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a b s t r a c t

In this study we determined calcareous nannofossil and planktonic foraminifera events in sediments
recovered during the 2006 Indian National Gas Hydrate Program (NGHP) Expedition-01. Selected bio-
events permitted the assignment of orbitally calibrated ages, derivative sedimentation rate estimates,
and identification of sedimentary discontinuities. In the Andaman Sea at Hole NGHP-01-17A, a late
Miocene to recent record was recovered, but with a significant hiatus during the latest Miocene and
Pliocene. Sedimentation rates here vary from 50 m/Myr during the Pleistocene to 130 m/Myr for the late
Miocene. In the northern Bay of Bengal at Hole NGHP-01-19A the base of the cored record also reaches
the late Miocene and extends to recent, but the same hiatus, missing the Pliocene, is present at this hole.
a. The Early Pleistocene at Hole NGHP-1-19A shows sensible variation in sedimentation rates ranging
between 130 m/Myr and 10 m/Myr during the last 0.5 Ma. For the late Miocene the sedimentation rate
was ca. 50 m/Myr. In the western Bay of Bengal at Hole NGHP-01-10B/D, calcareous nannofossils were
sparse and only foraminifera datums are available. The base of the section is latest Early Pliocene to Late
Pliocene, and the majority of the record is considered younger than Late Pliocene. Due to the scarcity of
calcareous nannofossils and the few foraminifera datums, sedimentation rates were not determined
here. However, Hole NGHP-01-16A, in the same region, recorded the highest occurrence of Pseudoemi-
liania lacunosa, an event that confirms a Pleistocene age, allowing us to estimate a sedimentation rate
between 110 m/Myr and 450 m/Myr. Along the western peninsular Indian margin at Hole NGHP-01-
01A a continuous record from the Holocene to the early Oligocene indicates sedimentation rates of ca.
25 m/Myr until the middle Miocene, and a sensible reduction downward, reaching 4 m/Myr in the early
Miocene to the early Oligocene. No hiatuses were observed. The large changes in sedimentation rates
observed in these cores reflect long timescale changes in the environment likely induced by changes in
the strength of the Indian monsoon system.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The slope environments in the Andaman Sea, northern Bay of
Bengal, and eastern Arabian Sea margins are located in oceanic
regions where continental margin sediments accumulate in
response to tectonic and climate forcing. There are few scientific
ocean drilling expeditions (DSDP, ODP, IODP) in these regions
et al., Sedimentation rates fro
gal, and eastern Arabian Sea
(Fig. 1), however, limiting our understanding of sediment accu-
mulation patterns on million year timescales in these environ-
ments. In 2006 the Indian National Gas Hydrate Program (NGHP)
carried out its first drilling and coring expedition in Indian terri-
torial waters (Collett et al., 2008), recovering cores in the Bay of
Bengal from 17 sites in the offshore KrishnaeGodavari Basin, 2 sites
in the offshore Mahanadi Basin, and 1 site in the accretionary
wedge of the Sunda subduction zone in the Andaman Sea (Fig. 1). In
addition, one site was cored in the KeralaeKonkan basin on the
western peninsular Indian margin in the Arabian Sea (Fig. 1). The
mcalcareous nannofossil and planktonic foraminifera biostratigraphy
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Figure 1. Site location map with the NGHP-01 holes examined in this study plus the existing DSDP and ODP sites in the region. The dotted line marks the Indus and Bengal fans.
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sedimentary records on the eastern peninsular margin of India are
located in sedimentary basins (KrishnaeGodavari and Mahanadi)
in the slope environment above the Bengal Fan depositional system
(Fig. 1). These sites are also located in close proximity to the
peninsular Indian Krishna, Godavari, and Mahanadi Rivers, which
deliver significant lithogenic sedimentary materials to these core
sites across a narrow continental shelf (Collett et al., 2008; Phillips
et al., 2014a,b; Johnson et al., 2014), diluting the biogenic sedi-
mentary constituents. The core site on the western peninsular
margin of India is located on the continental slope, above the Indus
fan depositional system, and far from the minor rivers that drain
western peninsular India (Fig. 1). The record here is dominated by
biogenic carbonate oozes (Collett et al., 2008) with less contribu-
tion from terrestrial lithogenic or carbon sources (Phillips et al.,
2014a; Johnson et al., 2014). The core site in the Andaman accre-
tionary wedge is located above both the BengaleNicobar Fan
depositional system and the Andaman back-arc basin (Fig. 1). The
sedimentary record here is dominated by carbonate oozes and
biosiliceous carbonate oozes punctuated by airfall volcanic ashes
(Collett et al., 2008; Cawthern et al., 2014; Rose et al., 2014). Clay
Please cite this article in press as: Flores, J.A., et al., Sedimentation rates fro
in the Andaman Sea, northern Bay of Bengal, and eastern Arabian Sea
j.marpetgeo.2014.08.011
mineralogy is dominated by smectite throughout the record, and
most likely sourced from local volcanic ash sources (Phillips et al.,
2014a,b).

In this paper we provide a first attempt at age-models for these
records at a resolution significant enough to interpret variations in
patterns of sedimentation and the continuity of the records in these
regions. Here we present calcareous nannofossil and planktonic
foraminifera biostratigraphy from at least one core in each of the
four study regions. The identification of calcareous nannofossil and
planktonic foraminifer orbitally calibrated events (e.g. Lourens
et al., 2004; Raffi et al., 2006; Wade et al., 2011) have been then
used to calculate sedimentation rates, which are important for
understanding terrigenous and biogenic sedimentary fluxes, linked
to regional geological and climatic processes. These age models
have been used initially to interpret longer timescale variations in
productivity (Cawthern et al., 2014), carbon sources and abundance
(Johnson et al., 2014), and lithogenic fluxes (Phillips et al., 2014a,b)
in these regions and serve to guide future scientific drilling expe-
ditions and biostratigraphic studies to help constrain the history
and evolution of the Indian monsoon.
mcalcareous nannofossil and planktonic foraminifera biostratigraphy
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Table 1
Location of the sites studied.

Hole Position Depth
(mbsfa)

Region

NGHP-01-1A 15� 18.3660N, 070� 54.1920E 2674.2 Arabian Sea
KeralaeKonkan Basin

NGHP-01-17A 10� 45.19120N, 93� 6.73650E 1336 Eastern Bay of Bengal
Andaman Sea

NGHP-01-10B/D 15� 51.86090N, 81� 50.07490E 1049.4 Western Bay of Bengal
KrishnaeGodavari
Basin

NGHP-01-16A 16� 35.59860N, 082� 41.0070E 1253.0 Western Bay of Bengal
KrishnaeGodavari
Basin

NGHP-01-18A 19� 09.14520N, 85� 46.37580E 1374.0 North Western Bay
of Bengal
Mahanadi Basin

NGHP-01-19A 18� 58.65680N, 85� 39.52020E 1422.0 North Western Bay
of Bengal
Mahanadi Basin

a mbsf ¼ meters below seafloor.
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2. Geological setting and lithology

The Bay of Bengal in the northern Indian Ocean is dominated by
the Bengal and Nicobar submarine fan systems, which have
received terrigenous sediments from the erosion of the Himalayan
Mountains and transport through the GangeseBrahmaputra
drainage systems during the last 15 million years (Curray et al.,
2003; Bastia et al., 2010) (Fig. 1). The extent of the Bengal Fan is
limited to the west by the continental shelf and slope of peninsular
India, which formed as a passive margin during the break-up of
Gondwana (Powell et al., 1988; Ramana et al., 2001; Radhakrishna
et al., 2012) and has received terrigenous sediments from the
modern Mahanadi, Krishna, Godavari, and Kaveri Rivers and pre-
decessor rivers (Fig. 1). Holes NGHP-01-10B/D, NGHP-01-16A, and
NGHP-01-18A and NGHP-01-19A, are all located on the slope, above
the modern-day depocenter of the Bengal Fan, on the eastern
margin of peninsular India, near the mouth of the Krishna and
Godavari rivers and south of the Mahanadi River discharge,
respectively (Fig. 1). The sediments deposited in the offshore KeG
basin are sourced from the Krishna and Godavari Rivers, which
drain the Deccan Basalts and deliver suspended sediment loads rich
in smectite with minor feldspar, quartz, kaolinite, and illite
(Subramanian, 1980; Phillips et al., 2014b) to the offshore margin.
Sediments deposited in the offshore Mahanadi basin are sourced
from the two regions: the eastern Deccan drained by the Mahanadi
River and the Precambrian Eastern Ghat province (Rickers et al.,
2001; Phillips et al., 2014b). Illite is the dominant clay mineral in
the Mahanadi basin, followed by kaolinite, smectite, and chlorite
and quartz, feldspar, and dolomite are characteristic in suspended
sediments discharged by the Mahanadi to the Bay of Bengal
(Chakrapani and Subramanian, 1990; Subramanian, 1980; Phillips
et al., 2014b). The Hole NGHP-01-10B/D and NGHP-01-16A pre-
serve a terrigenous dominated record of silty claywith silt and sand
turbidites, while Hole NGHP-01-18A and Hole NGHP-01-19A re-
cords consists of silty clay composed of a mixture of biogenic and
lithogenic materials (Collett et al., 2008; Phillips et al., 2014a). Hole
NGHP-01-10B/D is located in a water depth of 1049.4 m, Hole
NGHP-01-16A in 1253 m, Hole NGHP-01-18A in 1374 m, and
Hole NGHP-01-19A in 1422 m.

In the eastern Bay of Bengal, the Bengal Fan has been subducted
or accreted beneath the Sunda Subduction Zone (Bowles et al.,
1978; Curray et al., 2003). Farther to the east, the semi-enclosed
Andaman Sea is located in a back-arc basin formed by the oblique
subduction of the Indian Plate beneath the Sunda Plate (Rodolfo,
1969; Karig et al., 1980; Pal et al., 2003; Raju et al., 2007). Within
the Andaman Sea, terrigenous sediments from the Irrawaddy River
are deposited on the shelf and slope, north of the Andaman back-
arc spreading center (Ramaswamy et al., 2008). Transportation of
fine-grained sediments from the modern Irrawaddy is restricted to
the nearshore region by monsoonal surface currents (Rodolfo,
1975; Babu et al., 2010; Tripathy et al., 2011). Hole NGHP-01-17A
is located in the Andaman accretionary wedge, east of Little
Andaman Island and contains a record of carbonate and siliceous
oozes punctuated by volcanic ash deposits (Collett et al., 2008;
Cawthern et al., 2014; Rose et al., 2014). The clay mineralogy is
dominated by smectite (Phillips et al., 2014b) and Hole NGHP-01-
17A is located in a water depth of 1336 m (Table 1).

The western continental margin of India formed during the
break-up of the Gondwana supercontinent during the Mesozoic
(Kalaswad et al., 1993; Royer et al., 2002). The large sediment flux
associated with erosion of the Himalayas and Tibetan Plateau and
transport to the Arabia Sea via the Indus river results in the
development the Indus fan (Clift et al., 2001), the second largest
submarine fan on Earth. The ChagoseLaccadive Ridge is a promi-
nent NeS trending aseismic ridge offshore western India that most
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likely represents a hotspot track that evolved from past spreading
ridge and Reunion hotspot volcanism (Duncan and Pyle, 1988; Fisk
et al., 1989). Western peninsular India has a well-defined escarp-
ment, the Western Ghats or Sahyadri, running parallel the coast for
1500 km at an average height of 1200 m (Campanile et al., 2008).
The Western Ghats form the drainage divide for peninsular India
and Ramaswamy et al. (1991) show that almost all of the river
discharge from western peninsular India is retained on the shelf.
Hole NHGP-01-1A is located nearly on line with the Cha-
goseLaccadive Ridge, just north of where it disappears as a
bathymetric feature and contains a sedimentary record of pre-
dominantly carbonate oozes (Collett et al., 2008). Clay mineralogy
at this hole is dominated by illite and the bulk mineralogy by calcite
(Phillips et al., 2014b). Hole NGHP-01-01A is located in a water
depth of 2674.2 m (Table 1).

3. Materials and methods

3.1. Calcareous nannofossils

A total of 313 samples were studied in the four NGHP-01 study
regions (130 for Hole NGHP-01-1A, 71 for Hole NGHP-01-17A, 30
for Hole NGHP-01-10D, 22 for Hole NGHP-01-16A, 20 for Hole
NGHP-01-18A and 71 for Hole NGHP-01-19A). Sampling was car-
ried out in equidistant intervals of ~9 m in order to sample the
record uniformly and to detect significant chronostratigraphically
calibrated bioevents and/or characteristics of standard zonal
schemes. Smear slides were prepared from unprocessed sediment
and were examined with a polarizing microscope (Leica DMRP) at
�1000 magnification. Occasionally, �1250 and �1600 magnifica-
tion was also used for the identification of very small specimens as
well as characteristics related to the preservation of calcareous
nannofossils. For this study, only biostratigraphically significant
taxa or morphotypes are considered. A general view of the rest of
the assemblage was also considered for supporting environmental
compatibility of themarkers, as well as for estimation of the state of
preservation. Around 3 mm2 (ca. 200 visual fields at �1000) were
examined to estimate semi-quantitative abundance. Additionally,
two to three additional traverses of slides were scanned to detect
the presence of rare or very rare specimens. These abundance
patterns were considered to define the lowest and highest occur-
rences (LO and HO). Preservation of nannoliths was estimated
following Flores and Marino (2002). In general, except in marked
intervals barren in calcareous nannofossils, preservation is good to
mcalcareous nannofossil and planktonic foraminifera biostratigraphy
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Figure 2. Calcareous nannofossils and planktonic foraminifera standard zonation and the chronostratigraphic context of the events used in this study.
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moderate, allowing the identification of most of the specimens. The
intervals barren in calcareous nannofossils are delimited and
detailed in the next section.

3.2. Planktonic foraminifera

Samples for the study of planktonic foraminifera were soaked in
a mixture of dilute hydrogen peroxide and ammonia solution for up
to six hours and boiled in sodium carbonate for nearly ten minutes.
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Disaggregated material was subjected to ultrasonic treatment for
up to thirty seconds and sieved through a 300 mesh screen. The
material >300 mesh fraction was dried in an oven at 50 �C. The
processed material was then dry sieved through a 150 mesh screen
and the fractions were archived separately. Foraminifera were
studied under a NIKON Stereoscopic Zoom Microscope SMZ1500.
Bioevents of stratigraphically lowest and highest occurrences (LO
and HO) were identified throughout the records. A total of 70
samples were examined for foraminiferal studies in three of the
mcalcareous nannofossil and planktonic foraminifera biostratigraphy
, Marine and Petroleum Geology (2014), http://dx.doi.org/10.1016/



Table 2
Assignation of ages ATNTS04 (Astronomical TunedNeogene Time Scale; Gradstein et al., 2004) to calcareous nannofossil and planktonic foraminifera bioevents identified in the
NGHP studied sites.

Calcareous nannofossils
event

Age (Ma) Planktonic
foraminifers event

Age (Ma) Reference Holes (mbsf)

1A 19A 18A 17A 16A 10B/D

LO E. huxleyi 0.29 Raffi et al. (2006) 1.5 14.98 26.83 31.35
HO P. lacunosa 0.44 Raffi et al. (2006) 18.98 63.99 115.91 36.36 219.2
HO R. asanoi 0.9 Raffi et al. (2006)
LO Gephyrocapsa sp. 3 1.01 Raffi et al. (2006) 27.8
LO R. asanoi 1.14 Raffi et al. (2006) 80.72
HO C. macintyrei 1.6 Raffi et al. (2006) 32.55 109.43

HO N. acostaensis 1.58 Lourens et al. (2004) 186.83
HO G. fistulosus 1.88 Wade et al. (2011) 99.3

HO D. broweri 2.06 Raffi et al. (2006) 48.8 75.44
HO D. pentaradiatus 2.39 Raffi et al. (2006) 58.3
HO D. surculus 2.52 Raffi et al. (2006) 63.05 118.9
HO D. tamalis 2.87 Raffi et al. (2006) 63.05 165.62
HO Sphenolithus spp. 3.65 Raffi et al. (2006) 72.55 89.19 165.62
HO Reticulofenestra >7 mm 3.79 Raffi et al. (2006) 77.3 89.19 165.62
LO C. acutus 5.32 Raffi et al. (2006) 103.5

LO G. Tumida 5.51 Wade et al. (2011) 138
HO D. quinqueramus 5.59 Raffi et al. (2006) 107.8 187.13 185.22
HO R. rotaria 121.3

LO G. margaritae 5.95 Wade et al. (2011) 326.2
LO R. rotaria 6.68 6.50 Ma recalibrated

Raffi and Flores
(1995)

129.8 241.59

Top paracme
Reticulofenestra >7 mm

7.08 Raffi et al. (2006) 137.3 243.89 346.5

LO D. surculus 7.88 170.1
LO D. berggreni 8.52 Raffi et al. (2006) 152.63 502.65
Bottom paracme

Reticulofenestra >7 mm
8.78 Raffi et al. (2006) 164.15 644.36

HO D. hamatus 9.56 Raffi et al. (2006) 170.1 676.85
LO N. acostaensis 9.79 Wade et al. (2011) 213.6 496

LO D. hamatus 10.54 Raffi et al. (2006) 176.4
LO C. coalitus 10.78 Raffi et al. (2006) 178.4
HO C. miopelagicus 10.63 Raffi et al. (2006) 184.3
LO C. nitescens 12.25 Raffi et al. (2006) 188.43
HO C. premacintyrei 12.47 187.8
HO S. heteromorphus 13.53 Raffi et al. (2006) 194.9
HO C. floridanus 12.03 205.8
LO D. sgnus 15.7 Raffi et al. (2006) d

LO C. premacintyrei 14.67 14.70 Ma recalibrated
Berggren et al. (1995)

d

LO S. heteromorphus 17.72 Raffi et al. (2006) 219.1
HO S. belemnos 17.97 Raffi et al. (2006) 215.4
HO T. carinatus 18.31 Raffi et al. (2006) 226.6
LO S. belemnos 18.92 Raffi et al. (2006) 226.6
LO D. druggi 22.82 Lourens et al. (2004) 237.7
LO T. carinatus Without calibration 258.38
LO C. abisectus Without calibration 243.5
HO S. ciperoensis 24.24 Raffi et al. (1995) 251.6
LO S. ciperoensis 29.9 Berggren et al. (1995) 266.65
LO S. distentus 31.5d33.1 Berggren et al. (1995) 266.65
HO H. compacta Without calibration 271.15

HO ¼ highest occurrence.
LO ¼ lowest occurrence.
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four NGHP-01 study regions (20 samples from Holes NGHP-01-10B
and NGHP-01-10D, 34 samples from Holes NGHP-01-17A and 16
samples from Hole NGHP-01-19A) (Fig. 1).

4. Results and discussion

For this study selected bioevents were considered and adopted
to define a nannofossil biostratigraphic pattern using the standard
marker taxa (when preserved) shown in Martini (1971) and using
the Okada and Bukry (1980) biozonation schemes. Selected bio-
events were considered from Perch-Nielsen (1985), Olafsson
(1989), Fornaciari et al. (1990, 1993, 1996), Rio et al. (1990a,b),
Bukry (1991), Gartner (1992), Raffi and Flores (1995), Raffi et al.
(1995), Fornaciari and Rio (1996), De Kaenel and Villa (1996),
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Bown and Young (1998), Maiorano and Monechi (1998), Marino
and Flores (2002a,b), among others. Additionally, biochronology
was developed following Backman, and Shackleton, 1983, Raffi and
Flores (1995), Lourens et al. (2004) and Raffi et al. (2006), using
astronomically calibrated ages from magnetic reversals and refer-
ence isotope stratigraphies, adjusted to the ATNTS2004 (Astro-
nomical Tuned Neogene Time Scale; Gradstein et al., 2004). For
planktonic foraminifera the calibration of Lourens et al. (2004)
together with the review by Wade et al. (2011), are used. Figure 2
and Table 2 show the chronostratigraphic, events related to stan-
dard biozones (Blow, 1969 e as amended by Kennett and
Srinivasan, 1983 e, Martini, 1971; Okada and Bukry, 1980) and
supplementary events with calibrated datums. Below we describe
the biostratigraphic constraints and the age models and
mcalcareous nannofossil and planktonic foraminifera biostratigraphy
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subsequent sedimentation rate estimates in each of the four study
regions.

4.1. Hole NGHP-01-1A

4.1.1. PleistoceneeHolocene
Hole NGHP-01-01A was cored to 290 m. Standard calcareous

nannofossil markers (Martini, 1971; Okada and Bukry, 1980) were
only occasionally identified in this interval. Consequently, the strict
adoption of these schemes is limited. However, the use of alter-
native bioevents (as mentioned above) permits the correlation of
biozones, as is shown in Figure 3 and Table 2. The latest Pleistocene,
and potentially the Holocene, is identified in the upper portion of
the core at 1.5 mbsf. The absence of Pseudoemiliania lacunosa at
18.98 mbsf, approximates the limit of the late Pleistocene. Speci-
mens close to the morphology of Reticulofenestra asanoi are present
in an interval around 30 mbsf, but its size is smaller than 6 mm and
its morphology is intermediate with P. lacunosa. Sato and Takayama
(1992) defined this taxon considering individuals larger than 6 mm,
thus we discard events (HO and LO) related to this species. Alter-
natively, the regular record of Gephyrocapsa omega (medium sized
specimens; Raffi et al., 2006) is observed above 27.80 mbsf. The HO
of Calcidiscus macintyrei is placed at 32.55 mbsf. Discoaster bruweri
(HO) is last observed at 48.80 mbsf, whereas the HO of Discoaster
Figure 3. Distribution of calcareous nannofossil and planktonic foraminifera events vs.
age according to ATNTS04 (Astronomical Tuned Neogene Time Scale; Gradstein et al.,
2004) scale for Hole NGHP-01-01A. The small black squares represent calcareous
nannofossil events (Table 1).
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pentaradiatus is placed at 58.30 mbsf. The number of discoasters in
this hole is restricted, limiting the identification of conventional
zonal boundaries (Fig. 2).

4.1.2. Pliocene
Discoaster surculus and Discoaster tamalis (HOs) below

63.05 mbsf is the closest event to the Pliocene/Pleistocene
boundary, although the mentioned HO of D. pentaradiatus could be
equally used. Other late Pliocene events are the HO of Sphenolithus
abies and the HO of Reticulofenestra pseudoumbilicus; these taxa are
frequent below 72.55 mbsf and 77.30 mbsf, respectively. The LO of
Ceratholithus acutus is placed at 103.50 mbsf, characterizing the
early Pliocene, and close to the Pliocene/Miocene boundary in
absence of Discoaster quinqueramus in the underlying portion.
Ceratoliths and triquetrorhabdoliths, the most used calcareous
nannofossils in this interval, are scarce preventing a better bio-
chronological pattern.

4.1.3. Miocene
Circular specimens assigned to Reticulofenestra rotaria, were

observed above 129.80 mbsf. The HO of this species is not easy to
define because of the presence of intermediate specimens with
other medium-sized reticulofenestrids, although tentatively it is
approximate to 121.30 mbsf. Raffi and Flores (1995) used the term
“circular reticulofenestrids” for this taxon, and dated its LO and HO
in the equatorial pacific; these same events are recalibrated in this
work to the ATNTS2004 as show in Table 2.

The so-called paracme of R. pseudoumbilicus (>7 mm), interval
where specimens of this species show sizes below this measure, is a
worldwide event characteristic from the late Miocene, and here the
LO is defined up to 164.15mbsf. At 152.63mbsf is recorded the LO of
Discoaster berggrenii, inside the mentioned paracme (e.g. Raffi and
Flores, 1995; Raffi et al., 2006). Occasional specimens of
R. pseudoumbilicus (>7 mm) were recorded after this event. Those
individuals are interpreted as reworked and, therefore, prevent the
precise identification of the paracme's HO, which nonetheless is
tentatively placed at 137.30 mbsf.

The early Miocene is characterized by the presence (LO þ HO) of
Discoaster hamatus identified between 176.45 and 170.1 mbsf. The
LO of Catinaster coalitus occurs at 178.7 mbsf, whereas the HO of
Coccolithus miopelagus is identified at 184.3 mbsf. Close to these
events, at 187.8mbsf was placed the HO of Calcidiscus premacintyrei.
The highest consistent occurrence (Raffi et al., 2006) of this event is
mentioned after theHOofCalcidiscusmiopelagicus, interpreting that
in this hole the event is not equivalent to that, because according
with these authors was occasionally recorded in minor proportions
later (here is not considered for biochronological considerations).
Around this depth is identified the LO of Triquetrorhabdulus rioi,
useful to determine the middle Miocene (Bown and Young, 1998),
but not well calibrated yet. Specimens of Cyclicargolithus floridanus
are regularly observed downwards 205.80 mbsf. Bioevents related
to this taxon are defined quantitatively (e.g. the highest consistent
occurrence, Raffi et al., 2006) and are not feasible for this study
where only semi-quantitative data were produced, explaining the
diachronism shown in Figure 2.

The HO and LO of Sphenolithus heteromorphus are identified at
194.9 mbsf and 219.1 mbsf, respectively. The sporadic presence of
Discoaster signus and C. premacintyrei at the base of the middle
Miocene, prevents final identification of their FO at this hole,
although are present. The HO of Sphenolithus belemnos is recorded
at 215.4 mbsf, and the LO at 226.6 mbsf, at the same depth that the
HO of Triquetrorhabdulus carinatus. These events characterize the
upper part of the early Miocene. The regular record (LO) of Dis-
coaster druggi is identified at 237.7 mbsf, at the base of the early
Miocene.
mcalcareous nannofossil and planktonic foraminifera biostratigraphy
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The HO of Cyclicargolithus abisectus at 243.5 mbsf approxi-
mates the MioceneeOligocene boundary. The HO and LO of
Sphenolithus ciperoensis is identified between 266.6 mbsf and
251.6 mbsf, respectively. The last event approximate the upper
part of the early Oligocene, at the same time that the HO of
Sphenolithus distentus, a markedly diachronous event (Berggren
et al., 1995). The lowest event identified is the HO of Heli-
cosphaera compacta used to approximate the middleelate Oligo-
cene, at around 30 Ma (Bown and Young, 1998), although this age
is not still well calibrated. Planktonic foraminifers were not
examined at this hole.

4.1.4. Estimation of sedimentation rate
This hole shows a continuous record of sedimentation from the

Holocene to the early Oligocene, permitting the identification of
Figure 4. Record of calcareous nannofossil and planktonic foraminifera events vs. age ac
foraminifer event (Table 1).
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most of the standard biozonations (Fig. 2). The LO of S. ciperoensis at
266.65 mbsf allows to estimate an age close to 25 Ma for this
horizon.

The sedimentation rate is around 25 m/Myr from the top to the
middle early Miocene. From this depth to the base of the record,
there is a decrease of the sedimentation rate, showing amean value
of 4 m/Myr (Fig. 3). The apparent synchronicity of different events
is related to the low sampling resolution.

4.2. Hole NGHP-01-17A

Hole NGHP-01-17A shows a more irregular biostratigraphic
succession, with intervals where preservation is moderate, and the
abundance of calcareous nannofossil is variable. Data are shown in
Figure 4 and Table 2.
cording to ATNTS04 scale for Hole NGHP-01-17A. The circle represents a planktonic
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4.2.1. Pleistocene
Hole NGHP-01-01A was cored to 691 m. The absence of

P. lacunosa in samples from the core top indicates a late Pleistocene
age, younger than 0.46 Myr. Other more recent markers, such as
Emiliania huxleyi are not present in the samples studied from this
record, precluding a better biochronology. Characteristic middle
Pleistocene taxa such as R. asanoi, are observed. The LO of R. asanoi
(>6 mm) is placed at 80.72 mbsf; however, above this depth only
specimens smaller than 6 mm were observed, thus the HO was not
determined. The early Pleistocene is identified by the HO of
C. macintyrei, that takes place at 109.43 mbsf. The scarcity of dis-
coasters precludes a better biozonal definition. In relation to
planktonic foraminifers, the HO of Globigerinoides fistulosus is
recorded at 99.30 mbsf calibrated at 1.88 Ma (Wade et al., 2011),
consistent with the data provided by the calcareous nannofossils.
The HO of G. fistulosus at 99.30 mbsf marks the end of the Pliocene.

4.2.2. Pliocene
The PleistoceneePliocene boundary is approximate here by the

HO of D. surculus at 118.90 mbsf. Other significant late Pliocene
events arewell delimited such as the HOs of D. tamalis, Sphenolithus
spp. and the dominance of specimens of R. pseudoumbilicus >7 mm.
At 165.62 mbsf, both of these are in the same sample, allowing us to
interpret a hatius. The next well calibrated event is the HO of
D. quinqueramus at 185.22 mbsf, approaching the Plioce-
neeMiocene boundary. The HO of D. quinqueramus permits us to
approximate duration of about 2.5 Myr for the Pliocene hiatus. The
HO of Neogloboquadrina acostaensis is recorded at 175.30 mbsf
approaching the youngest portion of the early Pliocene, N20
(Kennett and Srinivasan, 1983).

4.2.3. Miocene
Below 185.22 mbsf a characteristic late Miocene assemblage is

observed. Circular reticulofenestrids corresponding to R. rotaria,
were observed upwards 241.59 mbsf. Like in the previous hole, the
HO of this species is not well constrained due to the presence of
intermediate specimens together with other medium-sized retic-
ulofenestrids. The paracme of R. pseudoumbilicus (>7 mm) is defined
between 346.50 mbsf (HO) and 644.36 mbsf (LO). In this interval is
situated the LO of D. berggrenii, at 502.65 mbsf.

The last event is the HO of D. hamatus, at 676.85 mbsf, indicating
that the bottom of the section is not older than lateMiocene. The LO
of the planktonic foraminifer Globorotalia margaritae is situated at
326.20 mbsf, and the LO of N. acostaensis at 496.0 mbsf. Wade et al.
(2011) assigned an age of 5.95 Ma and 9.79 Ma to these events,
respectively.

4.2.4. Estimation of sedimentation rate
Hole NGHP-01-17A spans the last 10 Ma, with the HO of

D. hamatus marking the middle Miocene. Three main intervals can
be distinguished. From the late Pleistocene to the Pleistocenee-
Pliocene boundary (2.5 Ma), at ca. 150 mbsf, the estimated sedi-
mentation rate is around 50 m/Myr. The apparent synchronicity of
several events in this horizon is interpreted as a hiatus that covers
almost the entire Pliocene. From the PlioceneeMiocene boundary
to the base of this hole, the sedimentation rate increases and rea-
ches 130 m/Myr (Fig. 4).

4.3. Hole NGHP-01-19A

Hole NGHP-01-19A was cored to 305 mbsf. This hole shows
more restricted calcareous nannofossil information due to the
scarcity of markers, as well as a moderate to poor preservation,
with intervals sometimes barren in calcareous nannofossils. The
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distribution of the significant calcareous plankton events is shown
in Figure 5 and Table 2.

4.3.1. Pleistocene
Two late Pleistocene to Holocene events are identified: the LO of

E. huxleyi and the HO of P. lacunosa, at 14.98 mbsf and 63.99 mbsf,
respectively. Gephyrocapsids and medium sized reticulofenestrid
are common, but the species and/or morphotypes observed in
other holes, are absent here. Also, although the presence of dis-
coasters in the section is rare, the HO of Discoaster broweri is placed
at 75.44 mbsf. Alternatively, the absence of C. macintyrei prevents a
precise assignation of age at this interval because it is not possible
the identification of its LO.

4.3.2. Pliocene
The HO of Sphenolithus spp. and R. pseudoumbilicus are identi-

fied at 89.19 mbsf. In this case, however, the lack of significant
events, together with a drastic change in the assemblage domi-
nance between Gephyrocapsa spp. and Reticulofenestra spp. are
likely an indication of a hiatus in the record. Its length is difficult to
establish due to the absence of references below because of the
existing dissolution interval. This dissolved interval, approximately
between 100 mbsf and 180 mbsf, covers around 2 Myr (see next
section). At 187.13 mbsf the record is constrained by the HO of
D. quinqueramus, close to the PlioceneeMiocene boundary. The
presence of the planktonic foraminifera Pullentina obliquiloculata at
43.70 mbsf, confirms a Pliocene age for the lower interval.

4.3.3. Miocene
An assemblage constituted by medium-sized Reticuloferestra

dominated the lower portion of the core below the dissolved in-
terval. The LO of D. berggrenii at 243.89 mbsf marks the late
Miocene. Concerning planktonic foraminifers, the LO of Globor-
otalia tumida is identified at 138 mbsf. According to Wade et al.
(2011) the age of this event is 5.51 Ma. The LO of N. acostaensis is
recorded at 213.60 mbsf, at an age of 9.79 Ma. This is coherent with
the co-occurrence of Orbulina universa at 301.38 mbsf thus
assigning the interval a Late Miocene age.

4.3.4. Estimation of sedimentation rate
The scarcity of calcareous nannofossil events due to, both poor

preservation (or absence of fossils) and potential ecological limi-
tation of marker species, prevents a precise biochronology, how-
ever, estimates of sedimentation rate changes throughout most of
the record were obtained and four intervals were differentiated.
Sedimentation rates close to 130 m/Myr are estimated for the last
0.5 Ma, while the next interval is characterized by an abrupt drop to
values around 10 m/Myr down to the PleistoceneePliocene
boundary. The occurrence of different biostratigraphic events at
90 mbsf is interpreted as caused by a hiatus in the record, covering
the Pliocene. The coincidence of this discontinuity with an interval
barren in calcareous nannofossils prevents an accurate estimation
of its duration (Fig. 5). The remaining record down to the base of
this hole (dated as late Miocene) shows sedimentation rates around
75 m/Myr.

4.4. Hole NGHP-01-18A

Hole NGHP-01-18A was cored to 190 mbsf. The calcareous
nannofossil assemblages defined in this hole show a similar dis-
tribution to that of Hole NGHP-01-16A, indicating a late Pleistocene
age, although with a reduced sedimentation rate. The FO of
E. huxleyi at 26.83 mbsf indicates an age younger than 0.26 Myr for
the materials above this horizon, whereas at 115.91 mbsf, the
presence of P. lacunosa is consistent with ages older than 0.46 Myr
mcalcareous nannofossil and planktonic foraminifera biostratigraphy
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Figure 5. Record of calcareous nannofossil and planktonic foraminifera events vs. age according to ATNTS04 scale for Hole NGHP-01-19A. The small black squares represent
calcareous nannofossil events; circles planktonic foraminifers events (Table 1).
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below. The distribution of the significant calcareous nannofossils
events is shown in Figure 6and Table 2. Planktonic foraminifera
biostratigraphy was not attempted at this hole.

4.4.1. Estimation of sedimentation rate
The estimated sedimentation rate for Hole NHGP-01-18A is

around 250 m/Myr. In the upper portion of the Late Pleistocene the
sedimentation rate is ~135m/Myr, whereas in the lower portionwe
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estimated sedimentation rates up to 500 m/Myr. The absence of
more resolute sampling precludes a more accurate calculation
(Fig. 6). Despite the location of Hole NGHP-01-18A in close prox-
imity to Hole NGHP-01-19A, in the Mahanadi basin, it is clear from
the calcareous nannofossil biostratigraphy (Table 2 and Figs. 5 and
8) and shipboard site correlation (Collett et al., 2008) that Hole
NGHP-01-18A is a younger, expanded section relative to the stra-
tigraphy recovered in Hole NGHP-01-19A.
mcalcareous nannofossil and planktonic foraminifera biostratigraphy
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Figure 6. Record of calcareous nannofossil and planktonic foraminifera events vs. age
according to ATNTS04 scale for Hole NGHP-01-18A. The small black squares represent
calcareous nannofossil events; circles planktonic foraminifers events (Table 1).

Figure 7. Record of calcareous nannofossil and planktonic foraminifera events vs. age
according to ATNTS04 scale for Holes NGHP-01-10B/D.
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4.5. Hole NGHP-01-10B/D

Holes NGHP-01-10B and NGHP-01-10D were cored to 205 and
204 mbsf, respectively. Calcareous nannofossils are scarce in the
sediments at this hole. Dissolution is affecting most of the samples
analyzed precluding the identification of markers or general fea-
tures of the assemblage to provide ages. However, the identification
of some exemplars of P. lacunosa up to 185.83 mbsf, indicates a
maximum age of 0.46 Myr at this point. The planktonic forami-
nifera data available allow us to estimate a PleistoceneeEarly
Pliocene age. The LO of Neogloboquadrina dutertrei is recorded at
179.78 mbsf which indicates the interval 179.78e6.78 mbsf to be
Late Pliocene and younger. This is confirmed by the absence of
N. acostaensis above 186.83 mbsf; its HO is situated near the end of
the Pliocene (Kennett and Srinivasan, 1983). Thus, the interval be-
tween 186.83 mbsf and 179.78 mbsf represents the latest early
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Pliocene to mid late Pliocene (Kennett and Srinivasan, 1983). The
distribution of the significant calcareous plankton events is shown
in Figure 7 and Table 2.

4.5.1. Estimation of sedimentation rate
No precise calcareous plankton events were identified; how-

ever, the presence of some Pleistocene taxa allows us to approxi-
mate a sedimentation rate around 125 m/Myr (Fig. 7).

4.6. Hole NGHP-01-16A

Hole NGHP-01-16A was cored to 217 mbsf. The calcareous
nannofossil assemblage defined at this hole is consistent with a late
mcalcareous nannofossil and planktonic foraminifera biostratigraphy
, Marine and Petroleum Geology (2014), http://dx.doi.org/10.1016/



Figure 8. Record of calcareous nannofossil and planktonic foraminifera events vs. age
according to AMTS04 scale for Hole NGHP-01-16A. The small black squares represent
calcareous nannofossil events (Table 1).
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Pleistocene age. The FO of E. huxleyi at 31.35 mbsf indicates an age
younger than 0.26 Myr above this depth, whereas the presence of
P. lacunosa at 219.2mbsf is consistent with ages older than 0.46Myr
below this depth. These data must be takenwith caution due to the
low resolution of the sampling interval. Figure 8 and Table 2 show
the distribution of the significant calcareous nannofossil events.
Planktonic foraminifera biostratigraphy was not attempted at this
hole.
4.6.1. Estimation of sedimentation rate
The sampling resolution precludes a precise estimation of

sedimentation rates. The available calibrated data; however, are
consistent with sedimentation rates up to 450 m/Myr, although
these values could be lower in the latest portion of the Pleistocene
(Fig. 8).
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5. Links between sedimentation rate and geological and
climate history in the region

The Indian monsoon climate system forms in response to sea-
sonal migration of the intertropical convergence zone (ITCZ)
(Gadgil, 2003). The summer monsoon occurs during the northward
migration of the ITCZ and the resultant southwesterly winds result
in wet, higher precipitation conditions over the Indian region. The
wintermonsoon occurs during the southwardmigration of the ITCZ
and the resultant northeasterly winds produce drier conditions
over the Indian region. The winter and summer monsoons result in
drastic changes in surface water salinity, river discharges, surface
currents and eddies, andmixed layer depths and stratification, all of
which result in changes in the terrigenous sediment fluxes to the
continental margins in the flux of biogenic sediments produced
through primary and secondary productivity. Changes in the
monsoon intensity from decadal to million year timescales have
been documented through paleoenvironmental and paleoceano-
graphic proxies applied to many records, including marine sedi-
ments (e.g. Clift et al., 2001; Emeis et al., 1995; Oppo and Sun, 2005;
Prell et al., 1980; Prell and Kutzbach, 1992, 1997). At Hole NGHP-01-
16A Ponton et al. (2012) recently documented extreme drying of
India during the late Holocene. Phillips et al., 2014a, reconstruct the
last 110 ka of monsoon driven terrestrial and marine sediment
fluxes at Hole NGHP-01-19A and document a long interval of
enhanced productivity and decreased aridity from 70 to 10 ka. On
tectonic timescales, some proxy records suggest an initial intensi-
fication of the monsoon occurred at ~7e8 Ma (Kroon et al., 1991;
Prell and Kutzbach, 1992), whereas others suggest an earlier
intensification at ~22 Ma (Guo et al., 2002; Clift, 2002). It is likely
that the longer timescale changes in sedimentation rates docu-
mented from the nannofossil and planktonic foraminifera bio-
chronology at these holes reflect large changes in the Indian
monsoon system. Significant hiatuses in the Mahanadi basin and
Andaman accretionary wedge sites, and dilution or dissolution of
calcareous nannofossils in the KrishnaeGodavari basin suggest
continuous records may not be preserved at Holes NGHP-01-19A
and NGHP-01-17A and perhaps siliceous microfossil biostratig-
raphy could provide a better age model in the KeG basin sites. The
sedimentary record at Hole NHGP-01-01A appears continuous
through the Oligocene, offering the best location for reconstructing
the monsoon over long timescales. The age models developed and
the hiatuses identified for these NGHP-01 holes serve as a guide for
future biostratigraphic or other age model development along
these continental margins and hint at the potential of continental
slope sites along the Indian continental margins and in the Anda-
man accretionary wedge to record long timescale changes in
sedimentation influenced by the Indian Monsoon.

6. Conclusions

The identification and placement of calcareous plankton bio-
events astronomically calibrated in several holes recovered during
the NGHP-01 expedition, allow us to estimate sedimentation rates
and hiatuses in sequences containing later Oligocene to Pleistocene
age sediments along the Indian continental margin and in the
Andaman accretionary wedge. . The western peninsular Indian
continental margin shows a continuous OligoceneePleistocene
sequence with sedimentation rates ranging from 4 to 25 m/Myr. In
the Bay of Bengal, both the NW and SE holes recorded a late Mio-
ceneePleistocene sequence with sedimentation rates of around
45 m/Ma for the PlioceneePleistocene, and close to 100 m/Myr for
the Miocene. A relevant hiatus is detected both in Holes NGHP-01-
17A and NGHP-01-19A, covering most of the Pliocene and late
Miocene. In the eastern margin of Peninsular India sedimentation
mcalcareous nannofossil and planktonic foraminifera biostratigraphy
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rates increase substantially, reaching values from 125 to 500 m/
Myr, but extending only to the late Pleistocene.
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