the
Um-Sohryngkew river section (Fig. 1) is continuous across theCretaceous-Paleogene
(K/Pg) boundary (Mukhopadhyay 2008); thus, the section is significant to study
paleoenvironment that existed during upper Maastrichtian. Shrivastava et al. (2013)
based on TOC contents, together with δCe and δEu anomalies, assigned sub-
oxic/anoxic—suboxic—suboxic/anoxic—oxic conditions for bottom seawater sed-
iments spanning the biozones CF4 (= Racemiguembelina fructicosa Zone) to Pla
(Parasubbotina pseudobulloides Subzone) across the K/Pg boundary. Pal et al.
(2015c) reported significant increase in the kaolinite contents as well as layer and
inter-layer charges in the illites occurring in the yellowish brown clay layer which is
comparable with the clays associated with the well established K/Pg boundary layers
of Agost, Caravaca, Petriccio and El-Kef sections; they (Pal et al. 2015c) recorded
sudden rise in temperature (>140 °C) in the upper part of the biozone CF3 (sample
JP-12) which is analogous to the attributes of the clays associated with the K/Pg
boundary layer of the Caravaca section, Spain. This implies high temperature pre-
vailed during the formation of the yellowish brown clay layer. They also observed
wide variation in climate from humid tropical to arid-semiarid, possibly due to heat
radiation from the shallow plumes of Abor and Ninetyeast Ridge magma and green-
house effects of Deccan volcanism. Some of these environmental changes are coeval
with different eruptive phases of Deccan volcanism and agree with the planktonic
foraminiferal extinction events (cf. Mukhopadhyay 2008), Ir anomaly incidence of
Bhandari et al. (1987) andAu, Pt and Pd anomalies occurring near theK/Pg boundary
(Mukhopadhyay 2009). It is not well known whether the Deccan volcanism, a global
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thermal event directly interfered in the late Maastrichtian-early Paleocene sedimen-
tation of Meghalaya. Organic geochemical studies on the K/Pg transition sediments
recorded evidence of ‘wildfires’ (Wolbach et al. 1985, 1988; Venkatesan and Dahl
1989; Heymann et al. 1994a, b, 1998; Mita and Shimoyama 1999; Arinobu et al.
1999) whereas Wolbach et al. (1985, 1988), Venkatesan and Dahl (1989), Heymann
et al. (1994a, b, 1996) linked the ‘wild fire’ with bolides (extraterrestrial) impact, a
hypothesis which has a competitor in Deccan volcanism to explain the catastrophic
events during theK/Pg transition.Althoughadirect influenceof extraterrestrial bolide
impact on the K/Pg boundary sediments of Therriaghat is yet to find, evidence of
increased temperature in the succession needs proper explanation.

Yamamoto et al. (1996) discussed that the biomarker distribution study helps
to identify the organism contributing to sedimentary organic matter and regarded it
as another complementary palaeontological approach. Previous organic geochemical
studies onK/Pg boundary sediments have found evidence of wildfires (Wolbach et al.
1985, 1988; Venkatesan and Dahl 1989; Heymann et al. 1994a, b, 1998; Mita and
Shimoyama1999;Arinobu et al. 1999).Other organic geochemical studies (e.g.Mey-
ers and Simoneit 1989) examined microbial hydrocarbons, fatty acids and terrestrial
resin acids in the sediments above and below the claystone at Stevns Klint, Denmark.
Formation of organic macromolecular structure is complex; therefore, recognition
as well as variation in the distribution of organic molecules if recorded systemati-
cally across the succession would unveil valuable information about depth, temper-
ature of burial, oxidation state and other palaeoenvironmental variables accountable
for their formation. Such studies being significant in this context need to be car-
ried out in this area. Since the yellowish brown clay layer (sample JP-12) of the
biozone CF3 containing abnormally high amount of combustion-derived PAH com-
pounds (Pal et al. 2015a, b) and Ce anomaly layer (Shrivastava et al. 2013) occurring
below the bed having PGE anomaly layer in biozone CF2 (Mukhopadhyay 2009)
as well as the bed recording planktonic foraminiferal change of the K/Pg boundary
(Mukhopadhyay 2008), gains impetus to be focused along with its overlying beds
(samples JP-13, JP-14). This study while recording systematic variation in the dis-
tribution of organic molecules associated with kaolinite-illite complexes in the late
Cretaceous-early Paleocenemarine succession of theUm-Sohryngkew river,Megha-
laya and ‘incidence of fire’ in the upper Maastrichtian part, aims at comprehending
the palaeoenvironmental reasons for the derivation of themolecules from the original
organic source matter, and finding out the cause of the fire and its effect on upper
Maastrichtian planktonic foraminifera.

Materials and Methods

Systematic samples (JP1-JP16) were collected from about 10 m. thick measured
litholog (Fig. 1) spanning late Cretaceous-early Paleocene across the K/Pg bound-
ary and occurring towards the middle part of the Langpar Formation. The samples
covered all the biozones from Zone CF4 to Subzone Pla in ascending order. The
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Fig. 1 Lithostratigraphy (modified after Mukhopadhyay 2008) and sample locations on the Um-
Sohryngkew river section. Insets a location of Meghalaya with respect to India, b location of the
Therriaghat section around the river Um-Sohryngkew and c lithological log at the K/Pg interval
in the Um-Sohryngkew river section. Note Samples 1–16 collected from the section is referred to
JP1-JP16 in the text
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samples were collected from 25 cm groove; for friable sediments hollow steel pipes
(3.5 cm diameter with one end pointed) were used as an auger to avoid contami-
nations. Fraction of a sample weighing 50–70 gm was processed in the laboratory
initially by breaking into small pieces (2–4 mm) with a steel hammer. Interestingly,
it has been noticed that the primary colour of sediments changes from grey to light
pink as ascending in the succession.

Organicmatters were isolated by following combination ofmechanical and chem-
ical procedures (cited Fig. 2; Pal et al. 2015a). Approximately, 20 gm sample chips
were cleaned twice by ultrasonic agitation with solvent mixture of benzene and
methanol (6:4) for 5 min and allowed to freeze dry to dryness, finally powdered in
the agate mortar pestle to pass through 200 mesh. Samples (15 gm) were extracted
three times with a solvent mixture of methanol and dichloromethane (1:1) by a sol-
vent extractor with ~80% recovery. After removing elemental S (by adding Cu foil
and sonicating for 1 h), 15 ml of (10%) KOH-methanol solution and 2 ml water
were added to the 10 ml extract. The extracts were fractionated into neutral (NF)
and acidic (AF) compounds (by liquid-liquid separation) by dissolving in n-hexane
+ diethyl ether (9:1) and n-hexane + dichloromethane (9:1) mixtures, respectively.
Neutral compounds were fractionated into aliphatic hydrocarbons, PAHs, and other
group of compounds using silica-gel (heated at 200 °C, 1% deactivated) column
[borosilicate glass column size—100 cm (length) and 0.8 mm (internal diameter)]
chromatography. After the methylation [15 ml of MeOH: HCl (95:5), mixture was
added to AF. After heating gently in the water bath at 70 °C for 12 h, acid will form
methyl ester or diazonium salt (according to derivatizing agent). Boron triflouride
forms a complex with methanol and it reacts with an acid and active hydrogen from
acid (–OH) is replaced by methyl group, forming a methyl ester. For extraction
of fatty acid, 2 mg methyl ester standard in 100 cc dichloromethane, 0.5 ml was
poured by syringe in AF.], FAMES (fatty acid methyl ester) were extracted from
acidic compounds with a n-hexane and diethyl ether solvent mixture (9:1). Acidic
compounds were fractionated into fatty acids and remaining parts of the aliphatic
hydrocarbons and PAHs by silica-gel column chromatography. The characterization
of these compounds was made using Fourier Transmission—infrared (FTIR) and
nuclear magnetic resonance (NMR) spectroscopic techniques. FTIR spectra were
recorded on Nicolet MAGNA—FTIR 750 Spectrometer Series II. 1H and 13C NMR
spectra were re-corded on by using a JEOL JNM ECX-400 P 400 MHz instrument,
and the data were processed by using the JEOL DELTA program version 4.3.6.

Results

TOC data show wide variation (0.2777–0.9786 wt%) from Biozones CF4 to Pla,
but a spike is observed in the lower level of the biozone CF3. The carbon number
distribution of n-alkanes from biozone CF4 to Pla mainly ranges from C11–C36. The
organic compounds such as pristane and phytane are present in significant amount.
Concentration (Appendix 1; Pal et al. 2015b) of total n-alkane varies between 1.027
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and 14.15μg/gc. Amongst these, long (C27–C33), mid (C20–C25) and short (C14–C22)
chain n-alkane concentrations ranging from 0.111 to 0.869, 0.163 to 1.722 and 1.051
to 8.622 μg/gc, respectively. The carbon number for n-fatty acids is ranging from
C6–C32 and their concentration varies between 1.22 and 7.33 μg/gc in which odd
carbon numbered n-fatty acids occur predominantly (1.25–5.90) over even carbon
numbered fatty acids. Out of these, long (C20–C30) and short (C14–C24) chain n-fatty
acid concentrations ranging from 0.00 to 0.20 and 0.97 to 5.76 μg/gc with CPI value
of 0.86–24.75 and 15.54–37.24, respectively (Appendix 2; Pal et al. 2015b). TheGC-
MS spectra (cited Fig. 8; Pal et al. 2015b) show presence of saturated (fromC6 to C32)
and unsaturated (C14–C18,) n-fatty acids. The short chain n-fatty acids are abundantly
present in all the samples. The prominent peak of C16 that corresponds to the palmitic
acid (C16:0) is present in all the samples. The even carbon numbered compounds (from
C12–C20 with CPI values 15.49–37.09) are predominant throughout the succession.
The long chain fatty acids (beyond C20) are either absent or occur in minor amount
(0.01–0.27) in few samples (cited Fig. 8; Pal et al. 2015b). A large number of non-
volatile PAH compounds have been found in this section (Appendix 3; Pal et al.
2015b). The total PAH concentration varies between 1.296 and 109.53 μg/gc. The
HMWPAH compounds predominate in the sample JP-12 of biozone CF3. The LMW
PAH compounds show dominance in the biozone CF1 (sample JP-13) whilst, the
HMWPAH compounds predominate in biozone CF3 (sample JP-12). The high PAH
values are indicative of soot particles associated with the sediments coming from
atmospheric transportations. The phenanthrene and chrysene show their maximum
concentrations of 8.28 μg/g TOC and 5.72 μg/g TOC in the biozone CF3 (JP-12)
and in the biozone CF1 (JP-13), formed during diagenesis as biological precursors
(Killops and Massoud 1992). Most of the samples are of pyrolytic origin.

FTIR spectra (Fig. 2) from the yellowish brown clay layer (JP-12), greenish yellow
layer (JP-13) and shaly marlite layer (JP-14) from biozones CF3, between CF2
and CF1, and P0 (JP-12, 13 and 14) exhibit almost similar absorption bands, but,
show little difference in their relative intensities. The major difference between these
three spectra deals with the relative intensity of the bands corresponding to 2920,
attributed to asymmetrical CH2 stretching which is relatively intense in the biozone
CF3 (JP-12). Both the methyl (CH3–) and methylene (–CH2–) legends have their
specific deformation vibrations which appear in the region of 1500–1300 cm−1.
A vibration band found in the FTIR spectra of second derivative in the JP-13 is
assigned to the band around 1450 cm1 to the symmetric deformation (scissor) of CH2

groups. The absorption bands of organic compounds recorded show- stretching of
aliphatic C–H groups in the region from 3000 to 2800 cm−1, aliphatic C–H stretching
region (3000–2800 cm−1) resolved into three spectral bands at 2950 (asymmetrical
CH3 stretching), 2920 (asymmetrical CH2 stretching) and 2850 cm−1 (symmetrical
CH2 stretching). The FTIR spectra with increasing maturity exhibit a decrease of
absorption in the aliphatic regions at 1375, 1450, and 2800–3000 cm−1 (Lis et al.
2005). The broad band between 3700 and 3000 cm−1 indicates a wide range of
hydrogen bond lengths and orientations, mostly corresponding to the OH and NH
groups. The presence of CH2 and CH3 alkyl groups is identified by a sharp stretching
absorption around2922 cm−1 and aweaker one around2852 cm−1. The aliphaticC–H
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Fig. 2 FT-IR spectra of n-alkane fractions (NF1) as obtained from JP-12, JP-13 and JP-14 samples,
representing biozones CF3, CF1 and P0, respectively

deformation vibrations of the methyl andmethylene groups are possibly contributing
to the bands around 1430 cm−1. Significant differences observed between these three
spectra of the Um-Sohryngkew river section are mostly linked to the variations in
the relative contributions from the three major regions of the spectrum, namely, (i)
decrease in the O–H/N–H stretching band intensity between 3000 and 3700 cm−1

and (ii) increase in the C–H stretching band intensity between 2800 and 2950 cm−1

(Table 1). Themid-infrared spectra, which is dominated by emission features at 3030,
1610, 1310, 1160, 890 cm−1, commonly known as the aromatic infrared bands. The
Polycyclic Aromatic Hydrocarbon compounds (PAHs) are widely accepted to be the
carriers of these mid-IR emission bands (Allamandola et al. 1999). The stretching of
aromatic C–H groups in the region from 3100 to 3000 cm−1, bending of oxygenated
and aromatic groups in the region from 1550 to 1750 cm−1, bending modes of
CH2 and CH3 groups at 1450 cm−1, and aromatic out-of—plane C–H deformation
region from 700 to 900 cm−1 and increasing absorption in the aromatic regions
(3000–3100cm−1, 1600cm−1 and700–900cm−1) observed in samples. In thepresent
samples, the low thermal evolution of organic matter is confirmed by the absence of
peaks in the three aromatic regions (Fig. 3). This explanation agrees with the GC-
MS data that put in the additional evidence for the general immaturity of the organic
remains (Pal et al. 2015a). There are several peaks with medium to weak intensities
present in all the spectra (Fig. 3) and corresponding values are presented in Table 2.

PAHcompounds separated from sample JP-12, JP-13 and JP-14was also analyzed
by 13C neutron magnetic resonance and 1H neutron magnetic resonance techniques.
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Table 1 Frequency ranges and absorption band assignments for n-alkane (NF1) fractions obtained
from JP-12, JP-13 and JP-14 samples representing biozones CF3, CF1 and P0

Frequency
ranges (cm−1)

Band
assignments

Observed frequencies in samples Comments

JP-12 JP-13 JP-14

2935–2915 Methylene
C–H
asymetrical
streching

2924 2924 2926 Asymmetrical
CH2 streching

2865–2845 Methylene
C–H band

2854 2852 2852 Symmetrical
CH2
stretching

1450 and
1375

CH3 band 1450

1485–1445 Methylene
(CH2) band

1458 1458

1300–1000 In plane C–H
bending
vibration

1030, 1204,
1260

1094, 1210,
1260

900–690 Out-of-plane
C–H bending
vibration

804, 896 844

Table 2 Frequency ranges and absorption band assignments for PAH (NF2) fractions obtained
from JP-12, JP-13 and JP-14 samples representing biozones CF3, CF1 and P0

Frequency
(cm−1)

Band
assignments

Observed frequencies in samples Comments

JP-12 JP-13 JP-14

3100–3000
(m)

C–H stretch 3008 3008 C–H group

~3030 (v) Aromatic
C–H strech

3030 3030

3050–3010 = C–H stretch

860–680 (s) Aromatic
C–H bending

1700–1500
(m, m)

Aromatic
C=C bending

1594 1538, 1600 1548, 1600 Aromatic
group

1600, 1475 C=C
stretching

1470 1474 CH2, CH3
group

900–690 = C–H
bending

914 728, 916 728, 916 C–H
deformation



Foraminiferal Effects of Regional Fire and Attendant … 143

Fig. 3 FT-IR spectra of PAH fractions (NF2) as obtained from JP-12, JP-13 and JP-14 samples
representing biozones CF3, CF1 and P0, respectively

In yellowish brown clay layer (JP-12), one very strong proton peak at δ1.51 ppm
(Fig. 4) was observed; indicate presence of CH2 group of alkane compound in the
sample (Silverstein et al. 2005). In sample JP-13, two isomers ofmethylphenanthrene
found at δ2 and 1.8 ppm. The proton peak at δ6.41, 7–7.24 ppm showed presence
of aromatic group. Proton peak noticed at δ8 ppm shows presence of anthracene. In
sample JP-14, one proton peak at δ1.51ppm indicates presence of aliphatic compound
in the sample. Sample JP-12 shows peak at δ40 ppm, indicates presence ofCH2 group,
supportive of the proton NMR data.

Discussion

Study of 1H and 13C NMR spectra shows presence of –CH2– alkyl group attached
to n-alkanes in biozones CF3 and P0 (samples JP-12 and JP-14), but do not show
presence of aromatic compounds, however, significant presence of low molecular
weight aromatic 3 ringed methylphenanthrene compound is noticed in sample JP-13
corresponding to biozones CF2-CF1. These compounds were derived from the com-
plex organic molecules, formed as a result of sudden increase in the temperature,
but at low-pressure. This anomaly with respect to biozone CF2 (sample JP-13) cor-
responds to 65.45–65.3 Ma which spans the most vigorous second phase of Deccan
volcanic eruption and coeval with the development of the brownish yellow layer
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Fig. 4 1H NMR spectra of PAH fractions (NF2) as obtained from JP-12, JP-13 and JP-14 samples
representing biozones CF3, CF1 and P0, respectively

of the biozone CF2 ranging in age from 65.4 to 65.2 Ma (Barrera 1994; Courtillot
et al. 1996; Hoffman et al. 2000; Keller 2001) and marked by the re-appearance of
Pseudotextularia elegans. The two peaks at δ20 and 40 ppm in the 13C NMR spec-
trum (Fig. 5) show presence of CH3 and CH2 groups (VonWehrli andWirthlin 1976).
Presence of aromatic group in sample JP-13 is supported by its peaks at δ120 and
130 ppm (Fig. 5). One peak observed at δ170 ppm in sample JP-13 shows presence
of carbonyl (ester, acid) groups (Ludemann and Nimz 1974; Wilson 1987; Knicker
1993). It is possible that the aliphatic organic compounds present in clay inter-layers
had most likely been transported there by pulveric acid or other humic materials
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Fig. 5 13CNMR spectra of PAH fractions (NF2) as obtained from JP-12, JP-13 and JP-14 samples,
representing biozones CF3, CF1 and P0, respectively

within which they were captured and acted as vehicles for the transport of hydropho-
bic compounds within the sediments.

Weak bands in the region of 2304–2370 cm−1 are ascribed to the presence of
traces of CO2 and CO which is related to combustion environment. Such environ-
ment was possibly created in the interspaces of the sediments by burning of organic
matter in the presence of oxygen, thus, formed the CO2 andwater in the environment.
This observation is also supported by high abundance of combustion derived PAH in
yellowish brown layer of the Biozone CF3 of the succession, which is comparable
with the well studied K/Pg boundary sections of Stevns Klint (Denmark), Gubbio
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(Italy), Woodside Creek (New Zealand), and Arroyo el Mimbral, Tamaulipas, (Mex-
ico) (cited in Fig. 6, Pal et al. 2015a). Their pyrolitic signature suggests prevalence
of ‘global fire’ that might have been triggered by the radiating heat from the shallow
plumes of the Abor volcanic and Ninetyeast Ridge, and the greenhouse effects of
Deccan volcanism (Table 3). This regional incidence might have caused distress to
biota duringCF3. The association of Ir anomalieswith the basal coal layer at theK/Pg
boundary site of Raton in Colorado (Tschudy et al. 1984), soot layers at widely sep-
arated geographical boundary sites (Wolbach et al. 1985, 1988, 1990a, b; Heymann
et al. 1998) and spike in the polycyclic aromatic hydrocarbons at the K/Pg boundary,
in Caravaca, Spain (Arinobu et al. 1999), provided evidence of ‘global fires’ during
the K/Pg transition. In Um-Sohryngkew river section, the occurrence of coaly matter
towards the upper part of the biozone CF4 endorses that the incidences of regional
fire, prevailed for a longer period, encompassing the upper Maastrichtian biozones
CF4-CF3. The ‘fire’ facilitated step-wise disappearances of planktonic foraminifera
during biozones CF4-CF3 and instigated some forms to migrate out of the warm
water environment (Table 3).

Conclusion

Our study reveals that the Meghalaya area experienced very warm climate dur-
ing most of the upper Maastrichtian. Organo-geochemical results indicate promi-
nent (positive as well as negative) spikes in the n-alkanes (C14−22), n-fatty acids
(C14−18) and high molecular PAH compound concentrations across the Um-
SohryngkewRiver succession. Presence of anomalously high concentration ofHMW
PAH compounds in the late Maastrichtian biozone CF3 and based on pyrolitic sig-
natures the cause is considered as regional terrestrial fire. Their complex molecular
structures show presence of traces of CO2 and CO which is related to combustion
environment, possibly created in the interspaces of the sediments by burning of
organic matter in the presence of oxygen, thus, formed the CO2 and water in the
environment. Among many factors that caused to warming of the climate, regional
fire is presumed to be one of the important factors. Its evidence cause and effects are
summarized.

a. Evidence of fire: Patchy coal in theMahadeo Formation (Mukhopadhyay 2010);
plant remains, streaks of coal, and carbonaceous shale in biozoneCF4ofLangpar;
pyrolitic organic compounds in biozone CF3.

b. Evidence of warming of climate: Gradual increase of calc sediments and lime-
stone content higher up in the upperMaastrichtian succession; sudden disappear-
ance of some species from biozone CF3 (Pseudotextularia elegans), change of
body plan in some forms leading to the development of new species as Guem-
belitria irregularis near the interface of biozones CF2-CF1 and Guembelitria
langparensis during CF4 (both are stress-friendly forms); development of mor-
phogroups in some commonly occurring species; sudden increase in the predated
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Table 3 Calibration of various K/Pg events with planktonic foraminiferal succession in the Ther-
riaghat Section, Meghalaya

Data compiled from Bhandari et al. (1987), Mukhopadhyay (2008, 2009, 2010, 2012a, b, 2013),
Shrivastava et al. (2013), Pal et al. (2015a, b, c)
LA last appearance, FA First appearance; appearance; disappearance;

Transgression/regression

forms; overall decrease in planktonic foraminiferal contents during biozones
CF2-CF1; step-wise disappearance of some species during CF4-CF3; repeated
incidents of transgressions and sea level rise during CF3-CF4; unusually high
temperature of the formation of some clay minerals in the marine sediments.

c. Source of heat to increase climatic temperature: Warming of climate was
accentuated by contemporaneous extra-basinal factors including heat radiation
from shallow plumes of Abor and Nintyeast Ridge, greenhouse effects of Deccan
volcanics, regional forest fire, plate collision and subduction allowing subsur-
face heat to flow out, outpouring of lavas, showering of enormous microspherule
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grains and phosphosilicate nodules (Mukhopadhyay 2012b); penetration of sun-
rays hindered as shelf water held enormous clay particles in suspension.

d. Source of flame: possibly friction of forest woods and friction of rocks during
tremor.

e. Effects: Biotic effects of verywarm climate include disappearance of some forms
that re-appeared later during congenial climate; migration of some forms; abrupt
increase in the Guembelitria population (a stress-friendly taxon), disappearance
of ammonite from the basin during biozone CF4 (Mukhopadhyay 2008); inho-
mogeneous concentration of planktonic foraminiferal population in sediment
succession.
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Palaeogene–Neogene Tectonics
and Continental Aggradational Basins
in North-Western India: Implications
for Geological Evolution of Thar Desert

Sudesh Kumar Wadhawan

Abstract Thar Desert is characterised by arid-semiarid ecologically fragile envi-
ronment and occupies a unique tectonic-sedimentary domain in north-western (NW)
India. It is confined essentially to West Rajasthan Shelf (WRS). The tectonic dis-
position and basement configuration of intra-cratonic basins and sedimentary for-
mations here range from the Precambrian Delhi Supergroup in the east, Late Pro-
terozoic to Early Palaeozoic Marwar Supergroup of sedimentary rocks in the mid-
dle, to Mesozoic and Cainozoic cover sedimentary formations on the western and
north-western fringe areas in western parts of Thar desert in Rajasthan and Haryana
in north-western India. It is remarkable that successive geological young age of
sedimentary formations is mapped from the highly deformed Precambrian rock for-
mations of the Aravalli Hill ranges on the east to the recent sand covered structurally
undisturbed rocky plains on the west in the Thar Desert. Distinctive geomorphic
expressions and relative lowering of relief are also deciphered and recorded across
an east–west transect along northern parts of the Thar Desert. Geological mapping
of Palaeogene–Neogene formations in NW India have helped reconstruction of the
palaeo-geographic shore-line limits of the Tertiary sea. Such inferred basement dis-
position ostensibly had a bearing on the source of evaporate minerals and continuing
salinity aspects of the present day inland lakes and playas in the region. Succes-
sive northward deepening of the Palaeogene–Neogene sedimentation basin is also
inferred from the geological strata logs prepared during the drilling probes for the
Potash Mineral Investigation by Geological Survey of India in NW India. It has been
inferred that the NE–SW trending Aravalli hill ranges were rejuvenated as a horst
bound by the Great Boundary Fault (GBF) in the east and well known Sardarshahar
Fault (west of Churu) and a series of westerly down-thrown step faults (called Man-
pia Faults) on the west thus segmenting the Thar Desert in north-western Rajasthan
into several Neogene depressions or the depocenters in-filled with Quaternary
continental aggradational deposits of fluvio-lacustrine and aeolian origin. Based on
geological field surveys, interpretation of sub-surface data and dug-well inventory,
it has been feasible to delineate a series of linear stepped grabben structures hosting
a succession of Quaternary deposits separated respectively by denudational relief
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features. Their stratigraphic succession is established and correlated to build-up a
model for improved geological understanding. Present contribution attempts to elu-
cidate role of Palaeogene–Neogene tectonics and its implications for the geological
evolution of Thar Desert in NW India.

Keywords West Rajasthan Shelf · Palaeogene–Neogene formations
Thar Desert

Introduction

Thar Desert in India is the eastern most extension of the vast dryland belt of Saharo-
Arabian Desert. It is dominated by aeolian bed forms: the sand dunes of different
dimensions. The TharDesert is largely located in Rajasthan State, especially between
the foothills of the Aravalli ranges in the east and International border with Pakistan
in the west. Further west, within Pakistan, the desert extends to the fertile alluvial
plains of Indus River. The Indian part of the hot and arid Thar Desert is spread
over 19.6 Mha in Rajasthan; 6.6 Mha in Gujarat; 1.5 Mha in Punjab and 1.3 Mha
in Harayana (Dhir et al. 1992). Thar Desert is characterised by arid-semiarid eco-
logically fragile environment and occupies a unique tectonic-sedimentary domain in
north-western (NW) India. It is confined essentially to West Rajasthan Shelf (WRS).
The tectonic disposition and basement configuration of intra-cratonic basins and sed-
imentary formations here range from the highly deformed Precambrian Aravalli and
Delhi Supergroups in the east, undeformed sedimentary rocks of Late Proterozoic to
Early Palaeozoic sedimentary rocks of Marwar Supergroup in the middle, to Meso-
zoic and Cainozoic cover sedimentary formations on the western and north-western
fringe areas in western parts of Rajasthan and Haryana in NW India. It is remark-
able that westward successive geological young age of sedimentary formations are
mapped from the Aravalli Hill ranges (average 500 m above msl) on the east to the
recent sand covered Tertiary rocky plains (80 m above msl) on the west in the Thar
Desert. Distinctive geomorphic expressions and relative lowering of relief are also
deciphered and recorded in an east-west transect along northern parts of the Thar
Desert (Wadhawan 1996, 2010).

Major geological sedimentary basins that have been delineated in the Thar Desert
region include: (1) the Nagaur–Ganganagar basin (Marwar Supergroup of rocks)
bound by the Aravalli hill ranges in the east and the Delhi–Lahore–Sargoda sub-
surface ridge/high on the north and northwest; (2) the Jaisalmer basin in the west
dominated by the Mesozoic and intermittent Tertiary strata; (3) the Palaeogene
Barmer–Sanchor basin and (4) the contiguous Cambay (Khambhat) grabben and (5)
the Kachchh basin in Gujarat. Distribution of different rock groups and Quaternary
cover sediments in Rajasthan and Gujarat is provided schematically in the lithos-
tratigraphic map (Fig. 1). Palaeogeographical extent of the shallow Tertiary sea is
inferred based on occurrences ofmarine fossiliferous strata and lignite deposits of the
marshy/deltaic environment in the region, as it has bearing on the source of evaporite
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Fig. 1 Tectonically active sedimentary basins of Rajasthan andGujarat showing generalised lithos-
tratigraphy

minerals and continuing salinity aspects of the present day inland lakes (Wadhawan
and Sharma 1997; Roy 1999). As the structural competence or the rheological prop-
erties of the constituent rock assemblage in these basins differ considerably from
one another, its influence on the mechanism of seismic energy dissipation in the
region should have bearing on neotectonic manifestations and related geohazards
propensity and their geotechnical remedies in the region (Wadhawan 2015).

A large variety of distinctive dune fields ranging from clustered parabolic to
transervese, linear, reticulate, star and barchanoid have been mapped across the vast
span of the Thar Desert. The characteristic aeolian landforms of the Thar Desert
i.e. the clustered parabolic dunes constitute the present day active desert front that
experiences contemporary aeolian dynamism.These older stabilized dune formshave
been worked upon by winds episodically that resulted in producing several evolved
and superimposed complex dune forms. Morphostratigraphically, episodic nature of
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multi-phase aeolian deposits are distinguished that rest disconformably over fluvio-
aeolian and calcretised colluvio-fluvial sedimentations units in the eastern parts and
over a thick pile of polycyclic fluvio-lacustrine sedimentation package in the northern
and western parts of the Thar (Wadhawan et al. 1999; Wadhawan 2005).

Tectonic Set-up in Thar Desert Region

Most of the area covered by the present day Thar Desert appears to have remained
low lying peneplain throughout the geological period as it was submerged under
shallow transgressions of the sea during the Mesozoic and Early Tertiary. Periods
of epeirogenic movements in the extra-peninsular India are inferred from the breaks
that have been caused to the processes of peneplanation leading to the formation of
the base level of erosion or the ‘planation surfaces’. Three planation surfaces had
been identified and assigned as: 1st during post-Mesozoic; 2nd during Early and
Middle Tertiary and 3rd as Early Pleistocene equated to aggradation of the Older
Alluvium in the Gangetic plains (Heron 1953). Considerable rise of the Himalayan
barrier at about Mid-Miocene should have resulted in establishment of the monsoon
conditions overTharDesert (Ahmed1969).Ahmad (1986) collatedvarious evidences
that suggest that Aravalli hill ranges have risen rapidly as a horst in three phases:
(1) an Early–Middle Tertiary uplift by about 1000 m; (2) an Upper Tertiary phase of
comparatively slow and discrete peneplain surfaces, and (3) an Early Holocene phase
that raised the Guru Shikhar (Mt. Abu) by about 700 m thus placing it at an altitude
of 1722 m from apparently submarine situation at the end of Cretaceous or Early
Tertiary. It may be mentioned that the tectonic throw had been computed based on
the relative relief of different geological formations that were subject to geomorphic
planation manifested as the recurring accordant summits and lower elevation of
planation surface forming vast pediplain respectively. Rapid uplift of the central
Rajasthan as a whole and the Aravalli hill ranges in particular was differential in
different parts of the Aravallis and mostly dome-shaped, decreasing in elevation
radially from Udaipur. However, it can be interpreted presently as the cymatogenic
up-arching. Rapid uplift in the Delhi area during the Late Pleistocene–Holocene
rejuvenated a consequent Himalayan stream—the Yamuna. It proceeded to behead
the mighty Drishadvati through head-ward erosion. This coupled with westward
deviation of the courses of the Sutlej and Beas, the tributaries of the Vedic Sarasvati
deprived the perennial water flow leading eventually to its desiccation in the vast
sandy tracts of the encroaching Thar Desert (Yash Pal et al. 1980; Bakliwal and
Grover 1988; Sridhar et al. 1994; Roy 2003).
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Tectonic Lineaments in Thar Desert Region

Although climatic change is responsible for the aeolian episodes, field studies and
interpretation of subsurface geological data have now revealed that tectonically active
Paleogene–Neogene domain had influenced the successive burial of different sedi-
mentation units of fluvial/fluvio-lacustrine and aeolian generation particularly in the
northern andwestern parts of theTharDesert.Geological observations support occur-
rence of these continental scale lineaments were developed as reactivated boundary
faults since Paleogene as the confinement of Tertiary basin and the sedimentary depo-
sition record of rocks are also controlled by these bounding structural discontinuities.
Some of these lineaments are also active presently, e.g., the Jaisalmer–Barwani and
Luni–Sukri (Kachchh). Isopach map of the sub-surface Quaternary and Tertiary for-
mations and palaeo-basin configuration show that the present day Ghagger basin
(Nagaur Basin) in northern Rajasthan deepened to abnormal depth and hosted a
thick (over 350 m) pile of continental sediments in its northern and northwestern
parts (Fig. 1). Northerly flowing structurally controlled palaeo-drainage pattern for
the early Quaternary fluvial regime is deduced.

It is inferred that the NE–SW trending Aravalli hill ranges were rejuvenated as
a horst bound by the Great Boundary Fault [GBF] in the east and well known Sar-
darshahar Fault (west of Churu) and a series of westerly down-thrown step faults
(calledManpia Faults) on the west thus segmenting the Thar Desert in north-western
Rajasthan into several Neogene depressions or the depocenters in-filled with Qua-
ternary continental aggradational deposits of fluvio-lacustrine and aeolian origin
(Ahmad and Ahmad 1980; Sen and Sen 1983; Ahmad 1986). Based on geological
field surveys, interpretation of sub-surface data and dug-well inventory, it has been
feasible to delineate a series of linear stepped grabben structures hosting a succes-
sion of Quaternary deposits separated respectively by denudational relief features
(Fig. 2). Their stratigraphic succession is established and correlated to build-up a
model for improved geological understanding (Wadhawan 1996, 2010).

Interpretation of various geological, geophysical and seismotectonic data in the
Thar Desert assist in recognizing that the terrain is traversed by several block faults-
manifested asmajor lineaments that have been neotectonically active and shaping the
geomorphic and geologic evolution of the dryland environment (Fig. 3; Bakliwal and
Ramasamy 1987; Kar 1988a, b; Ramasamy 1999; Virendra Kumar and Wadhawan
2001). Important amongst these are elucidated in the following paragraphs.

Luni–Sukri Lineament

It is a composite lineament system comprising a set of sub-parallel curvilinear lin-
eaments, traversing east–west from Rann of Kachchh through the NE–SW trending
Luni river and extending through Aravalli gap and beyond northeast of Ajmer. It
delimits a rectilinear fault bound configuration of the Rann of Kachchh. It also
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Fig. 2 Spatial disposition of inferred Palaeogene/Neogene aggradation sub-basins in Thar Desert
in Rajasthan

defines a sharp contact between the Late Quaternary stabilised parabolic dune fields
and the coastal sabkha environment of deposition along the Great Rann of Kachchh
that experiences recent reactivation and repeated seismic activity (Ameta et al. 2005).
Ramasamy et al. (1991) interpreted a major NE–SW trending Quaternary arch along
the Luni–Sukri lineament (Fig. 3). It is also characterised by a graben along its crest
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Fig. 3 Major Inferred Tectonic Features and Lineamentswith horst and graben structure in the Thar
Desert inRajasthan andGujarat (sourcePublished literature cited in the text). Legend: 1�Tapti Lin-
eament, 2 � Sawar–Kundla Lineament, 3 � Amreli–Junagarh Lineament, 4 � Bhawnagar–Gondal
Lineament, 5 � Asmara Lineament, southern boundary of the Jhansi Horst, 6 � Jalawar Linea-
ment, southern boundary of the Chambal graben, 7 � Chambal–Jamnagar Lineament, 8 � Great
Boundary Fault, 9 � Luni–Sukri Lineament, defining a major graben, 10 � Lathi–Rajkot Linea-
ment, 11�West Coast Lineament, 12� Jaisalmer–Barwani Lineament, 13�Raisinghnagar–Tonk
Lineament

and its extensions are manifested as tear faults in the Siwaliks towards the NE along
the Himalyan foot-hills.

Jaisalmer–Barwani Lineament

It is about 1000 km long tectonic lineament trending NNW–SSE to NW–SE. It
is defining the southwestern boundary of the Aravallis northwest of Ahmedabad
and show contrasting elevations and fault-line scarps within the Himatnagar Sand-
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stone of Mesozoic age. It abruptly truncates the rocks of the Delhi Supergroup near
Vadnagar–Palanpur in north Gujarat plains and marks western margin of the Tertiary
basins north of Barmer and its NW extensions have been recorded to coincide with
the Jaisalmer–Mari arch in the Afganistan region as well (Dasgupta 1975). Further it
coincides withmajor fault withinMesozoics sedimentary formations of the Jaisalmer
area and delimits Gravity High Zone along NE of it and Low Gravity Zone on the
SW of it implying thicker fill of sedimentary rocks in the SW. It also coincides with
recently reactivated Kanoi fault along which earthquake of intensity 6.3 on Richter
scale was recorded on 8th November 1991 (Dharman et al. 1993). Several circular
features in the region are interpreted bearing direct linkage with this lineament as
surface manifestations of the Tertiary domes and basins (Bakliwal and Ramasamy
1983).

Lathi–Rajkot Lineament

It is estimated to be over 500 km long, N–S aligned curvilinear tectonic lineament.
It traverses the Deccan volcanic of Saurashtra (Mesozoic–Cainozoic) and occurs as
fault zone within the Mesozoic sedimentary rocks in the Kachchh and Jaisalmer
region and cuts through the dune fields of Late Quaternary age thus implying its
neotectonic reactivation. Ramasamy (1999) attributed the curvilinear nature of this
lineament to be a reflection of the post-collision plate-tectonic phenomenon during
Palaeogene–Neogene all along its disposition.

Raisinghnagar–Tonk Lineament

It is about 400 km long,NW–SE trending lineament and demarcates the dune covered
pediplain over pre-Aravallis of the Jaipur region from dune free Bhilwara region.
It delimits subsidence on north and northeast and confirm relative deepening of
the Neogene/Quaternary continental sedimentation in the Ghaggar basin along the
northern margin of the Thar Desert.

Sardarshahar Fault

It is aligned along N–S to NNE–SSW with a confirmed down-throw of over 400 m
on the west, as recorded in the Quaternary sediments (inferred up to 700 m during
subsurface investigations for potashmineralisation inGhaggar basin). It is inferred to
be active fault with frequent mild earthquakes recorded at seismograph observatory
located at nearby Churu.
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Considering geological, neotectonic–seismic set-up and geothermal gradient
characteristics, the Thar Desert area in western India is categorised as the Qua-
ternary tectonic domain undergoing extensional stress fields manifested in a series
of normal faults and graben structures with moderate seismic activity and geother-
mal heat flow attributes. Such neotectonic movements have also been considered
responsible for deviation of the river courses originating in the Himalayas such as
the Saraswati, Indus, Sutlej and Yamuna, etc., affecting considerably the Mohanjo
Daro and Harrapan civilisations and subsequent human settlements in the region
(Roy 2003; Sinha-Roy 1986; Dassarma 1986; Valdiya 2002). Post-Tertiary reacti-
vation of Mari–Jaisalmer–Barwani lineament and earthquake ruptures/dislocations
along the Kanoi Fault in Jaisalmer area in 1991 confirmed continuing neotectonic
activity (Dharman et al. 1993).

In addition to the above lineaments, a wide variety of neotectonically induced geo-
morphic expressions have been recorded in semi-arid and arid drylands of Rajasthan
and Gujarat such as lineament controlled alignment of certain dune fields and abrupt
truncation of the different dune morphologic domains, reactivation of Kanoi Fault
during the earthquake of 8th November, 1991 in Jaisalmer region (measuring 6.3 on
Richter scale), unequal thickness of Quaternary formations in the contiguous blocks
in northern and central Thar Desert, distinctive shearing and faulting of Quater-
nary formations and dislocation of Tertiary and overlying Quaternary strata inferred
from subsurface probes in Bikaner–Ganganagar region, preferred and linearity con-
trolled orientation of drainage courses, such as the Luni and Sabarmati river sys-
tems, etc. Several faults showing evidences of recent reactivation are manifested as
prominent curvilinear tectonic lineaments, for instance, along the Luni–Rupangarh,
Nawan–Alwar, Didwana–Dausa, etc. Intersections of these weak zones have created
the pull-apart basins occupied presently by the salt lakes of the Didwana, Kuchaman
and Sambhar (Sinha-Roy 1986; Dassarma 1986). Further, it is reasonable to infer
that the persisting salinity of these lakes could be linked through the tectonic lin-
eaments/shears with the subsurface halite bearing perennial source—the Hanseran
Evaporite Sequences in the Bikaner–Nagaur–Ganganagar basin, geologically cor-
related to the Marwar Supergroup of rocks (Virendra Kumar and Wadhawan, in
GEOSAS 2001).

Palaeogene and Neogene/Quaternary Aggradation Basins

It has been postulated that the NE–SW trending Aravalli hill ranges were rejuve-
nated as a horst bound by the Great Boundary Fault (GBF) in the east and the well
known Sardarshahar fault (west of Churu) and a series of westerly down-thrown step
faults called the Manpia Faults on the west, segmenting the Thar Desert in west-
ern Rajasthan into several Palaeogene–Neogene depressions or depocentres during
the that period (Ahmad and Ahmad 1980; Ahmad 1986). Based on detailed field
surveys, geological mapping of the Quaternary formations, their nature of surface
disposition and inferred sub-surface configuration in arid-semiarid western parts of



160 S. K. Wadhawan

India, it is feasible to delineate a few large and broadly linear Neogene sub-basins or
tectonic depressions filled-in with aggradational continental Quaternary sediments
and separated respectively by the denudational relief features. A series of north-
easterly trending linear stepped graben structures have been deciphered showing
westerly downthrown blocks respectively (Wadhawan 1991; Wadhawan et al. 1999).
It is observed that these structural depressions or the continental depocentres host
a succession of Quaternary valley fills comprising fluvio-lacustrine deposits and
overlying aeolian sands forming distinctive dune fields in the Thar Desert (Figs. 2
and 3). These Palaeogene/Neogene sub-basins include: the Bikaner–Churu–Gan-
ganagar sub-basin; part of the Ghaggar basin along the northern parts of Thar
desert; the Merta–Degana–Chhajoli (Jayal) sub-basin, on the eastern fringe of
Thar desert; the Shergarh–Dechu sub-basin in the central parts of Thar Desert; the
Shahgarh–Kishangarh sub-basin in Jaisalmer region, etc. (Fig. 2). It is also remark-
able that the core part of the different dune fields is largely confined to the Quater-
nary alluvial basin indicating availability of proximal source of sand for reworking
and dune construction. The Quaternary sedimentation history in each continental
sub-basin is unique, but broadly comparable and multicyclic and varying in degree
of development: starting with coarse colluvium/ill-sorted polymictic fluvial clastic
deposits, through playa/lacustrine deposits and culminating with aeolian deposits. It
is established that the fluvial and fluvio-lacustrine deposits form the base for aeolian
deposition and control the configuration and disposition of older aeolian deposits
(dune fields) in the Thar Desert (Wadhawan 2010). Large scale drainage disruption
in the Thar Desert is inferred either due to neotectonics or obstruction of rivers by
extensive dune fields driven by the southwest winds, for instance present day desic-
cated Ghaggar River along the northern periphery of the Thar Desert (Sundaram and
Rakshit 1994).

Palaeogene rocks in the Jaisalmer Basin of western India are represented by
sandstone–shale sequence of the Sanu Formation (Palaeocene). These are capped
at places by sand-clay/bauxitic clays and pisolitic laterite occurring as palaeosols.
These in turn are overlain by the fossiliferous limestone-bentonitic clays and fullers’
earth sequence of theKhuiala Formation (Lower Eocene) and the younger limestone-
shale succession of Bandah Formation (Lower to Middle Eocene) (Laul et al. 1984).
Calcretised gritty conglomerates, ill-sorted and indurate pebbly-gravelly, ferrugi-
nous sandy and clayey fluvial deposits in the area are categorised as the Shumar
Formation of Neogene (Plio-Pleistocene)/basal Quaternary age. Geological map-
ping of Palaeogene–Neogene formations in NW India have helped reconstruction
of the palaeo-geographic shore-line limits of the Tertiary sea (Pareek 1984). Such
inferred basement disposition ostensibly had a bearing on the source of evaporate
minerals and continuing salinity aspects of the present day inland lakes and playas in
the region. Successive deepening of the sedimentation basin is also inferred from the
geological logs prepared during the drilling probes for the Potash Mineral Investi-
gation by Geological Survey of India in NW India (Wadhawan and Virendra Kumar
1996).



Palaeogene–Neogene Tectonics and Continental Aggradational … 161

The Quaternary geological maps of the Jaisalmer and Bikaner areas represent
the core of Thar Desert in India. Major Quaternary morphostratigraphic units delin-
eated in the area include: the fluvial Shumar Formation, aeolian Shergarh Formation
(=Dawa Formation), Ramgarh Formation (fluvio-lacustrine/reworked aeolian) with
two Members: playa/inland fluvio-lacustrine facies and as reworked aeolian/fluvio-
aeolian sand sheet facies; the younger linear and transverse dune-forming aeolian-
deposits as Danana-Mayajlar Formation and the recently mobile spontaneous occur-
rence of active, simple and compound megabarchanoid dune sands of the Sam For-
mation (Quaternary Geological Atlas of India, GSI 2014).

TheShumar Formation occurs at the base of the continentalQuaternary succession
in the area and forms the aggraded and cemented/calcretised sandy plains or in-filled
depressions hosting younger fluvio-lacustrine and aeolian sedimentation units. It
has been divided into four members namely, delta at the base through gamma, beta
to alpha at the top and show variable thickness of development and considerable
lateral variations from pebbly sandstone to medium and coarse-grained poorly sorted
calcareous sandstones, calcretised pseudo-conglomerates, sandy loam and mottled
clays.

Older stabilized dunes-interdune complex designated as the Shergarh Formation
(=Dawa Formation) with type sections exposed in the central Thar Desert in India.
The dune relief in the Sam-Kinoi area varies from 18 to 27 m, exceptionally attain-
ing heights of 54 m above ground level. More than 0.5 km interdune spacings are
recorded in such large dunes. These are modified by superimposed younger genera-
tion aeolian accumulations and selective deflation. These stabilised dunes comprise
oxidised reddish brownpolymodalmedium tofine-grained sands extensively impreg-
nated with pedocalcic kankars. The well-sorted older dune sediments have a mean
grain size confined between 2.61 and 2.74 phi units and show positive skewness.
Luminescence chronology of these dunes indicated that the most dominant aeolian
accumulations peaked around 13–14 ka B.P. Ramgarh Formation comprises sand
sheets and inland lakes deposits of the clayey silt; playa evaporates and reworked
fluvio-aeolian deposits. Fine to coarse sand of quartz and reworked foraminifers and
limonite coated granules occur as about 1 m thick top layer as wind erosion lag
deposits. Up to 4 m thick fluvial deposits of cross-bedded gravely sands, pebble
clasts of grey and pink limestone and quartz occur underlying this unit. Basal unit is
up to 4 m thick massive and weekly-consolidated, greenish brown fine sand deposit
of well-sorted homogenized quartzose sands of fluvio-aeolian deposits. Intermittent
occurrences of thin laminae of silty clays indicate sheet wash and interludes of playa
environment of deposition. The Mitha Rann and Khara Rann in the Jaisalmer area
are the inland lacustrine basins that persisted as playas through Middle to Upper
Holocene.

Closely spaced linear and transverse dune deposits of younger aeolian episode are
grouped into the Dhanana–Myajlar Formation. They comprise the younger evolved
aeolian landforms or superimposed dunes complex. The Dhanana–Myajlar Forma-
tion is the aeolian coeval of the Ramgarh Formation in the area. These longitudinal
dunes trend along N 30°–33° E. They appear to have evolved through superimposed
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aggradation or carved out by the deflationary modifications, respectively. These
younger generation aeolian deposits comprise yellowish brown unimodal and
bimodal fine sands that are moderately sorted and positively skewed. Their mean
grain size varies from 2.51 to 2.91 phi units. Milder pedocalcic pedogenesis is
noticed in the form of calc-cemented sand as tiny kankar disseminations in these
massive deposits. During ground surveys andmapping of the area, several microliths,
leached bone fragments and potsherd were discovered occurring as residual lag
deposits on the deflated surfaces of these stabilised dunes. The microliths include
flakes, slender blades with cutting and indented edges, fluted cores, etc., representing
Mesolithic Culture (8000–7500 year B.C.) that flourished during the subhumid
interlude dominated by fluvio-lacustrine environment in the Thar Desert.

Sam Formation constitutes the presently mobile youngest aeolian deposits. Com-
mon landforms of these youngest active dune fields are the low clusters of barchans
in linear belts and the massive megabarchanoids, vegetation-induced aeolian sandy
deposits, shrub coppice and prograding sand sheet. Their dominant linear alignment
is alongNNE–SSWdirection. Themodal height of these barchans is 5.5m and ranges
between 3 and 9 m. Similarly the recent mobile dunes and active aeolian sediments
in the northern Thar Desert are classified into the Churu Formation.

A large variety of distinctive dune fields ranging from clustered parabolic to
transverse, linear, reticulate, star and barchanoid have been mapped across the vast
span of the Thar Desert. The characteristic aeolian landforms of the Thar Desert,
i.e., the clustered parabolic dunes constitute the present day active desert front that
experiences contemporary aeolian dynamism.These older stabilized dune formshave
been worked upon by winds episodically that resulted in producing several evolved
and superimposed complex dune forms. Morphostratigraphically, episodic nature of
multi-phase aeolian deposits are distinguished that rest disconformably over fluvio-
aeolian and calcretised colluvio-fluvial sedimentations units in the eastern parts and
over a thick pile of polycyclic fluvio-lacustrine sedimentation package in the northern
parts of the Thar.

Discussion and Conclusion

Thar Desert is one of the most important and unique geomorphic units in India and
covers Marwar Terrain in Rajasthan and Kutch region and adjoining plains of north
Gujarat. Palaeogene–Neogene tectonic domain in Thar has been subject to exten-
sional stress fields manifested in series of normal faults and graben/succession of
half grabens structure and step faults influenced architecture of continental sedimen-
tation basins. The Indus River appears to be entrenched such as the Ganges in the
Himalayan fore-deep region along its southwesterly extension into the Arabian Sea
(Radhakrishna and Merh 1999).

The sedimentation basin architecture andorigin ofTharDesert are intimately asso-
ciatedwith theCenozoic tectonics in the geological history of the Indian subcontinent
when India experienced the beginning of the India–Asia convergence (docking) and
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rise of the Himalaya. A major regression of similar magnitude occurred during lat-
est middle Eocene (41.3–38.0 Ma) that corresponds to global sea level fall. This
ostensibly marked the termination of foraminifer limestone formation in Jaisalmer
basin. As a sequel to the great mountain building activity shaping the Himalaya in the
northern leading edge, there occurred reactivation of Palaeogene lineaments, block
faulting and formation of pull-apart continental sedimentation basins and tilting of
blocks in north western parts India. Both tectonic and climatic causes are consid-
ered responsible for the aggradations of continental deposits in Thar Desert (DST
2002). It is interpreted that this regression was associated with the global cooling
during latest middle Eocene/late Eocene, possibly associated with the nucleation of
the Antarctica ice-sheets coupled with the uplift of the Himalaya.

The Paleogene sediments of Western India are well exposed in the Kachchh and
JaisalmerBasins and comprise of fossiliferous limestone sequences.Geologicalmap-
ping of Palaeogene–Neogene formations in NW India have helped reconstruction of
the palaeo-geographic shore-line limits of the Tertiary sea. Such inferred basement
disposition ostensibly had a bearing on the source of evaporate minerals and con-
tinuing salinity aspects of the present day inland lakes and playas in the region.
Successive deepening of the sedimentation basin is also inferred from the geologi-
cal logs prepared during the drilling probes for the Potash Mineral Investigation by
Geological Survey of India in NW India.

Palaeogene rocks in the Jaisalmer Basin of western India are represented by
sandstone-shale sequence of the Sanu Formation. These are capped at places by sand-
clay/bauxitic clays and pisolitic laterite. These in turn are overlain by the fossilifer-
ous limestone-bentonitic clays and fullers’ earth sequence of the Khuiala Formation
(Lower Eocene) and the younger limestone-shale succession of Bandah Formation
(Lower to Middle Eocene). Calcretised gritty conglomerates, ill-sorted and indurate
pebbly-gravelly, ferruginous sandy and clayey fluvial deposits in the area are cat-
egorised as the Shumar Formation of Neogene (Plio-Pleistocene)/basal Quaternary
age.

It has been inferred that theNE–SW trendingAravalli hill rangeswere rejuvenated
as a horst bounded by the Great Boundary Fault (GBF) in the east and well known
Sardarshahar Fault (west of Churu) and a series of westerly down-thrown step faults
(called Manpia Faults) on the west thus segmenting the Thar Desert in northwestern
Rajasthan into several Palaeogene–Neogene depressions or the depo-centers in-filled
with continental aggradational deposits of fluvio-lacustrine and aeolian origin. Based
on geological field surveys, interpretation of sub-surface data and dug-well inventory,
it has been feasible to delineate a series of linear stepped grabben structures hosting a
succession of Palaeogene–Neogene deposits separated respectively by denudational
relief features. Their stratigraphic succession is established and correlated to build-up
a model for improved geological understanding.

Strong monsoonal systems in Asia are believed to have originated between
25 and 22 million years (My) ago and are considered to be mainly driven by
Tibetan–Himalayan uplift (Awasthi and Ray 2015). It is envisaged that huge volume
of sediments supplied to the Himalayan fore-deep basin and also to the continen-
tal depocentres in the NW India during late Eocene–Oligocene and later periods
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were results of large scale weathering in the nascent Himalayas (cf. Awasthi and Ray
2015). Although climatic change is responsible for the aeolian episodes, field studies
and interpretation of subsurface geological data have now revealed that tectonically
active Paleogene–Neogene domain had influenced the successive burial of different
sedimentation units of fluvial/fluvio-lacustrine and aeolian generation particularly in
the northern and western parts of the Thar Desert. Isopach map of the sub-surface
Quaternary and Terrtiary formations and palaeo-basin configuration show that the
present day Ghagger basin in northern Rajasthan deepened to abnormal depth and
hosted a thick (over 350 m) pile of continental sediments in its northern and north-
western parts. Northerly flowing structurally controlled palaeo-drainage pattern for
the early Quaternary fluvial regime is deduced.

Considering presence of a network of intersecting NE–SW, NNW–SSE and N–S
tectonic lineaments (in decreasing order of dominance) and resultant pull-apart
basins, e.g., the Luni River basin (Ramasamy 1999; Bajpai et al. 2001) and collapse
structures created due to dissolution of subsurface strata of Hanseran Group [Mar-
war Supergroup] evaporites/halite beds, locales were provided for inland drainage
terminal sinks/sag ponds or playa depressions with persistent source of salinity. Ter-
tiary lignite depocentres also developed in similar isolated sag ponds in Rajasthan.
Further, it is reasonable to infer several NE–SW trending horst and graben struc-
tures within Thar Desert which controlled the configuration, spatial disposition and
nature of source proximal continental sedimentation basins and that provided scope
for intermittent reworking by fluvial and aeolian processes linked to dynamics of the
atmospheric monsoonal winds circulation pattern. Neogene/Quaternary sedimenta-
tion progressed in marginal fault troughs, grabens and lakes formed by disorgani-
zation and desiccation of rivers. It is remarkable that parabolic dunes—the most
dominant aeolian bedforms in the Thar Desert are observed to be confined broadly
to the fluvial sedimentation base that supported source proximal multiple events of
superimposed wind-borne deposition.

Besides, confirmed dislocations of Tertiary and overlying Quaternary strata in
Nagaur–Ganganagar and Jaisalmer sub-basins, abrupt truncation of dune fields sup-
port contention of neotectonic reactivation of Thar region (Wadhawan 1990). Evi-
dences confirm rejuvenation of pre-existing faults during Neogene times. Tectoni-
cally controlled Palaeogene and Neogene fluvial aggradation basins in Thar Desert
served favouable sites for aeolian reworking and formation of a variety of dunes
depending upon availability of sediments and wind intensity regimes during the
Quaternary climatic amelioration. Dunes in Thar were built during late Neogene
owing to spurts of intense aeolian activity separated by relative quiescence implying
landscape stability and soil formation. Neotectonically active zones in Rajasthan and
Kachchh further show focii of major geological events/tectonic movements that have
been observed to be shifting westwards at least since the Palaeogene times.
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Provenance of the Late Paleocene
Matanomadh Sandstones, Kachchh,
Western India
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Abstract The late Paleocene clastic member of the Matanomadh Formation (MF)
is an overall sandstone dominated succession wherein sub-ordinate proportion of
thinly-laminated silty-mudstones is found lying between the sandstone beds. Prove-
nance of these late Paleocene Matanomadh Sandstones (MS), Kachchh is not known
till date and the same has been determined based on petrography and heavy mineral
analysis supported by paleocurrent studies. These sandstones reveal an abundance of
sub-angular to rounded monocrystalline non-undulatory quartz; and polycrystalline
quartz, feldspar and rock fragments occur as minor constituents. These sandstones
are classified as quartzose arenite. The rock fragments in these sandstones are dom-
inated by mica-schist, slate, chert and limestones. Q-F-L and Qm-F-Lt diagrams
suggest margin of the craton interior to transitional continental stable craton prove-
nance for these sandstones. The paleocurrent measurements of the cross-bedded
sandstones suggest NW-SE-directed bipolar andWNW-directed unimodal paleocur-
rent patterns and suggest a marine-continental transition zone as depositional site for
these sandstones where sediments were contributed from both the shallow-marine
and continental sources. The heavy mineral assemblages of these sandstones show
sub-angular to rounded grains of magnetite, tourmaline, monazite, rutile, kyanite,
staurolite and hematite where magnetite is the dominant component; and hence sug-
gest that the heavy minerals might have been supplied from a basic igneous source,
low- to medium-grade metamorphic rocks and reworked sedimentary rocks.
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Introduction

Matanomadh Formation represents the lowermost lithostratigraphic unit of the Ter-
tiary succession of Kachchh and is assigned Paleocene age (Fig. 1). It has been sub-
divided into a basal lateritic member and an upper clastic member by Saxena (1975).
Matanomadh sandstones (MS) whose provenance determination has been attempted
in the present study, are exposed along Nakhatrana-Lakhpat road section (N 23° 32′
43′′ E 68° 57′ 04′′) and also in the badlands east of the Matanomadh village (N 23°
32′ 06′′ E 68° 58′ 16′′) in the Kachchh district, Gujarat. Wynne (1872) was the first
who studied these Paleocene rocks of Kachchh basin exposed around Matanomadh
village and classified them as Sub-Nummulitic Group. Thereafter, Biswas (1965)
and Biswas and Raju (1973) proposed a new Time-Stratigraphic classification for
the Tertiary sequences of Kachchh and modified it as Madh Series. Recently, Biswas
(1992) classified this succession as Matanomadh Formation (MF), after its type area
Matanomadh village which is situated at the north-western margin of the Kachchh
peninsula (Fig. 1). Lateritic member of the Matanomadh Formation is ~10 m thick
and consists of variety of light coloured calcareous and ferruginous mudstones. Lat-
erite and bauxite beds occur in between these mudstones. The clastic member is
comprised of a ~17 m thick succession of horizontally-bedded and cross-bedded
sandstones, including herringbone cross-bedding and silty-mudstones (Srivastava
and Singh 2017) (Fig. 2).

Provenance analysis includes all enquiries that would aid in reconstructing the
lithospheric history of the Earth (Basu 2003; Weltje and Eynatten 2004) and can be
performed with the help of detrital minerals, including heavy minerals supported by
paleocurrent analysis. Provenance studies of sedimentary rocks have chiefly taken
into account themineralogical and/or chemical composition of sandstones and shales
(Basu 1976; Dickinson and Suczek 1979; Dickinson et al. 1983; Singh 1996, 2013;
Singh et al. 2000; Srivastava and Pandey 2011; Jalal and Ghosh 2012). Provenance
study includes the distance and direction of transport, size and setting of the source
region, climate and relief in the source area and the specific types of source rocks
(Pettijohn et al. 1987). Additionally, heavyminerals have been utilized in provenance
studies by numerousworkers (e.g.Morton 1985; Basu andMolinaroli 1989; Nechaev
and Isphording 1993; Singh et al. 2004; Patra et al. 2014).

Although biostratigraphic aspects of the Paleogene succession in Kachchh are
well studied; its sedimentological aspects are least focused. Since little work has
been carried out on these sandstones and the determination of provenance for the
Matanomadh sandstones has not been attempted until now, authors aim to provide
an insight on its plausible provenance. Therefore, an attempt is being made here
to illustrate the plausible provenance using light and heavy minerals analysis, rock
fragments and paleocurrent analysis as the major tools.
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Fig. 1 Geological map showing Paleogene outcrops in the western Kachchh (after Biswas 1992).
Here Matanomadh Formation is shown in grey patches. Red circle represents the investigated area.
Inset: India in the outline map and arrow indicates the study area

Geological Background

Pericratonic Kachchh basin (KB), extended between latitudes 22° 30′ and 24° 30′N
and longitudes 68° and 72°E, evolved due to sequential rifting and repeated move-
ments in relation with the northward drift of Indian plate after the breakup of the
Gondwanaland during Late Triassic-Early Jurassic period (~200 ma) (Norton and
Sclater 1979; Biswas 1982, 1987). KB is bounded by the Nagar-Parkar fault in
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Fig. 2 Lithocolumn exhibiting vertical architecture of different lithofacies in the Paleocene suc-
cession of the Matanomadh Formation, Kachchh, including the late Paleocene sandstones of the
Matanomadh Clastic Member
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the North, Radhanpur-Barmer arch in the east and North Kathiawar fault towards
the south (Biswas 1982). The basin has extended far offshore into the Arabian Sea
in the west. It has preserved almost a complete sequence from middle-Jurassic to
Recent punctuated by several stratigraphic breaks between transgressive cycles. The
western marginal Kachchh basin constitutes one of the best developed, undisturbed
Mesozoic-Cenozoic sequences in India and provides the repository of geological
records related to the Gondwanaland fragmentation (Biswas 2005).

The Tertiary sequences are developed in the western part of this basin and exposed
mainly in the narrow coastal plains of KachchhMainland and in the peripheral plains
of otherMesozoic highlands (Biswas 1992). A complete section of the late Paleocene
Matanomadh Clastic Member is outcropped in the western part of the Kachchh
Mainland bordering Deccan Basalt (Fig. 1). The ~27 m thick MF represents the
oldest lithostratigraphic unit of the Tertiary sequence of Kachchh (Fig. 1) and has
been divided into a basal Lateritic Member and an upper Clastic Member (Saxena
1975). The basal lateriticmember is about 10.0m thick and is composed of calcareous
mudstone, ferruginous mudstone, bauxite and laterite deposits. Clastic member in
the upper part is comprised of ~17 m thick succession of sandstones and sandstone-
mudstone alternation that are exposed in the eastern side of the Matanomadh village.
The MF is overlain by Eocene lignite-containing Naredi Formation in the western
part of the study area (Biswas 1992) where these lignite deposits are being mined
by Gujarat Mineral and Development Corporation at Matanomadh and Panandhro
localities.

Methodology

Individual facies were identified in the field and underlying and overlying facies were
demarcated considering their sedimentologic attributes such as lithology, texture and
sedimentary structures and based on that a detailed lithologwas prepared. Fresh sam-
ples of these late Paleocene sandstones were collected from exposed sections. A total
of 12 representative samples were used for thin section preparation for petrographic
study out of the total 65 collected samples. Modal analysis was carried out with the
help of Image Analysis Software attached with Leica Polarizing Microscope. Heavy
minerals were separated from the sandstones using heavy liquid separation method.
The sandstone was disaggregated by gently grinding it and the disaggregated fraction
was sieved to obtain a size range of 0.0125–0.088 mm. The sieved fraction was then
poured in the heavy liquid (Bromoform in the present study having Sp. Gr. 2.89)
containing separating funnel. The liquid was stirred with a glass rod for proper mix-
ing and heavy minerals were allowed to settle at the bottom of the funnel for nearly
20 min. This process was repeated three-times and subsequently, the settled heavy
minerals were collected on a filter paper and dried at room temperature. Later on,
they were washed with acetone to remove coatings. The heavy minerals were then
mounted on glass slides with canada balsam. For paleocurrent measurements, the
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azimuthal data and angle of inclination were recorded for each cross-bed at different
locations along and across facies boundaries.

Results

Matanomadh sandstone occurs as planar-bedded, cross-bedded, and ripple cross-
laminated and laminated sandstones. Petrography, heavy mineral and paleocurrent
analysis of these sandstones was performed and the results are described as under.

Petrography

Matanomadh sandstones are hard and compact and show unimodal to bimodal distri-
bution of the particles (Figs. 3 and 4). Two varieties of the sandstones can be identified
as coarse- to medium-grained sandstone and medium- to fine-grained sandstone on
the basis of the particle size variation. Coarse to medium framework grains form the
thickly- and thinly-bedded sandstones, and cross-bedded sandstones, while medium
to fine framework grains form the ripple cross-laminated and laminated sandstones.
The coarse- to medium-grained sandstone is moderately sorted and the grains are
sub-rounded to rounded, show bimodal distribution (Fig. 3a). A few well rounded
grains are also found. In them, quartz forms 74–75% where monocrystalline quartz
(~67%) dominates over polycrystalline (8%) and non-undulatory quartz grains dom-
inate over undulatory quartz. Polycrystalline quartz show interlocking texture. Low
amount of feldspar (11–12%) is present in these sandstones (Table 1), which are
mainly microcline and plagioclase (Fig. 3b, c), including the weathered varieties
(Fig. 3d). Rock fragments form a little proportion (2–3%) in the coarse- to medium-
grained sandstone. Cement (12–13%), is mainly calcareous and ferruginous in this
variety of sandstones. These can be classified as quartzose arenites (following Okada
1971).

In the medium- to fine-grained sandstone, framework grains are mainly sub-
angular to sub-rounded (Fig. 4).Quartz forms 76–78%wheremonocrystalline variety
(~74%) dominates over the polycrystalline (~4%) in them (Table 1) (Fig. 4a). Mica
is mainly muscovite in these sandstones (Fig. 4b–d). The rock-fragments of mica-
schist and chert are observed in addition to few limestone fragments (Fig. 4c, d).
Feldspar forms about 5% and rock fragments form 6–8% in this type of sandstone.
Cementing material (11–12%) is mainly carbonate and iron-oxide. In some samples
only carbonate cement is present, while in others, iron oxide coatings are present over
the particles and cement is mainly carbonate. In those sandstones, which contain both
the types of cement the carbonate cement looks earlier precipitated than ferruginous
cement. The sandstones composition suggests that they belong to quartzose arenite
types (after Okada 1971).
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Fig. 3 Photomicrographs of coarse- to medium-grained sandstones. a Photomicrograph show-
ing bimodal nature of grain size distribution and dominantly possessing monocrystalline quartz
(MQ), polycrystalline quartz (PQ), undulatory quartz (Un), feldspar (F) and chert (Ch) cemented
by ferruginous cement (fc). b Photomicrograph dominantly possessing sub-angular to sub-rounded
monocrystalline quartz (MQ), polycrystalline quartz (PQ), undulatory quartz (Un), feldspar (F)
cemented by ferruginous cement (fc). c Photomicrograph possessing sub-rounded monocrystalline
quartz (MQ), polycrystalline quartz (PQ), undulatory quartz (Un) and feldspar (F) cemented by
calcareous cement (cc). d Photomicrograph possessing sub-rounded monocrystalline quartz (MQ),
polycrystalline quartz (PQ), undulatory quartz (Un) and weathered feldspar (F) cemented by cal-
careous cement (cc)

InQ-F-L diagram (afterDickinson et al. 1983), the composition of these sandstone
units occupy the position within the craton interior (Fig. 5a) (Table 2). Further,
they occupy craton interior to transitional continental field in the Qm-F-Lt diagram
following Dickinson et al. (1983) (Table 3) (Fig. 5b).
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Fig. 4 Photomicrographs of medium- to fine-grained sandstones. a Photomicrograph shows sub-
angular to sub-rounded monocrystalline quartz (MQ), polycrystalline quartz (PQ), feldspar (F) and
rock fragments phyllite (RF)/chert (Ch) cemented by both calcareous and ferruginous cement. b
Photomicrograph shows sub-angular to sub-rounded monocrystalline quartz (MQ), polycrystalline
quartz (PQ), undulatory quartz (Un), feldspar (F) and rock fragments (RF)/calcite (Cl) andmuscovite
(Ms) cemented by both calcareous and ferruginous cement. c Photomicrograph shows sub-angular
to sub-rounded monocrystalline quartz (MQ), polycrystalline quartz (PQ), undulatory quartz (Un),
feldspar (F) and rock fragments (RF) and muscovite (Ms) cemented by both calcareous and ferrugi-
nous cement. d Photomicrograph shows sub-angular to sub-rounded monocrystalline quartz (MQ),
polycrystalline quartz (PQ), undulatory quartz (Un), feldspar (F) and rock fragments (RF)/chert
(Ch) and muscovite (Ms) cemented by both calcareous and ferruginous cement

Heavy Minerals

In these sandstones, both opaque and non-opaque heavy mineral varieties occur
where opaque variety dominates over non-opaque. In particular, the proportion of
opaque heavy minerals (magnetite) increases up-section and the proportions of non-
opaque heavy minerals decrease up-section. Most of the studied heavy minerals are
sub-rounded in outline but some of them show sub-angular and rounded forms also.
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Fig. 5 a Q-F-L diagram for the late Paleocene Matanomadh Sandstones, Kachchh basin (after
Dickinson et al. 1983). Here n represents the number of samples. b Qm-F-Lt diagram for the late
PaleoceneMatanomadh Sandstones, Kachchh basin (after Dickinson et al. 1983). Here n represents
the number of samples

In order of abundance, the heavy minerals suite is comprised of magnetite > tourma-
line > kyanite > rutile > monazite > staurolite > hematite (Table 4).

Magnetite ranges from 55 to 66% with sub-angular to sub-rounded nature of the
grain corners. It is identified by its black colour and high relief (Fig. 6). Tourmaline
occurs in a range of 9–15%and shows sub-rounded to rounded grain boundaries. Two
varieties of tourmaline are identified; they are yellow to brown and blue tourmaline. It
is identified by its pleochroism, high refractive index, imperfect cleavage and parallel
extinction (Fig. 6). Kyanite forms 6–11% of the heavy minerals with sub-rounded
shape. It is recognized by its bladed form, colour, oblique extinction and two-sets of
mutually perpendicular cleavage pattern (Fig. 6). Rutile occurs in a range of 6–12%
with sub-rounded to rounded grain boundaries. It is identified by its characteristic
deep red interference colour and pleochroism (Fig. 6). Monazite forming 6–10%
of the heavy minerals shows prismatic crystal outline with sub-rounded to rounded
grain shape and recognized by its greenish black colour and shining surface (Fig. 6).
Staurolite forms 2–4% of the bulk heavyminerals. It shows yellowish colour, angular
shape, pleochroism, high refractive index, imperfect cleavage, low birefringence
and parallel extinction. It contains numerous inclusions of quartz (Fig. 6). Hematite
ranges from 1 to 3% and it shows angular to sub-angular nature of corners. It is
identified by its light reddish grain boundaries (Fig. 6).

Dispersal Pattern

Sediments dispersal pattern is mainly controlled by flow directions and hydrody-
namic conditions of the depositional processes and depositional milieu. Flow direc-
tions in sedimentary successions are commonly associated with primary sedimentary
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Fig. 6 Heavy minerals. a, b Staurolite; c–e Rutile; f–j Monazite; k–n Kyanite; o Hematite; p, q
Magnetite; r–w Tourmaline

structures (Selley 1980; Pettijohn 1984) and these structures are the only direct source
for paleocurrent measurements. The dispersal/paleocurrent pattern measured from
the foresets of the Matanomadh cross-bedded sandstones decipher NW-SE, NW and
WNW-ESE directed bipolar and unidirectional paleocurrent patterns. The paleocur-
rent reversal is the characteristic feature of the lower part of the succession which
is dominated by sigmoidal- and herringbone cross-beds (Fig. 7a). The NW-directed
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Fig. 7 Paleocurrent
diagrams. a Paleocurrent
diagram for the herringbone-
and sigmoidal cross-bedded
sandstones. Note here the
bipolar dispersal pattern
from the tide-dominated
lower part of the succession.
b Paleocurrent diagram for
the tangential cross-bedded
sandstones. c Paleocurrent
diagram for the tabular
cross-bedded sandstones.
Note here the unidirectional
dispersal pattern from the
fluvial-dominated upper part
of the Matanomadh
sandstone succession

unidirectional paleocurrent (Fig. 7b) and the WNW-dominated bipolar paleocurrent
pattern are observed in the upper part of the succession containing tangential and
tabular cross-beds (Fig. 7c).
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Discussion

Provenance for the MS is discussed based on the light minerals, rock fragments
and heavy minerals analysis. The occurrence of quartz having monocrystalline non-
undulatory nature generally points towards sources such as volcanic and hypabasal
igneous rocks, fine-grained schists, phyllite and slates, and pre-existing sedimentary
rocks (e.g. Blatt et al. 1980). The polycrystalline quartz with interlocking texture is
derived from a metamorphic rock, most likely quartzite (e.g. Blatt et al. 1980). Chert
in these rocks would have been derived from sedimentary rocks. Plagioclase variety
of feldspar might have derived from a basaltic source. The limestone fragments
suggest their derivation from a sedimentary source. The metamorphic rocks of the
Aravalli hills exposed in the NE must have acted as the chief sources for the MS.
Deccan Trap forms the basement of the MF in the Kachchh region. In the Kachchh
region, Deccan trap is defined as the outpouring of tholeiitic basaltic lava that overlies
the Mesozoic sedimentary rocks of marine and fluvio-deltaic origin (Merh 1995).
This must have contributed part of the sediments to the MS.

Kachchh Basin is an east-west oriented pericratonic rift basin at the western-
most periphery of the Indian subcontinent. The Kachchh Rift evolved within the
Mid-Proterozoic Aravalli-Delhi fold belt by reactivation of pre-existing faults along
NE-SW trend of Delhi fold belt that swings to E-W in Kachchh region (Biswas
2005).Thus, these faults mainly controlled the basin configuration during Late Tri-
assic/Early Jurassic period and the uplifted blocks of the faults containing Mesozoic
sequences were weathered and eroded before depositing in the grabens over Dec-
can basalt and Mesozoic succession during Paleocene epoch (Fig. 8). Most of the
quartzose sands are derived from stable craton having low relief while presence of
high proportion of lithic fragment suggests upliftment at the source area (Dickinson
et al. 1983). The craton interior field in the Q-F-L diagram and craton interior to
transitional continental field in the Qm-F-Lt plot occupied by these sandstone units
suggest a stable craton or passive margin provenance of a rift basin that had supplied
sediments to the depositional basin.

Although it is considered that a part of the heavy minerals is altered during dia-
genesis (e.g. Garzanti and Vezzoli 2003), the abundance of magnetite among the
heavy minerals in the studied sandstones suggests that it was derived from a basic
igneous rock such as Deccan basalt. Brown tourmaline indicates low rank metamor-
phic source, while blue tourmaline indicates a pegmatitic source (Pettijohn 1984).
The dominance of the brown tourmaline in the MS suggests its derivation from a
low-grade metamorphic rock. The occurrence of kyanite in larger proportion and
staurolite in smaller proportion suggest that they were contributed from a low- to
medium-grade metamorphic source. Rounded grains of rutile, tourmaline and mon-
azite in the studied sandstones were likely derived either from an acid igneous rock
or from reworking of the sediments (Pettijohn 1984).

Bipolar paleocurrent patterns are observed in the depositional basins that are
influenced by flood- and ebb-tidal currents in a tide-dominated estuarine or deltaic
condition (Selley 1980). According to Dalrymple et al. (1992), an estuary is the
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Fig. 8 Cartoon exhibiting vertical distribution of MS lithounits within the late Paleocene half-
graven of Kachchh, Gujarat, India and their possible provenance

seaward portion of a drowned valley system which receives sediments from both
fluvial and marine sources and which contains facies influenced by marine agents
such as tides, waves and fluvial processes. Estuaries may be either tide-dominated
or wave-dominated or river-dominated. The bipolar paleocurrent (in parts) suggests
that these sandstones were deposited in a wave- and tide-dominated estuary that was
later dominated by the unimodal paleocurrent of the fluvial process. The paleocurrent
direction for the uppermost tabular cross-bedded sandstone varies slightly than the
underlying tangential cross-bedded sandstone, but both are NW-directed. Thus, it is
presumed that theNWdirectedflowwas a result of the river current andSEdominated
flowwas a result of advancing tides. The overall dominance of theWNWpaleocurrent
direction in theMatanomadh sandstone succession suggests that themain provenance
was in the SE direction of the depositional basin. Thus, the Precambrianmetamorphic
rocks of the basement along with Deccan basalt and Mesozoic sedimentary rocks of
the Kachchh basin might have acted as the source during sedimentation of the MS.

Conclusions

Petrographic study of the Matanomadh sandstones shows abundance of sub-angular
to rounded monocrystalline non-undulatory quartz in association with minor propor-
tion of feldspar and lithic fragments that classifies them as quartzose arenite variety.
The Q-F-L and Qm-F-Lt plots suggest that the sandstones represent craton interior
provenance. Abundance of opaque variety of heavy mineral (e.g. magnetite) over the
non-opaque tourmaline, kyanite, rutile, monazite and staurolite is observed in these
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sandstones. The paleocurrents have been bipolar in the lower tide-dominated part
of the MS to unidirectional in the upper river-dominated part. The main directions
of flow have been NW-SE and WNW, respectively. Petrography and heavy minerals
studies along with paleocurrents study suggest that the provenance was dominated
by low- to medium-grade metamorphic rocks of the basement i.e. Aravalli metamor-
phic rocks, volcanic rocks of basaltic composition such as Deccan Trap and older
Mesozoic successions exposed in the southeast of the depositional basin.
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Palynofacies Study of Lakadong
Limestone (Late Paleocene) of
Mawsynram Area, Shillong Plateau,
India: Implications for Sequence
Stratigraphy

Bikash Gogoi, Vandana Prasad, Rahul Garg and Indrabir Singh

Abstract Subtle paleoenvironmental fluctuations are difficult to detect in sedimen-
tologically uniform carbonate rocks, however, study of relative increase and decrease
of marine and terrestrial organic matter content provides a useful tool for decipher-
ing the deepening and shallowing cycles in these successions. Lakadong Limestone
Member in Khasi and Jaintia hills in South Shillong Plateau is late Paleocene in
age and forms part of the carbonate platform. It represents deposition during High
Stand Systems Tract. In the present study palynofacies analysis were carried out in
two Lakadong Limestone sections i.e., Dohsniang (Kurtinsiang) (KPL) and Lait-
mowksing (LTL) from Khasi hills for detailed palaeoenvironmental interpretations,
for the correlation and for the identification of higher order sea level cycles. Both the
sections have been dated as late Paleocene based on the characteristic larger benthic
foraminiferal assemblages belonging to the Tethyan Shallow Benthic Zones SBZ
3. For palynofacies analysis various type of organic matter were characterized and
counted. The study shows cyclicity pattern in the organic matter types in both the
sections which may be linked to the sea level changes of higher order cycles. Based
on the variation in the organic matter content both the sections were subdivided
into distinct palynofacies units. Each palynofacies unitsstart with high proportion of
black oxidized palynomaceral along with dinoflagellate cysts representing a trans-
gressive surface, followed by high quantity of degraded brown and cuticle organic
matter from terrestrial source. Each palynofacies unit thus represent progradational
deposit of High Stand Systems Tract starting with the deepening facies followed by
shallowing facies ofmore terrestrial origin. Four progradational sequences have been
identified in the KPL and three in the LTL section that can be correlated. Palynofacies

B. Gogoi
Department of Geological Sciences, Gauhati University, Guwahati 781014, India

V. Prasad (B) · R. Garg
Birbal Sahni Institute of Palaeosciences, Lucknow 226007, India
e-mail: prasad.van@gmail.com

I. Singh
17-11-2C Metro City Nishat Ganj, Lucknow 226007, India

© Springer International Publishing AG, part of Springer Nature 2018
S. Bajpai et al. (eds.), The Indian Paleogene, Society of Earth Scientists Series,
https://doi.org/10.1007/978-3-319-77443-5_7

187

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-77443-5_7&domain=pdf


188 B. Gogoi et al.

study thus offers a logical approach for the study of uniform carbonate facies. Based
on the present palynofacies criteria it has been possible to identify higher order sea
level cycles in the Lakadong Limestone exposed at KPL and LTL section in Khasi
Hills.

Keywords Sedimentary organic matter · Biostratigraphy
Carbonate facies · Palaeoenvironment · High Stand Systems Tract (HST)

Introduction

Palynofacies study helps in the determination of relative increase and decrease of
marine and terrestrial organic matter content in the sedimentary successions. It can
be an important tool for the documentation of depositional cycles in shallow marine
settings to detect subtle change in paleoenvironmetal conditions (Tappan 1980; Parry
et al. 1981; Tyson 1987;Gorin and Steffen 1991;Steffen andGorin 1993; Tyson 1993,
1995, 1996; Bombardiere andGorin 1998). High rate of supply, rapid burial and good
preservation of organic matter makes conditions ideal for application of palynofacies
for the recognition of depositional cycles in fine grained shallow marine silciclastic
sedimentary sequences (Muller 1959; Combaz 1964; Combaz 1980; Pratt 1984;
Tissot and Welte 1984; Evitt 1985). Identification of shallowing-deepening cycles
for deciphering paleoenvironmental changes is often difficult in carbonate rocks.
The study of relative increase and decrease of marine and terrestrial organic matter
content provides a useful tool for deciphering the deepening and shallowing cycles in
carbonate rocks.Generally, palynofacies analysis in carbonate rocks is difficult due to
low terrigenous sediment supply from land, slow rate of sedimentation and oxidizing
environment of deposition. However, during last decade, palynofacies studies have
been increasingly applied for the interpretation of paleoenvironment and relative sea
level fluctuations in carbonate successions (Gorin andSteffen 1991;Steffen andGorin
1993; Bombardiere andGorin 1998; Strohmenger and Strasser 1993; Pittet andGorin
1997). In early Palaeogene successions, availability of larger benthic foraminiferal
biozonation scheme is helpful in determination of a geochronological framework
and identification of eustatic sea level cycles.

Early Paleogene is an important time interval due to the incidence of large scale
global warming known as the Paleocene Eocene Thermal Maxima and other hyper-
thermal events (Aubry 1998; Jaramillo and Oboh-Ikuenobe 1999; Dickens 2000;
Prasad et al. 2006; Prasad et al. 2013). Most of the studies were carried out in mid
and high latitudinal areas (Aubry 1998; Dickens 2000; Jaramillo and Oboh-Ikuenobe
1999), while only few studies are available from low latitudinal regions (Prasad et al.
2006; Prasad et al. 2013). The Indian subcontinent was in equatorial zone during
early Paleogene (Kiessling et al. 2003). Shillong plateau, which is the northeastern
extension of Indian Craton, shows well developed early Paleogene succession on
the southern fringes of Garo-Khasi-Jaintia hills. The succession consists of alternat-
ing units of carbonates and terrigenous clastics deposited in tropical climate. Late
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Paleocene-early Eocene time period has been considered a significant due to its
association with Paleocene Eocene Thermal Maxima (PETM). In order to correctly
assess the warming event it is important to understand the pre-PETM environmen-
tal conditions. Deposits of Lakadong Limestone Member in East Khasi Hills being
late Paleocene in age can provide environmental conditions of pre-PETM. Lakadong
Limestone Member is a deposit of High Stand System Tract of 3rd order sea level
cycles (Garg and Ateequzzaman 2000; Prasad et al. 2006). In the present study,
palynofacies criteria have been applied on the Lakadong Limestone Member (late
Thanetian) of KPL and LTL sections of the Mawsynram area, Khasi Hills of Megha-
laya to decipher 4th–5th order sea level cycles. The purpose of the present paper is to
provide information on the palaeoclimate and palaeoenvironmental changes during
late Thanetian, before the onset of the PETM at Palaeocene-Eocene boundary.

Regional Geology

In early Cretaceous separation of India from Antractica-Australia assembly started
and formation of east coast of India was initiated. The separation of India took place
first in the SW part and gradually moved to the north eastern part. The northeastern
part of India was the last to separate from the Antarctica–Australia assembly. In
this process a number of sedimentary basins were formed on the east coast of India,
namely Cauvary, Pennar, Krishna–Godavari, Mahanadi, Bengal and Assam-Arakan
Basin (Singh and Swamy 2006).

Meghalaya is a part of the Assam–Arakan Basin. The Cretaceous-Tertiary suc-
cession in Meghalaya is well developed along the southern margin of the Shillong
Plateau and succession is exposed in Garo–Khasi–Jaintia hills. The sedimentation in
the Meghalaya started in Latest Campanian–Maastrichtian in a rift basin depositing
mainly conglomerates and sandstone of Khasi Group. In Palaeocene time the basin
became passive margin and sedimentation on inner shelf started with the deposition
of fine grained terrigenous clastics and carbonate buildups. The clastic sedimentation
with intermittent thin limestone units were deposited in the inner neritic shallow shelf
in this region, continued during early Paleocene (Garg andAteequzzaman2000). Late
Palaeocene witnessed a change in the sedimentation pattern due to reduced supply
of terrigenous clastic material from land leading to carbonate sedimentation (Jauhri
1988, 1994; Garg and Ateequzzaman 2000; Jauhri and Agawal 2001; Gogoi 2006).
Development of a large carbonate ramp during late Thanetian resulted in the depo-
sition of foraminifera rich carbonate succession, the Lakadong Limestone Member.
The larger benthic foraminifera of Lakadong Limestone (Jauhri and Agawal 2001;
Gogoi et al. 2009) is well correlated with the Tethyan foraminifera zone of late
Thanetian sequence (Serra-Kiel et al. 1998). The deposition of the carbonate ramp
was short lived during late Thanetian and the region was converted into shallow
marine terrigenous clastic depositional area which continued during early Eocene.
Thus, the Paleocene-Eocene transition in this region witnessed change in the deposi-
tional regime from carbonate to coal bearing terrigenous clastic deposit. In an earlier
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study palynofacies analysis were carried out on the early Paleogene succession of
Khasi Hills for the identification of 3rd order Systems Tracts and the establishment
of sequence stratigraphic framework (Garg and Ateequzzaman 2000; Prasad et al.
2006).

Age of Lakadong Limestone Member in Mawsynram

The Lakadong Limestone Member of Mawsynram yields a good assemblage of
larger benthic foraminifera of prominent Tethyan markers. Based on the occurrences
of FAD and LAD of foraminiferal species Miscellanea juliettae, Miscellanea yvet-
tae, Miscellanea miscella Gogoi et al. (2009) documented two Taxon Range Zones
viz.Miscellanea juliettae Taxon Range Zone andMiscellanea miscella Taxon Range
Zone, and one Concurrent Range Zone (Miscellanea juliettae–Miscellanea miscella
Concurrent Range Zone) in the KPL and LTL section of Mawsynram. The biozones
established were correlated with the standard Shallow Benthic Zone (SBZ) of Serra-
Kiel et al. (1998). Both the biozones Miscellanea juliettae Taxon Range Zone and
Miscellanea miscella Taxon Range Zone are placed within the SBZ 3 Zone (Early
Thanetian) of Serra-Kiel et al. (1998) which is equivalent to Early P4 Zone of plank-
tonic foraminifera (Berggren et al. 1995) of Thanetian age.

Study Area

Lithostratigraphy and geological framework of Cretaceous-Paleogene successions in
Mawsynram and Cherrapunji areas of the Khasi Hills, south of the Shillong Plateau
have been studied by severalworkers (Evans 1932;Medlicott 1869;Wilson andMetre
1953; Nagappa 1959; Biswas 1962; Mathur and Evans 1964; Murthy et al. 1976;
Dasgupta 1977; Raja Rao 1981; Garg and Ateequzzaman 2000; Gogoi et al. 2009).
The Therria Formation represented by thick terrigenous clastic sediments is overlain
by thick carbonate succession of the Sylhet Limestone Formation. The carbonate
succession ranges in age from late Palaeocene to middle Eocene and includes three
foraminifera rich limestone units interbedded with thick sandstone-shales units.

The present study is confined to the Palaeocene succession in Mawsynram area
(Fig. 1). It is represented by calcareous and sandy shales and sandstone followed
by carbonate and recognized into distinct stratigraphic units (Table 1). In the region,
only the LakadongLimestoneMember and the overlying Lakadong SandstoneMem-
ber of the Sylhet Limestone Formation are exposed (Figs. 2 and 3). The Lakadong
Limestone Member constitutes the basal most lithounit of Sylhet Limestone Forma-
tion and it normally occupies the top of the hillocks in the area. It is light grey to
dark grey coloured compact limestone with rich assemblages of foraminifera and
calcareous algae. The Lakadong Sandstone Member overlies the Lakadong Lime-
stone Member and constitutes the upper most lithounit of the succession exposed
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Fig. 1 Location map of the study area

Table 1 Stratigraphic succession observed in Mawsynram area

Formation Member Lithology Age

Sylhet Limestone Lakadong Sandstone Fine to medium
grained coal bearing
sandstone

Thanetian (Late
Palaeocene)

Lakadong Limestone Dark grey to gray
coloured hard and
compact algal and
foram rich limestone

Thanetian (Late
Palaeocene)

Therria – Hard, compact, coarse
to medium grained
sandstone

Selandian (Early
Palaeocene)

Langpar – Calcareous, fine
shales with occasional
carbonaceous bands
with foraminifera

Late Maastrichtian to
Danian (Early
Palaeocene)

Mahadek – Medium to very
coarse grained
massive sandstone

Late Campanian to
Late Maestrichtian
(Late Cretaceous)

in the study area. Towards basinal side, the thickness of the limestone recorded in
KPL section is 15.08 m, while in the landward LTL section it is only 9 m thick. The
thickness variations of clastic and carbonate facies thought to be related to change
in depositional basin configuration of this tectonically undisturbed part.
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Fig. 2 Geological map of the study area in Mawsynram, East Khasi Hills, Meghalaya (after Gogoi
et al. 2009)

Materials and Methods

Selective representative limestone samples and interbedded shale samples were col-
lected for the present study. Samples were thoroughly cleaned by washing under
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Fig. 3 Schematic cross-section of the study area along NNE-SSW (after Gogoi et al. 2009)

distilled water. Because of the low organic matter content in the carbonate rocks,
100 g of sample were used for maceration. Utmost care was taken to avoid con-
tamination during crushing of limestone samples. Samples were prepared by using
standard palynological techniques by digesting all carbonate and silicatemineral con-
stituentswere digested using hydrochloric and hydrofluoric acids. Oxidation by nitric
acid was done to clean the organic matter. Two sets of slides were prepared; for the
study of non-oxidized organic matter analysis one set of slides was prepared prior to
HNO3 treatment. For the study of dinoflagellate cysts and other palynomorphs, slides
were prepared after proper oxidization of the maceral with dilute HNO3. The charc-
terization of various organic matter types in the palynofacies analysis was carried
out under transmitted light microscopy using Olympus Vanox and BHSmicroscopes
with nomarski interference contrast and auto photo attachment. A minimum of 200
counts were made on each slide.

Palynofacies Analysis

The organicmatter in the sedimentary succession is composed of both autochthonous
and allochthonous particles (Hart 1986; Pocock SAJ 1982). The distribution of
allochthonous particles in marine depositional setting is controlled by the physico-
chemical processes and is a function of distance from the terrestrial source to that of
the burial site (Whitaker 1984; Tyson 1987; Huc 1988; Loutit et al. 1988). More the
distance from the source, lesser is the concentration of allochthonous organic matter
in sediment and vice versa (Boulter and Riddick 1986; Tyson 1987; Bustin 1988; Van
der Zwan 1990). On the other hand, the distribution of autochthonous organic mat-
ter constituents (dinoflagellate cyst, zooplanktons, marine algae etc.) is controlled
by the biological and ecological conditions of the environment i.e. restricted/open
marine setting, salinity, pH, nutrient supply and fluctuation in the runoff (Downie
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et al. 1971; Harland 1973; Whitaker 1984; Summerhayes 1987; Tyson 1987). The
relative proportion of allochthonous and autochthonous organic matter in a verti-
cal succession can be utilized to interpret the proximal-distal/shallowing–deepening
trend in shallow marine carbonate facies.

There are four different types of palynofacies constituents:

Equidimensional Black oxidized debris: It is also known as inertinite in coal petrol-
ogy.Completely carbonized or semi-carbonized terrigenous particles, appear as black
opaque organic particle with partial or no preserved cellular structure derived prior
or during the deposition. These macerals are derived initially from the hard part
tissue of plants i.e. lignified vascular tissue. They appear as sharp angular blade or
lath shaped particle sometimes irregular in outline and are formed due to mechanical
degradation under high oxidizing conditions or due to forest fire (Whitaker 1984;
Tyson 1987). They appear as highly sorted in open marine environment and appear
as equidimensional. These particles are chemically stable maceral and can withstand
high energy oxidizing environment of deposition (Bryant et al. 1988; van der Zwan
1990). Due to their carbonized nature, they are highly buoyant like mica flakes hence
can be transported to more distal open marine environment of deposition (Stanley
1986). The openmarine carbonate system usually shows enrichment of these organic
matter assemblage hence in sequence stratigraphic setup dominance of equidimen-
sional black oxidized debris helps in the detection of maximum flooding/flooding
events (Gorin and Steffen 1991).

Browndegraded debris: Dark brown and chocolate coloured plant debris with some
cellular structures. They are mostly derived from land plant but due to the fungal
and bacterial degradation their cellular structures are obscured. Abundance of brown
degraded debris in a shallow marine facies is indicative of proximity of terrestrial
source. Fluctuations in the quantity of brown degraded debris are a useful criteria for
the interpretation of proximal setting in sea level fluctuation studies. In a carbonate
system this group of maceral is interpreted as being transported in a large quantity
during maximum progradation phases of High Stand Systems Tracts (Gorin and
Steffen 1991).

Structured organic debris: Plant debris with well preserved cellular structure. They
are rather rare in carbonate facies due to impoverished clastic supply and oxidizing
environmental condition. If present, indicate proximity to the terrestrial source and
reducing environmental condition of deposition (Tyson 1987). They include both
Woody debris and Cuticle.

Amorphous organic debris: The autochthonous organic matter constituents in a
shallow marine environment is represented by amorphous organic matter (derived
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upon degradation of marine planktons). Amorphous organic matter being highly
susceptible to oxidation, does not get preserved in carbonate rocks due to oxidizing
environment of deposition of carbonate facies. If present suggest reducing environ-
mental condition of deposition (Tyson 1987).

Dinofalgellate cysts: The dinocyst diversity and abundance indicate more open
marine conditions (Wall 1965; Tissot 1979; Smelror and Leereveld 1989; Habib
and Miller 1989; Van Pelt and Habib 1988). Under moderate oxidizing depositional
environment dinoflagellate cysts get preserved and provide useful information on
paleoenvironment.

Pollen and Spore: Pollen and spore derived from the terrestrial source usually pro-
vide information of climatic condition on land. In shallow marine depositional envi-
ronment, pollen and spore help in defining the proximal-distal trend. However, pollen
spore are found in very low numbers in carbonate rocks due to low terrigenous supply
and oxidizing environment of deposition.

Palynofacies Analysis of Lakadong Limestone

On the basis of relative distribution of various palynofacies constituents, 7 Palyno-
Units were identified in the KPL and LTL section, each indicating specific paleoen-
vironmental conditions.

Palyno-unit A:

1.5 m thick limestone from the base in LTL section and 3.6 m in KPL section is char-
acterised by decreasing trend of Black oxidized debris represented by 16–0.09%
in LTL and 38.00–3.52% in KPL section. On the other hand, the Brown degraded
debris showed increasing trend, quantitatively represented by 67.05–85.13% in LTL
section and 19.89–68.93% in KPL section. (Table 2; Figs. 4 and 5). The percentage
of Woody debris varies between 1.64 and 8.02% in LTL section and 1.01–11.01%
in KPL section. Cuticle varied between 1.03 and 1.86% in LTL and 0.08–11.86%
in KPL section. While pollen and spore are virtually absent in the KPL section,
in the LTL section they are represented by 0.07–0.68% Spinizonocolpites pollen
only. The marine constituents, Dinoflagellate and Acritarchs, were present in low
to moderate numbers. The lowest value of Dinoflagellates, 0.04%, was observed in
the LTL section and highest 20.09% in the KPL section. Dinoflagellates are rep-
resented by Apectodinium sp., Operculodinium sp., O. major, O. centrocurpum,
O. israelianum, Adnatosphaeridiumvittatum, A. multispinozum, Spiniferites sp. and
Acritarchs speciesCyclopsiella sp. andCollumosphaerafruticosa. Foraminiferal test
lining showed a gradually decreasing trend towards the top of the palyno-unit in both
the sections. Lowest value of fungal elements represented by 0.03% was observed
in LTL section, the highest of 4.83% in the KPL section.
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Fig. 4 Palynofacies and benthic foraminiferal distribution pattern in Dohsniang (Kurtinsiang) peak
section (KPL) of Lakadong Limestone

Depositional environment: The dominance of Brown degraded terrestrial debris
along with increase in cuticle and woody debris revealed a proximal depositional
environment for the plyno-unit A.

Palyno-unit B:

This unit is represented by 0.6 m thick limestone sequence in LTL and 1.8 m in
KPL section. The unit is characterized by gradual upward increasing trend of Black
oxidized debris represented by 0.09–23.68% in LTL section and 3.52–39.06% in
KPL section. However, the Brown degraded debris showed decreasing trend, quan-
titatively represented by 81.01–54.83% in LTL section and 60.05–26.08% in KPL
section (Table 2; Figs. 4 and 5). The percentage ofWoody debris ranged between 0.98
and 1.01%was observed in LTL section and 2.09–5.50% in KPL section. Percentage
of Cuticle varied between 1.32 and 4.89% in LTL section and 1.56–6.06% in KPL
section, however, pollen and spore 0.12–0.71% were present in LTL section. The
Dinoflagellate constituted up to 5.24% in LTL section and 17.63% in KPL section.
Dinoflagellates was represented by Operculodiniumisraelianum, O. centrocurpum,
O. major, Adnatosphaeridium sp., Achomosphaera sp., Achomosphaeraalcicornu,
Apectodinium sp.,Cordosphaeridium sp.,Hystrichokolpoma sp., Polysphaeridiums-
butile and Acritarch species Collumosphaera sp., and Cyclopsiellavieta.
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Fig. 5 Palynofacies and benthic foraminiferal distribution pattern in Laitmawksing peak section
(LTL) of Lakadong Limestone

Depositional environment: The considerable increased percentage of black oxi-
dized debris along with increased marine component dinocyst and acritarchs and
decreased terrestrial component indicated relatively distal environment of deposi-
tion of palyno-unit B in carbonate platform.

Palyno-unit C:

This unit in LTL section consisted of 3.2 m thick limestone sequence in LTL section
and 0.8 m in KPL section. The unit was represented by decreasing upward trend
of Black oxidized debris within the range of 33.61–4.32% in LTL section and
39.06–15.04% in KPL section. The Brown degraded debris showed increasing trend
represented by 23.64–79.03% in LTL section and 26.08–67.85% in KPL section
(Table 2; Figs. 4 and 5). Percentage of Woody debris ranged between 0.89 and
6.73% in LTL section and 1.69–4.14% in KPL section. However, Cuticle percentage
varied between 0.07 and 4.93% in LTL section and 1.56–3.02% in KPL section.
Pollen and spore were observed in very few numbers in both the section. Among
the marine constituent Dinoflagellatecyst varied between 15.29 and 1.03% in LTL
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section and 11.62–2.61% in KPL section, Acritarch ranged 11.72–1.31% in LTL
section and 8.87–2.29% in KPL section, and both showed decreasing upward trend.
The Foraminiferal test lining also showed decrease in numbers in both the section.

Depositional environment: Decreased values of dinocyst, acritrachs and black oxi-
dized debris and the dominance of terrestrial brown degraded terrestrial debris along
with increased percentage of cuticle and woody debris revealed a relatively proximal
environment of deposition for the plyno-unit C on the carbonate platform.

Palyno-unit D:

This unit consisted of 0.3 m limestone sequence in LTL and 0.7 m in KPL section.
The unit was characterized by gradual upward increasing trend of Black oxidized
debris 4.32–12.19% in LTL section and 15.04–32.37% in KPL section. The Brown
degraded debris showed decreasing trend represented by 79–61% in LTL section and
67.85–47.61% in KPL section (Table 2; Figs. 4 and 5). However, the percentage of
Woody debris showed decreasing trend in both the sections. Percentage of Cuticle
varied between 1.74 and 4.01% in LTL section and 1.93–2.98% inKPL section, how-
ever pollen and spore are observed only in LTL section ranged from 0.74 to 0.89%.
The marine constituent Dinoflagellate, Acritarchs showed increased percentage in
both the sections within the range of 2.07–5.08%. Dinoflagellatecyst are represented
byOperculodiniumisraelianum,O. centrocurpum, Spiniferites sp. and fewAcritarch
species Cyclopsiella sp. and Collumosphera sp.

Depositional environment: The considerable increased percentage of black oxi-
dized debris and marine component dinocyst and decreased terrestrial component
suggest a distal environment of deposition for palyno-unit D on carbonate platform.

Palyno-unit E:

Palyno-unit E in LTL section comprised of 2.4 m limestone sequence in LTL section
and 3.7 m in KPL section. The unit was represented by decreasing upward trend of
Black oxidized debris, varied within the range of 12.19–3.38% in LTL section and
32.37–8.12% inKPL section. The Brown degraded debris showed increasing upward
trend 8.86–85.06% in KPL section and in LTL section between 61.32 and 83.15%
(Table 2; Figs. 4 and5). PercentageofWoodydebris 0.06–6.29%wasobserved inLTL
section and0.78–9.91% inKPLsection.Cuticle percentagevaried from0.00 to7.89%
in LTL section and 0.24–6.01% in KPL section. Pollen and spore was present only
in LTL section within the percentage range of 0.14–7.42%. However, considerable
decreased dinocyst and acritarchs numbers were observed in this palyno-unit.

Depositional environment: Decreased values of dinocyst, acritrachs and Black oxi-
dized debris and the dominance of terrestrial brown degraded debris along with
increased structured and woody debris suggested a relatively proximal environment
of deposition for the plyno-unit E on carbonate platform.
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Palyno-unit F:

This unit was represented by of a 0.5 m thick limestone sequence in LTL section
and 0.78 m thick limestone in KPL section. The unit was characterized by gradual
upward increasing trend of Black oxidized debris representing by 3.38–15.65% in
LTL section and 8.12–39.43% in KPL section. The Brown degraded debris with
strong increasing upward trend inKPL section constituted about 34.71–85.06%while
in LTL section it showed a mild increasing trend 58.53–64.37% (Table 2; Figs. 4 and
5). The woody debris varied between the range of 3.51–1.07% in LTL section and
4.61–0.78% in KPL section. Percentage of Cuticle varied from 12.29 to 7.89% in
LTL section and 12.93–0.36% in KPL section, however pollen and spore was present
only in LTL section 0.92%. The marine constituent Dinoflagellate, Acritarchs and
Foraminifera was also observed in both the sections within the ranges of 0.31–7.46,
0.25–7.95 and 0.25–1.02% respectively. Dinoflagellate cysts were represented by
Operculodiniumisraelianum, O. centrocurpum, Spiniferites sp.

Depositional environment: The increased percentage of black oxidized debris and
marine component dinocyst and decreased terrestrial component suggested a rela-
tively distal environment of deposition for palyno-unit F on carbonate platform.

Palyno-unit G:

Palyno-unit G in LTL section is made up of 0.5 m thick limestone sequence in LTL
section and3.7m thick sequence inKPLsection.Theunitwas representedbydecreas-
ing upward trend of black oxidized debris, which varied from 15.65 to 11.82% in
LTL section and 39.4–36.75% in KPL section. The Brown degraded debris showed
increasing upward trend and is quantitatively represented by 64.37–74.03% in LTL
section and 34.71–75.13% in KPL section (Table 2; Figs. 4 and 5). Percentage of
Woodydebris rangedbetween3.51 and4.81% inLTLsection and1.57–6.24% inKPL
section.However, Cuticle varied from2.83 to 3.05% inLTL section and 6.09–18.12%
in KPL section. Pollen and spore was observed only in LTL section within the per-
centage range of 0.82–0.97%. Among the marine constituent’s dinoflagellate cysts,
were observed in both the sections within the ranges of 6.19–0.09% and were repre-
sented by Spiniferites sp.

Depositional environment: Decreased values of dinocyst, acritrachs and Black oxi-
dized debris and the dominance of terrestrial Brown degraded debris along with
increased structured organic debris and woody debris suggested relatively proximal
environment of deposition for the palyno-unit G on carbonate platform.

The seven Palyno-units of KPL and LTL sections have been grouped into four
palynofacies sequences, each corresponds to a parasequence. Each Parasequence
starts with a Transgressive Systems Tract represented by distal depositional envi-
ronment on the carbonate platform setting followed by progradational succession in
a proximal depositional setting with more terrestrial influx defining the High Stand
Systems Tract. First Parasequence is incomplete and consist of progradational suc-
cession only.
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Discussion

Indian peninsula during its northward journey towards Eurasia at the time of
Paleocene-Eocene transition was located in the equatorial zone. Shallowmarine sed-
iments were deposited on the southern flanks of Shillong Plateau during early Paleo-
gene (Evans 1932). Sylhet Limestone Formation comprises three limestonemembers
and two sandstone members of Paleogene age in south Shillong Plateau. It represents
several phases of emergence and collapse of carbonate platform conditions and bears
the imprint of fluctuating paleoenvironmental conditions and consequent changes in
the biota. Lakadong Limestone Member represents the first (oldest) carbonate plat-
form condition after the deposition of sandy facies of Therria Formation (Danian-
Selandian) in this region. The overall basin development was tectonically controlled
that resulted in reduced terrestrial supply in the basin. Warm and humid tropical cli-
mate of late Paleocene resulted in the extensive deposition of a typical foraminifera
reef building carbonate platform rich in calcareous algae and benthic foraminifera
in Lakadong Limestone Member. Large population of benthic foraminifera namely
glomalveolinids, miscellanids and ranikothalids characteristic of SBZ-3 of shallow
benthic zone is suggestive of early Thanetian age for Lakadong Limestone Member.
Total age span of Lakadong Limestone Member is 56.2–58.23 Ma that also indi-
cates development of carbonate platform condition for a brief time interval (Gogoi
et al. 2009). The earlier studies have shown that overlying sandy facies of Sylhet
Limestone Formation is Lakadong Sandstone Member, which is a coastal facies.
Paleocene Eocene Thermal Maxima (PETM), a globally warm climatic event, has
been identified in Lakadong Sandstone Member of Mawsynram Area of Shillong
Plateau (Prasad et al. 2006). High terrestrial discharge associated with the excessive
warm climatic condition of PETM together with tectonic movement resulted in the
collapse of carbonate ramp setting and development of large scale coastal marshes.
This suggested predominance of role of climatic conditions in the development of
coastal facies in the carbonate ramp in Shillong Plateau. Hence, understanding of
the changing palaeoenvironmental conditions during the deposition of Lakadong
Limestone Member is significant and can provide clues regarding climatic fluctua-
tion during late Paleocene. Palynofacies can also help in the correlation of coeval
carbonate succession, deposited indifferent parts of the carbonate platform (distal-
proximal). KPL section has been deposited in a distal platform setting with respect
to LTL sections and with the help of palynofacies study both can be correlated.
In an earlier study Sequence Stratigraphic framework was provided to Palaeocene-
Eocene succession of East Khasi Hills and Lakadong Limestone Member represent
the High Stand Systems Tract. In this study palynofacies analysis further divided
the High Stand Systems Tract of 3rd order sea level cycles of Lakadong Lime-
stone Member into small scale cycles representing 4th–5th order cycles. The present
study demonstrates the high potential of palynofacies analysis in high-resolution
stratigraphy and correlation of carbonate succession of late Paleocene. Palynofacies
analysis may serve as a correlation tool, since palynomorphs and phytoclasts behave
like sediment particles regarding their transport, sorting, distribution and deposition
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and can complement sedimentological studies. Therefore, palynofacies analysis pro-
vides essential information on sedimentary processes and palaeoenvironment within
a depositional system. The detailed study of lateral palynofacies patterns enabled
a better understanding and precise genetic interpretation of the eustatic history of
the carbonate system of Lakadong Limestone. These studies can also help in differ-
entiating the global-eustatic and regional tectonic/climatically controlled sea level
fluctuations.
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Nannofossil Imprints of Paleogene
Transgressive Events in India

Jyotsana Rai

Abstract The transition from super hot Cretaceous to transient Palaeogene climate
and therein reasonably fast northward movement of island Indian plate from equato-
rial tropics to buckling with Tibetan plate after subducting and engulfing the Tethys
Sea and giving rise to lofty Himalayas, affected the oceanic current patterns and both
fanua and flora drastically. These rapid tectonic processes from 65 to 50 Ma led to
eustatic rise and in its response imprints could be seen in several areas of the Indian
subcontinent. The calcareous nannoplankton being marine, tiny (2–10 µm), photo-
synthetic golden brown algae, and its fossil counterpart the calcareous nannofossils
having fast turnover rate during Cenozoic are ideal as biostratigraphic markers. The
Palaeogene statotypes are demarcated in Europe and biostratigraphy on varied biotic
parameters were erected there but these can be well utilized in India also wherever
the imprints of Palaeogene transgressions on Indian craton are recorded. After the
global catastrophic late Cretaceous mass extinction around 65 Ma in which over
ninetynine percent nannofossil species after gigantism died out. With the dawn of
Palaeocene, new Lilliputian species evolved which grew exponentially in number
and size during early Palaeogene. Massive release of greenhouse gasses at the begin-
ning of the PETM (Paleocene Eocene Thermal Maximum) occurred and the end of
PETM was met with a very large sequestration of carbon dioxide in the form of
methane clathrate, coal, and crude oil which reduced the atmospheric carbon diox-
ide. The beginning of the Eocene Epoch indicated increased amount of oxygen in
the earth’s atmosphere. At the end of the Middle Eocene Climatic Optimum, cooling
and the carbon dioxide drawdown continued through the late Eocene and into the
Eocene-Oligocene transition.
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Introduction

Calcareous nannofossils contain the coccoliths, coccospheres of Haptophyte algae
(Prymnesiophyceae) and associated nannoliths (enigmatic or unknown provenance).
First observedunder lightmicroscopewith all othermicrofossils byEhrenberg (1854)
and sketches of both coccolith and discoaster are produced in a celebrated publica-
tion “Mikrogeologie” and considered them of inorganic origin. It was Sorby (1861)
who realized its organic origin by observing the curvature in coccoliths under the
microscope. They are phytoplanktons (photosynthesizing autotrophs) called coccol-
ithophores, which form coccospheres. They biomineralise calcite mineral and after
death of population and its postmortem disintegration their calcareous skeletons are
found in marine deposits in astronomical numbers. A coccolith is a single disc-like
plate which is secreted by the algal organism and held in combination with many
more, at times morphologically different shape plates are attached by an organic
coating to form the coccosphere. Coccoliths usually get disaggregated and separated
upon death and are preserved in the sedimentary record. Coccospheres are usually
formed of single type of coccoliths but coccospheres with two or more morpholog-
ically different coccoliths are not uncommon as seen in living and culture studies.
There are two forms of coccoliths, the holococcoliths which are formed from calcite
crystals of identical shape and dimension and the heterococcoliths with modified
calcite shape. Calcareous nannofossils are believed to be fossil counterpart of liv-
ing nannoplanktons and are known to have its ancestry from Late Triassic onwards
(Moshkovitz 1982; Jafar 1983b). They are exclusively marine, minute (2–10 µm)
phytoplanktons, which are responsible for oxygen budget in the atmosphere and have
short stratigraphic and wide palaeogeographic ranges, which make them ideal for
biostratigraphy. Quick recovery, acid free preparation technique and precise dating
potential, especially in Palaeogene, make them ideal for dating marine sediments
under petroleum exploration. The immense biostratigraphic potential of calcareous
nannofossils was first realized in two papers of Martini and Bramlette (1963) and
Bramlette and Martini (1964). The nannofossil zonal scheme provided by Martini
(1971) for land sections and by Okada and Bukry (1980) for open ocean deposits are
widely used for Palaeogene biostratigragy the world over (Fig. 1).

Chronological Palaeogene Nannofossil Records from India: The earliest
calcareous nannofossils in India were recorded from Maastrichtian-Danian sedi-
ments of Khasi Hills, northeast India employing light microscopy by Narasimhan
(1963). Rajagopalan (1964) indicated presence of nannofossil bearing horizon from
Maastrichtian-Danian age sediments of Pondicherry but provided no illustration.
Pant andMamgain (1969) recorded nannofossils from several Palaeogene sections of
Kachchh and illustrated sketches. Mathur (1972) illustrated nannofossils under light
microscope of Palaeocene-lower Eocene age fromKuarBetHill Point. Bhandari et al.
(1977) reported Palaeocene-Eocene age nannofossils employing light microscopy
from Ladakh molasse near Kargil area. Nannofossils are also recorded from Upper
Cretaceous and Lower Tertiary sediments of Pondicherry, South India (Narasimhan
1975); upper LateMaastrichtian/Danian age Subathu of Dharampur-SimlaHimalaya
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Fig. 1 Palaeogene nannofossil records of both surface (green dots) and subsurface (red dots) occur-
rences plotted on map of India (color figure online)

(Jafar andKapoor 1988); K/T boundary species with Early Eocene nannofossils from
Subathu Formation, Shimla Himalaya (Jafar and Singh 1992); Paleocene age Dis-
coaster multiradiatus Zone from bore hole of Gopurapuram village northeast of
Vriddhachalam area (Jain et al. 1983). Nannofossils are also recorded from Early
Ypresian age Jafarabad Formation and Lutetian to Priabonian age Belapur Formation
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of Bombay Offshore Basin (Saxena 1996). K/Pg boundary, Paleocene to Oligocene
age nannofossil zones were identified from Amalpuram, Palakollu wells of Krishna-
Godavari Basin (Saxena 2000). PreciseLPTMboundarywasmarked inVastan lignite
mine of Cambay basin by nannofossil assemblage substantiated by negative carbon
isotope excursion (Samanta et al. 2013a, b). Middle Eocene age nannofossil assem-
blages were known from several sections of Kachchh (Pant and Mamgain 1969);
Sanu (Paleocene) and Bandah (Bartonian) of Kharatar well-C of Jaisalmer (Singh
1998b), Bartonian age nannofossils from Tanot well-1 (Rai et al. 2014). Rakhadi
river section (Singh et al. 1980); Berwali stream (Singh 1998a, b); Lakhpat (Singh
1978a, 1980a); Vinjhan-Miani (Singh 1978b, 1980b); Abhay-1 well of Bengal Basin
(Singh 1983); RatoNadi section (Singh and Singh 1987, 1991); Rachelo nala section
(Rai 1988, 1997, 2007; Jafar and Rai 1994); Babia Hill (Singh and Singh 1986).
Nannofossils were encountered from Late Eocene of Broach, (Pant and Mathur
1973); Tarakeshwar area (Singh et al. 1978), near Surat outcrops in Ghalha Nala
and Kusumbha Tal area yielded Late Eocene (Priabonian) nannofossils belonging to
NP 20 Zone of Martini (1971); ?Lutetian–Priabonian age nannofossils from subsur-
face Tarapur Shale of DumasWell-A, Cambay Basin, Surat (Singh and Uddin 2000);
Late Eocene of Kopili Formation of Mikir Hills, Assam (Singh 1979); Priabonain
age nannofossils from surface sediments representing Rewak Formation exposed in
South Garo Hills (Singh et al. 2016); Meghalaya; Lutetian to Priabonian age nanno-
fossils from Chanasma wells of Mehsana block, Cambay Basin (Singh et al. 1998),
The early Eocence nannofossils with reworked Cretaceous–Paleocene taxa are also
seen near Basgo section, Ladakh area and the work is in progress. Table 1 indicates
the illustrated nannofossil taxa employing light microscopy (LM) and under scan-
ning electron microscopy (SEM). A synthesis of published nannofossil data from
various basins of India is compiled in Figs. 2 and 3.

Uninterrupted Late Eocene (Priabonian) and Early Oligocene (Rupelian) sedi-
ments with boundary of Priabonain/Rupelian could be found in Meghalaya, north-
eastern India as Priabonian is hiatus on land in Kachchh and Jaisalmer areas of
western India. Rupelian age nannofossils were found in Kachchh, Maniara Fort
section, in type section of Maniara Fort Formation (Rai 2002).

Conclusions

Occurrence of nannofossils in Palaeogene sedimentary successions from several sed-
imentary basins of India is though sparse, but is now well documented. Available
dataset demonstrates that nannofossil evidence has proved to be crucial for pre-
cise demarcation of time boundaries viz. Maastrichtian-Danian, Danian-Selandian,
Thanetian-Ypresian, Ypresian-Lutetian, Lutetian-Bartonian, Bartonian-Priabonian).
Although nannofossils are most widely recorded from Eocene contributing to bios-
tratigraphic precision in various basins, there is strong potential of generating nanno-
fossil data also from Danian (early Paleocene), PETM, and Oligocene sequences for
detailed biostratigraphic studies as evidenced by the few known records. The proven
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Fig. 2 Palaeocene nannofossil records from various basins of India plotted on nannofossil zones
of various scheme
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Fig. 3 Eocene-oligocene nannofossil records from various basins of India plotted on nannofossil
zones of various scheme
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hydrocarbon potential of Palaeogene sequences in western, northeastern and south-
eastern sectors of India has provided the impetus for detailed nannofossil studies in
view of their value in biostratigraphic precision, especially due to refined bioevents
identified by FAD’s (First Appearance datum) and LAD’S (Last Appearance datum)
of several species which are cosmopolitan markers. In view of the expanded hydro-
carbon exploration activities in Indian Subcontinent, biostratigraphic potential of
nannofossils is going to be immensely useful in future. Utility of calcareous nanno-
fossils in macro-fossil devoid thick Tethyan successions dating has strong potential
both for biostratigraphy and for precise timing of India–Asia collision.More detailed
and systematic studies of nannofossils are required from Palaeogene successions of
various basins of Indian subcontinent with known nannofossil productivity.
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Implication of the Occurrence of Minute
Biotic Bodies on the Conjoined
Nummulites aff. Nummulites acutus
(Sowerby) in the subsurface Eocene of
Cauvery Basin, India

Sanjay Kumar Mukhopadhyay

Abstract Conjoined and aberrant adult tests of Nummulites aff. Nummulites acutus
(Sowerby) from the subsurface Middle Eocene sediments south of Pondicherry in
Cauvery Basin, India show in situ development of minute biotic bodies as rare and
unusual incidence. Since usual test of extinct as well as modern nummulitids hardly
shows such development, these bodies are studied to know their nature of relation
with the host adults. Being indigenous, intact and regular in shape, these forms have
diverse mode of occurrence from cluster of embryo-like tiny featureless globular
bodies to discrete lenticular bodies with granulated surface and as minute lenticular
juvenile tests. The rudimentary and pre-mature morphologic features in the juve-
niles appear septal filaments, involute spiral sheets, planispiral whorls, quadrangular
to rectangular chambers, narrow alar prolongations, marginal cord and septa, whose
mature counterparts typify adult Nummulites; therefore, these are the offspring of
the adult Nummulites aff. acutus. Their remarkably small size compared to the size
of the host test indicates young age whereas their embedded emplacement at cru-
cial morphologic parts of the host test points for a genetic relationship between
adult and ‘baby’. With minute initial chamber (<1 µm) followed by several whorls,
the offspring resemble microspheric juveniles. Their persistent development only in
the ‘conjoined’ and ‘separated’ adult tests indicate that test abnormality is linked
with their origin. An entity of conjoined Nummulites aff. Nummulites acutus com-
prises two megalospheric adult individuals of the species with fused apertures, and
resembles ‘plastogamy’ in modern smaller benthic foraminifera, in which two adult
individuals of a species unite for sexual reproduction. As in the latter, the two indi-
viduals in conjoined Nummulites are fused using secreted lime deposit as adhesive.
Since modern larger foraminifera including nummulitids are not known to develop
conjoined entity, taking a cue from plastogamy, sexual reproduction is held responsi-
ble for the development of the offspring in Nummulites aff. Nummulites acutus. This
is supported by the occurrence of minute bodies inside the cavities, pores, and fused
apertures and along the fused contact zone, and resemblance of a studied offspring
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with the offspring of modern nummulitids. The study indicates that sexual reproduc-
tion by adult individuals was prevalent in extinctNummulites aff.Nummulites acutus
to generate microspheric forms. This particular life cycle is supposed to prevail in
the species towards the end of the Middle Eocene.

Keywords Nummulites aff. N. acutus · Adult-Juvenile association
Conjoined tests · Sexual reproduction ·Middle eocene · Cauvery basin

Introduction

Nummulites Lamarck is the oldest known and most widely studied foraminifera
that reached acme in population growth and species diversity during Eocene. Being
the most characteristic marine organism of the Paleogene Tethys, the correspond-
ing deposits are commonly referred to as ‘nummulitique’. As index and marker
for the Paleogene succession, its species are immensely useful for biostratigraphy,
basin correlation, age assignment and paleoenvironmental reconstruction of the host
successions. Nevertheless, the mechanism of proliferation of the species of extinct
Nummulites is not well known. The cause of development of dimorphic forms in
Nummulites (de La Harpe 1879; Munier-Chalmas 1880) was explained by Lister
(1895) as alternations of sexual and asexual reproduction after taking a cue from
the life cycle of modern Polystomella crispa. Laboratory culture on some mod-
ern species of nummulitids including Paleonummulites venosus provided crucial
information on their life cycle and reproduction that were useful to conjecture life-
cycle of their extinct counterparts. Röttger et al. (1998) during laboratory culture of
a reproductive agamont of modern Nummulites venosus (=Paleonummulites veno-
sus) documented release of flagellated gametes with mean diameter of proloculus
113 µm, which corresponds with a megalosphere of megalospheric form. This find
endorsed Lister’s (1895) view on the life cycle of Nummulites. Laboratory culture
also recorded gametogamy type of sexual reproduction in the megalospheric Het-
erostegina depressa (Biekart et al. 1985; Röttger et al. 1986, 1989); however, mega-
lospheric adult individuals of Paleonummulites venosus have not been cultured for
adult sexual reproduction. Gamontogamy (=plastogamy of Schaudinn 1895) type of
sexual reproduction with attendant offspring as occurring in some modern smaller
benthic foraminifera (Myers 1938; cf. Preobrazhenskaya and Tarasova 2004) has
not been recorded in modern nummulitids. Mukhopadhyay (2003a, 2007 and 2016)
from the Middle Eocene of Cambay basin, Gujarat recovered plastogamic paired
tests and conjoined tests in some extinct species including Nummulites boninensis,
Nummulites aff. Nummulites discorbinus, Nummulites cf. Nummulites pengaroen-
sis, Nummulites fabianii and Rotalia cf. Rotalia trochidiformis; and in Pellatispira
aff. crassicolumnata; the assemblage included juvenile bearing broken test of Num-
mulites cf. Nummulites beaumonti. Since no indigenous juvenile was found attached
on the entire adult megalospheric conjoined tests of an extinct species ofNummulites,
the adult-juvenile association in the broken test may be conjectured as plastogamic
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reproduction. In the absence of conjoined entity in modern larger foraminifera, fos-
silized conjoined tests are of growing interest to know the cause of conjugation
and to understand the nature of association between the adults and juveniles in the
anomalous tests.

Nummulites aff. Nummulites acutus as ‘conjoined tests’ of two adult individuals
and as ‘separated’ individuals that once remained in conjoined state is recovered from
the Middle Eocene drill core sediments of the Cauvery Basin, India (Fig. 1) as rare
occurrence and conjoined specimens attachedwithminute bodies are reported for the
first time. Present study aims toknow thenature and causeof relation existingbetween
the attached adults, between the adults and associated tiny forms, and among the tiny
forms. The relationship between adult and tiny forms, lacking in a normal adult test of
Nummulites, was explored in a fossilized conjoined entity and presumed as ‘parent-
daughter association’ (Mukhopadhyay 2015). The incidence of sexual reproduction
in extinct Nummulites is explained in detail in this paper with the documentation of
juvenile-adult association in conjoined tests and ‘separated’ tests of Nummulites aff.
Nummulites acutus.

The studied core contains other larger foraminifera including Nummulites sp.,
Assilina sp., Operculina sp., Discocyclina javana and Pellatispira sp. (Plate 1,
Fig. 8), of which the co-occurrence of Assilina and Pellatispira assigns middle
Eocene (Bartonian Stage) age to the host sediments since similar association con-
tainsOrbulinoides beckmanni in the Amravati Formation in BharuchDistrict Gujarat
(Mukhopadhyay 2003b) and the middle Eocene occurrence of Pellatispira was
reported by many (Romero et al. 1999; Hottinger et al. 2001; and references in
Mukhopadhyay, 2003b). Furon and Lemoine (1939) and Furon (1941) recognized
Nummulites bearing middle Eocene rocks in the subsurface of Pondicherry area at
about 150 m depth and Govindan (2013) from the boreholes of southern Cauvery
basin reported Assilina-Alveolina bearing larger foraminiferal assemblage contain-
ing Nummulites vrendenbergi, which according to Racey (1995) is a synonym of
Nummulites acutus. This concept is largely followed in this study while noting that
the studied specimens bear close affinity with N. acutus. The studied conjoined
tests and separated tests of Nummulites aff. N. acutus are distinct from previously
reported fused and paired tests of Nummulites (Mukhopadhyay 2003a, 2007) in the
clear development of fused apertures and in the occurrence of attached minute forms
that are construed as juveniles. Nummulites aff. N. acutus is described to adjudge
the role of morphologic features of its anomalous forms in the development of the
attached juvenile forms.

Material and Methods

A drill core sample about 10 cm long and 8 cm diameter from the Paleogene strata of
the Cauvery Basin was received from the Director, Palaeontology Division-II, Geo-
logical Survey of India, Kolkata to investigate foraminiferal remains and to determine
the age of the sediments though the stratigraphic level, depth of occurrence and pre-
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Fig. 1 Geology of a part of the Cauvery Basin, SW of Pondicherry (Geological map after Krishnan
1960). The drill core is from an uncertain location between Cuddalore and Vriddhachalam

cise location of the studied core were not known. The core comprising grey shaly
marl with 1.5 cm thick yellowish marlstone intercalation towards the upper part was
longitudinally halved with core splitter; one half was used for this study and the
counterpart was preserved for reference. About 200 g shaly marl was processed for
planktonic foraminifera following standard procedure (Mukhopadhyay 2003a, b) and
about 0.3 g finest residues (250+ mesh with 63 µm pore size) were scanned under
stereo zoom binocular microscope; however, age diagnostic forms were not found.
Coarse residues (80+ mesh) contain resembling larger foraminifera as occurring in
the thin sections of the core, and these include Nummulites aff. Nummulites acu-
tus, Nummulites sp., Assilina sp., Pellatispira sp., Operculina sp. and Discocyclina
javana. The species named first outnumbered the rest; it was picked to include 23
megalospheric adult tests, 6 distorted tests and 8 conjoined tests. The latter two cate-
gories are anomalous tests that contain tiny biotic forms on the test surfaces as well as
inside some crucial morphologic features. The anomalous tests were studied exter-
nally and no attempt was made to study the internal morphology through oriented
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�Plate 1 Nummulites sp. aff.Nummulites acutus (Sowerby) asmegalospheric (A-form) normal tests,
and juvenile bearing anomalous conjoined tests and ‘separated’ tests; 1 mm bar in 1 is valid for 2–8,
11, 11b; 1 mm bar in 10 is valid for 9 and 11; 50 µm bar in 9a stands for 9b, 10a, 10b, and bar is
500µm in 11a. Allmeasurements are approximate. 1. External polar view showing spirally arranged
granules and radial septal filaments; 2, 5. Axial sections showing bilaterally symmetric test with
acute periphery, large proloculus and often with flat polar knob; 3. Strongly asymmetric aberrant
test with highly convex right side showing smooth wide polar area, surface cavities and asymmetric
aperture; 4. External peripheral view showing swerved peripheral margin; 6. Near equatorial section
showing about five whorls in tight spire; 7. Nummulites sp. showing rare development of basal
peripheral aperture in external polar view; 8. Thin section containing pre-mature Nummulites sp.
(belonging to ? Nummulites sp.aff. N . acutus) in association with Pellatispira sp., both in oblique
sections; 9. Strongly asymmetric aberrant ‘separated test’ showing thick sinuous marginal cord,
surface undulations and tiny juveniles within cavities and on test surface; weakly convex left side
showing surface features in strong relief whereas strongly convex right side with broad polar area
is near smooth containing patchy lime deposit; 9a. oblique section of a juvenile occurring inside
the apertural cavity of the adult test, whose enlarged view (9b) shows massive, globular central
(early) part followed by incomplete whorls containing numerous quadrangular to sub rectangular
chambers, near straight septa that are often distally weakly curved and granulated surface; 9c.
lenticular granulated juvenile with tapered peripheral margin occupying a chamber cavity of the
adult test; 10. Unequally biconvex ‘separated’ test containing large sub circular aperture bordered by
thick rim; left side showing smooth surface (spiral sheet) with faint radial septal filaments; broadly
convex bio-eroded right side containing discontinuous septal filaments, few subdued granules,
patchy lime deposit and numerous juveniles; 10a. part of aperture showing filamental lime deposit
containing thread-like ultra structure and a globular body at the north central margin; 10b. part of the
right surface showing numerous juveniles in oblique and tangential sections; a sub circular juvenile
contains minute initial chamber followed by 2–3 whorls, faint septa and quadrangular chambers;
11. Oblique view of conjoined tests showing fused apertures, wedge shaped contact zone containing
fused septal filament, and numerous irregular cavities on the surface; 11a. fused apertures of the
conjoined tests showingmarginal cord of previouswhorl associatedwith tiny globular bodies having
thread like feature; 11b. Dorsal view of the conjoined tests showing granulated septal filaments and
cavities, some of which are occupied by tiny juvenile bodies

sections because these unusual rare forms occur in few numbers. Some premature
Nummulites tests appearing in the washed residues (150+ mesh) were avoided due
to uncertain relation with Nummulites aff. Nummulites acutus. The adult individu-
als that constitute the conjoined entities are provisionally recognized as Nummulites
aff. Nummulites acutus considering resemblance in test size, external morpholog-
ical features, overall appearance resembling as undistorted normal adult tests and
co-occurrence of solitary tests and conjoined tests. All the recovered individuals of
the species are megalospheric forms; no microspheric adult individual was found.
A conjoined specimen of Nummulites sp. collected from the rubble of the Eocene
rocks occurring at the base of exposures near Vagalkhod village in Bharuch District,
Gujarat provided additional information on the association of minute forms with
conjoined tests.

In order to dissociate matrix material and tiny forms from the attached conjoined
and separated tests, the specimensweremildly boiled in distilledwater dissolvedwith
sodium hydroxide for about one hour (cf. Glaessner 1963) and then cleansed with tap
water in 330mesh sieve (=35µmpore size).With this process only few detrital grains
could be detached; however, minute forms were not found. The oven-dried speci-
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mens were placed in ultrasonic vibrator in three spells each for about thirty seconds
when more detrital clay and silt were separated. Gold-coated anomalous specimens
in scanning electron microscope (SEM) showed the occurrence of minute forms on
the test surfaces. Due to rare occurrence, the minute body bearing anomalous tests
were carefully processed and examined. Since the minute forms are randomly ori-
entated, their size as measured from attached linear scale in the SEM photographs is
tentative. External features of some grown up minute bodies were studied from their
in situ random occurrences. The firmly attached bodies being minute, it is extremely
difficult to prepare thin section of an individual, though some grown up forms exhibit
recognizable internal morphologic features due to partial erosion. Mild hand rubbing
and brushing of the test surfaces containing minute bodies with fine carborundum
powder under the stereo zoom binocular microscope helped exposing internal mor-
phologic features more clearly. Selected parts of SEM photographs were studied in
‘hpscanjet 2400’scanner. An interested part marked under SEMwas zoomed in until
the visibility of the subjects began to appear clearly. Contrast and brightness were
calibrated on grey scale background. Subsequently, the objects were again zoomed
in to get highly pixilated pictures which became sharp showing clearer internal mor-
phology; then these were photographed. The preservation of the aberrant specimens
andminute forms remains largely satisfactory. All the studiedmaterial and illustrated
specimens are preserved in the Micropaleontology Laboratory of the Palaeontology
Division-I, Central Headquarters of the Geological Survey of India, Kolkata.

Systematic Paleontology

Order Foraminiferida
Family NUMMULITIDAE de Blainville, 1825
Subfamily NUMMULITINAE de Blainville, 1827
Genus Nummulites Lamarck, 1801
Type species Camerina laevigatus Bruguiere 1792
Nummulites aff. Nummulites acutus (Sowerby)
Plate 1, Figs. 1–6, 9–11; Plate 2, 1–5
aff. 1840 Nummularia acutus Sowerby, p. 329, pl. 24, Figs. 13–13a
aff. 1982 Nummulites acutus (Sowerby); Samanta, pp. 27–32, Figs. 3–5

Megalospheric (solitary) tests (Plate 1, Figs. 1–6, 9–10):

Test medium, sub circular in polar view, lenticular biconvex in peripheral view, bilat-
erally symmetrical, peripheral margin acute with blunt tip, test thickest along polar
diameter; granules circularly arranged, coarser in polar area than peripheral part;
septal sutures radial, radiating septal filaments often granulated; trace of marginal
cord distinct in peripheral part; spire regular tight with 4–6 whorls; chambers quad-
rangular in early whorls, later slightly longer than high; septa straight near base,
distally gently curved; alar prolongations thin, lateral wall thick, pillars emerging
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�Plate 2 Juvenile bearing conjoined tests of Nummulites aff. Nummulites acutus (Sowerby);
1 mm bar in 1 is valid for 2–6; bar in 1a and 3a is 500 µm; 250 µm in 2a, 2b, 2c, 4a; 100 µm
in 6b; 50 µm in 5b; 10 µm in 6c. 1. Conjoined tests showing fused apertural area fused and fur-
rowed contact zone and merged septal filaments within the contact zone; two individuals containing
surface cavities fuse at low angle; 1a. Fused apertural area enlarged to show tiny globular bodies
having thread-like feature (?fossilized flagella) are attached with porous marginal cord; 2. Highly
porous and cavernous conjoined tests containing several minute juveniles (2a, 2b, 2c) attached on
the surfaces; the adult individuals fuse with peripheral margins at low angle; 2a. tangential section
of an underdeveloped juvenile Nummulites showing massive initial part followed by ‘v’ shaped
chambers with alar prolongation, spiral sheets and faintly developed septal filaments; 2b. under-
developed juvenile showing partly broken granulated involute spiral sheet; 2c. Part of peripheral
margin of the right test showing several juveniles in oblique sections; 3. Conjoined tests showing
huge biogenic cavity along the contact zone; the two tests fuse at the apertures maintaining equa-
torial planes in almost parallel position; 3a. tangential section of a juvenile Nummulites occurring
beside the fused apertures, it shows ‘v’ shaped chambers, involute whorl walls, alar prolongations
and septal filaments; 4. Unequally biconvex conjoined tests with more inflated right test and fused
apertures asymmetrically placed on the right test; biogenic cavities retain consumed septal filaments
and test surface; 4a. Transverse section of an underdeveloped juvenile showing imperfect involute
spiral sheets and alar prolongations; 5. Conjoin tests comprising two adult tests of unequal size with
right test much smaller than the left test and the contact zone is highly narrowed; surface contains
imperfect juveniles; 5a. sub spherical granulated lenticular bodies (offspring) around fused aper-
tures; hole in a body may represent ?predation activity; 6. Loose specimen of conjoined tests of
Nummulites sp. collected from the rubble of Eocene exposures near Vagalkhod village in Bharuch
District Gujarat, showing fused anterior and posterior ends and wide contact zone; 6a. Part of the
fused contact zone showing strong pores on the surface and sub spherical granulated lenticular
bodies; 6b. Fused apertures retaining lime deposits while minute bodies at the apertural border; 6c.
Part of the fused contact zone showing cluster of tiny globular bodies resembling gel of ‘fish egg’
(NE corner) and discretely occupying pores; globular tiny offspring of varied size in association
with lenticular bodies

from lateral walls; megalosphere 570–600 µm; test diameter 2.5–3.8 mm, test thick-
ness 1.2–1.8 mm.

Remarks: The adult tests closely agree with Nummulites acutus (Sowerby) in test
size, thickness, acute periphery, decreasing size of granules from polar to peripheral
parts, radiating and often granulated septal filaments, tight regular spire, moderately
thick marginal cord and quadrangular equatorial chambers whose length increases
in successive whorls, and septa upright near base and weakly curved distally. Dif-
ferences with the typical occur in larger megalosphere, lesser whorls and occasional
development of pseudo polar knob. Considering overall characters the described
forms are considered to have close affinitywithNummulites acutus (Sowerby).Minor
variation occurs in test symmetry, peripheral undulations and thickness of the periph-
eral marginal cord. Samanta (1982) and Racey (1995) described microspheric forms
of Nummulites acutus (Sowerby). The studied species is distinct in the development
of anomalous ‘conjoined tests’ and ‘separated’ tests that containminute biotic bodies
and the present study is concerned with this hitherto unreported association.
Conjoined tests (Plate 1, Figs. 11, 11a; Plate 2, Figs. 1–5):

A conjoined entity comprises two megalospheric adult individuals of the species
that remain fused at the apertures. The sides of the individuals that face each other
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merge with the development of a furrowed contact zone produced after fusion of the
outer spiral sheets of both the tests. The tests adhered by either secreted lime deposit
(cf. Myers 1936) or assimilation and fusion. The two peripheral margins may con-
verge and fuse towards the apertural end or remain almost parallel in close proximity;
accompanying marginal cord contains distinctly developed canal orifices. The fused
sides occasionally retain granules in low relief and merged septal filaments; the free
sides show granules and septal filaments in usual relief. The tests and the contact
zone contain numerous pits, pores and cavities some of which may be biogenic as
occupied by minute forms. Fused apertures and fused contact zones may contain
minute biotic forms of varied shapes and size; fused spiral sheets may retain merged
septal filaments. Due to involvement in fusion an adult individual in conjoined tests
entity shows partial development of characteristic features that make it difficult to
ascertain the species as Nummulites aff. Nummulites acutus; its recognition up to
species level is tentative as based on comparisons of shape and size of tests, dis-
tinctive external morphological features on the free sides, overall appearance and
association with the typical tests of the species.

‘Separated’ tests with attached minute biotic bodies (Plate 1, Figs. 9, 10):

The ‘separated’ tests are individuals that were detached from once conjoined state.
In the studied material only two adult individuals of differing shape represent this
category. With strong surface undulations and swerving peripheral marginal cord,
the nearly planoconvex form (Plate 1, Fig. 9) is highly distorted; patchy lime deposit,
discontinuous septal filaments, cavities, asymmetric aperture and scattered granules
in low relief are signatures of involvement of the convex side in fusion; the opposite
side with weak undulation, low convexity and strong relief of the granules, septal
filaments and polar knob indicates that the surface remained free during fusion.
The test contains minute biotic forms inside the aperture (Plate 1, Fig. 9a) and in
the chamber cavity (Plate 1, Fig. 9b). The other separated biconvex test (Plate 1,
Fig. 10) shows smooth granulated left side and a rough right side. Development of
numerous minute biotic bodies in random orientations (Plate 1, Fig. 10b), remnant
septal filaments, subdued granules and patchy lime deposit on the right side indicate
the involvement of the side in fusion. Well developed semicircular aperture with
bordering thick rim on the left wall contains apertural cavity filled with lime deposit
containing dispersed subglobular minute bodies of varied size and filamental lime
having ultrafine thread-like mesh (Plate 1, Fig. 10a) possibly representing mingled
protoplasmic material in fossilized state.

Distorted test without minute biotic bodies (Plate 1, Fig. 3):

The strongly asymmetric (unequally biconvex) test with flat tipped peripheral margin
has low convexity on the left side and strong convexity on the right side; the former
side shows broadly angular polar margin with surface features in usual relief whereas
the latter surface is distinct with broadly curved polar margin, scattered granules and
septal filaments, and sub triangular peripheral aperture. Due to partial erosion at the
peripheral part, the outer spiral sheet exposes straight and wide peripheral marginal
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cord containing several sub parallel canals. The form resembles the distorted sep-
arated test (Plate 1, Fig. 9) in overall appearance, but differs in the lack of surface
undulations, lime deposit and minute biotic forms. Absence of minute forms sug-
gests that the test might represent a stage of plastogamic fusion prior to mingling of
protoplasmic material when it was separated.

Minute Bodies—Categories and Nature

The anomalous tests contain globular and lenticular minute forms, which are difficult
to differentiate from tiny clay particles of resembling size which also scatter on the
test surfaces. The clay particles usually have straight sides, angular periphery and
dark featureless surface whereas the minute globular and lenticular forms possess
near smooth to granulated surface, rounded periphery and apparently bilateral to
radial symmetry; larger biotic bodies exhibit some internal morphologic features.
The tiny biotic forms normally occur discretely and in cluster within the apertural
cavities and along the contact zones showing gradation in size and features and
remain firmly attached on the host tests in diverse orientations. These are devoid
of signatures of transportation and weathering. Lenticular tiny forms that associate
the adult tests seemingly made up of similar test material and contain resembling
morphologic features; their persistent association and good preservation indicate
in situ and indigenous nature. A minute form is provisionally referred to as ‘body’
when only surface granulations are either in rudimentary state orwith distinct outlines
whereas a grown up form showing internal morphological features is referred to as
‘juvenile’.

Based on size and development of features the attached forms are divided into
four categories—globular bodies, lenticular bodies, underdeveloped juveniles and
developed juveniles.

Globular bodies (Plate 1, Fig. 10a, Plate 2, Figs. 1a, 6c)

These are the tiniest (<1–4 µm) biotic forms whose coarser representatives acquire
subspherical to lenticular shape having bilateral and radial symmetry. In all the
anomalous host tests these forms resemble in appearance and mode of occurrence;
coarser forms are discretely dispersed in and around the fused apertures; finest forms
often cluster on the contact zone to appear as ‘gel of fish-eggs’. A sub spherical
tiny form (<1 µm) appears featureless; however, one or two ultrafine thread-like
feature may emerge from the body to resemble fossilized ‘flagella’. The tiny form
has similar size as the initial chamber of a juvenile (Plate 1, Fig. 10b); so, the body
is presumed to be single chambered. Slightly larger sub globular bodies (1–3 µm)
occur discretely to occupy pores and cavities; these apparently multi chambered
bodies might have originated as the tiniest bodies. Modern flagellated gametes of
Paleonummulites venosus illustrated by Röttger et al. (1998, Plate 1, Figs. 1–3) bear
close resemblance with the studied globular bodies.

Lenticular bodies (Plate 1, Fig. 9c; Plate 2, Figs. 5a, 6a, 6c)
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These forms (5 to 8 µm) with sub circular to sub elliptical outline, bluntly acute
peripheral margin and granulated surface occur discretely and conspicuously along
the contact zones and inside the chamber cavities. Being 5 to 10 times larger than
a globular body, these multichambered forms occur in different size with developed
surface features; in polar view these appear asminiatureNummulites aff.Nummulites
acutus. Modern lenticular propagules of Allogromia sp. (Goldstein and Alve 2011)
bear overall similarity with the studied ones.

Underdeveloped juveniles (Plate 2, Figs. 2b, 4a)

Incompletely developed lenticular forms (>50 to 150 µm) may discretely scatter
on the surface of anomalous tests and are distinguished by imperfect development
of surface and internal morphologic features. Externally, the surfaces may show
granules, and internally few septal filaments, one or two spiral sheets accompanying
alar prolongations and lateral walls may appear as involutions. These forms might
have developed from lenticular bodies to represent more advanced growth.

Developed juveniles (Plate 1, Figs. 9a–b, 10b; Plate 2, Figs. 2a, 2c, 3a)

With large size ranging from 70 to 500 µm, an individual juvenile is distinct in
external and internal features. Its lenticular test has sub circular peripheral outline,
tapered peripheral margin, granulated surface, regular spire, tight whorls and thick
whorl wall, radial septa and slightly longer than high chambers; axial and transverse
sections have ‘v’ shaped chambers in equatorial part with thin alar prolongations and
moderately thick lateralwalls in involute coiling; tangential and oblique sections con-
tain granulated radial septal filaments. Althoughmarginal cord is not well recognized
in axial section, apparently massive wall appears in the place of the marginal cord.
Most of these features usually characterize typical Nummulites; while the external
features resemble those in the associated adult test, some are characteristic of Num-
mulites aff. N. acutus. A horizontal section of a form with 70 µm diameter shows a
spire of 2–3 whorls and the initial chamber having <1 µm size; the offspring resem-
bles microspheric juvenile. With the occurrence of external and internal features
of the minute forms in the adults, these are considered as offspring of adult Num-
mulites aff. N . acutus. These forms discretely occur in and around merged apertures,
along fused contact zones and on the test surfaces. Some of the developed juve-
niles closely resemble the fossilized juveniles of Nummulites (Mukhopadhyay 2007,
Plate 1, Fig. 12).

Nature of the forms: Contained morphologic features and mode of occurrence of
the minute forms are compared with those of the anomalous adult hosts and normal
adult tests of the species (Table 1). The comparison reveals that the minute biotic
bodies and lenticular bodies resemble the offspring of modern foraminifera while the
juveniles are comparablewith theminusculeNummulites. Based onmorphologic dis-
tinctions, mode of occurrence and size variations these minute forms may represent
various growth stages in the development of the offspring. The apparently featureless
minutest globular bodies containing fossilized ‘flagella type’ features may represent
early embryonic forms, the minute lenticular bodies containing rudimentary surface
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featuresmay correspond to advanced embryonic forms; the underdeveloped juveniles
with immature internal morphologic features akin to nepionic growth stage whereas
developed juveniles containing recognizable morphologic features may correspond
to neanic stage. The forms show gradation in size and morphologic features indicat-
ing in situ growth. The early embryonic forms occur within or adjacent to the pores
along the contact zone and around the fused apertural cavities, and the advanced
embryonic forms are dispersed stand alone within the contact zone and within the
coarse cavities; the underdeveloped and developed juveniles are discretely occurring
on the surface and inside cavities of the conjoined tests. The peripheral location of
some juveniles suggests a posture just ready to leave the parent tests. Co-occurrence
of diverse fossilized offspring in a conjoined entity indicates their multiphase repro-
duction while their growth occurred at the expense of granules, septal filaments and
spiral sheets of the parent tests.

Possible Cause of Development of the Minute Forms

Nummulites aff. N. acutus is conspicuous in the development of rare conjoined tests
entities and ‘separated’ tests with attachedminute forms. A conjoined entity reflects a
state of fusion of two adult megalospheric individuals of the species; fusion primarily
involves apertures and outer spiral sheets, though septal filaments often merge. The
individuals remain attached on one of their sides by using lime material as adhesive
while their other sides remain free. Although fused andmerged tests with randomori-
entations of the participating individuals are known inmodern and fossil foraminifera
to form due to environmental stress, the purpose of formation of this atypical archi-
tecture with invariable fused apertures is not well known. The style of conjoining
is analogous to that of modern plastogamy (Schaudinn 1895), in which two adult
megalospheric individuals of a species of modern smaller benthic foraminifera unite
for sexual reproduction and produce juveniles. However, modern larger foraminifera
neither conjoin for sexual reproduction nor contain juvenile. The studied conjoined
entities contain minute biotic forms that have remarkably small size compared to
the size of the host test, gradation in size and morphological features, similarity
in appearance in all the conjoined hosts, and similar test material as of the hosts;
moreover, the conjoined entities are generally absent with exotic material includ-
ing propagules of diverse taxonomic group. Their intact tests and lack of signature
of transportation and erosion suggest their indigenous, in situ and integral nature.
Some grown up forms contain premature morphological features that characterize
adult Nummulites; some features including acute peripheral margin, surface granu-
lations, radial septal filaments and overall straight septa closely agree with those of
Nummulites aff. N. acutus; these suggest a possible hereditary relationship between
the adults (=parents) and the associated minute bodies (=offspring).

The occurrence of the offspring in and around the crucial morphologic parts of the
hosts suggests protection and nurturing of the offspring by the adults. Such occur-
rence may have a biological explanation. Fusion of apertures in a conjoined entity
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facilitated successful mingling of protoplasmic material during sexual reproduction
between the adult pair when mingling is considered prerequisite for the genesis
of offspring. Occasional lime deposit in and around the apertures might represent
the fossilized protoplasmic material (Plate 1, Fig. 10a, Plate 2, Fig. 6b). Wide dis-
persal of the minute bodies on conjoined tests is closely comparable with similar
dispersal of gametes on parent individuals during reproduction of modern smaller
benthic foraminifera. Two megalospheric adults of Nummulites aff. N. acutus devel-
oped conjoined entity by fusion of their apertures and outer spiral sheets; at times,
the individuals twisted their tests for the purpose. The occurrence of remnant lime
deposit within the fused apertures, development of minute bodies and microspheric
juveniles inside reproductively crucial morphological features and consumption of
some morphologic features of conjoined tests indicate that the offspring that origi-
nated during sexual reproductionwere nurtured by the adults in protected partswithin
the tests prior to their release in the sea.

Discussion

Foraminiferal life cycle basically comprises alternation of sexual and asexual repro-
ductions when microspheric and megalospheric forms developed respectively as
recorded during the culture of smaller benthic foraminifera. Based on this, similar
life cyclewas postulated forNummulites because its species contain dimorphic forms.
Laboratory culture of some nummulitids confirmed development of megalospheric
juvenile during schizogony (Röttger et al. 1998).Among the twomost prevalent types
of sexual reproductions known in foraminifera, gametogamy has been observed dur-
ing the laboratory culture of Heterostegina depressa (Röttger and Spindler 1976).
Gamontogamy or plastogamy type of sexual reproduction has not been recorded in
any living larger foraminifera though the process occurs in some modern smaller
benthic foraminifera (Myers 1940; Grell and Bardele 1977; Grell 1979). The find
of conjoined tests of some extinct species of Nummulites (Mukhopadhyay 2003a,
2007) opens a question whether plastogamy was in vogue in the extinct species of
Nummulites. As commonly seen in some modern smaller benthic foraminifera, two
megalospheric adult individuals of a species voluntarily unite for sexual reproduc-
tion and develop plastogamic paired tests and offspring (cf. Preobrazhenskaya and
Tarasova 2004). Almost analogous pairing of two adult megalospheric individuals of
extinct Nummulites aff. N. acutus is preserved in the fossilized conjoined entity; this
and earlier records of conjoined entities from the Middle Eocene of Cambay basin,
Gujarat indicate that the biological phenomenon of conjoining was more common
than rare.

Merging of two adult microspheric individuals of extinct Nummulites millecaput
was explained as plastogamy byKecskemčti (1962); however, in the revised life cycle
model of foraminifera by Goldstein (1997, 1999) two microspheric adult individuals
of a species do not unite for sexual reproduction. Pavlovec (1976) while illustrat-
ing almost identical merged tests of two adult microspheric individuals of the same
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species explained that environmental stress could be the cause of fusion. Wöger et al.
(2012) opined that the individuals in conjoined Nummulites continued to grow even
after fusion to acquire new structure of the test. In the studied conjoined specimens
no new chamber was found to develop on the fused apertures. Ferrández Cañadell
et al. (2012) with the help of µ-CT scan and three dimensional models observed
that individuals shared a common test after a period of independent growth of 30–40
chambers. With almost equal number of chambers, a megalospheric adult individual
of Nummulites aff. Nummulites acutus completed nearly three initial whorls to attain
sub-adult stage;with the addition of chambers andwhorls the individual became adult
and ready to conjoin for sexual reproduction. Fusion of chambers of the successive
4th, 5th and 6th whorls would have severely assimilated the tests of the participating
individuals; however such fusion is not developed in the studied conjoined speci-
mens which show no signature of fusion of the inner whorls; conjoining occurred
by the fusion of the apertures and outermost spiral sheets by using lime material as
adhesive, and after sexual reproduction the participating individuals got separated.
Incidence of forced fusion of two megalospheric adult individuals of Nummulites
aspermontis after surviving predation by a metazoan was described from the Lower
Eocene (Ferrández Cañadell et al. 2014); the specimens differ from the studied con-
joined tests primarily in the fusion of inner whorls and in the post-fusion growth
of tests. The studied conjoined tests are distinct in fused apertures and fused outer
spiral sheets, in the development of juveniles and diverse cavities; the feature men-
tioned last served as passage for the exit of the juveniles and as locales for their
sheltering and nurturing; some cavities represent hollow spaces due to consumption
of the test material by the growing juveniles prior to their leaving the parent tests.
Ferrández Cañadell et al. (2014) while commenting on Mukhopadhyay’s (2003a, b,
2007) conjoined specimens possibly overlooked these distinctive features; however,
on a later occasion Ferrández Cañadell examined the fresh SEM photographs of the
same conjoined specimens and opined (pers. communication) that ‘the specimens
are very interesting’. The specimens actually contain minute biotic forms on the
recrystallized surface.

According toGlaessner (1963), an individual develop plastogamy at adult stage by
establishing body contact with another adult; during plastogamy an individual attains
complete growth and development and becomes ready for union. Debenay (2012)
opined that the flagellated gametes during plastogamy fuse in a space developed by
partially dissolved apertural faces of the gamonts. Tiny globular bodies containing
flagella-like ultra-structure are preserved inside the fused apertures of conjoined
Nummulites aff.N. acutus, but their occurrence in fused state is not found. In order to
facilitatemingling of protoplasmicmaterial the two adult individuals held themselves
intimately by fusing the outer spiral sheets and bringing their apertures in closest
proximity for fusion; individuals often twisted their tests for the purpose of intimate
association (Mukhopadhyay 2003a). Voluntary twisting of tests for the purpose of
conjoining results in forms that have inflated aperture bordered with thick rim and
asymmetric aperture and thus this distortion is different from the distortion developed
due to environmental stress (Toler and Hallock 1998). Nummulites aff. N. acutus
and other co-occurring larger foraminifera generally have normal tests; aberrations
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developed in a fewadult tests of the species. Environmental stresswould have affected
the majority in the whole population.

The juveniles in the studied conjoined tests are indigenous, in situ and intact
unlike some transported modern juveniles (cf. Alve and Goldstein 2002). Randomly
oriented offspring of various growth stages may appear as having different parental
sources; at times they may be confused as new species. That all the categories of
minute forms had same parental source is evident from their co-occurrence, grada-
tion of size and morphology among forms of different growth stages occurring in
a conjoined tests entity, miniature morphologic features in some resemble mature
counterparts characterizing the host adults, similar test material comprising both
host and attached forms, and similar growth pattern of the minute forms in different
conjoined specimens and separated tests. While gradation among the minute forms
indicates in situ growth and development, commonness of internal morphologic fea-
tures in juvenile and adult forms points for hereditary relationship in between.

Intact association of juvenile and adult is not recorded in modern larger
foraminifera; their occurrence in fossilized conjoined tests and ‘separated’ tests of
Nummulites aff. N. acutus points for a link between adult conjugation, sexual repro-
duction and offspring development. The grown up juveniles in this association being
of microspheric generation, sexual reproduction by the adults seemingly played a
vital role in the development and propagation of microspheric forms. This find also
endorses the ‘alternation of generations’ hypothesis in extinct Nummulites whereby
microspheric and megalospheric generations developed. As yet, complete life cycle
has been studied in 30 species of foraminifera (Goldstein 1999) of which some
belonging to suborder Rotaliina, superfamily Nummulitacea and family Nummuli-
tidae show gamontogamy or plastogamy type of sexual reproduction with the devel-
opment of juveniles in their life cycle (Myers 1940; Grell and Bardele 1977; Grell
1979). Fossil Plastogamywas recorded in smaller foraminifera (Le Calvez 1950) and
extinct larger foraminifera (in Nummulites, Mukhopadhyay 2003a, 2007); juvenile
bearing broken adult test of middle Eocene Nummulites suggests that the juveniles
were plastogamic origin. Present study of juvenile bearing conjoined tests and sep-
arated tests of extinct Nummulites aff. N. acutus provides unequivocal evidence of
parent-daughter relation in the species. Since the species belongs to the same race
of family-superfamily-order and as the development of adult-juvenile association is
restricted to conjoined tests, it is likely that the species followed gamontogamy or
plastogamy type of sexual reproduction during the alternation of asexual and sexual
life cycles.
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Abstract Two distinct foraminiferal assemblages, viz., (a) larger benthic
foraminifera viz; Ranikothalia sp., Miscellanea sp., Daviesina sp. and Discocy-
clina spp. and (b) planktonic foraminifera viz;Globigerina daubjergensis, Globoro-
talia fringa and Chiloguembelina sp. cf. C. wilcoxiensis represent two prominent
Palaeocene faunal events andmarks the basal and top part of the Palaeocene sequence
in Andaman Islands. Deep water depositional environment beyond the influence of
clastic supply prevailed during Lower Palaeocene and shallow marine high energy
condition during Upper Palaeocene period. Process of accretion started during later
part of Palaeocene as evidenced in the North andMiddle Andaman but not witnessed
in South Andaman. Non-availability of the Palaeocene sequence in South Andaman
maybe due of presence of barrier causing hindrance to sediment supply towards
South.
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Introduction

MarinePalaeocene sequences are described formnumerous localities in India, though
some of which are substantiated by undoubted palaeontological evidences (Samanta
1974). Among the Indian occurrences, Palaeocene sequences of Andaman Islands,
due to its crucial geographic position and tectonic setup (Fig. 1), deserve special
attention for reconstruction of palaeogeography and interpreting the tectonic history
of the islands.

Andaman andNicobar Islands are part of the tectonic belt which is extending from
Arakan Yoma to the far East (Karunakaran et al. 1964) and are situated on the outer
arc ridge (Fig. 1) of the northern segment of the Sunda Subduction Complex (Weeks
et al. 1967; Curray 2005). There was an long standing dispute on the development of
Palaeocene sequence in this belt and extension of the Palaeocene Sea beyond Burma
toward south. Palaeocene sequence is well developed in Burma, towards north of
the Andaman Islands (Nagappa 1959). Towards south, in the islands of the Far East,
MiddleEocene sediments unconformably overlie theCretaceous rocks (Adams 1965,
1970; Nagappa 1959; Glaessner 1959). Hence, there is a gap in sedimentation during
Palaeocene—Early Eocene can be inferred.

Prior to 1964, geological investigations by pioneer workers like Oldham (1885),
Rink (1870), Tipper (1911) and Gee (1926) considered the thick pile of sedimentary
sequence of Andaman Islands as Eocene. Existence of Palaeocene sequence in the
Andaman Islands was first mentioned by Chatterjee (1964), though the palaeonto-
logical evidences provided by him were not much supportive and firm. The claim of
presence of Palaeocene sequence in Andaman Island was based simply on the identi-
fication ofDistichoplax biserialisDietrich andRotalia trochiformis in stray boulders
(Chatterjee 1964). This report of occurrence of Palaeocene rocks was undermined
by Samanta (1974) on the ground that Distichoplax biserialis is long ranging from
Upper Cretaceous to Upper Eocene. Similar conclusion regarding the status of this
species of dascycladacean algae was drawn by Mishra and Kumar (1988). However,
Samanta (1974) did not make any comment on the report of Rotalia trochiformis,
a well known Palaeocene foraminifera. It must be mentioned that none of the taxa
i.e. Rotaliatrochi formis or Distichoplax biserialis Dietrich has been illustrated by
Chatterjee (1964). In addition to this, records of definite Palaeocene foraminiferal
assemblage are available from few localities in Andaman Islands. Limited occur-
rence of in situ fossiliferous horizon poses hindrance for proper understanding of
the Palaeocene events and deciphering the Cretaceous-Palaeocene boundary in the
Andaman Islands.

The well illustrated assemblage of Early Palaeocene planktonic foraminifera
(Kumar and Soodan 1976) is registered from the area viz. (a) between Mayabunder
and Webi and (b) 8 km east of Webi, Middle Andaman. This assemblage is compa-
rable with that of Globorotalia uncinata Zone of Bolli (1957) and is equivalent to
Zone P-2 of Blow and Berggren (1969). Five species of Daviesina (Table 1) along
with fossil algae from the limestone of Tugapur, Middle Andaman were reported
by Kundal andWanjarwadkar (2002) indicating Upper Palaeocene age. Later, Koley



Palaeocene Faunal Events and Fossil Records of Andaman Islands, … 251

Fig. 1 a Location map with tectonic elements of the region. b General geological map of South,
Middle and North Andaman (modified after Bandopadhyay 2005)

andWanjarwadkar (2013) indicated the interbedded nature of the Tugapur limestone
and reported Ranikothalia and Discocyclina (Table 1) indicating Upper Palaeocene
age of the limestone.
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Table 1 Available records of foraminifers of palaeocene affinity from Andaman Islands

Authors Fossil records Locality Remarks

Present work Ranikothalia sp.,
Miscellanea sp.,
Daviesina sp.,
Discocyclina ramaroi,
Discocyclina haynesi
Globigerina
daubjergensis,
Globorotalia fringa,
Globorotalia
compressa and
Chiloguembelina sp.
cf. C. wilcoxiensis

Limestone exposed in
melange zone at
Betapur coast
Shale from
Chandhbagh nala,
Middle Andaman

Taxa identified from
random thin section
Taxa identified from
discrete forms

Koley and
Wanjarwadkar (2013)

Ranikothalia
sidensis,Ranikothalia
cf. tobleri,
Ranikothalia cf.
nuttalli, Discocyclina
sp.

Bedded limestone
from Tugapur and
limestone boulder in
conglomerate

Identified from
random thin sections

Bandopadhyay (2011) Assilina sp. Rampur and Kalipur
coast

Three oblique sections
are provided

Kundal and
Wanjarwadkar (2002)

Daviesina danieli
Smout, D. garumensis
Tambareau, D.
langhami Tambareau,
D. ruida Tambareau

Burmadera Limestone –

Roy et al. (1988) Globigerina linaperta,
G. triloculinoides,
Globigerina sp., G. cf.
daubjergensis, G. cf.
velascoensis,
Globigerinelloides
sp., Globorotalia
compressa

Pelagic sediments
from South Andaman

Taxa are identified
from random thin
section

Kumar and Soodan
(1976)

Globoconusa
daubjergensis
Bronninmann, Sub-
botina triloculinoides
Plummer,
Globorotalia angulata
White, G. compressa,
Plummer, G. imitata
Subbotina, G.
perclara Loeblich and
Tappan, G.
pseudobuloides
Plummer, G. uncinata
Bolli, G. varianta
Subbotina

Shale exposed east of
Tugapur and
Mayabunder

(continued)
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Table 1 (continued)

Authors Fossil records Locality Remarks

Karunakaran et al.
(1964)

Distichoplax biserialis Limestone boulder
from Conglomerate

This species of algae
is no longer index of
Palaeocene

Chatterjee (1964) Distichoplax
biserialis, Rotalia
trochiformis

Limestone boulder
from Chiriyatapu
Conglomerate

Taxa are neither
described nor
illustrated
This algal species is
no longer index of
Palaeocene

Records of Palaeocene fossils are rare from North Andaman except the Assilina
reported by Bandopadhyay (2011) from Kalipur and Rampur coast. However, the
illustrations raise some doubts in identification. Moreover, the present authors stud-
ied the section and reported undoubted Middle-Upper Eocene Nummulitids and
Discocyclinids (Koley and Anju 2013).

Palaeocene fauna from the Tertiary sequence of South Andaman were reported
by Roy et al. (1988) from the pelagic sediments associated with the pillow basalt
(Table 1). Their report of Palaeocene planktonic foraminiferal assemblage including
Globigerina eugubina,G.linaperta,G. velascoensis,G. trilocunoides,G. cf. daubjer-
gensis,Globorotalia compressa are identified in the random thin sections. Moreover,
typical Cretaceous planktonic foraminiferal genera like Globotruncna, Reugobgob-
ligerina, Heterohelix, Pseudotextularia are associated with the Palaeocene forms in
their assemblage. Causes for the anomalous mixing of the distinct assemblages are
not explained. As sanctity of the identifications of the planktonic foraminifers from
random thin sections is always questionable, records of definite Palaeocene fossils
are not available.

General consensus is that the trench outer arc setting with active subduction pre-
vailed during the Cretaceous time onwards (Pal et al. 2003; Bandopadhyay 2005) in
Andaman and Nicobar Islands. In a subduction zone setting the sediments deposited
on the oceanic crust is finally accreted to the continental mass by the process of
underplating and tectonically to the toe of the prism (Wakita and Metcalfe 2005).
Fossil records of the marine sequence are a necessity to reconstruct the history of the
oceanic crust from its initiation and to subduction in the trench. Scarcity of the Creta-
ceous–Palaeogene fossil records from Andaman leaves limited scope to reconstruct
its tectonic history with high degree of confidence. In this work, attempt has been
made to establish the limits the Palaeocene sequence of Andaman Island based on
the Palaeocene faunal events and to discuss its implications on the palaeogeographic
reconstruction and tectonic events of the area.
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Material and Method

Identification of fossils is based on the examination of rock sections and processed
samples of shales from the argillaceous sequence and limestone exposure which is
observed to occur as huge boulders within the melange zone exposed in Betapur
coastal section. Planktonic foraminifera are ill preserved and identification of the
planktonic foraminifers is based on the SEM images. The cream colour limestone
from the melange zone is very hard and porcellanetic as found in the Tugapur and
Burmadera area,Middle Andaman. Larger benthic foraminifers are completely fused
with the matrix and impossible to extracts. Therefore, the larger benthic foraminifera
were identified from random thin sections.

Geological Set Up

OphioliteGroup comprisingultramafics, dacite, basalt, plagiogranite andpelagic sed-
iments is the oldest unit of theAndaman Islands. ThickTertiary sediments comprising
dark grey shale, sandstone, conglomerate and limestone unconformably overlie the
Ophiolite Group (Fig. 1b).

InMiddleAndaman ophiolites are exposed as dismembered bodies and aremainly
concentrated in the eastern part of the Island (Fig. 1b). However, pillowed basalt with
chert and limestone are observed in the western part of the Island. Betapur–Pancah-
wati coast exposes the melange zone consisting of assorted blocks and boulders of
basalt, chert limestone, greywacke, shale in a fine grained shale matrix. Western part
of the island exposes dark grey shale with interlayered thin sandstone and occasional
limestone. Limestone band with linear isolated out crops is observed toward the top
of the argillaceous facies. Ultimately the argillaceous sequence is overlain by anare-
naceous sequence of polymictic conglomerate, coarse to fine grained sandstone and
shale.

Similar geological setup is continuing from Middle Andaman towards north to
NorthAndaman (Fig. 1b). The limestone facies is not exposed in theNorthAndaman.
The sedimentary sequence displays two distinct facies viz. lower argillaceous facies
and upper arenaceous facies. The argillaceous facies comprises of dominantly shale
with minor interlayered sandstone and the arenaceous facies comprises polymictic
conglomerate, gritty sandstone, coarse to fine sandstone, calcareous sandstone, silt-
stone and interlayered thin shale. Dismembered ophiolite bodies occur mainly within
arenaceous facies. The melange zone is exposed in the Rampur coast.

Ophiolite slices are mainly occurring along the eastern coast of the South
Andaman Island (Fig. 1b). Chert beds are associated with the ophiolite and as dis-
membered bodies within the polymictic conglomerate, gritty sandstone of Namuna-
garh and Hopetown formations. Interestingly, the argillaceous facies (=Lipa Black
Shale Formation) is not developed in SouthAndaman Islands. Thick sequence of con-
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Fig. 2 Temporal distribution of Cretaceous- Eocene litho-facies in Middle, North and south Ana-
man

glomerate, coarse grained sandstone and shale is overlain by thick turbidite sequence
of Andaman Flysch Group of Oligocene age (Fig. 2).

Observations

Two distinct foraminiferal assemblage have been identified from Middle
Andaman—(a) planktonic foraminifera assemblage comprising Globigerina daub-
jergensis (Fig. 3a–c), Globorotalia fringa (Fig. 3d–e) and Chiloguembelina sp.
cf. C. wilcoxiensis (Fig. 3f–g) assemblage from the argillaceous facies and (b)
larger foraminifera assemblage comprising Ranikothalia sp. (Fig. 4), Miscellanea
sp. (Figs. 4 and 5), Daviesina sp. (Figs. 4 and 5) and Discocyclina sp. (Figs. 4 and
5) from the arenaceous facies.

Limestone containing Upper Palaeocene larger benthic foraminifera are recorded
from the sediments of younger stratigraphic level (Koley and Wanjarwadkar 2013).
Larger foraminifera indentified are from limestone occurring in the arenaceous
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Fig. 3 Planktonic foraminifera from shale exposed in western part of Middle Andaman. Scale bar
represent 60µm

facies of Mithakhari Group exposed in the melange zone of Betapur coast, Mid-
dle Andaman. Nevertheless, occurrence of the larger foraminifera in this sequence
indicates a Palaeocene faunal event.

Discussion

The Palaeogene sequence of this area is classified into two groups viz. Mithakhari
Group and Andaman Flysch Group (Table 2). Cretaceous to Upper Eocene age was
assigned to the Mithakhari Group (Karunakaran et al. 1968; Ray 1982) though there
remained arbitrariness in assigning the upper and lower boundaries due to limited
fossil control. While discussing the foraminiferal biostratigraphy of India, Pakistan
and Burma, Nagappa (1959) suspected non-development of Palaeocene and Lower
Eocene sequence in Andaman and Nicobar Islands. His reasoning was based on
the analogy that the oldest Tertiary rocks in Ramree Island towards north of the
Andaman and Nicobar Islands is Middle Eocene. Towards South of Andaman and
Nicobar Islands, in the Far East region, Middle Eocene sequences directly overly the
Cretaceous rocks.

Limestone boulders within the melange zone of Betapur coast, Middle Andaman
yielded Palaeocene larger foraminiferal assemblage of Ranikothalia, Miscellanea,
Daviesina andDiscocyclina. Fossil algae Jania, Corallina andDistichoplax are asso-
ciated with the larger foraminifera indicating shallow marine high energy condition.
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Fig. 4 Photomicrograph of foraminiferal limestone showing assemblage of Ranikothalia, Miscel-
lanea, Discocyclina, Daviesina and fossil algae

Mithakhari Group in Middle and North Andaman can be classified broadly into
two facies (Fig. 1b) viz. lower argillaceous facies with the limestone towards top and
upper arenaceous facies. These two facies together constitute the Tertiary sequence
of Middle Andaman; the argillaceous facies and the arenaceous facies broadly cor-
respond to the Lipa Black Shale and Namunagarh Grit formations respectively.
Foraminifera of Palaeocene affinity has been identified from basal and upper part of
Lipa Black Shale.Globigerina daubjergensis, Globorotalia compressa, Globigerina
cf. fringa and Chiloguembelina sp. cf. C. wilcoxiensis assemblage from Chandbagh
Nala and Ranikothalia–Miscellanea–Daviesina–Discocyclina assemblage from the
limestone exposed in Burmadera. The Planktonic foraminiferal assemblages ofGlo-
bigerina daubjergensis, Globorotalia compressa, Globigerina cf. fringa and Chi-
loguembelina sp.cf. C. wilcoxiensis indicates Early Palaeocene age. As towards top
of the sequence the limestone exposed near Tugapur has yielded Late Palaeoocene
larger foraminifera, Palaeocene age for the argillaceous sequence can be assigned.
This corroborates with the view of Allen et al. (2007) that the Mithakhari Group
was deposited during Palaeocene–Eocene with a maximum age of ca. 60 Ma (Zr-
radiometric dates derived from sandstones).

Slivers of dismembered ophiolite have been recorded at different stratigraphic
levels within the argillaceous facies, represented by grey to dark grey shale and
thin sandstone alternations. The report of Maastrichtian planktonic foraminiferal
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Fig. 5 Photomicrograph of foraminiferal limestone showing assemblage of Ranikothalia, Miscel-
lanea, Discocyclina, Daviesina and fossil algae

assemblage by Pandey and Rao (1976) from Neali and Chandbagh Nala is probably
from such pelagic sediments as present within the Mithakhari Group. In Middle
Andaman, the Tertiary sequence represented by clastic sediments starts from Lower
Palaeocene and the age of the pelagic sediments associated with the ophiolite can be
extended up to Maastrichtian. It is mention worthy that Gee (1926) considered the
cream colour porcellanitic limestone exposed near Tugapur and Burmadera as post-
Eocene and correlated the limestone with the Yaw Limestone of Burma. The report
ofMiscellanea from similar type of limestone during the present work confirms the
presence of the genus in the islands. Miscellanea has restricted stratigraphic range
within Upper Palaeocene in the Indian Subcontinent of Indian, Pakistan and Burma
(Nagappa 1951).

As already mentioned, limestone containing Upper Palaeocene larger benthic
foraminifera are recorded from the arenaceous sediments of younger stratigraphic
level and from the melange zone of Betapur coast, Middle Andaman. The larger
foraminifers identified are from such limestone occurring with in the melange zone.
Melange zones are important in reconstructing the Ocean Plate Stratigraphy (Wakita
and Metcalfe 2005). Presence of larger benthic foraminifers indicates a Palaeocene
event in Andaman. Hence, two prominent Palaeocene faunal events, viz. prolifer-
ation of planktonic foraminifers forming a remarkable foraminiferal assemblage
comprising Globigerina daubjergensis, Globorotalia fringa and Chiloguembelina
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Table 2 Generalized stratigraphy of Andaman and Nicobar Island (after Ray 1982)

Group Formation Litho units Age

Archipelago Group Limestone-Chalk-
Claystone-
sandstone—Conglomerate

Lower Miocene

Andaman Flysch
Group

Sandstone—shale
rhythmites with
Bouma sequences

Oligocene-Eocene

Mithakhari Group Namunagarh Grit
Formation

Pebbly and gritty
greywacke, green
sandstone, siltstone

Middle to late Eocene

Hope Town
Conglomerate
Formation

Polymictic matrix
supported
conglomerate
alternated with
pebbly-gritty
sandstone and
greenish claystone

Lipa Black Shale
Formation

Pyritiferous black
shale and radiolarite
earth

Ophiolite Group Basic, ultrabasic and
intermediate igneous
rocks and pelagic
sediments

Cretaceous to
Palaeocene

sp. cf. C. wilcoxiensis in the basal part and development of Ranikothalia, Miscel-
lanea, Daviesina and Discocyclina association in the upper part, can be readily be
recognized in Middle Andaman. As a matter of support to the explanation of exis-
tence of Palaeocene sequence it may be noted that all these genera are reported from
the Palaeocene sequence of Khasi and Jaintia hill, Garo hills and Pondicherry in
India. In Pondichery Formation Ranikothalia is represented by Ranikothalia nuttalli
Davies where as in Khasi Jaintia Hills this genus is represented by both R. nuttalli
and R. sidensis (Samanta 1980). In Middle Andaman Ranikothalia is represented by
species (Table 1) similar to those of Eastern India (Koley and Wanjarwadkar 2013).
Daviesina is always reported to be associated with Ranikothalia and Miscellanea
in these sequences. Hence, as of now, Ranikothalia and Daviesina assemblage in
India is restricted only in Pondichery, Khasi-Jaintia and Middle Andaman; Middle
Andaman being its easternmost boundary. Apart from India, the morphologically
distinct genus Ranikothalia is recorded from Caribbean region, Oman, Venezuela,
Salt Range. Ranikothalia (Nummulites thalicus) was also reported from Sarawak
(Adams 1965) and Borneo (Van der Vlerk 1929), but proper taxonomic description
and illustrations are lacking. Later workers (Nagappa 1959; Samanta 1980) did not
agree with the presence of Ranikothalia in Far East region. Therefore, the occurrence
of this genus in Middle Andaman indicates a possible limit of Ranikot sequence.
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The argillaceous facies (=Lipa Black Shale Formation) is not developed in South
Andaman (Fig. 2); only the arenaceous facies of the Mithakhari Group is developed.
Adequate palaeontological evidence of the development of Palaeocene sequence in
South Andaman is still lacking. Probably the Tertiary sequence in South Andaman
starts withMiddle Eocenewhich resembles the set up of far East where the lowermost
Tertiary unit too is Middle Eocene. During Palaeocene, towards south of Middle
Andaman sedimentation is negligible probably because of lack of sediment supply
beyond Middle Andaman.

Pal et al. (2003) considered that accretionary prism formed during Lower to Late
Eocene and Bandopadhyay (2005) suggested accretion broadly during Palaeogene.
Flysch type trench fill sediments cover the pelagic sediments when it arrives in the
trench (Wakita and Metcalfe 2005). During Cretaceous, pelagic sediments repre-
sented by chert, limestone and claystone were deposited on the subducting oceanic
crust of Indian Plate. Presence of Globotruncana and Radiolaria in the Cretaceous
sediments of Andaman Islands indicates deposition in deep water and beyond the
influence of terrestrial sediment source. On its arrival in the trench during Palaeocene,
shale dominated sediments started accumulating as trenchfill deposits as evidenced in
Middle and North Andaman. Accumulation of the clastic sediments marks the lower
boundary of the argillacoues facies which is equivalent to Lipa Black Shale (Fig. 1b)
well developed inMiddle andNorthAndaman. The thick Palaeocene sequence devel-
oped inMiddleAndaman andNorthAndaman indicates that the rate of sedimentation
outweighed the rate of subduction. The change in the environment of deposition from
deep water to high energy shallow marine condition during Palaeocene implies shal-
lowing which in turn indicates uplift during the process of accretion. The process
of accretion of the trench sediments started during the later part of the Palaeocene.
Absence of the Palaeocene sediments suggests the South Andaman and the area
further south were either geomorphologically positive or there was geomorphologic
barrier which restricted the sediment supply to the locale during Palaeocene and even
Lower Eocene.

Conclusions

1. Planktonic and larger foraminiferal assemblage recorded fromMiddle Andaman
indicates that the age of the argillacous facies (=Lipa Black Shale Formation) is
Palaeocene.

2. There was no deposition or negligible deposition of the clastic sediments in areas
beyond Middle Andaman and further South during Palaeocene.

3. Depositional environment changes from deep marine during Early Palaeocene
to shallow marine high energy condition during Late Palaeocene. Accretion of
the trench sediments started after the Late Palaeocene.
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Middle Eocene—Lower Oligocene
Climatic Transition and Planktonic
Foraminiferal Biostratigraphy at DSDP
Sites 219 and 237, Arabian Sea and
Western Tropical Indian Ocean

Prabha Kalia and L. R. Sahu

Abstract The study of lateMiddle Eocene-EarlyOligocene planktonic foraminifera
at the Arabian Sea DSDP Site 219 and the Site 237, western tropical Indian Ocean
has led to significant advancement over the sporadic and sketchy Eocene-Oligocene
biostratigraphy described earlier.Orbulinoides beckmanni Zone (E12) that serves as
the biostratigraphic proxy for climatic warming phase, the middle Eocene climatic
optimum (MECO), is recorded at the Site 237. Suddenwarming resulted in the extinc-
tion of Acarinina bullbrooki and A. topilensis at the begining and decline of large
acarininids at the top of the Zone E12 with the extinction of muricate surface dweller
species A. praetopilensis andMorozovelloides coronatus andM. lehneri.Contrary to
the conventional attribution to cooling for which there is no geochemical evidence,
eutrophication of species in the warm interval approximating the biozone E12 best
explains the decline and extinction of muricate large acarininids and morozovelloi-
dids close to the MECO warming event. Although the onset of MECO is marked
by the appearance of Orbulinoides beckmanni its culmination is coincident with
the extinction of, Globigerinatheka kugleri, G. euganea, Morozovelloides corona-
tus,M. lehneri andO. beckmanni. Thus, there is a distinctive episode of extinction of
five species close to the end ofMECOwith the drop in temperature. The change from
the greenhouse to the icehouse world occurred during the latest Eocene–Oligocene
Transition (EOT) ~34 Ma is expressed by the composition and pattern of change in
the planktonic foraminiferal assemblages of the zones E13 to O2 at the two Sites.
Almost complete Eocene-Oligocene stratigraphic record from zones E12 to O2 at
the Deep Sea Sites studied in tropical Indian Ocean is consistent with other global
reference sections. The late Eocene cooling and continental glaciation on Antarctica
effected successive closely spaced events of extinction of cerroazulensis group of
species and hantkeninids; only the first pulse of extinction of cerroazulensis group of
species is recorded at the two Sites as the hantkeninid extinction at the E/O boundary
is not documented in the present work due to the nonrecovery or non-availability
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of core samples. The significant bioevent documented here at the two Sites is the
early origin of Globoquadrina tapuriensis, G. selli and G. venezuelana in the late
Eocene. Similar early appearance of these globoquadrines recorded from Tanzania,
Spain and Italy extend down their range to Late Eocene.

Keywords Middle Eocene-Early Oligocene · Planktonic foraminifera
middle Eocene climatic optimum · Eocene–Oligocene transition

Introduction

Subsequent to the globally recorded warmest marine temperatures in the late Pale-
ocene to early Eocene, a long term cooling through the middle-late Eocene was
initiated at the end of the Early Eocene Climate Optimum (EECO). This long term
cooling trend through the middle-late Eocene was interrupted by several episodes
of transient warming (Bohaty and Zachos 2003; Edgar et al. 2010; Katz et al. 2008)
events. The longest and most intense of these warming events the middle Eocene cli-
matic optimum (MECO) at about 40 Ma, initially recorded in southern Ocean cores
(Bohaty and Zachos 2003) was subsequently identified in the Atlantic Ocean, central
western Tethys and equatorial Indian Ocean (Bohaty et al. 2009; Edgar et al. 2010;
Luciani et al. 2010; Spofforth et al. 2010; Gallazo et al. 2014, 2015; Fioroni et al.
2015). The change from the greenhouse to the icehouse world occurred during the
latest Eocene–Oligocene Transition (EOT) ~34Ma, the point at which the Earth’s cli-
mate registered a transition to the late Paleogene—Neogene icehouse (Berggren and
Prothero 1992). Increasing benthic foraminifer δ18O values across EOT are regarded
to reflect the onset of cooling impacting the extinctions of foraminifer species fol-
lowed by the radiation of typical Oligocene fauna in the thermocline with the spread
of continental glaciation on Antarctica (Pearson et al. 2008;Wade and Pearson 2008;
Houben et al. 2012; Wade et al. 2012).

Detailed isotopic analysis has recorded distinct shifts in increasing δ18O during
EOT forwhich the nomenclature ‘precursor shift (EOT-1)’, subsequent transient shift
(EOT-2) and the Oligocene peak values event O1 or O1-i (Miller et al. 1991, 2008;
Zachos et al. 1996; Katz et al. 2008; Lear et al. 2008) have been used. These isotopic
shifts were also referred as the ‘interval of EOT δ18O shifts’ and the interval of Early
Oligocene glacial maximum (EOGM) by Coxall and Pearson (2007). EOT precursor
shift and the O1-i are 300 kyr apart as they fall within the ~400 kyr eccentricity
cycles in the astronomic scale. Significant extinctions are recorded in Turborotalia
cerroazulensis group at EOT-1 in central Pacific (Coxal et al. 2005), western Tethys
(Houben et al. 2012) and Tanzania (Pearson et al. 2008). In the present study, late
Middle Eocene to early Oligocene planktonic foraminifers have been studied across
MECOandEOTat theArabianSeaDSDPSite 219 andwestern tropical IndianOcean
Site 237 (Fig. 1) and described in the light of emended taxonomy, stratigraphic ranges
following the biostratigraphic alphanumeric scheme ofBerggren and Pearson (2006).
Extinctions and faunal turnovers reflect the significant changes from warm to cold
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Fig. 1 Site Location map

climate and are recorded here across the MECO to EOT interval by their planktonic
foraminiferal proxies at the two DSDP Sites in Indian Ocean. MECO is reflected by
the record of Orbulinoides beckmanni Zone E12 at the Site 237 but represented by a
hiatus at the Site 219. EOT is documented by the record of Zones E16 to O2 at the
Site 219, while it is incompletely documented at the Site 237 by the partial record of
the upper part of Zone E16 and lower Zone O1 due to non-recovery of core samples.

Initial report (Fleisher 1974) at the Site 219 recognised Zones P14–P19 and hia-
tuses were recognized by the absence of the Zone P16 and Zones P11–P13 in the
middle to late Eocene core intervals. Later work considered the P17/P18 (=E16/O1)
boundary to be marked by the dissolution event spanning the cores from 16-2 and
16-1, above which the hantkeninids were absent (Keller 1982–1983, 1983; Keller
et al. 1992; Molina et al. 1993). A hiatus between Zone P12 and P14 is marked at the
Site by the absence of the Zone P13 in theMiddle Eocene stratigraphic record of Site
219. In the present study, hantkeninds are recorded in the core sample 16-1 above
the dissolution level but these fragile index species were not found in the core 15-6
marked by the HO of cerroazulensis group of turboroatalid species and subbotinid
(S. linaperta, S. yaguaensis) species. Although the sedimentation was continuous
across the Eocene-Oligocene, the upper boundary of the Latest Eocene Zone E16 is
difficult to mark as the HO of hantkeninids could not be ascertained due to the prob-
lem related to the preservation of fragile tests of hantkeninids and non-availability
of samples from the cores 15-5 and 15-4 in the E-O boundary interval. The HO of
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the three turborotalid species of cerroazulensis group as recorded in the in Tanzania,
Italy and Atlantic Ocean localities (Pearson et al. 2008; Houben et al. 2012; Wade
et al. 2012) occurs about 0.1Ma below the extinction level ofHantkenina alabamen-
sis at the top of Zone E16 (Berggren and Pearson 2006). Eocene/Oligocene (Zone
E16/O1) boundary is tentatively placed by us above the Highest Occurrence (HO)
of Turborotalia cerroazulensis, T. cocoaensis, T. pomeroli and T. cunialensis in the
core sample 15-6 and the study of the core samples between 15-5 and 15-4 at close
interval may help defining the E/O boundary with precision if these samples are
found to be devoid of cerroazulensis group of species and record hantkeninids and
their highest occurrences at the Deep sea Site 219.

At the Site 237 previously identified hiatus (Hiemen et al. 1974) incorporating
late Middle Eocene to Oligocene (i.e. P15–P18 Zones) is absent and the Zones
E8–E16 are continuously recorded, with the exception of Zone E16/O1 boundary
interval that could not physically be traced due to the non-recovery of Core sec-
tions 22-05 and 22-06. Zone E16 is marked in the Core 23-01 (007–008 cm) but the
level of extinction of Turborotalia cerroazulensis, T. cocoaensis and T. cunialensis
could not be marked at this Site due to non-recovery of sediments. Nevertheless, the
sediment accumulation rate of 1.4 m/my (Hiemen et al. 1974) suggests the presence
of Zones E16 (upper) and O1 (lower) within the unrecovered portion of the Core sec-
tions. Occurrence of the Middle Eocene to early Oligocene planktonic foraminifera
(Fig. 3) is uninterrupted from core 25-4 to 22-1. Orbulinoides beckmanni Zone E12
that coincides with MECO, not previously recognized is documented and described
in the present study in the samples 25-06 (002–003 cm) to 24–06 (148–149 cm).
The total range of the marker speciesOrbulinoides beckmanni along withGlobigeri-
natheka eugaena, G. mexicana, G. barri, G. kugleri, G. index, Morozovelloides
lehneri, M. crassatus, Hantkenina liebusi, H. dumblei, Acarinina praetopilensis, A.
mcgowrani, A. rohri A. medizzai, Subbotina senni and Turborotalia pomeroli char-
acterise the assemblage of the Zone E12.

Location and Setting

Deep Sea section at Site 219 located (Fig. 1) in the crest of Laccadive Chagos Ridge
(9° 01′ 75′′N: 72° 52′ 67′′E), extending southward from the easternmargin ofArabian
sea at 1764 m depth, consists of sedimentary record from Paleocene to Pleistocene.
During early Paleogene the location of this Site was at about 3°S (Sclater et al. 1977).
The Middle Eocene to early Oligocene sediments mainly includes white biogenic
ooze rich in foraminifers and calcareous nannoplaktons and radiolarians, chalk and
chert (Fig. 2). The Site 237 is located on the Mascarene plateau (Fig. 1) between
Seychelles and Saya de Malha bank (7° 04′ 99′′N: 58° 07′ 48′′E) at 1623 m depth.
The 518 m thick Paleogene sequence consists of thick Paleocene-middle Eocene and
a condensed late Eocene and Oligocene sections mainly composed of foram rich
nannofossil ooze (Fig. 3).
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Fig. 2 Litholog DSDP Site 219
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Fig. 3 Litholog DSDP Site 237
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Fig. 4 Range chart, Site 219
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Fig. 5 Range chart, Site 237
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Plate 1 Figures 1, 2. Subbotina linaperta; Fig. 1 × 60; 2 × 130. Figures 3, 4. Subbotina angi-
poroides; ×130. Figures 5–7. Subbotina eocaena; ×140. Figures 8–11. Subbotina corpulenta;
Figs. 8–10 × 65; Fig. 11 ×135. Figures 12, 13. Subbotina hagni; ×130. Figures 14–16 Subbotina
gortanii; ×70
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Materials and Methods

Middle Eocene to early Oligocene planktonic foraminifers were studied in the Core
samples 18-06 to 15-01 from Site 219 (Fig. 2) and 24-06 to 22-03 from Site 237
(Fig. 3). Fairly to moderately preserved planktonic foraminifer were separated from
the core samples by usual methods. At the Site 237 was selected to study the
foraminiferal assemblages and the biozones are described across the MECO to EOT
interval whereas at the Site 219 zones E13-O2 are described as a hiatus occurs below
the Zone E13.

Planktonic Foraminiferal Assemblages

Planktonic foraminiferal assemblages and patterns of change through the Eocene
to early Oligocene are similar in Tethyan, Atlantic, and Pacific regions (Wade and
Pearson 2008)This intervalwas earlier considered to bemarked by the successive dis-
appearance of surface dweller acarininid and globigerinathekid taxa and increasing
abundance of intermediate dwellers in response to global cooling (Keller 1982–1983;
Molina et al. 1993). On the contrary, multispecies stable isotope data from Tanza-
nia indicates no clear relationship between the extinctions and water-depth habitat
(Wade and Pearson 2008). The present record of the extinction of three species of
Acarinina, namely, A. rohri, A. topilensis and A. mcgowrani at the Site 237 coincides
with the initiation of sudden warming (MECO) marked by the LO of Orbulinoides
beckmanni which is linked significantly to the warming event rather than cooling.
As documented in the present study and other low latitude ODP Sites 1051 and
1260 in Atlantic Ocean (Edgar et al. 2010) and Tethyan Alano section in NE Italy
(Luciani et al. 2010), the extinction of O. beckmanni, Globigerinatheka kugleri, G.
euganea, Morozovelloides lehneri and M. coronatus at the top of the biozone E12,
are linked to the culmination of middle Eocene warming event (MECO). The late
Middle Eocene to early Oligocene planktonic foraminiferal species recorded at the
DSDP Site 219 and 237 are illustrated in plates 1 to 8 and their ranges are plotted
in Figs. 4 and 5. At the Indian Ocean DSDP Site 237, the Middle Eocene to early
Oligocene planktonic foraminifera are recorded in the Core samples 25-4 to 22-1
(Fig. 3). The Zone E12 that coincides with MECO is recorded in the samples 25-06
(002–003 cm) to 24-06 (148–149 cm). In addition to Orbulininoides beckmanni that
is present throughout the zone, the speciesGlobigerinatheka eugaena, G. mexicana,
G. barri, G. kugleri, G. index, Morozovelloides lehneri, M. crassatus, Hantkenina
liebusi,H. dumblei), Acarinina praetopilensis, A.Mcgowrani, A. rohri and A. mediz-
zai, Subbotina senni and Turborotalia pomeroli are the characteristic members of the
assemblage of the Zone E12. Following the extinction of O. beckmani and A. prae-
topilensis, Globigerinatheka kugleri, G. euganea and Morozovelloides lehneri, the
succeeding assemblage is marked by the occurrence of Turborotalia cocoaensis and
Dentoglobigerina galavisi. As shown in the Fig. 5, the HO of A. rohri marks the top
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of the Zone E13 in the core sample 24-04 and the HO ofGlobigerinatheka semiinvo-
luta in the Core sample 24-01 marks the E14 top. Hantkeninid record is sporadic at
the Site 237;Cribrohantkenina inflata andH. alabamensis occur in the Core samples
23-05, 23-03 and 23-01 in the Zones E15 (upper part) and E16 (Fig. 5). The HO of
Turborotalia pomeroli,T. cerroazulensis,T. cocoaensis andT. cunialensis is recorded
in the core sample 23-1 along with hantkeninids and therefore, do not signify the
end—Eocene time as the extinction of hankeninids post-dated the extinction of the
cerroazulensis group of species (Molina et al. 2006;Wade and Pearson 2008). Higher
up, from Core 23-03 onwards the species that joined the earlier association include
Subbotina angiporoides, Globoturborotalita ouachitaensis, G. gnaucki and Tenu-
itella gemma is recorded from 23-01 to 22-03. Pseudohastigerina naguewichiensis
characterises the Zones E16 and O1. Tenuitella gemma,Dentoglobigerina tripartita,
D. pseudovenezuelana, D. galavisi, Globoquadrina sellii, G. tapuriensis, Turboro-
talia ampliapertura, Globoturborotalita ouachitaensis and G. gnaucki common in
the Zone E15 and E16 become abundant in the early Oligocene Zones O1 and O2.
HO of Catapsydrax is close to the upper boundary of the Zone O2. The assem-
blages and pattern of change in planktonic foraminifera through the Middle Eocene
to Oligocene is in conformity with the records in Atlantic, Tethyan and Indian Ocean
regions.

At the Site 219 planktonic foraminifer assemblages reported by the earlierworkers
(Keller 1982–1983; Keller et al. 1992; Molina et al. 1993) are recorded in the present
work with some differences in the occurrence and stratigraphic range through the
section (Fig. 4). Cribrohantkenina inflata and Hantkenina alabamensis are recorded
fromCore 17-3 to 16-3 and 18-6 to 16-1 respectively but not up to the top of the Zone
E16. Molina et al. 1993 regarded core 16-2 to 15-6 mainly due to the occurrence of
Tenuitella gemma and G. tapuriensis and G. sellii as the Oligocene Zone P18. The
presence of these species does not indicate Oligocene Zone O1 because T. gemma
ranges from upper E16 to O7 terminating at 22.96 Ma (Wade et al. 2011) and G.
tapuriensis/sellii have a record from latest Eocene inTanzania, Spain andMassignano
GSSP, Italy (Coccioni et al. 1988; Molina et al. 1986; Pearson et al. 2008; Wade and
Pearson 2008) and from Arabian Sea and western tropical Indian Ocean (present
study). The extinction of the cerroazulensis group of species occurs a little before
the extinction of hantkeninids (Wade and Pearson 2008; Pearson et al. 2008) but the
extinction of hantkeninids have not been marked in the present study due to their
sparse and sporadic occurrence and non-availability of samples above the Cores 15-5
to 15-4 at the Site 219 and non-recovery of Cores 22-5 t o 22-4 at the Site 237. T.
gemma is recorded here at the Indian Ocean DSDP Sites within biozone E16 where
it occurs with Turborotalia cerroazulensis, T. cocoaensis and T. cunialensis in Core
23-1 at the Site 237 and Core 15-6 at the Site 219. Previous workers placed the E/O
boundary at the extinction level of the cerroazulensis group of species at the Site
219 as the hantkeninids were sporadic and rare in occurrence (Keller 1982–1983;
Keller et al. 1992; Molina et al. 1993). G. sellii and G. tapuriensis were earlier
regarded to appear only in the Oligocene. Previously, LO of G. tapuriensis was used
to define the P18/P19 boundary (Blow 1969) and LO of G. sellii was regarded by
Bolli and Saunders (1985) within the Zone P18 (=O1). These forms do appear within
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Plate 2 Figures 1–3.Cribrohantkenina inflate;×130. Figures 4, 5.Hantkeninaalabamensis;×140.
Figures 6, 8, 15. Turborotalia pomeroli; Figs. 6–8 ×130; 15 × 1050, wall shows diagenetic over-
growth. Figure 9. Turborotalia cerroazulensis; ×130. Figures 10, 11. Turborotalia cocoaensis;
×130. Figures 12–14. Turborotalia cunialensis; Fig. 12 × 60; 13, 14 × 130
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Plate 3 Figures 1–3. Chiloguembelina cubensis; ×130. Figures 4–8. Pseudohastigerina
naguewichiensis. Figures 4–7 × 270; Fig. 8 × 2000 showing diagenetic overgrowth on the test
surface. Figures 9–11. Tenuitella gemma; Figs. 9, 10 × 270; Fig. 11 × 1000 showing diagenetic
overgrowth on the test surface. Figures 12–15. Cassigerinella chipolensis; Figs. 12, 13 × 200;
14 × 250; 15 × 1200 surface view showing the pore mounds on the microperforate test wall
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Plate 4 Figures 1–5. Turborotalia ampliapertura; × 130. Figures 6, 7. Paragloborotalia opima;
Fig. 6 × 900 showing partial overgrowth on the noncancellate spinose wall; 7 × 140. Figures 8–10.
Paragloborotalia nana; × 190. Figures 11–13. Paragloborotalia increbescens; Figs. 11, 12 × 150;
13 × 600 showing wall surface
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Plate 5 Figures 1, 2.Dentoglobigerina pseudovenezuelana;×130. Figures 3, 4.Dentoglobigerina
galavisi; ×130. Figures 5, 6. Dentoglobigerina venezuelana; ×130. Figures 7–9. Catapsydrax
unicavatus; Figs. 7, 8 × 95; 9 × 650, showing cancellate wall with spine holes. Figures 10–12
Catapsydrax dissimilis; Figs. 10, 12 × 65; Fig. 11 x 880
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Plate 6 Figures 1–3.Acarinina meddizzai; Figs. 12× 270; 3× 1000 showing spinose surface. Fig-
ures 4–6.Acarininamcgowrani;×135. Figures 7–9.Acarinina rohri; Figs. 7, 8×135; Fig. 9×1000.
Figures 10, 11. Acarinina collectea; ×135. Figures 12–14. Orbulinoides beckmanni; Figs. 12,
13 × 135; Fig. 14 × 1000 showing parly recrystallised wall surface
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Plate 7 Figures 1–2. Globigerinatheka index; ×135. Figures 3–4. Globigerinatheka subconglo-
bata; Fig. 3×120, Fig. 4×130. Figures 5–6.Globigerinatheka semiinvoluta; Fig. 4×1050 showing
surface details; Fig. 5, 6× 135. Figures 7–9.Globigerinathekamexicana; Figs. 7, 9× 135; 8× 1000.
Figures 10–12. Globigerinatheka barri; ×135. Figures 13–14 Globigerinatheka euganea; ×135
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Plate 8 Figures 1, 2. Dentoglobigerina galavisi ×135. Figures 3–5. Globoquadrina sellii
Fig. 3 × 60; Fig. 4, 5 × 135. Figures 6, 7. Orbulinoides beckmanni ×100. Figures 8–10. Globo-
quadrina tapuriensis Fig. 8 × 800 showing the wall texture; 9 × 65; 10 × 135. Figures 11–12.
Morozovelloides lehneri ×100. Figure 13. Globigerinatheka kugleri ×135
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the Eocene Zone E16 as reported from Italy, Spain and Tanzania and the present
record of these species from Site 219 and 237. It is a significant bioevent recorded
at the Site 237 and 219, as the species Globoquadrina sellii, and G. tapuiensis and
G. venezuelana were earlier considered to be exclusively Oligocene in age. These
species are here recorded from Zone E16 onwards at the Site 237 (core 23-05) and
at the Site 219 in core samples 16-6 (tapuriensis) and 16-3 (sellii) and supports the
similar, early stratigraphic LO of these species in Zone E16 from Tanzania (Pearson
et al. 2008; Wade and Pearson 2008) and GSSP at Messignano, Italy (Coccioni et al.
1988).

Middle Eocene—Lower Oligocene Biostratigraphy

Transition from middle Eocene climatic optimum MECO to late Eocene climatic
cooling triggered the extinctions among surface dweller planktonic foraminifera
that culminated at the Eocene/Oligocene boundary. The stratigraphic interval of the
biozone E12 defined by the total range of Orbulinoides beckmanni (Berggren and
Pearson 2006) has been approximately calibrated to the MECO event (Bohaty et al.
2009). Based on the present study of the planktonic foraminifers at the low latitude
Indian Ocean DSDP Sites 219 and 237, the biostratigraphy has been advanced in the
context of emended taxonomy and stratigraphic ranges, following the alphanumeric
scheme of Berggren and Pearson (2006). Biozones E13 to O2 at the Site 219 as the
MECO proxy biozone E12 is absent due to a hiatus from P11–P13 and the zones E12
and E16 (base) and O1 (upper)—O2 at the Site 237 are recognized and described
below. Earlier, Molina et al. 1993 recognized the biozones P15–P18 (Berggren and
Miller 1988) in the core interval 18-1 to 15-6. Our study of the core samples from
18-6 to 15-1 has revised the biozonation (Fig. 4) following the E-O zonation scheme
at the Site 219. At the Site 237, Hiemen et al. (1974), recognized Zone P14 in
the cores 24-05 to 22-03 and a late Eocene to early Oligocene hiatus stretching
across P15–P18 zones between cores 24-03 to 24-02; Zone P19 was marked by the
presence of Globoquqdrina selli, Catapsydrax unicavatus and youngest occurrence
of Pseudohastigerina spp. in the Core sample 24-2 to 23-02. Present study has
recognized the Zones E12-O2 (Fig. 5) in the Core samples 25-4 to 22-1 at the Site
237 and significantly improved the tentative biozonation byHeimen et al. (1974) The
revised and advanced biostratigraphy at the Site 219 and 237 following the scheme
of Berggren and Pearson (2006) is described below.

Zone E12 Orbulinoides beckmanni Taxon Range Zone

Remarks: Relatively poor recovery of Zone E12 and almost global hiatus at ~40 Ma
near C 18r/C18n boundary in the Geomagnetic polarity time scale (GPTS) in trun-
cates the top of Zone E12 (Erbacher et al. 2004) the deep sea sequences. Present
work at the Site 219 the Zone Zone E12 (=P13) is absent due to a hiatus between
the Zones P12 and P14 as reported in the previous work (Fleisher 1974; Hiemen
et al. 1974). At the Site 237, a complete succession of Eocene zones E-7 to E16
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base is recognized in the present study. Total range of Orbulinoides beckmanni at
the Site 237 defines this Zone E12 and the assemblage includes, Globigerinatheka
subconglobata, G. mexicana, G. euganea, G. kugleri, G. barri, G. index, Orbuli-
noides beckmanni, Morozovelloides lehneri,M. coronatus, M. crassatus, Acarinina
rohri, A. praetopilensis, A. mcgowrani A. meddizai,Hantkenina dumblei,H. liebusi,
Subbotina senni, S. eocaena, Turborotalia pomeroli.). The base of this Zone is a
thresh-hold marked by the extinction of large acarininids that disappeared at the
initiation of the transient episode of Middle Eocene warming (MECO) when tem-
peratures rose by~4 °C (Bohaty et al. 2009). Stable isotopic record ofMECOoverlaps
with the LO and HO of warm water species O. beckmanni. At the Site 219 there is a
hiatus between Zone P12 and P14 and the Zone P13 is missing. Zone P12 is marked
below the core 19-05 as in the previous work (Keller 1983; Keller et al. 1992; Molina
et al. 1993). In the preliminary report this hiatus was interpreted as encompassing
the Zones P11–P14 (Whitmarsh et al. 1974).
Occurrence: At the Site 237 Zone E12 is about 6 m thick (between Core samples
25-4 (002003 cm) to 24-6 (148–149 cm). Not present At the Site 219 as a hiatus is
marked below Core 19-5.

Zone E13 Morozovelloides crassatus Highest Occurrence Zone

Remarks:Morozovelloides crassatus Zone is present at the Site 237 between the HO
ofO. beckmanni and HO ofMorozovelloides crassatus.At the Site 219, Zone E13 is
disconformable over the Zone E11 due to the absence of O. beckmanni,Morozovel-
loides. lehneri, Globigerintheka kugleri and Acarinina praetopilensis in the Core
sample 19-05 The HO of M. crassatus, Subbotina senni, Acarinina mcgowrani A.
rohri within the core 18-2 defines its upper limit.Globigerinatheka index disappears
early in the zone E13 at the Site 219 as recorded previously (Keller 1982; Molina
et al. 1993). The extinction of the genusMorozovelloides is marked by the HO ofM.
crassatus at the top of the Zone E13.
Occurrence: Core interval: At Site 237 from Core 24-6 (148–149) to 24-
5(002–003 m); At 219 Core 18-3 to 19-4.

Zone E14 Globigerina semiinvoluta Highest Occurrence Zone

Remarks: Biostratigraphic interval defined by the HO ofMorozovelloides crassatus
and the HO of G. semiinvoluta is well documented at the Site 219 and 237. Three
species ofGlobigenatheka, namely,G.mexicana,G.barri andG. semiinolutabecame
extinct within this Zone. G. index has an early disappearance at the Site 219 while
at the Site 237, it occurs up to the top of Zone E15.
Occurrence: Site 237- Core interval 24-5 (002–003 cm) to 24-1(003–004 cm); Site
219-Core 17-2 to 18-2.

Zone E15 Globigerinatheka index Highest Occurrence Zone

Remarks: Zone E15 is recorded at the Site 237 between the Cores 24-6, 24-3 and
24-1 by the HOG. semiinvoluta and HO ofG. index. HO of A. meddizzai also marks
the base of this biozone at the Site 219 where G. index has an early disappearance.
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Cribrohantkenina inflata disappears close to the E15/E16 boundary at this Site and
is not recorded beyond, possibly, due to the preservation problems associated with
this fragile species.
Occurrence: Site 237- Cores 24-1 to 23-3; Site 219- Cores 17-2-16-3.

Zone E16 Hantkenina alabamensis Highest Occurrence Zone

Remarks: At the Site 237 Globigerinatherka index is present in the Cores 24-06 to
24-01 and its HO marks the base of this zone. The HO ofH. alabamannsis could not
be ascertained at both the Sites due to non-recovery of samples at the Site 237 and
non- availability of samples between 15-05 an 16- 04 at the Site 219 for study. At the
Site 219 the highest record ofHantkenina alabamensis is from core sample 16-1 and
Cribrohantkenina inflata from sample 16-3. Previously, Cribrohantkenina inflata
Zone P16 was considered to be absent denoting a hiatus between the zones P15 and
P17 (Whitmarsh et al. 1974), However, C. inflata andH. alabamensis were recorded
by Molina et al. (1993) up to the lower part Zone P16 in the core sample 17-5 and in
the core 16-2 respectively. Core 16-2 was regarded to be close to Eocene top as the
Zone P17/P18 boundary was supposed to be affected by dissolution (Molina et al.
1993). At the Site 237, both these hantkeninid species are recorded here in the core
sample from 23-05 to 23-01 but their HO could not be ascertained as the core samples
fromabove (from22-04 to 22-03)were not recovered. In earlier biozonation schemes,
the HO of T. cerroazulensis was regarded as a definitive criterion to demarcate the
P17/P18 (E/O) boundary (Berggren and Miller 1988; Berggren et al. 1995; Molina
et al. 1993). Recent biostratigraphic studies (Pearson et al. 2008; Wade and Pearson
2008; Houben et al. 2012) have clearly demonstrated that the HO of cerroazuelesis
group of species is close to the Eocene top and is estimated to be about 0.1Ma earlier
to the extinction (HO) of Hantkenina alabamensis that defines the top of zone E16
(Berggren and Pearson 2006). HO of H. alabamensis could not be ascertained at
the Site 219, due to the non-availability of samples from core 15-05 to 15-04 and
non-recovery of core samples at the Site 237 from core 22-04 and 22-03. Highest
common occurrence (HCO) of Pseudohastigerina micra in upper Eocene sediments
at both the Sites is observed in the present study. Decrease in the size of P. micra
has earlier been recorded at the Site 219 (Keller 1982–1983; Molina et al. 1993).
The significant size decrease of P. micra that parallels the extinction of Hantkenina
appears to be coeval between the Indian Ocean and the Gulf of Mexico (Wade and
Pearson 2008; Miller et al. 2008). Tenuitella gemma has an early appearance at both
the Sites studied within the Zone E16.
Occurrence: Site 237- Core 23-3 to 22-5, upper boundary not placed due to non-
recovery of core samples from Core 22-6 to 22-4 m, the interval which probably
corresponds to upper part of the Zone E16 and lower part of O1. At Site 219, the
lower boundary lies in Core 16-3 and the upper boundary may fall between Core
15-5 and 15-4 as the core 15-3 bears some Oligocene species like Cassigerinella
chipolensis, also reported in previous work (Molina et al. 1993).

Zone O1 Pseudohastigerina naguewichiensis Highest occurrence Zone
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Remarks: At the Site 237, the Zone is marked by the presence of P. naguewichiensis
in the samples devoid of Turborotalia cerroazulensis, T. cocoaensis, T. cunialensis
and hantkeninids and the upper boundary is marked by the HO ofP. naguewichiensis.
At the Site 219 the base of the Zone may lies below the Core sample 15-4 and the
top of Zone lies in the Core sample 15-3 marked by the HO of P. naguewichiensis
Occurrence: Site 237- Core samples 22-3 (007–008 cm), base not defined due to
non-recovery of core above 22-6 to 22-4. Site 219 core samples 15-4 to 15-3.

Zone O2 Turborotalia ampliapertura Highest occurrence Zone

Remarks: At the Site 237, the biozone is marked by the HO P. naguewichiensis in
Core 22-2 and HO of T. ampliapertura in Core 22-3. At the Site 219, HO of P.
naguewichiensis is recorded in the core 15-3 and HO of T. ampliapertura occurs in
Core15-1 above which the samples were not studied. This zone is characterized by
the occurrence of typically Oligocene species Paragloborotalia opima at both the
Sites.
Occurrence: Site 237- Core sample 22-3 (001–002 cm)-22-1 (007–008 cm); Site 219
core samples 15-3 to 15-1.

Discussion and Conclusions

TheMiddle Eocene ClimaticWarming Event (MECO) that interrupted the long term
Eocene coolingwas initially documented at high latitudes (Bohaty andZachos 2003).
The Zone E12, which almost coincides with MECO, was poorly known from low
and mid–latitudes. The record of MECO got extended to mid-latitudes by the study
of land based marine sections in central Italy, Atlantic Ocean (Javane et al. 2007) and
ODP Site 1263 southeast Atlantic Ocean (Galazzo et al. 2014). These records from
multiple deep-sea sites revealed that a large negative δ18O excursion, a prominent
feature of all the continuous stratigraphic sections ~40 Ma, underlines the fact that
MECO event (between 40–40.5 Ma; C18r/18n boundary) with a duration of 500 ka,
was globally ubiquitous (Bohaty et al. 2009). This warming event was poorly known
in the low latitudes till the isotopic and palaeomagneic and biostratigraphic study
of ODP sections at the Sites 1051 and 1260 (Edgar et al. 2010) and the Tethyan
marginal section at Alano, NE Italy (Luciani et al. 2010) was done. The isotopic data
and palaeomagnetic record at the low latitude, Atlantic Ocean ODP Site 1051 and
the equatorial Site 1260 demonstrated that the stratigraphic range of O. beckmanni,
although approximating the duration of the MECO, is diachronous (Edgar et al.
2010) as the LO of this index species of Zone E12 is ~500 Ka before (40.5 Ma) in
the equatorial Atlantic than in the subtropics (40.0 Ma). The HO of this species in
low latitudes at the Site 1051 (Edgar et al. 2010) is later in the magnetochron C18n
than its previous calibration in C18n.2n to 40.0 Ma (Wade 2004) and is younger by
600 ka. (Luciani et al. 2010). O. beckmanni has been regarded as an approximate
proxy but not the ‘excursion taxon’ for MECO as the HO of the species at the Site
1051 post-dates the MECO by 600 Ka (Edgar et al. 2010).
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Biostratigraphy of MECO

Stratigraphic range ofOrbulinoides beckmanni defining the Zone E12 is diachronous
and LO and HO of the species are not synchronous in the equatorial and the sub-
tropical regions. O. beckmanni Zone E12 is present at the DSDP Site 237 but this
biostratigraphic proxy for MECO is not recorded at the Site 219. A hiatus was indi-
cated between the zones P12 and P14 by the presumed absence of O. beckmanii
(Fleisher 1974). The present study records the index species, O. beckmanni at the
Site 237 from the core samples 25-02, 25-04 and 24-06 defining an expanded (~6 m)
Zone E12. Although there exists no magnetostratigraphic and stable isotopic con-
trol over the DSDP section 237, the present record of the Zone E12 serves as the
proxy for the MECO, the sudden warming at the beginning of which resulted in the
extinction of Acarinina bullbrooki and A. topilensis (Fig. 4) and decline of large
acarininids was set-in at the top if the Zone E12 with the extinction of muricate
surface dweller species A. praetopilensis Morozovelloides coronatus andM. lehneri.
Though the base of the Zone E12 is marked by the appearance of Orbulinoides
beckmanni its top is coincidental with the extinction of Globigerinatheka kugleri,
G. euganea, Morozovelloides coronatus, M. lehneri and O. beckmanni. Thus the
decline and culmination of MECO coincided with the distinctive event of extinction
of six morozovlloidid and globigernathekid species at the end or close to the end of
MECO. During the late Middle Eocene, M. crassatus marks the ultimate extinction
of the genus Morozovelloides at the E13 top at the E13/E14 boundary (Site 237,
Site 219). Luciani et al. (2010), regarded the decline and evolutionary extinction of
muricate large acarininids and morozovelloidids close to the MECO warming event
near the biozonee E12, as connected with the eutrophication of species in the warm
interval, contrary to the conventional attribution to cooling (Berggren 1969; Keller
1982–1983; Boersma and Premoli Silva 1986; Keller et al. 1992; Molina et al. 1993;
Pearson 1996) for which there exists no geochemical evidence. Post-MECO cooling
is indicated by the ultimate decline in the abundance of muricate taxa subsequent to
the δ18O negative peak in MECO, above which the cool water, deep dwelling Cat-
apsydrax and temperate groups (Pseudohastigerinids, globigerinathekids and Tur-
borotalita) register an increase in abundance (Luciani et al. 2010). Similar pattern of
change in the planktonic foraminiferal assemblages has been observed in both the
deep sea sections studied in the present work. Globogerinathekids survived beyond
MECO and were quite common in Zones E13 and E14. G. semiinvoluta is common
in zone E13 to E14 and its HO marks the E14/15 boundary in core 24-01 at the Site
237 and in core 17-03 at the Site 219. HO ofG. index in Core 23-03 at Site 237marks
the E16 base (E15/16 boundary) along with the LO of Turborotalia cunialensis. G.
index disappears much earlier than its total stratigraphic range at approximately the
same level as G. semiinvoluta at the Site 219 and G. tropicalis also has an early dis-
appearance at both the Sites much before the Eocene/Oligocene boundary. G. index
that is not found to occur at the Site 219 beyond core sample 17-04, occurs till the
top of the zone E15 and defines the E15/E16 boundary at the Site 237.
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Biostratigraphy of Eocene-Oligocene Transition

Due to non-recovery and non-availability of core samples record HO of hantkeninid
the end Eocene hantkeninid extinction event could not be determined at both the
Sites. At the Site 237, there is a break in record due to the non-recovery of samples
covering the upper part of E16 and lower part of O1 zones. The highest occurrence
of cerroazulensis group of species is close to the E-O boundary and represents the
bioevent keyed to EOT-1 also known as precursor EOT in Tanzania, western Tethys
and Atlantic Ocean Sites (Pearson et al. 2008;Wade and Pearson 2008; Houben et al.
2012; Wade et al. 2012) marks the Zone E16 (upper part) but does not define the E/O
boundary. There is a distinctive size decrease recorded in Pseudhastigerina micra
(Keller 1982–1983) in the Zone P17 (=to E16). The extinction of hantkeninis at the
E/O boundary could not be documented at the Site 237 and 219 due to problems
with preservation of fragile tests of hntkeninids and sampling constraints. HO of
Pseudohastigerina neguewichiensis demarcates the O1/O2 Zonal boundary, and the
HO of T. ampliapertura marks the top of the biozone O2 in the DSDP section at the
Site 219 and O2/ O3 boundary in the section at the Site 237.

The genera Dentoglobigerina and Globoquadrina having nonspinose cancellate,
honeycomb wall texture were included by Olsson et al. (2006) in the family Globo-
quadrinidae. The taxa earlier regarded to be exclusively Oligocene in age such as
G. tapuriensis and G. venezuelana are recorded in the latest Eocene at the Sites
219 and 237. The origination of G. tapuriensis and G. venezuelana in latest Eocene
were earlier reported from Tanzania, and their appearance in the latest Eocene and
abundance in the earliest Oligocene was considered to have occurred within the
thermocline and not in surface waters (Wade and Pearson 2008). Dentoglobigerina
galavisi andD. pseudovenezuelana occur consistently through upper Eocene to early
Oligocene interval in the sections studied at the two Sites in Indian Ocean. Above the
E/O boundary G. tapuriensis increases in abundance and dentoglobigerinids record
a radiation with the advent of additional species e.g. G. venezuelana and G. praede-
hiscens in Oligocene as reported from Tanzania. Chiloguembelina cubensis is well
preserved and occurs abundantly at 219 from Zone P15 to early Oligocene zones but
occurrence is rare at the Site 237. At the Indian Ocean Sites studied here, the record
of Globoquadrina tapuriensis, G. sellii and G. venezuelana in the latest Eocene
(From Zone E16) and increase in their abundance in the early Oligocene following
the E/O boundary is consistent with previous studies from Spain, Messignano Type
section, Italy and Tanzania (Molina et al. 1986, Coccioni et al. 1988 and Wade and
Pearson 2008). With the radiation of Globoquarina group of species following the
E/O boundary extinction events, the planktonic foraminiferal diversity returned to
pre-extinction levels (Wade and Pearson 2008).

Although the extent of temperature change and timings remained controversial,
pronounced climatic change during the Eocene-Oligocene transition at ca. 33–34Ma
is provided by the positive δ18O isotopic values in the deep sea benthic foraminifera
(Kennet and Shekleton 1976;Miller et al. 1991; Zachos et al. 1996; Coxal et al. 2005)
and planktonic foraminifera (Pearson et al. 2008;Wade and Pearson 2008;Wade et al.
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2012 and Houben et al. 2012). The largest δ18O increase referred to as Oligocene
isotope-1 (Oi-1; Miller et al. 1991) represents the instance of Antarctic continental
glaciation indicated by a significant drop in global sea level (Wade et al. 2012;Houben
et al. 2012). A pronounced (3–4 °C) reduction in sea surface temperature occurred
in the latest Eocene associated with ‘precursor’ δ18O increase at the EOT-1 (Wade
et al. 2012). Across the EOT, the estimates for cooling vary at different mid- and low-
latitude locations ranging from 8 °C cooling in central North America (Zenazzi et al.
2007), to 2.5 °C cooling at EOT-1 in the western Indian Ocean (Wade and Pearson
2008) but no cooling atOi-1 (Lear et al. 2008). In theGulf ofMexico region, extensive
3–4 °C cooling through EOT-1 in surface and bottom waters is followed by a further
decrease in temperature by 2 °C in the early Oligocene coincident with the isotopic
peak Oi-1 has been estimated (Wade et al. 2012). The decrease in temperatures
across EOT affected the extinctions and change in the composition of foraminiferal
assemblages (Pearson et al. 2008;Wade and Pearson 2008;Wade et al. 2012; Houben
et al. 2012). Sea level fell in the latest Eocene at the first isotopic shift EOT-1 by
~20 m, whereas,~50–60 m fall at the Oligocene isotopic event Oi-1 reflecting the
expansion of the Antarctic ice cover (Houben et al. 2012) explains the scarcity and
absence of on-land sedimentary record of the Eocene–Oligocene transition. The
Indian subcontinent particularly has sketchy Late-Eocene-Early Oligocene marine
stratigraphic record and the present study of deep sea sections in the Indian Ocean
provides the planktonic foraminiferal bioevents consistent with those from theGSSP,
Messignano, Italy and other Atlantic and Indian Ocean Sites and marginal marine
onland sections in Tanzania and Alano NE, Italy.

Taxonomic Appendix

Acarinina mcgowrani (Wade and Pearson 2006)
Acarinina meddizzai (Toumarkine and Bolli 1975)
Acarinina rohri (Bronnimann and Bermudez 1953)
Catapsydrax dissimilis (Cushman and Bermudez 1937)
Cassigerinalla chipolensis (Cushman and Ponton 1932, emended Li 1986)
Catapsydrax unicavatus (Bolli, Loeblich and Tappan 1957)
Chiloguembelina cubensis (Palmer 1934)
Cribrohantkenina inflata (Howe 1928)
Dentoglobigerina galavisi (Bermudez 1961)
Dentoglobigerina pseudovenezuelana (Blow and Banner 1962)
Dentoglobigerina tripartita (Koch 1926)
Globigerina officinalis (Subbotina 1953)
Globigerinatheka barri (Bronnimann 1952)
Globigerinatheka index (Finlay 1939)
Globigerinatheka kugleri (Bolli, Loeblich and Tappan 1957)
Globigerinatheka maxicana (Cushman 1925)
Globigerinatheka semiinvoluta (Keijer 1945)
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Orbulinoides beckmanni (Saito 1962)
Globoquadrina sellii (Borsetti 1959)
Globoquadrina tapuriensis (Blow and Banner 1962)
Globoquadrina venezuelana (Hedberg 1937)
Globoturborotalita gnauki (Blow and Banner 1962)
Globoturborotalita ouachitaensis (Howe and Wallace 1932)
Hantkenina alabamensis (Cushman 1924)
Paragloborotalia nana (Bolli 1957)
Paragloborotalia opima (Bolli, 1957)
Pseudohastigerina micra (Cole 1927)
Pseudohastigerina naguewichiensis (Myatliuk 1950)
Subbotina angiporoides (Hornibrook 1965)
Subbotina corpulenta (Subbotina 1953)
Subbotina eocaena (Guembel 1886)
Subbotina gortanii (Borsetti 1959)
Subbotina hagni (Gohrbandt 1967)
Subbotina linaperta (Finlay 1939)
Morozovelloides crassatus (Cushman 1925)
Morozovelloides lehneri (Cushman and Jarvis 1929)
Turborotalia ampliapertura (Bolli 1957)
Turborotalia cerroazulensis (Cole 1928)
Turborotalia cocoaensis (Cushman 1928)
Turborotalia cunialensis (Toumarkine and Bolli 1970)
Turborotalia increbescens (Bandy 1949)
Turborotalia pomeroli (Toumarkine and Bolli 1970)
Turborotalia pomeroli (Toumarkine and Bolli 1970).
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The Oligocene Corals Had
Circumtropical Distribution

Patrali Sinha and Kalyan Halder

Abstract An analysis of the palaeobiogeographic distribution of the Oligocene
corals of the world reveals strong specific endemism whereas large generic pan-
demism. Four palaeobiogeographic provinces are identified here based on this distri-
bution: theWestern Indian Province (WIP) represented byKutch, theMediterranean-
Iranian Province (MIP) consisting of Greece, Italy and Iran, the Caribbean-
Northern South American Province (CNSAP) composed of Antigua, Puerto Rico
and Venezuela, and the Northwestern American Province (NAP) represented by the
state of Washington, USA. Different basins within a province show some specific
similarity whereas specific provincialism is nearly absolute. Genera show wide dis-
tribution—the WIP shows 82% similarity with the MIP and 36% with the CNSAP;
the CNSAP has 69% similarity with the MIP. However, the NAP shows signifi-
cant generic endemism. The tropical affinity, and wide and rapid dispersability of
the Oligocene corals are evident from this distribution pattern. Dispersal beyond
tropics was apparently limited. This explains the relatively higher endemism of the
NAP. Generic exchange between the WIP and the MIP, both belonging to the Tethys
Realm, has been known for gastropods. Affinity of these provinces with the CNSAP
is worth noticing. This similarity reflects the presence of a trans-Atlantic current dur-
ing the Oligocene. The circumtropical distribution of the coral genera also evinces
protracted planktotrophic larval ontogeny. However, endemism in the species level
indicates rapid evolution. This distribution pattern having tropical yet wide longitu-
dinal extent of genera and provincialism of species resembles the present day distri-
bution of corals. It reflects that the scleractinian coral biology had already attained
modern aspects in the Oligocene.
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Introduction

The Oligocene marine sedimentary deposits of Kutch, Gujarat are known to house
a diverse coral fauna (Biswas 1992). However, the composition of this fauna largely
remains unknown to the palaeontological fraternity till date. We intend to make a
rigorous systematic study of this coral fauna. Towards this goal we have collected
corals from five localities that are dispersed along the entire transect of a narrow
arcuate exposure of the Oligocene rocks at Kutch (Fig. 1).

The systematic study of our collection from one of the localities, which is exposed
near village Ramania, has so far been completed. It has been observed during this
study that almost all the species from Kutch are new whereas nearly all the genera
to which they belong were reported from other parts of the world. The genera are
knownmainly from theMiddle-East, southern European countries and the Caribbean
archipelago. This strong specific endemism and large generic pandemism of the
Kutch fauna prompted us to analyse global distribution patterns of the Oligocene
reef corals. We would like to see through this analysis:

(1) whether this pattern of specific endemism and generic pandemism is true for
other contemporaneous coral faunas from different areas of the world,

(2) if formal palaeobiogeographic units can be erected based on coral faunas, and
(3) if the units can be compared to the existing palaeobiogeographic units, mainly

based on molluscs.
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Table 1 Geographic areas from where taxonomic data have been gathered along with number of
species and genus known from each

Name of the Area No. of species No. of genera

Kutch 24 11

Iran 61 38

Greece 38 27

Italy 20 18

Antigua 45 26

Venezuela 32 18

Puerto Rico 25 13

Washington 46 35

California 14 7

Further, we intend to investigate the factors that were responsible for the develop-
ment of paleobiogeographic distribution patterns of theOligocene corals and possible
routes and mechanism of their dispersal.

Materials and Methods

The Oligocene deposits of Kutch are included in the Maniyara Fort Formation
(Biswas 1992). It is composed of claystone, foraminiferal limestone and thick coral
biostrome. This formation is underlain by a thick foraminiferal limestone formation
(Fulra Limestone) and overlain by the Khari Nadi Formation, which is composed of
shale, siltstone and sandstone. The rocks of the Maniyara Fort Formation outcrop in
a nearly continuous arc, roughly paralleling the present day coastline (Fig. 1).

Our systematic study revealed that the coral fauna from Ramania (Fig. 1) is con-
stituted of 24 species belonging to 11 genera. We have gathered systematic and
geographic information of the Oligocene corals from some major publications per-
taining to different areas of the world. The sources of information used in this
study are: Vaughan (1900), Durham (1942), Geister and Ungaro (1977), Schuster
and Wielandt (1999), Budd (2000), Schuster (2002), Kolodziej and Marcopoulou-
Diacantoni (2003), Johnson (2007), Johnson et al. (2009), Champagne (2010) and
López-Pérez (2012).

The areas forwhich taxonomic data could be gathered are Iran, Italy,Greece,USA,
Puerto Rico, Antigua and Venezuela (Table 1). All the data were analysed in specific
and generic levels to see the degree of compositional similarities between different
geographic areas (Tables 2, 3 and 4). The data were plotted in palaeogeographic
maps of Smith et al. (1994) (Figs. 2 and 3). Formal palaeobiogeographic units are
erected based on the global distribution of corals.
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Table 4 Similarity matrix showing specific/generic similarities among different provinces

Western
Indian
Province
(WIP)

Mediterranean-
Iranian
Province
(MIP)

Caribbean
Northern
South
American
Province
(CNSAP)

Northwestern
American
Province
(NAP)

California

WIP 24/11 2/9 0/4 0/1 0/1

MIP 98/49 8/20 1/11 1/2

CNSAP 76/29 3/9 0/3

NAP 46/35 1/6

California 14/7

Fig. 2 Global distribution of coral species. Intra- and inter-provincial similarity in number of
species are shown

Results and Discussion

Species Level Analysis

1. Twenty Four species have been identified from the locality of Ramania, Kutch,
of which only 2 are already known—Astrocoenia nana Reuss, 1868 fromGreece
and Iran, and Astrocoenia cf. bistellata (Catullo, 1856) from Iran. The rest are
new species (Table 2).

2. Data on the global distribution of coral species reveal high degree of similarity
among faunas from Italy, Iran and Greece (Table 2; Fig. 2).

3. Substantial similarity also characterises the distribution of corals amongAntigua,
Venezuela and Puerto Rico, the three localities bordering the Caribbean Sea for
which we could gather data (Table 2; Fig. 2). Puerto Rico shares some similarity
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Fig. 3 Global distribution of coral genera. Intra- and inter-provincial similarity in number of genera
are shown

with the areas of Europe and Middle East to which Antigua and Venezuela share
almost nothing.

4. The state of Washington, USA is the only other area from where substantial
number of Oligocene corals are known, almost all of which are endemic (Table 2;
Fig. 2).

5. The Oligocene corals are also known from a more tropical part of USA, i.e. Cal-
ifornia. Only 14 species are known, which also show strong endemism (Table 2;
Fig. 2).

Strong specific endemism of the Oligocene corals from Kutch necessitates estab-
lishment of a palaeobiogeographic province. The Western Indian Province (WIP)
was erected by Harzhauser (2007) based mainly on the Oligocene gastropods from
Pakistan. Harzhauser et al. (2009) included the Oligocene gastropods from Kutch
in this province based on faunal similarity. Contemporaneous mollusc faunas from
Kutch and other adjoining areas of western India have long been known to bear
strong similarity with the Pakistan fauna (Sowerby 1840; D’Archiac and Haime
1854; Vredenburg 1925, 1928) and were always considered together with the latter.
Corals are not known from the Oligocene deposits of Pakistan. Here we designate
the Oligocene corals from Kutch to the same palaeobiogeographic unit, i.e. the WIP
in order to avoid multiplication of similar unit names.

Large sharing of species between Iran, Greece and Italy evinces close biogeo-
graphic relationship. Italy shares 35% of its coral species with Greece and Greece
shares about 29% with Iran. This pattern of specific similarity of the coral faunas
correspond to that of the Oligocene gastropods. Harzhauser et al. (2002) erected the
Mediterranean Iranian Province (MIP) to include basins of northern Italy, Greece
and central Iran based on the specific similarity of Oligocene gastropods. Here, we
upheld the same province name for contemporaneous coral faunas.
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Significant specific similarity exists among Antigua, Venezuela and Puerto Rico.
Puerto Rico shares 20% and 24% of its species with Antigua and Venezuela respec-
tively. About 53% of Venezuelan coral species are also known from Antigua. We
erect here the Caribbean-Northern South American Province (CNSAP) to include
these three areas based on similarity of the Oligocene coral faunas.

Very strong endemism of the coral fauna from Washington necessitates erection
of a new faunal province. We christen this province as the Northwestern American
Province (NAP). Strong endemismof theCalifornian fauna also suggests the presence
of a separate biogeographic province. However, the information from this area is
relatively poor and only 14 species are known. Hence, we refrain from establishing a
formal biogeographic unit based on such poor data and refer to the Californian fauna
informally.

Genus Level Analysis

1. The 24 species that we have so far identified from Kutch, western India belong
to 11 genera. Most of the genera are known from Italy, Iran and Greece. The
Kutch assemblage also shows some generic similarity to the faunas fromAntigua,
Venezuela and Puerto Rico (Table 3).

2. Intraprovincial generic similarity among the basins is expectedly very high (about
70–90%) (Table 3). Interestingly, interprovincial generic similarity is also quite
high. The CNSAP and theWIP share about 69% and 82% of their genera with the
MIP respectively. The WIP bears about 36% generic similarity with the CNSAP
(Table 4).

3. The NAP shows descent similarity with the MIP (about 31%) and the CNSAP
(about 26%). It has only one common genus with the WIP (Table 4). Generic
similarities among the CNSAP, the MIP and theWIP are, however, much higher.

4. Out of 7 genera that were recorded from California, 6 are also known from the
NAP. California also shares about 43% of its genera with the CNSAP and about
29% with the MIP. One genus is common between California and Kutch.

The strong generic similarity between the WIP and the MIP parallels the trend
shown by contemporaneous gastropod molluscs (Harzhauser et al. 2009). This trend
reflects Tethyan heritage and indicates that considerable connectivity still existed
between these provinces during the Oligocene. These provinces were included in
the Western Tethys Region of the Tethys Realm based on benthic mollusc fauna
(Harzhauser et al. 2002 and references therein).

The strong Tethyan affinity of the Oligocene coral fauna from the CNSAP is
worth noticing. The relationship between the CNSAP and the Tethyan provinces,
especially the MIP lying on the other shore of Atlantic, has never been adequately
explored (see Harzhauser et al. 2002). Harzhauser et al. (2002) showed significant
commonness in the gastropod composition of the Caribbean and adjacent tropical
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areas with that of the MIP. Hence, the CNSAP should be considered as the western
fringe of the Tethys Realm.

The Washington coral fauna appears to be unique in composition. It shares rel-
atively less with any of the other provinces. The California fauna, which shares
majority of its genera with the NAP, has little in common with the latter when spe-
cific composition is considered. The uniqueness of the NAP calls for its inclusion
in a different region or even realm. The question of affinity of the California fauna
remains unresolved because of the relatively poor nature of information. Unfortu-
nately, we could not access information on the faunas from Indo-Pacific basins like
Java and Borneo (Gerth 1921, 1923, 1925). This information can be crucial in delin-
eating palaeobiogeographic relationship of the NAP and deciphering possible routes
of dispersal of its constituent corals.

Remarks

The Oligocene coral species are seldom found beyond province boundaries. Most
of them are also often endemic to a single basin. In contrast, majority of the genera
appear to migrate great distances beyond province territories, often even crossing
significant geographic barriers. This strong specific endemism and large generic
pandemism indicate wide migration followed by rapid allopatric speciation.

The global distribution of the Oligocene corals clearly shows wide longitudinal
vis-a-vis relatively restricted latitudinal occurrence mainly within palaeo-tropics and
subtropics. Present day reef corals are known to be strongly sensitive to climatic
factors and restricted to the tropical zone. Apparently, this attribute was already
acquired by the Oligocene corals. The diverse coral fauna from Washington, USA,
which flourished in higher latitudes, however is an exception. Presence of corals there
perhaps indicates that the prevailing climate of the Oligocene was warmer and more
equable than the present day. Palaeo-temperature data suggests the same (Hansen
et al. 2013). However, the unique nature of the composition of the Washington fauna
with large specific as well as generic endemism indicates the presence of a strong
climatic barrier to the dispersal of the tropical corals to higher latitudes. Only more
cold-tolerant genera could permeate into the higher latitudes and survive.

The presence of a seaway connection and regular migration between the WIP
and the MIP during the Paleogene has been known for a long time in relation to the
molluscs (Eames 1951, 1952; Iqbal 1969a, b, 1972; Halder 2012; Halder and Sinha
2014;Halder andBano 2015;Harzhauser et al. 2002, 2009). Themigration took place
through the relict Tethys seaway. It may be pointed out that many early Paleogene
molluscs of western India appear in younger strata of the Mediterranean Europe.
However, Iqbal (1969a, b) declined to consider a westward migration of the fauna
in the absence of more definitive evidences. Harzhauser et al. (2002) demonstrated
the presence of an easterly surface current in the Tethys that bathed the western
shores of the Indian Peninsula during the Paleogene (see also Popov 1993). The
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information analysed in the present study is not adequate for the reconstruction of
possible direction of migration of the coral fauna between the WIP and the MIP.

The presence of a coral fauna in the Western Atlantic CNSAP, similar to that of
the MIP and the WIP, indicates an extension of the Tethyan faunal influence across
the Atlantic Ocean and hence, the presence of a trans-Atlantic current system. The
direction ofmigration, again, cannot be inferred from the present dataset. An analysis
of the information on the contemporaneous gastropods also could not conclusively
reveal the migration direction. However, a westward current from the MIP to the
CNSAP appears to be the stronger possibility in terms of the gastropod distribution
(Harzhauser et al. 2002). The relatively lower similarity between the WIP and the
CNSAP may be attributed to the large geographic distance between these provinces
and the relatively weak present state of the knowledge on the western Indian fauna.

It is more difficult to understand the relationship of the Pacific coastal basins of
the USA with other provinces in the absence of data from other Pacific basins. Cali-
fornia, however, having about 43% generic similarity with the CNSAP perhaps got
its coral fauna from the latter. Presumably, this migration had taken place through
the connection that existed at that time between the Caribbean Sea and the Pacific
Ocean. The Isthmus of Panama severed this tie later. Washington, in spite of its
unique faunal composition, might have got early settlers from California. Relatively
cold-tolerant forms from the latter area perhaps migrated to Washington and flour-
ished there in a relatively unusual setting as opportunist taxa. Data from the western
Pacific archipelago is required to assess if and to what extent faunal similarity existed
between the two shores of the Pacific. However, a migration route across the huge
Pacific Ocean is difficult to perceive in the absence of hopping sites.

Conclusion

The global distribution of the Oligocene coral faunas indicates an almost circum-
tropical occurrence in nearly all coastal basins including the western Pacific. Signif-
icant absence of corals was from the tropical African countries. Whether it was real
or reflects lack of study is not known. The distribution shows very strong Tethyan
affinity of most of the provinces—including that on the western shore of the Atlantic
and even the tropical eastern Pacific—elucidating a trans-Atlantic surface current and
possible passage through the sea between the two American continents. However,
strong endemism of the coral species to the provinces and even to the basins reflects
rapid speciation was operative in allopatry.

It is interesting to note that several of the Oligocene coral genera are still extant.
The Oligocene corals had a climate controlled distribution mainly in the tropical and
the subtropical areas. They were generally associated with fairly shallow water shelf
sediments (Bosellini 1998). They also had longitudinally wide geographic distribu-
tion. All these features correspond to the distribution of the present day reef corals
(Veron 2016). Shallow water occurrence of the present day corals in the tropical
zone is known to be controlled by the symbiotic association with photosynthetic
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organisms. Protracted planktotrophic larval ontogeny of majority of the reef corals
is responsible for their wide geographic distribution (Veron 2013). Apparently, these
modern aspects of the coral biology had been attained by the reef corals already
during the Oligocene.
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Appendix 1

Global distribution of Coral species reported from different basins/provinces of the Oligocene
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Molluscan Biostratigraphy
and Palynological Assemblage
of Paleogene Disang Formation,
Manipur, India

Y. Raghumani Singh, Umarani Sijagurumayum and B. P. Singh

Abstract In the present paper we tried to highlight Paleogene events of theManipur
region on the basis of fossil evidences. The Paleogene succession of the Manipur
region is represented by the Disang and Barail groups that are mainly exposed in
the Imphal valley. In the present investigation, 108 species (80 bivlaves and 28
gastropods) belonging to 51 genera of bivalves and 26 genera of gastropods have
been recovered from the Upper Disang Formation of Changamdabi area of Imphal
valley. Based on the faunal assemblage, three biostratigraphic zones namely Zone-I
Castocorbula (Parmicorbula) regulbiensis–Flemingostreapharoanum var-abivulina
with age ranging from Late Paleocene-Early Eocene (Thanetian-Ypresian), Zone-
II Vulsellapakistanica-Corbula (Varicorbula) daltoni with age ranging from Middle
Eocene-Late Eocene (Lutetian-Bartonian) and Zone-IIICallista (Callista) yawensis-
Lucina Yawensis with Late Eocene age (Priabonian) were identified in ascending
order of stratigraphy. Two ecological events in the Upper Disang Formation are
identified i.e. shallowing of the sea-aerated water corresponding to zones I and open
sea conditions with well aerated warm water condition corresponding to zones II
and III. The occurrence of dinoflagellates (Eocene), flasher bedding and lenticular
bedding in the shale, siltstone and sandstone containing succession of the Upper
Disang of Gelmoul quarry (Churachandpur) suggests a shallow marine (tidal flat)
depositional environment. The overlying plant fossils containing Barail sequences
(Oligocene) of Kaina Hills, Imphal valley indicate coastal/terrestrial environmental
condition under warm and humid tropical climate. Thus, there is a shallowing up in
the depositional environment from Upper Disang Formation to Barail Group.
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Introduction

The Paleogene period (65–24 ma) is characterized by the drastic change in climate
and the transformation from a greenhouse to an icehouse state. This transformation
was not gradual and characterized by a numerous extreme transient climatic events
(Zachos et al. 2001, Singh et al. 2017). The Paleogene environmental reconstruction
and biostratigraphy has been carried out by a number of workers based on dinoflagel-
late cysts (Pross and Brinkhuis 2005; Sluijs et al. 2005); larger foraminiferal (Serra-
Kiel et al. 1998; Berggren and Pearson 2005); molluscan fauna (Dockery III 1998;
Hartman and Roth 1998); and calcareous nannoplankton (Martini 1971; Bukry 1973,
1975).

In India, Paleogene successions are exposed at a number of places in Tethys
and Lesser Himalaya (Subathu and Dagshai/Lower Murree formations), hills
of Meghalaya (Jaintia and Barail groups; Tura, Siju and Rewak formations of
Garo Hills), Indo-Myanmar range (Ophiolite suite, Jaintia, Disang and Barail
groups), Arunachal Pradesh (Yinkiong Group of Sing valley), Andaman (Ophi-
olite, Mithakhari, Andaman Flysch groups), Rajasthan (Palana, Khuiala, Bandah
and Jagira formations), Gujarat (Madha, Berwati and Lakhapat formations) and
Pondicherry (Niniyur and Pondicherry formations). Manipur is a part of the Indo-
Myanmar Range which share international border withMyanmar-Burma on the east-
ern and southern sides. The remaining half of state has border line with the states
of Nagaland, Assam and Mizoram respectively on the northern, western and south-
western sides where Cretaceous and Tertiary sedimentary rocks occur in Manipur
State (Table 1). They are associated with minor igneous and metamorphic rocks,
associated with pelagic sediments like chert, limestone, shale and sandstone. The
northeast and eastern part of the state is occupied by the older group of the Metamor-
phic Complex and the Ophiolite Mélange Zone. The central and western parts are
composed of Tertiary flysch sediments including Disang, Barail, Surma and Tipam
groups (Fig. 1). The lower Paleogene rocks are well exposed in the Imphal valley
and eastern part of Manipur and represented by the Disang and Barail groups. The
Disang Group is subdivided into two formations namely; Lower Disang and Upper
Disang formations. The Lower Disang Formation is comprised mainly of sandstone
and shale, while the Upper Disang Formation is represented by a rhythmic series of
sandstone, siltstone and shale possessing fossils and slices of ophiolitic rocks (G.S.I
2011).

Considering the above, we here aim to provide biostratigraphy and depositional
environment based on Paleogene molluscan fossils and palynofossils.

Materials and Methods

For molluscan investigation, the samples were drawn from three measured strati-
graphic sections of the Upper Disang Formation namely which Canal Section (US1
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Table 1 Generalised stratigraphic succession of Manipur (After Soibam 2000; G.S.I 2011; Singh
et al. 2015)

Age Group Formation Lithology

Quaternary-
Pleistocene

Alluvium Clay, silt, sand, gravel,
pebble, boulder
deposits

Late Miocene Tipam group Mottled clay, mottled
sandy clay, sandy
shale, clayey shale and
sandstone. Greenish to
blue, moderate to
coarse ferruginous
sandstone with sandy
shale, clay. Molasse
type of deposits

Miocene to Late
Oligocene

Surma group Bokabil formation
(~1400 m)
Bhuban formation
(~1400 m)

Shale, sandy shale,
siltstone, ferruginous
sandstone, massive to
bedded ferruginous
sandstone
Alternations of
sandstone and shale
with minor
conglomerates.
Transitional
characters from
Flysch to molasse
sediments

Unconformity

Oligocene to Late
Eocene

Barail group Renji formation (˜800
m)
Jenam formation
(˜1200 m)
Laisong formation
(˜1200 m)

Massive to thickly
bedded sandstone.
Alternations of shale
and sandstone with
carbonaceous matters.
Intercalation of
bedded sandstone
with shale. Flysch
sediments

Late Paleocene to
Late Eocene

Disang group Upper Disang
formation(˜2000 m)

Splintery shale and
intercalation of shale,
siltstone and
sandstone showing
occasionally
rhythmite characters
with fossils. Flysch
sediments

Late Cretaceous to
?Late Paleocene

Lower Disang
formation (˜2000 m)

Dark grey to black
shale with minor
sandstone bands.
Flysch sediments

(continued)
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Table 1 (continued)

Age Group Formation Lithology

Unconformity

Cretaceous to ?Early
Eocene

Ophiolite Mélange
zone

Ultramafics with
minor mafic—felsic
rocks and marine
sediments comprising
radiolarian chert and
limestone along with
podiform chromitites

Unconformity

(Pre-Mesozoic or
Older)

Metamor-phic
complex

Low to medium grade
metamorphic rocks of
various
composition-phyllitic
schist, quartzite,
micaceous quartzite,
quartz-chlorite-mica-
schist and
marble

(?) Unconformity

?Early Mesozoic
rocks or
Pre-Cambrian rocks

Basement complex Unseen

Section; GPS N24° 41′ 54.4′′: E94° 06′ 05.9′′), Maning Ching (US2 Section; GPS
24° 41′ 34′′N: E94° 05′ 07′′E) and Khongjai Chingkhong Section (US3 Section; GPS
24° 41′ 42′′N: E94° 0.5′ 57′′E) located in and around Changamdabi, Manipur (Fig.
1). The specimens of molluscan fossils recorded here are mainly external casts and
moulds from Changamdabi area only. All the litho-units were searched for mollus-
can fossils and after a thorough search few fossiliferous beds were delineated in
these sections (Figs. 2b, 3). The molluscan fauna has been studied in detail after the
samples were prepared and cleaned for their identification with the help of relevant
literature on fossil fauna.

Sixteen samples were collected for this study from the upper part of the Upper
Disang Formation exposed at Gelmoul quarry (Fig. 1, 2a; GPS N24° 20′ 40.4′′: E93°
39′ 39.6′′). The samples were chemically processed by using HCl, HF and HNO3

acids in the different duration. Out of these, nine samples were found productive for
palynomorphs. They were detailed examined under microscope. The plant fossils
has been recorded from the Barail sediment of Kaina Hills, Manipur (Fig. 2d; GPS
N24° 40′ 45.9′′; E94° 01′ 12.9′′).
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Fig. 1 Geological map of Manipur showing sample localities (After Singh et al. 2013)
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Fig. 2 a Alteration of shale and sandstone/siltstone of Upper Disang Formation of at Gelmoul
quarry (b). Molluscan fossils at Changamdabi (c). Ripple marks at Angtha (d) Plant fossils from
Barail sediment at Kaina Hills (e, f). Trace fossils at Gelmoul quarry
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Fig. 3 Biostratigraphic zones of the Upper Disang Formation at the fossil localities (A, US3,
Khongjai Chingkhong Section; B, US2, Maning Ching and C, US1 Canal Section). Standard time-
scale is given in the left
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Fossil Assemblage

Molluscan Fossils

Fossil collection comprised more than a thousand individuals of which a sizable
component was discarded due to very poor preservation or fragmentary nature. Sys-
tematically, the identified taxa of molluscan fossils contains 108 species (80 bivalves
and 28 gastropods) belonging to 51 and 26 genera respectively. They have only
been recorded from the Upper Disang Formation exposed at Changamdabi, Manipur
associated with Nummilites in the form of mould. In addition to above, a variety of
unidentifiable fauna remains are present in this area. Biostratigraphic scale for the
area is to be erected solely on the basis of bivalves due to the less representation
of the gastropods. Some of taxa of bivalves are represented by Chlamys senatoria,
Chlamys sp. cf. multistriata, Spondylus rououlti, Flemingostrea haydeni, Veneri-
cardia hollandi, Nemocardium thetregyinense, Sunetta yethama, Meretrix yawen-
sis, Nucula sp., Barbatia sp., Cucullaea sp., Protonoetia manipurensis, Septifer
sp., Aviculoperna changamdabiensis, Venericardia spondyliformis, Trachycardium
yairipokensis, Tellina sp., Callista sp., Lentidium sp., Pholas sp. and that some
taxa of gastropods are characterised by Globularia brevispira, Rimella fissurrella,
Rimella pakistanica, Tetrastomella pseudohumilis, Tibia sp., Patella Changamdabi-
ensis, Natica manipurensis, etc. (Singh et al. 2010, 2017; Sijagumayum et al. 2011,
2014). The selected molluscan fossils are shown in Fig. 4.

Palynological Assemblage

Microforaminiferal linings are acid resistant organic remains of foraminifera pre-
served in geological sediments. The frequent occurrence of them in palynological
preparations ledmany people to study them for their classification and other purposes
such as stratigraphy and palaeoenvironment (Stancliffe 1989). However, up till now
there is not a proper system to assign microforaminiferal linings a name at generic
or specific level. Here we adopt Stancliffe’s informal classification which classifies
the microforaminiferal linings to various morphological forms or types. Gelmoul is
marked by five main types viz., Planispiral Type III, Planispiral Type IV, Biserial
Type II, Trochospiral Type I and Trochospiral Type II (Fig. 5a–h). In addition to a
few dinoflagellate cysts and pollen and spores are counted in the assemblage (Fig.
5i–k). Among these fossils, the dinoflagellate cyst Hystrichokolpoma cf. rigaudiae
(Fig. 5j) is the most useful in biostratigraphy which supports an Eocene age for the
studied formation (Singh et al. 2013). Besides, the trace fossils have recorded from
the upper Disang Formation exposed at Gelmoul quarry of Churachandpur (Fig.
2e, f) and Angtha areas (Fig. 2C; GPS N24° 41′ 30.8′′: E94° 01′ 23.8′′). These are
Skolithos, Thalassinoides, Ophimorpha, Phycodes, Helminthopsis.
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Fig. 4 a Nucula (Leionucula) baboensis, internal mould of right valve; b, Venericardia (Veneri-
cardia) gilli, external mould of left valve; c, Flemingostrea pharaonum Oppenheim var. aviculina,
external mould of left valve; d, Tellina (Tellina) pakistanica, external mould of left valve; e, Sep-
tifer (Septifer) cf. denticulatus, external mould of left valve; f , Corbula (Varicorbula) daltoni,
external mould of left valve; g, Venericardia (Venericardia) hollandi, external mould of left valve;
h, Venerella parva, external mould of left valve; i, Caestocorbula (Permicorbula) regulbiensis,
external mould of right valve; j, Astarte (Astarte) filigera, external mould of left valve; k, Callista
(Costacallista) punjabensis, external mould of right valve; l, Vepricardium (Hedecardium) sharpie,
external mould of left valve; m, Boeuvia pulchella, external mould of left valve; n, Glycymeris
(Glycymeris) brevirostris, internal mould of left valve; o, Terebellum fusiformopse, Apertural view;
p, Lucina (Lucina) yawensis, external mould of left valve; q, Noetia (Noetia) harudiensis, external
mould of right valve; r, Volvaria cf. birmanica; s, Rimella pakistanica, apertural view; t,Clavilithes
songoensis; u, Chlamys (Chlamys) soriensis, external mould of left valve; v. Galeodea archiaci
apertural view;w,Meretrix agrestris, external mould of left valve; x, Cyrtodaria rutupiensis, exter-
nal mould of right valve (After Singh et al. 2017). Scale bars represent 1.9 mm (a, f); 2.5 mm (b,
d, k, u); 1.3 mm(c); 2.4 mm (e, x); 1.8 mm (g); 0.9 mm (h); 1.1.mm (i–j); 2.2 mm (l); 1 mm (m);
1.5 mm (n); 3.7 mm (o); 7 mm (p); 2 mm (q, v); 2.7 mm (r); 3.5 mm (s); 0.6 mm (t) and 1.7 mm
(w). Colour online
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Fig. 5 a Trochospiral type II; b, c Trochospiral type I; d Planispiral type III; e Planispiral type III
(broken); f , g, h Biserial type II; i.? Cordosphaeridium sp.; j Hystrichokolpoma cf. rigaudiae; k
Spore (fragment) (After Singh et al. 2013 and bar represent 10 µm)

Plant Fossils

We recorded plant fossils from one horizon of Barail sequences. However, the iden-
tification of these fossils are under progress. The assemblage are mainly composed
of dicotyledonous leaves, palm leave, fruiting shoot, bark (Guleria et al. 2005). In the
same lithology and section of the present investigation, Singh et al. (2012) described
gymnospermous (Podocarpus oligocenicus), Angiosperms (Phoenicites sp., Prunus
palaeoarmeniaca, Dilcherocarpon eocenicum).
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Discussion

Biostratigraphy

The Paleogene Period is subdivided into the Paleocene, Eocene and Oligocene
epochs. This period is further assigned seven formal stages with GSSP. The present
correlation of Paleogene stages is compared with megnetostratigraphy and standard
marine zonation based on the calcareous nannoplankton zones of Martini (1971),
planktonic foraminifera zones ofBerggren et al. (1995) and dinoflagellate cystViborg
zone of Heilmann-Clausen (1988) and Michelsen et al. (1998). Unfortunately in the
study area planktonic foraminifera, larger foraminifera and calcareous nannoplank-
ton are either rare or completely absent. Therefore, one can easily envisage that
bivalves and gastropods can be used for the purpose of biostratigraphy. The age of
Disang succession has been interpreted as Paleogene age (Pascoe 1912), Eocene
(Mishra 1990), and Middle to Late Eocene (Mishra 1990; Kachhara et al. 2000).

Biostratigraphy has been attempted only to the upper Disang Formation exposed
at Changamdabi area due to lack of fossil evidence to the other sections. Based on
their geological and geographical distribution majority of the taxa are observed to be
long ranging, in spite of that few are found to be suitable for biozonation because of
their short geologic range. After a thorough study, three bivalves assemblage zone
are recognised in the study area (Fig. 3). The details of zones are given below:

Zone I: Caestocorbula (Parmicorbula) regulbiensis-Flemingostrea pharoanum
aviculina
Altogether 41 taxa of molluscan fauna are recorded from this zone of which:
Restricted to zone I: The Caestocorbula (Parmicorbula) regulbiensis (Morris) is
common and is restricted to Paleocene and Flemingostrea pharaonum aviculina
(Mayer-Eymer) is typical form of Late Paleocene to Early Eocene hence, name
of the zone. The other restricted taxa are: Nucula (Leionucula) rakhiensis (Early
Paleocene-Middle Eocene), Nucula (Saccella) ukhrulensis (Late Paleocene-Early
Eocene), Glycymeris (Gycymeris) brevirostris (Early Eocene), Lucina (Lucina)
exquisite (Early Eocene), Boeuvia pulchella (Middle Eocene), Venericardia (Venri-
cardia)mutabilis (Eocene),Astarte (Astarte) filigera (Late Paleocene-Early Eocene),
Crassinella blandfordi (Early Paleocene-Early Eocene), Tellina (Lyratellina) cf. lyra
(Recent), Macrosolen cyclopeus (Early Eocene), Venerella parva (Middle Eocene),
Corbula (Bicorbula) subexarata (Eocene), Corbula (Varicorbula) harpa (Early
Paleocene-Early Eocene), Kummelia Americana (Eocene), Turritella subathooen-
sis (Early-Middle Eocene), Vermetus cf. hanguensis (Eocene), Batillaria coronate
(Early Paleocene-Early Eocene), Seila stracheyi (Early-Middle Eocene), Fusinus
buddhaicus (Eocene), Euthriofusus malcomsoni (Early-Middle Eocene), Volutocor-
bis daviesi (Paleocene-Eocene), Strepsidura tipperi (Paleocene). In view of majority
of the taxa leaving aside a few, all taxa have restricted range of Late Paleocene,
Early Eocene, Paleocene-Early Eocene, Paleocene and Eocene. Hence, this zone is
assigned to Late Paleocene-Early Eocene i.e. Thanetian-Ypresian age (Table 2).
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Table 2 Biostratigraphic biozonation of theUpperDisang formation exposed at Changamdabi area

Epoch Age Formation Indian stage Biostratigraphic
assemblage zone

Late Eocene Priabonian Upper Disang Tarapurian Callista
(Callista)
yawensis-Lucina
yawensis Zone III

Middle
Eocene–Late
Eocene

Lutetian-
Bartonian

Upper Disang Kakdian–Babian Vulsella
pakistanica-
Corbula
(Varicorbula)
daltoni Zone II

Late
Paleocene–Early
Eocene

Thanetian-
Ypresian

Upper Disang Khasian–Kakdian Caestocorbula
(parmicorbula)
regulbiensis-
Flemingostrea
pharoanum
aviculina Zone I

Zone II: Vusella pakistanica—Corbula (Varicorbula) daltoni

Both Vulsella pakistanica and Corbula (Varicorbula) daltoni are quite common and
the former is typicalMiddle Eocenewhereas latter with range ofMiddle-Late Eocene
thus, the name of the Zone. The other restricted taxa to this zone are: Noetia (Noe-
tia) harudiensis (Middle Eocene), Noetia (Noetia)magnifica (Middle-Late Eocene),
Noetia (Noetia) pondaungensis (Middle-Late Eocene), Protonoetia manipuren-
sis (Middle Eocene), Chlamys (Chlamys) pakistanica (Late Eocene), Chlamys
(Chlamys) soriensis (Middle Eocence), Chlamys (Chlamys) wynnei (Early-Middle
Eocene), Flemingostrea haydeni (Early Paleocene-Middle Eocene), Diplodonta
(Diplodonta) pakistanica (Middle Eocene), Venericardia (Venericardia) hollandi
(Paleocene), Venericardia (Glyptoactis) gilli (Early Eocene), Venericardia trachy-
cardiiformis (Late Eocene), Venericardia (Venericardia) dufrenoyi (Early-Middle
Eocene), Loxocardium kanleqnum (Late Eocene), Loxocardium thetregyinense (Late
Eocene),Vepricardium (Hedecardium) sharpie (EarlyPaleocene-EarlyEocene),Tra-
chycardium (Trachycardium) yairipokensis (Late Paleocene-Early Eocene), Tellina
(Tellina) pakistanica (Paleocene), Trapezium daviesi (Eocene), Venus (Venus) paso-
kensis (Late Eocene), Pitar (Calpitaria) pseudosubcyrenoides (Middle Eocene),
Cyrtodaria rutupiensis (Early Eocene), Turritella (Stiracolpus) harraiensis (Early-
Middle Eocene),Rimella fissurella (Middle Eocene),Terebellum fusiformopse (Early
Eocene), Natica (Cochlis) manipurensis (Late Paleocene-Early Eocene), Gale-
odea archiaci (Early Eocene), Tetrastomella pseudohumilis (Early-Middle Eocene),
Volvaria cf. birmanica (EarlyOligocene),Roxania pseudosemistriata (Late Eocene),
Turbonilla soriensis (Late Eocene).

In this zone only sixty one taxa has been recorded and most of taxa are restricted
to Middle-Late Eocene. Therefore, this zone has been assigned as Late—Middle
Eocene i.e. Lutetian—Bartonian in age (Table 2).
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Zone III: Callista (Callista) yawensis-Lucina (Lucina) yawensis Zone
Both the taxa Callista (Callista) yawensis and Lucina (Lucina) yawensis are quite
common and have restricted range of Late Eocene, hence the name of this zone.
Restricted to zone III: The other restricted taxa are Aviculoperna Changamdabiensis
(Late Eocene), Ostrea (Ostrea) velata (Middle Eocene-Early Oligocene), Chama
(Chama) brimonti (Eocene), Trachycardium (Trachycardium) sp. juv. cotteri (Late
Eocene-Recent), Cardium subfragile (Late Eocene), Nemocardium (Discors) bun-
buryi (Late Paleocene-Middle Eocene), Meretrix agrestris (Late Eocene), Corbula
(Corbula) paukensis (Late Eocene),Corbula (Bicorbula) subexarata var. lituus (Late
Eocene) and Venus pasokensis (Late Eocene).

From analysis of geological ranges of most of the species occurring in this zone,
it falls in Late Eocene time. Out of 23 taxa reported in this zone, most of taxa are of
Late Eocene. The occurrence of foraminifer taxon of Nummulites fabiani (Prever) is
also supporting Late Eocene age. Hence, this zone has been assigned as Late Eocene
i.e. Priabonian age (Table 2).

Depositional Environment

The depositional environment of Disang Group of rocks has variously been inter-
preted as deep-water geosynclinal (Mathur and Evans 1964) and shallowwater depo-
sitional environment (Ranga Rao 1983; Mishra 1990; Pandey and Dave 1998; Kach-
hara et al. 2000; Singh et al. 2008). Based on ichno-assemblage, the transition of
the Disang and Barail groups indicates a shallow-marine environment, with occa-
sional high-energy conditions (Singh et al. 2008). Singh et al. (2010) on the basis of
molluscan fossils suggested that the Upper Disang sequences of the Changamdabi
area were deposited under shelf warm marine environmental condition under tem-
perate to subtropical climates. Recently, Singh et al. (2013) suggested that the upper
part of upper Disang formation of the Gelmoul quarry of Churachandpur, Manipur
were deposited in a warm, shallow marine environment of deposition on the basis
of foraminiferal linings, palynomorphs and associated flaser bedding and lenticular
bedding.

In the present investigation, palaeoecological studies are based on the biotic com-
munities and their relationship to the environments.

Zone-I

Amongst biotic community, habitat of silty substratum are dominating like
Nucula (Leionucula), Bathyarca, Astarte, Crassinella, Tellina, Macrosolen, Cal-
lista,Costacallista,Macrocallista, Venerella,Corbula, Bicorbula, Varicorbula, Fus-
inus, Euthriofusus, Volutacorbis. At the same time, there are warm water gen-
era e.g. Nucula (Leionucula), Mytilaster, Tellina, Macrosolen, Corbula, Bicorbula,
Varicorbula,Martesia, Turbo, Batillaria, Vermicularia, Fusinus, Euthriofusus, Cla-
vilithes and Volutocorbis.Depthwise few genera prefer only shallowwater e.g. Bath-
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yarca, Lucina, Barbatia, Trigonodesma, Glycymeris and Crassinella. The genus
Flemingostrea thrives in reduced salinity and Septifer is a nestler habitat of lower
subtidal zone with water depth of about 20 m. Likewise Barbatia flourishes in depth
less than 36mwhereas genera like Tellina, Turritella,Callista,Costacallista,Macro-
callista and Venerella prefer a depth less than 60 m (Perreau 1978; Mathur and Juyal
2000). The substratumwas not uniformly sandy but at places soft supporting shallow
burrowers (Nucula, Leionucula, Lucina,Bathyarca,Astarte,Crassinella,Caestocor-
bula, Parmicorbula and Lentidium) to deep burrowers (Macrosolen and Tellina),
sometime epifaunal (Barbatia, Glycymeris, Flemingostrea, Strepsidura, Callista,
Costacallista, Macrocallista and Venerella). The substratum has also supported the
genusBoeuviawhich burrow bymeans of surface sculpture as observed in fine sands,
aswell as the siphonal suspension feederNuculana (Saccella) on the other hand,Bar-
batia which prefers depression, Septifer a nestler, Lucina which have mucus tube at
interaction of substratum with water and long siphoned Solen.

Through this ongoing discussion the above assemblage of organisms is quite
diversified and overall characteristic of near shore, offshore shelf habitat development
on silty and sandy substrate. The overall water temperature might have been around
20–25 °C and water depth during deposition of this succession in low tide to as much
as 40 m. It seems that bottom currents were sufficient enough which could not allow
formation of uniform laminae resulting into splintery shale. Further shallowing of
the sea resulted into deposition of brownish medium-grained sandstone under very
shallow well-aerated water.

Zone-II

46 taxa of bivalves belonging to 37 genera (subgenera) and 16 forms of gastropods
representing same number of genera (subgenera) are collected from this fossiliferous
horizon. Single piece of Crab chella is also collected. Crabs are epifaunal animals
move freely on sandy bottom and used to live at depth between 5 to 15 m.

Amongst bivalve taxa of Nucula (Leionucula), Glycymeris, Septifer,
Flemingostrea, Venericardia, Solen, Tellina, Callista, Costacallista, Corbula,
Varicorbula, Cucullaea, Noetia, Protonoetia, Lithophaga, Vulsella, Chlamys,
Cubitostrea, Diplodonta, Cardium, Acanthocardia (Schedocardia), Loxocardium,
Vepricardium (Hedecardium), Trachycardium, Trapezium, Venus, Meretrix, Pitar
(Calpitaria), Cyrtodaria, Pholas, Pholadomya, Laternula and Picchiolia are repre-
sentative of zone II. Cucullaea is a thick shell genus with vestigeal byssus and of
subquadrate outline. It is a byssate epifaunal nestler thriving in shallow water not
more than 40 m depths. It prefers under water rock crevices. The genus Noetia is
an infaunal bivalves lives at depth of about 30 m whereas the genus Protonoetia is
widely spread in shallow seas and young ones are attached by byssus and become
free on attaining adulthood. The genus Vulsella is an epifaunal bivalve lying freely
on substrate habitat of shallow water where sufficient current prevails. The genus
Chlamys is also free lying organism on the substrate preferring sandy bottom in
marine condition with water depth not less than 25 m in case of any danger it can
swim by clapping both the valves and by ejecting out water near the hinge (Perreau
1978). Lithophaga is a good borer. Its cylindrical elongate shape helps in boring



Molluscan Biostratigraphy and Palynological … 323

through especially compacted mud and is restricted to warm waters. Cubitostrea is
also habitat of warm water, shallow seas with depth less than 60 m preferring rocky
bottom.Diplodonta is a semi permanent borrower connected to interface by inhalant
tube, living on sandy bottom under shallow marine condition with water column less
than 60m in height (Perreau 1978;Mathur and Juyal 2000).Cardium can tolerate nor-
mal to reduce salinity thus habitat of brackish to marine water with sandy to muddy
substratum. The taxa of Acanthocardia, Schedocardia, Loxocardium, Hedecardium
and Vepricardium are habitat of sandy substrate. Trachycardium prefers outer neritic
shelf with water depth of about 72 metres (Prashad 1932; Mathur and Juyal 2000).
Trapezium is a nestler and prefers crevices. The taxa of Venus, Meretrix, Pitar and
Calpitaria live preferably in tropical water of normal salinity and burrows deeply
in sandy or muddy bottom. Cyrtodaria is of burrowing and nestling habit. Pholas
is one of the most dangerous bivalves as it can bore into relatively hard substrata
such as peat, wood, nuts, woody plant stems, stiff clays, soft or friable rocks, corals
and shells. Due to this it is difficult to maintain vessel in harbour areas. This genus
occurs mostly in marine condition but selective taxa can tolerate brackish and fresh
water condition. Pholadomya is a deep burrowing animal under shallow marine con-
dition with a depth less than 60 m (Perreau 1978; Murray 1985; Mathur and Juyal
2000). Laternula is habitat of warm water condition and Pecchiolia with spirally
coiled umbo with convex and curved valves surface must be lying freely over the
substratum like Eryphae.

Amongst gastropoda community Turritella (Stiracolpus) and Clavilithes are
present in this zone. The occurrence of taxa of Tibia, Natica (Cochlis), Polinices,
Globularia, Cassis, Galeodea and Latirus are indicative of warm water condition.
The genus Globularia is a predator and preyed upon shallow burrowing bivalves.
Rimella live onmuddy bottom inwarm tropicalwater generally under shallowmarine
condition in a depth less than 60 m (Perreau 1978; Mathur and Juyal 2000). Terebel-
lum live on muddy bottom in warm tropical water generally under shallow marine
conditions in a depth less than 60 m (Perreau 1978; Mathur and Juyal 2000; Srivas-
tava et al. 2008). Tetrastomella lives on sandy to rocky bottom in warm tropical water
under marine to brackish water condition (Perreau 1978). The genus Flemingostrea
can tolerate reduce salinity and there are few genera like Septifer, Cubitostrea,
Diplodonta, Cardium, Acanthocardia, Loxocardium, Vepricardium, Tellina, Venus,
Meretris and Pitar can thrive in both marine and brackish water conditions (Perreau
1978). Looking into the whole community it appears that it can be taken as near shore
to offshore shelf habitat developed on silt and sandy substrate. The water depth dur-
ing the deposition of this succession was ranging from 5 to 60 m but more near to
30 m as indicated by the presence of Noetia. The sea temperature was of warm with
about 20–25 °C temperature as majority of the Gastropods are habitat of tropical
warm water.

From the ongoing discussion, it infers that the above community along with the
nature of sediments suggestive of open sea conditions with well aerated warm water
condition with depth not exceeding euneritic.
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Zone-III

This zone is encountered with foraminifers and corals with molluscan genera namely
Nucula (Leionucula), Aviculoperna, Chlamys, Gryphaeostrea, Ostrea, Cubitostrea,
Cardium, Trachycardium, Nemocardium (Discors), Tellina (Peronidia), Meretrix,
Pitar (Calpitaria), Callista, Corbula, Bicorbula, Varicorbula, Rimella and Cassis,
Noetia, Lucina, Chama, Venus, Serratocerithium and Globularia. The genus Avicu-
loperna is an epifaunal free swinging animal attached to objects by means of byssus.
Gryphaeostrea used to live on these sediments of low energy level commonly asso-
ciated with clay, marl and limestone. These are mostly live on a sea bottom, well
adapted especially on unconsolidated sea floor and the genera Venericardia and
Gryphaeostrea are suggestive of depth less than 60 m. The genera Flemingostrea
and Ostrea reflect mangrove condition which means very shallow sea. However,
both the genera are of very small size and lack very coarse ornamentation, therefore,
suggestive of comparatively deeper water habitat. The genus Nemocardium lives
on sandy to muddy bottom under brackish water to marine condition. Discors is a
suspension feeder just at the interface and had no siphon. Pitar is a more mobile
and shallow borrower which has a siphon likes the genus Meretrix and Nummulitic
foraminifers are habitat of tropical and subtropical water in shallower part of neritic
depth (Pokorny 1963). According to Pautal (1987) larger foraminifera can occur in
inner shelf carbonated bays, protected shelf lagoonal bays etc. Solitary corals or
corals as a whole are characteristic of warm, pure, clean and marine water in very
shallow depth with gently sloping substratum. These thrived well mainly in seas
lying between the tropics. The genus Lucina is a semi permanent burrower con-
nected to the surface by inhalant and mucus tubes prefers muddy to sandy bottom in
shallow marine tropical sea with water depth less than 60 m (Perreau 1978). Chama
is an epifaunal bivalve (Murray 1985) initially cemented with the pieces of shell
debris but in adult stage prefers free-living condition. It has a thick shell with rugged
ornamentation and spines, with the help of spines it is attached to substratum firmly
and inspite of strong currents it cannot be uprooted. It is habitat of open shelf. The
genus Venus is a deep burrower living on sandy to muddy bottom under shallow
marine (depth <60 m) to brackish water conditions (Perreau 1978). Amongst gas-
tropods Serratocerithium invades a very shallow depth of 4–17 m and Globularia is
a predator which preyed upon shallow burrowing bivalves in habitat of shallow sea.
Corals and foraminifers commonly occur in this succession, thereby, suggestive of
open sea condition with well-aerated warm water with water depth is very shallow
i.e. sub-littoral habitat perhaps about 10–15 m with sandy substrate.

The open sea condition could not continue for a long time and due to presence of
some intermittent barrier and surrounding luxuriant vegetation resulting in deposition
of grey shale with limestone bed indicative of alternating open and protected sea
condition which is not favourable for thriving of biotic community.

A shallow marine environment of deposition for the Upper Disang Formation
of Gelmoul quarry is also implied on the basis of microforaminiferal linings and
dinoflagellate cysts in association.
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Based on morphological analysis of the dicot leaves, the Oligocene sequences of
the Kaina area are indicative of the existence of a moist tropical environment at the
time of deposition of the leaves (Guleria et al. 2005). Two species of plant fossil
i.e. Prunus palaeoarmeniaca and Dilcherocarpon eocenicum have been recorded
from the Laisong formation (same locality) of Kaina Hills and indicates tropical to
subtropical climate (Singh et al. 2012).

Conclusions

The present investigation is mainly confined to upper Disang Formation exposed
around Changamdabi and Gelmoul areas of Imphal valley, India. Altogether 80
species of bivalves referable to 51 genera and 28 species of gastropods belong-
ing to 26 genera are recovered from the upper Disang Formation. The molluscan
fauna led to recognize three biozones within the Uppar Disang Formation. They are
Zone IIICallista (Callista) yawensis-Lucina yawensis, Zone II Vulsella pakistanica-
Corbula (Varicorbula) daltoni and Zone I Caestocorbula (parmicorbula) regulbien-
sis-Flemingostrea pharoanum aviculina in the descending order of stratigraphy. The
Zones I, II and III range from Late Paleocene-Early Eocene (Thanetian to Ypresian)
in age, Middle to Late Eocene (Lutetian to Bartonian) in age and Late Eocene (Pri-
abonian) in age respectively. Therefore, the Upper Disang Formation ranges from
Late Paleocene toLate Eocene in age. Two ecological events in theUpperDisangFor-
mation are identified i.e. shallowing of the sea-aerated water corresponding to zones
I and open sea conditions with well aerated warm water condition corresponding to
zones II and III. This is also supported by the presence of microforaminiferal linings
and dinoflagellate cysts and trace fossils. In the higher-up the Laisong Formation has
been formed under tropical and subtropical climatic conditions.
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